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Abstract: Identifying and monitoring the spatiotemporal patterns of potentially contaminated land (PCL) in China is a key concern of
ecological governance. However, the dynamics of PCL’s expansion remain unclear nationwide. Integrating high-resolution remote sens-
ing images,  a  land-use/cover  change database,  crawler  data  from websites,  and other  multisource data,  we produced a new dataset  of
China’s PCL in 1990, 2000, 2010, and 2020 using data fusion technology. Then we analyzed the spatiotemporal patterns of China’s PCL
from 1990 to 2020. Our study shows that the acquired vector dataset of China’s PCL is of high quality and reliability, with an overall ac-
curacy of  93.21%. The area of  China’s  PCL has kept  growing for  the past  30 years,  and the growth rate  was especially rapid during
2000–2010, 2.32 and 6.13 times as rapid as that during 1990–2000 and 2010–2020, respectively. PCL has also been trending toward
higher aggregation over markedly enlarged areas and has transferred progressively from north and southeast of China to northwest and
southwest of China and Qinghai-Tibet Plateau. The patterns of China’s PCL have been driven by the joint factors of policies, mineral re-
sources, economy, and others, among which policies and the economy have contributed more prominently to the long-term transition.
Our study promotes the access to high-quality spatial data of PCL to facilitate environmental governance of mine wastes, pollution and
land management.
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1　Introduction

A series of social and environmental issues arising from
industrial  activities  has  received  growing  attentions
(Sonter et al., 2017; Werner et al., 2020; Luckeneder et
al.,  2021). Recognizing  and  understanding  the  spati-
otemporal  characteristics  and hotspots  of  industrial  and
mining  areas  are  key  parts  of  ecological  environment

construction  (Palmer  et  al.,  2010; Sonter  et  al.,  2020),
and are  essential  in  attaining  the  sustainable  develop-
ment  goals  (SDGs)  by  2030  (UN,  2015; Endl  et  al.,
2021). Roughly 1% of global land is affected by indus-
trial and mining activities (Walker, 1999). For example,
remote sensing monitoring has found the area of global
mine lots to be 57 277 km2 (Maus et al., 2020). Industri-
al  and  mining  activities  could  leave  a  hugely  negative
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impact on the environment by not only severely deteri-
orating  or  devastating  the  natural  ecosystem  (Sonter  et
al.,  2017; Luckeneder  et  al.,  2021),  but  also  adversely
affecting  human  health  with  water  and  air  pollutants
(Palmer et  al.,  2010; Rojano et  al.,  2018).  Therefore,  it
is imperative to recognize and clarify the spatiotempor-
al  patterns  of  potentially  contaminated  land  (PCL)  and
identify their hotspots, which will provide an important
basis for ecological governance and control.

With  the  increasing  development  of  industrialization
in China, the number and scale of PCL are growing rap-
idly, bringing  about  a  series  of  environmental  pollu-
tions and public health risks (Yang et al., 2014; Li et al.,
2021; Song et al., 2021). In particular, serious problems
include the heavy metal  pollution of  soil  around indus-
trial and mining processes (Wang et al., 2011). Accord-
ing  to  a  general  survey  of  soil  pollution  in  China,
20%–37% of the soil  positioned around PCL across all
of China suffered from excessive pollution, and approx-
imately  2  ×  107 ha  farmland  soils  were  contaminated,
resulting  in  an  economic  loss  of  up  to  2  billion  yuan
(RMB)  during  2005–2013  (MEE,  2014).  Therefore,
timely  recognition  of  the  spatial  patterns  and  hotspots
and rapid relocation of China’s PCL are essential to at-
taining the SDGs.

Numerous methods have been applied recently in in-
formation acquisition from and mapping of PCL (Ram-
panelli  et  al.,  2021; Sonter  et  al.,  2020; Tang  et  al.,
2021).  For  example,  the  traditional  field  investigation
(Nortcliff, 2001), the combination of remote sensing im-
age interpretation and actual measurement investigation
(Kimijima  et  al.,  2021),  the  object-oriented  method
(Zeng  et  al.,  2017),  and  deep  learning  (Gallwey  et  al.,
2020)  have  provided  vital  techniques  and  technologies
for  timely  and  accurately  acquiring  information  about
PCL. However, due to current technological limitations,
most acquisition  methods  are  targeted  at  acquiring  in-
formation from a single type of area (Peng et al., 2019;
Maus et al., 2020), such as coal mining areas (Pericak et
al.,  2018)  and  metal  mining  areas  (Owusu-Nimo et  al.,
2018). With  the  burgeoning  development  in  GIS  tech-
niques,  location-based  service  technology,  and  web
crawler technology, the development in satellite remote
sensing  and  big-data  technologies  has  provided  novel
techniques and methods for solving this problem (Boldi
et  al.,  2004; Pericak  et  al.,  2018).  These  approaches
have  overcome  the  disadvantages  of  heavy  workload

and  time  consumption  in  traditional  position  sampling
while demonstrating the advantages of speed, economy,
and  fineness  in  PCL recognition  (Pericak  et  al.,  2018).
Numerous  scholars  have  used  web  crawler  technology
for  data  crawling  and  visualized  analysis  (Li  et  al.,
2010; Kausar et al., 2013; Kim et al., 2019). Therefore,
the combination of remote sensing technology with web
crawler  and/or  other  technologies  can  not  only  acquire
more  detailed  information  about  the  types  of  areas  but
also provide favorable technical support for quickly re-
cognizing PCL.

Some  scholars  have  researched  the  spatiotemporal
characteristics  of  industrial  and  mining  areas  at  the
global,  regional,  national,  and  more  diverse  scales
(Bernhardt  et  al.,  2012; Sonter  et  al.,  2017; Werner  et
al., 2020; Ahmed et al., 2021;Cribari et al., 2021; Saley
et al., 2021; Tang et al., 2021). For example, they have
performed analyses and mapping of the distributions of
mining areas at global scale (Werner et al.,  2020), ana-
lyzed the mining land extension in sub Saharan Africa at
regional  scale  (Ahmed  et  al.,  2021),  and  analyzed  the
evolution characteristics of the gold mine areas in Niger
(Saley et al., 2021). However, recognition of spatiotem-
poral patterns and hotspots of different types of PCL at
different scales in China remains unclear, given that the
existing  studies  are  mostly  targeted  at  the  evolution  of
areas  at  a  single  scale  and  of  a  single  type  (Li  et  al.,
2020; Tang et  al.,  2021). For example,  some have ana-
lyzed  the  pattern  of  potentially  contaminated  sites  in
China  at  the  national  scale  (Jiang  et  al.,  2021),  some
have analyzed spatiotemporal  variations in  coal  mining
and restoration and their ecological environment effects
in  the  Qinghai-Tibet  Plateau  (QTP)  at  regional  scale
(Yuan et  al.,  2021), and  some have  analyzed  the  spati-
otemporal  evolution  of  the  mine  lots  in  six  counties  of
Gansu Province, China (Li et al., 2020). Therefore, it is
urgent to  grasp  the  spatiotemporal  evolution  character-
istics  and  hotspots  of  different  types  of  PCL  across
China at multiple scales.

Our study  aimed  to  analyze  the  spatiotemporal  pat-
terns  and  hotspots  of  China’s  PCL  during  1990–2020
based  on  acquisition  of  the  information  about  China’s
PCL.  First,  we  acquired  the  dataset  of  China’s  PCL in
1990,  2000,  2010,  and 2020 based on multisource  data
fusion technology by using high-resolution remote-sens-
ing  images,  a  land-use/cover  change  database,  crawler
data  from websites,  Open Street  Map (OSM) data,  and
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field investigation data.  Second,  we analyzed the spati-
otemporal patterns and hotspots of China’s PCL during
1990–2020. Third, we examined the influencing factors
of PCL relocation and their influences on the ecological
environment. This study provides scientific information
for ecological governance. 

2　Materials and Methods
 

2.1　Study area and data sources
Considering  the  characteristics  and  disparities  across
China’s geographic regions, we divided the whole territ-

ory  of  China  into  six  zones  for  better  depiction  of  the
spatiotemporal  evolution  and  migration  patterns  of
China’s  PCL.  The  six  geographical  zones  include
Northeast  China  (NE),  North  China  (N),  Southeast
China  (SE),  Southwest  China  (SW),  Northwest  China
(NW),  and  Qinghai-Tibet  Plateau  (QTP)  (Kuang  et  al.,
2022).  Taiwan  Province  of  China  was  excluded  due  to
data acquisition limitations (Fig. 1).

The data sources contain six major types, including a
land-use/cover  change  database,  OSM  data,  data  from
web  crawler,  high-resolution  remote-sensing  images,
field investigation data, and other auxiliary data (Fig. 1).

 

EE EP CRMENorthwest NortheastNorth

0 0.7 km 0 0.2 km 0 0.35 km

Xinjiang

Qinghai

Gansu

Tibet

Ningxia

Inner Mongolia Beijing

Liaoning

Jilin

Heilongjiang

Tianjin
Hebei

Shaanxi

Shanxi

Jiangsu

Shandong

Henan

Hubei
Anhui Shanghai

Zhejiang

Fujian

Taiwan

Taiwan

Jiangxi

Macao
Hong Kong

Macao
Hong Kong

Guangdong

Guangdong

Guangxi

Guangxi

Guizhou
Hunan

Sichuan
Chongqing

Yunnan

Hainan

Hainan
Northeast Southeast

Southwest

Qinghai-Tibet
Plateau

Qinghai-Tibet Plateau Southwest Southeast

Northwest

North

Undefined
International boundary

Boundary of province, autonomous
region, or municipality directly under
the central government

Geographical zones

GS(2019)1675

MSP MOMD CP

0 0.4 km 0 0.5 km 0 0.35 km

0 480 km

N

Fig. 1    Study areas and six types of potentially contaminated land in China. EE, energy exploitation; EP, energy processing; CRME,
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Among them, China’s Land Use/cover Dataset (CLUD)
was downloaded  from  the  Institute  of  Geographic  Sci-
ences  and  Natural  Resources  Research,  Chinese
Academy  of  Sciences  (http://www.igsnrr.ac.cn/).  This
dataset contains the CLUD vector data from 1990, 2000,
2010, and 2020, and includes six Level-I types and more
than  25  Level-II  types,  with  data  accuracy  higher  than
92% (Kuang et  al.,  2016; Ning et  al.,  2018).  The OSM
data  of  2020  was  obtained  from  the  freely  accessible
website  of  OSM  (https://www.openstreetmap.org).  The
high-resolution  remote-sensing  images  mainly  include
GaoFen-2 images (GF-2) of 2016 and Google Earth im-
ages of 1990, 2000, 2010, and 2020. GF-2 images were
obtained from the  Institute  of  Remote  Sensing  and  Di-
gital Earth, Chinese Academy of Sciences (http://www.
ceode.cas.cn/), with a spatial resolution of 1 m, whereas
the Google Earth image data were downloaded from the
website of Google Earth (http://google-earth.en.softonic.
com/),  with  spatial  resolutions  of  0.5  m,  1.0  m,  and
2.0 m.  The  data  from  a  web  crawler  were  predomin-
antly in the directories of national industrial enterprises
for  1990–2020,  namely  the  public  information  crawled
from  the  website  of  national  pollutant  emission  permit
management  information  (http://permit.mee.gov.cn/)
based  on  web  crawler  technology  (Chakrabarti  et  al.,
1999). The crawled data form the spotty spatial distribu-
tion information  about  national  industries  and  enter-
prises based on data cleansing and screening.  The field
investigation data contain geospatial position, type, and
scale  of  areas  from  about 2200 sampling points  ac-
quired by the Institute of Geographic Sciences and Nat-
ural Resources  Research,  Chinese  Academy  of  Sci-
ences  (Zhang  et  al.,  2021).  The  auxiliary  data  contain
the  national  administrative  division  data  at  a  scale  of
1  :  1  000  000,  from  the  National  Geomatics  Center  of
China (http://www.ngcc.cn/). 

2.2　Classification  of  potentially  contaminated land
(PCL)
The industrial  ore  mining  areas  in  this  research  in-
cluded  open-pit  mines,  ore  dressing  infrastructures,
waste ore heaps, and ore tailing storage facilities, which
can be delimited in the publicly accessible Google Earth
images  through  visual  interpretation  (Werner  et  al.,
2020).  The  industrial  ore  processing  areas  are  the  sites
with resource exploitation and processing as the leading
industry,  including  industrial  parks  and  their  ancillary

facilities. First, the initial boundaries of mining and pro-
cessing land are fused with the point  distribution about
industries and  enterprises  based  on  high-resolution  re-
mote  sensing  images,  namely  the  Google  Earth  images
(supplemented by GF-2 and Landsat  images).  The spa-
tial relationship between the initial PCL boundary (min-
ing land  and  processing  land)  and  the  point  distribu-
tions of  industrial  enterprises  was  obtained  using  over-
lay  spatial  analysis  method.  Second,  the  industry  type
with  the  largest  number  of  industrial  enterprises  in  the
patch is classified as the types of PCL. Finally, the PCL
are  divided  into  two  Level-I  types  and  six  Level-II
types,  referring to  relevant  studies  (Kuang et  al.,  2016;
Ning  et  al.,  2018; Li  et  al.,  2021; Rampanelli  et  al.,
2021)  and  existing  taxonomical  systems  ‘Land-Use
Status Classification (GB/T 21010–2017)’ and ‘Nation-
al Industries Classification (GB/T 4754–2017)’. Level-I
types include two types—mining and processing—wher-
eas  Level-II  types  include  six  types:  metal  ore  mining
and dressing, metal smelting and processing, energy ex-
ploitation, energy processing, chemical raw material ex-
ploitation, and chemical processing (Table 1, Fig. 1). 

2.3　Acquisition of the datasets about China’s PCL
To  implement  scientific  spatial  measurement  of  PCL,
remote  sensing  recognition  of  PCL  was  carried  out  by
dividing  the  taxonomical  system  to  acquire  the  vector
datasets  about  China’s  PCL  during  1990–2020. In  ac-
cordance with our previous research (Guo et al., 2022),
the acquisition of these data includes two links (mining
land and processing land) and three steps (Fig. 2). First,
the initial boundaries of mining land were obtained from
the rural industrial land (Zhang et al., 2021) extracted by
CLUD. The  initial  boundary  information  about  pro-
cessing land was sourced from the land use extracted by
OSM based  on  keyword  retrievals  (industry,  park,  de-
velopment  zone, etc.)  (Guo  et  al.,  2022).  The  network
data  were  crawled  using  web  crawler  technology,  and
the  spotty  distribution  information  about  industries  and
enterprises (mainly including enterprise name, license or
registration number,  address  of  production  and  opera-
tion site, geographical location, industry category, estab-
lishment date,  business  term,  and  main  pollutant  cat-
egory) was acquired after data cleansing, screening, and
spatialization.  Next,  the  multisource  data  fusion  based
on  high-resolution  remote-sensing  images,  namely
Google Earth images (supplemented by GF-2 and Land-
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sat images) and the spotty distribution information about
industries  and  enterprises,  traversed  the  initial  PCL

boundaries (mining  land  and  processing  land)  and  de-
limited the  land  patch  type  and  integrated  attribute  in-

 
Table 1    Classification of potentially contaminated land (PCL)
 

Level-I type Level-II type Main content
Mining Metal ore mining & dressing Areas for minerals predominated by ferrous metals, nonferrous metals and other metal mineral resources,

including the mining area, tailings reservoir, stacking yard, dumping site, and their ancillary facilities

Energy exploitation Areas for minerals predominated by coal, coalbed methane, bone coal, oil shale, petroleum, natural gas, and
other fossil fuel resources, including the mining area, tailings reservoir, stacking yard, dumping site, and
their ancillary facilities

Chemical raw material
exploitation

Areas for minerals predominated by chemical, fertilizer minerals, and other nonmetal chemical raw material
mineral resources, including the mining area, tailings reservoir, stacking yard, dumping site, and their
ancillary facilities

Processing Metal smelting & processing Contiguous regions where the areas dominated by the smelting and processing industry of ferrous,
nonferrous, and other metals are centralized

Energy processing Contiguous regions where the areas dominated by the processing industry of coal, crude oil, and other fossil
fuels are centralized

Chemical processing Contiguous regions where the areas dominated by the manufacturing industry of inorganic chemicals,
organic chemicals, fertilizers, pesticides, and other chemical raw materials and products are centralized
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formation  based  on  the  industry  type  with  the  largest
number of industrial enterprises in the patch. In this pro-
cess, the  PCL boundary  was  revised  through  visual  in-
terpretations to  obtain  high-precision  site  boundary  in-
formation (Guo et al., 2022). Finally, based on previous
research (Zhang et al., 2014, 2021; Guo et al., 2022), the
accuracy of the data about China’s PCL was verified by
using  high-resolution  images  combined  with  the  field
investigation data. 

2.4　Analysis of the changes of China’s PCL
To better  describe  the  evolution and migration patterns
at different scales of PCL, the areas were classified into
three  types:  small-scale  areas  (<  1  km2),  medium-scale
areas (1–10 km2),  and large-scale areas (>10 km2).  The
changes in PCL were analyzed in terms of such indicat-
ors as the speed of change, proportion of change, and in-
tensity of change. 

2.4.1　Speed of change of PCL
The speed of change of PCL (IMS) refers to the annual
average variation in  size  of  PCL within a  specific  time
interval, as given by the formula below:

IMS t1−t2 =
IMS t2 − IMS t1

t2− t1
(1)

IMS t1−t2

IMS t2 IMS t1

where  is  the  speed of  area  change (km2/yr)  of
PCL within  the  interval  from t1 to t2;  and 
are the areas (km2) of PCL at points-in-time t2 and t1, re-
spectively. 

2.4.2　Proportion of change of PCL
The  proportion  of  change  of  PCL  (IMP)  refers  to  the
proportion  of  the  variation  in  area  of  PCL  within  the
specific  time  interval  over  the  area  of  PCL  at  the  start
year, as given by the formula below:

IMPt1−t2 =
IMS t2 − IMS t1

IMS t1
×100% (2)

IMPt1−t2where  is the proportion of change (%) of PCL
within the interval from t1 to t2. 

2.4.3　Intensity of change of PCL
The intensity of change of PCL (IMI) refers to the propo-
rtion of variation in area of PCL over the 10 km × 10 km
grid cells (100 km2) within the specific time interval, as
given by the formula below (Guo et al., 2022):

IMIt1−t2 =
IMS t2 − IMS t1

100
×100% (3)

IMIt1−t2where  is  the  intensity  of  change  (%)  of  PCL

within the interval from t1 to t2. 

2.5　Recognition of hotspots of China’s PCL
The distribution aggregation effect was further detected
in the  county-level  dimension  to  identify  the  distribu-
tion hotspots  of  China’s PCL.  The distribution heat  in-
dex data of PCL were acquired for analysis on the hot-
spot  distribution  characteristics  of  China’s  PCL  using
the  Adaptive  Spatial  Clustering  Algorithm  based  on
Delaunay Triangulation (ASCDT) method (Deng et  al.,
2011).

The kernel density estimation of PCL was performed
with optimized ASCDT. Compared with traditional ker-
nel  density  estimation  algorithms  (Okabe  et  al.,  2009),
ASCDT lays more emphasis on the spatial interrelation
and  morphological  distribution  of  areas  (Deng  et  al.,
2011).  Based  on  optimized  ASCDT,  we  obtained  the
values of spatial distribution density of point features of
PCL  across  China,  and  calculated  the  heat  index  of
PCL. The formula is as follows:

Ri =
Di−Dmin

Dmax−Dmin
(4)

where Ri is the value of the spatial distribution heat in-
dex  of  PCL  corresponding  to  the ith  grid  cell,  ranging
within  0–1; Di is  the  value  of  distribution  density  of
PCL  corresponding  to  the ith  grid  cell; Dmin and Dmax
refer to the minimum and maximum of all values of Di,
respectively.

The verification data of hotspots of China’s PCL was
obtained from the field survey data and the data on the
concentration area of PCL publicly released by the Min-
istry  of  Ecology  and  Environment  of  the  People’s Re-
public  of  China.  We  compared  the  verification  points
with the identification of hotspots and used the ratio of
the number of the verification points in hotspot areas to
the total  number  of  verification  points  as  the  verifica-
tion result of the hotspots of China’s PCL.

The overall accuracy of the data about PCL was veri-
fied  by  using  random  sampling  combined  with  the
ground survey method, applying high-resolution images
and field investigation data. The accuracy assessment of
China’s PCL in 1990, 2000, 2010 and 2020 were selec-
ted (the number of samples was about 10% of the total
data) 2220, 2731, 3710,  and 3121 sampling  points  for
accuracy verification, respectively, and the accuracy as-
sessment  was  carried  out  using  the  correct  rate  and
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transfer matrix. The correct rate is the ratio of correctly
identified type samples to the total number of samples. 

3　Results
 

3.1　Accuracy of China’s PCL dataset
The  accuracy  of  the  PCL dataset  was  reassessed  in  six
geographical zones  of  China  based  on  previous  re-
search  (Guo  et  al.,  2022).  With  random  selection  and
field  survey  data,  we  generated 2220, 2731, 3710,  and
3121 sampling  points  from  among  the  data  products
about  China’s PCL in  1990,  2000,  2010,  and 2020,  re-
spectively,  and  carried  out  data  accuracy  evaluation
(Fig.  3).  The  accuracies  of  the  products  were  92.61%,
92.60%,  92.99%,  and  94.62%,  respectively,  and  the
overall accuracy of the data products about China’s PCL
reached 93.21% (Table 2).

In the geographical zones, the overall accuracies were
93.87%,  95.08%,  92.11%,  91.06%,  94.43%,  and
93.54% for  N,  NE,  NW,  SE,  SW,  and  QTP,  respect-
ively. Among  them,  the  SE  and  NW  zones  had  relat-
ively low accuracies, both falling below the national av-
erage (Table 2). Two main types of problems may exist
with  our  multimethod.  First,  in  the  arid  and  semi-arid
climate zones,  it  is  difficult  to  distinguish  the  subsur-
face  of  potentially  polluted  sites  from  desert  and  bare
soil,  which easily leads to the phenomenon of mapping
errors and omissions,  resulting  in  a  low average  accur-
acy of the NW zone. Second, it is difficult to accurately

map the energy processing sites interspersed with urban
land  and  rural  settlements  in  the  high-speed  economic
development areas, yielding a relatively low overall ac-
curacy of the SE zone. 

3.2　Evolution characteristics of China’s PCL 

3.2.1　Spatial pattern of China’s PCL in 2020
The area of China’s PCL is 13 856.08 km2, over which
the chemical  processing  areas  account  for  approxim-
ately one-third (Table 3). In 2020, China’s PCL accoun-
ted  for  0.14%  of  the  country’s  total  territorial  area.
Within  these  areas,  chemical  processing  took  up  the
largest area of 4852.11 km2, accounting for 35.02% and
was distributed mostly in the SE and N zones (Fig. 4).

China’s  PCL areas  are  significantly  different  in  size,
with  small-scale  areas  predominately  in  mining  and
large-scale  areas  predominately  affected  by  processing
(Fig. 4, Table 3). In 2020, the total of small-scale areas
was 1958.82 km2,  accounting  for  14.14%  of  the  total
area  of  PCL;  moreover,  metal  ore  mining  and  dressing
areas and energy exploitation areas preponderated, with
areas  of 1089.88 km2 and  649.31  km2,  respectively.
While the metal ore mining and dressing areas were dis-
tributed mostly in the SE, N, and NW zones, the energy
exploitation  areas  were  centralized  in  the  NW  and  N
zones  (Fig.  4).  The  total  of  large-scale  areas  was
8330.40 km2, accounting for 60.12% of the total area of
PCL,  predominated  by  chemical  processing  (3550.49
km2) and metal smelting and processing (3043.14 km2),
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Fig. 3    Spatial distribution of sampling points in China. Not including Taiwan Province of China due to data acquisition limitations
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and centralized in the SE and N zones (Fig. 4, Table 3). 

3.2.2　Changes in China’s PCL during 1990–2020
China’s  PCL  has  been  in  overall  growth  for  the  last
three  decades,  especially  during  2000–2010,  although
with significant  differences  between  the  ten-year  inter-
vals (Fig. 5, Table 3). The area of PCL has increased by
8715.38 km2 at  a  rate  of  290.51  km2/yr, and  the  in-
creased  area  mainly  stems  from the  rapid  development
of chemical  processing  and  metal  smelting  and  pro-
cessing. The decade 2000–2010 saw the highest growth
rate in PCL area, with 59.76% of the increased area con-
tributed  from  chemical  processing  and  metal  smelting
and processing. The area of China’s PCL increased from

5140.70 km2 to 7496.30 km2 during  1990–2000.  After
2000,  China’s accession  to  the  WTO  and  the  imple-
mentation  of  China’s  Western  Development  Strategy
further  boosted  the  growth  rate  of  PCL.  The  speed  of
change  was  546.72  km2/yr  during  2000–2010,  2.32
times  that  during  1990–2000. After  2010,  China  re-
leased and implemented a series of policies and sugges-
tions on environmental protection and pollution control,
strengthening the governance over industrial ore mining
and  processing.  During  2010–2020,  the  mining  areas
across China decreased by an average of 161.30 km2/yr.

During the  past  30 yr,  China’s  PCL has  transformed
progressively  from  predominately  small-  and  medium-

 
Table 2    Accuracy of potentially contaminated land (PCL) in different geographical zones in different years
 

Zone in China Index 1990 2000 2010 2020 Overall accuracya

North Total number of samples 643 831 1030 918 93.87

Correct number of samples 594 774 967 882

Incorrect number of samples 49 57 63 36

Producer’s accuracy / % 92.38 93.14 93.88 96.08

Northeast Total number of samples 294 380 400 334 95.08

Correct number of samples 277 357 383 322

Incorrect number of samples 17 23 17 12

Producer’s accuracy / % 94.22 93.95 95.75 96.41

Northwest Total number of samples 266 336 436 428 92.11

Correct number of samples 246 308 397 399

Incorrect number of samples 20 28 39 29

Producer’s accuracy / % 92.48 91.67 91.06 93.22

Southeast Total number of samples 541 603 973 789 91.06

Correct number of samples 485 549 887 729

Incorrect number of samples 56 54 86 60

Producer’s accuracy / % 89.65 91.04 91.16 92.40

Southwest Total number of samples 432 530 807 599 94.43

Correct number of samples 413 493 758 570

Incorrect number of samples 19 37 49 29

Producer’s accuracy / % 95.60 93.02 93.93 95.16

Qinghai-Tibet Plateau Total number of samples 44 51 64 53 93.54

Correct number of samples 41 48 58 51

Incorrect number of samples 3 3 6 2

Producer’s accuracy / % 93.18 94.12 90.63 96.23

Nationwide Total number of samples 2220 2731 3710 3121 93.21

Correct number of samples 2056 2529 3450 2953

Incorrect number of samples 83 114 96 62

Producer’s accuracy / % 92.61 92.60 92.99 94.62

Note: a Overall accuracy is the average of data accuracies of 1990, 2000, 2010, and 2020
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scale mining to large-scale processing (Fig. 6, Table 3).
The proportion of  the  area  of  small-  and medium-scale
areas over the total area of PCL dropped while the pro-

portion  of  large-scale  areas  rose  during  1990–2020.
Among  them,  the  proportion  of  the  size  of  small-  and
medium-scale  areas  dropped  from  54.60%  in  1990  to

 
Table 3    Variations in area of China’s potentially contaminated land (PCL) during 1990–2020
 

Type Scale of area
Changes in size of area / km2 Changes in size of area per year / (km2/yr)

2020 1990–2000 2000–2010 2010–2020 1990–2020 1990–2020
Metal ore mining & dressing Large 241.84 36.67 34.91 77.28 148.86 4.96

Medium 548.32 207.40 137.49 −276.60 68.29 2.28

Small 1089.88 366.11 727.22 −963.05 130.28 4.34

Energy exploitation Large 433.11 122.45 92.73 87.02 302.20 10.07

Medium 603.87 90.90 234.50 −57.50 267.90 8.93

Small 649.31 218.03 356.10 −450.22 123.91 4.13

Chemical raw material exploitation Large 527.58 1.64 224.47 131.88 357.99 11.93

Medium 73.43 23.56 7.21 −13.96 16.81 0.56

Small 152.56 59.34 113.49 −147.80 25.03 0.83

Energy processing Large 534.24 107.53 226.53 142.69 476.75 15.89

Medium 66.61 11.51 44.17 4.76 60.44 2.01

Small 3.22 1.77 1.02 0.43 3.22 0.11

Metal smelting & processing Large 3043.14 251.74 1225.74 623.55 2101.03 70.03

Medium 1010.85 223.18 350.63 295.52 869.33 28.98

Small 26.01 13.96 1.34 8.28 23.58 0.79

Chemical processing Large 3550.49 318.48 1233.89 1057.47 2609.84 86.99

Medium 1263.78 277.38 453.41 368.55 1099.34 36.64

Small 37.84 23.95 2.32 4.31 30.58 1.02

All Nationwide 13,856.08 2355.60 5467.17 892.61 8715.38 290.51
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39.88% in 2020, with the greatest contribution from the
mining  areas,  especially  from  metal  ore  mining  and
dressing,  whose  proportion  dropped  from  18.67%  to
7.78%.  On  the  contrary,  the  proportion  of  large-scale
areas  in  the  same period  rose  from 45.40% to  60.12%,
with  considerable  contribution  from  the  processing
areas. The  proportion  of  the  area  of  large-scale  pro-
cessing rose from 37.74% to 51.44% during 1990–2020,
with the  major  contribution  from  the  chemical  pro-
cessing and metal smelting and processing areas, whose
proportions rose by 6.69 and 4.16 percentage points, re-
spectively (Fig. 6, Table 3).

The spatial pattern of different types of PCL presents
distinctive regional variation (Fig. 7). During 1990–2020,
medium- and large-scale metal smelting and processing
areas  transformed  progressively  from  being  distributed
mostly in the N zone to being distributed mostly in the
SE zone (Fig. 7b). The proportion of the area of medium-
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and  large-scale  metal  smelting  and  processing  areas  in
the N zone over the total area of metal smelting and pro-
cessing  areas  across  China  dropped  from  36.34%  in
1990 to 34.48% in 2020; in the same period, the propor-
tion in the SE zone rose from 4.87% to 40.05%, and the
size of areas increased from 41.74 km2 to 2238.19 km2.
Medium- and  large-scale  energy  processing  areas  ex-
panded from the N and SE zones into the NE and NW
zones (Fig. 7d). In 1990, these areas constituted propor-
tions  of  1.88%  and  2.48%,  respectively.  In  2020,  their
proportions had increased by 2.80% and 1.56% in the N
and SE zones, respectively, and had appeared and risen
by 2.37% and 6.82% in the NE and NW zones, respect-
ively.  Large-scale  chemical  raw  material  exploitation
areas  were  relocated  to  the  NW  zone,  while  medium-
and  large-scale  chemical  processing  areas  based  in  the
N zone were shifted to the SE zone (Fig. 7e). The large-
scale  chemical  raw  material  exploitation  areas  in  the
NW zone took up a proportion of 14.75% by 2020. The
proportion of  medium-  and  large-scale  chemical  pro-
cessing areas in the N zone rose from 34.19% in 1990 to
37.04%  in  2020,  while  the  proportion  in  the  SE  zone
rose  from  9.57%  to  43.84%.  Metal  ore  mining  and
dressing areas have not presented distinctive variation of

pattern  since  1990  (Fig.  7a).  Small-  and  medium-scale
energy exploitation  areas  appeared  to  have  been  relo-
cated progressively to the NW (Fig. 7c), with their area
increasing  from  206.27  km2 in  1990  to  295.39  km2 in
2020. 

3.3　Hot spots of China’s PCL
With field survey data and the data of PCL publicly re-
leased  by  the  environmental  department,  we  generated
1691, 2211, 3806,  and 2317 verification  points  from
among the  data  products  about  the  hotspot  identifica-
tion of China’s PCL in 1990, 2000, 2010, and 2020, and
carried out  data  accuracy evaluation.  The accuracies  of
hotspots  of  China’s  PCL  were  86.52%,  86.75%,
87.23%, and 89.17% (Table 4).

China’s PCL  featured  distinctive  spatial  agglomera-
tion in 2020, with their hotspots agglomerated mostly in
the N, SE, and SW zones (Fig. 8). Meanwhile, the spa-
tial distribution  of  hotspots  had  considerable  differ-
ences  between  different  types  of  PCL.  In  2020,  149
county-level  administrative  regions  were  dominated  by
chemical  raw  material  exploitation,  accounting  for
5.24%  and  centralized  mainly  in  Sichuan  Province,
Yunnan  Province,  Guizhou  Province,  Fujian  Province,
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and Inner Mongolia Autonomous Region.
China’s PCL has rendered an overall intensified tend-

ency of agglomeration over a markedly enlarged sphere
since  1990,  as  well  as  a  phenomenon  of  transferring
progressively to the NW, SW, and QTP zones (Fig. 8).
During 1990–2020, China’s PCL rendered a further in-

tensified  tendency  of  agglomeration  among  the  city
cluster  in  the  middle  reach  of  the  Yangtze  River,  the
Guangdong-Hong  Kong-Macao  Greater  Bay  Area,  and
other  developed  regions.  The  distribution  of  PCL
showed a tendency of being relocated to Baotou-Ordos-
Yulin  city  cluster  and  other  northwestern  regions.

 
Table 4    Accuracy of the hotspot of China’s potentially contaminated land (PCL) in different geographical zones in different years
 

Zone in China
Total number of samples Producer’s accuracy / %

1990 2000 2010 2020 1990 2000 2010 2020

North 469 583 950 610 86.43 86.79 87.30 89.30

Northeast 137 190 297 181 87.10 86.32 86.98 88.79

Northwest 55 82 165 103 87.88 85.37 86.87 89.03

Southeast 649 830 1481 958 86.44 86.87 87.31 88.94

Southwest 373 516 903 455 86.86 87.02 87.38 89.45

Qinghai-Tibet Plateau 8 10 10 10 75.00 80.00 80.00 90.00

Total 1691 2211 3806 2317 86.52 86.75 87.23 89.17
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Among all PCL, the large-scale energy processing areas
transferred to  the  QTP zone,  centralized  in  Dagze  Dis-
trict,  Maizhokunggar  County,  and  Ngagzha  County  of
Tibet Autonomous Region, with their area increasing by
6963.83 km2.  In  the  same  period,  energy  exploitation
areas  had  a  significant  agglomeration  effect  in  the  SW
zone  across  12  counties,  such  as  Nanhua  and  Yaoan.
Meanwhile, the agglomeration sphere of metal smelting
and  processing  areas  in  the  SW  zone  reached  166
counties, and their area increased by 2993.94 km2. 

4　Discussion
 

4.1　Integration with industrial types as an effective
way for timely and accurate extraction of PCL
Identifying  and  obtaining  the  boundary  information
about PCL accurately and in a timely manner on a large
scale can provide an important data basis for effectively
detecting and quantifying the spatiotemporal patterns of
PCL.  The  vector  datasets  about  China’s  PCL  of  1990,
2000, 2010, and 2020 have been developed with remote
sensing  monitoring  over  the  PCL  in  satellite  images.
The  geographical  databases  that  were  set  up  include
100 163 vector diagram spots of area boundaries. Com-
pared with the existing data  developed and used by re-
search institutes (Jiang et al., 2021), our developed data-
sets about China’s PCL can represent the spatiotempor-
al patterns of PCL with more details. Our datasets con-
tain  not  only  the  information  about  the  positions  of
areas, such as the longitude and latitude, the names and
types  of  areas,  but  also  the  spatial  range  attributes  of
area  vectors.  Meanwhile,  the  overall  accuracy  of  these
PCL databases are  above 93% (Table 2),  satisfying the
requirement for area-related spatiotemporal analysis and
regional comparative study. On the other hand, based on
the existing vector datasets from CLUD, we have adop-
ted web  crawler,  data  fusion,  human-computer  interac-
tion interpretation,  and  other  technologies  and  ap-
proaches  to  acquire  the  area  boundary  information,
which has shortened data acquisition time and signific-
antly  reduced  workload  and  difficulty  (Chakrabarti  et
al., 1999; Kuang et al., 2022). Furthermore, most of the
currently  released  land-use/cover  change  data  products
in  a  large-scale  scope  (Chen  et  al.,  2015; Liu  et  al.,
2018; Gong et al., 2019, 2020; He et al., 2019; Zhang et
al.,  2020)  have  included  PCL  in  such  types  as  urban
built-up area, impervious surface, and mining area. Due

to the failure to acquire more detailed information such
as related enterprises and environments, the above-men-
tioned publicly  released  data  products  have  not  recog-
nized different types of PCL. 

4.2　Influencing factors for the pattern of PCL
The  spatial  pattern  and  migration  of  China’s  PCL  are
joint driving  effects  of  policy,  mineral  resources,  eco-
nomy,  and  other  factors  over  the  past  30  years,  among
which  policy  and  economy  factors  have  contributed
more  prominently  to  the  long  time-sequence  transition
of  areas.  In  the  1990s,  small-scale  PCL were  relatively
prominent  (average  area  0.29  km2)  (Fig.  6, Fig.  7),
which  might  be  ascribed  to  plateau  landforms,  illegal
mining,  or  the  mining  of  small-scale  scattered  metallic
ore deposits (Tang et al., 2020). The quantity and nature
of  keener  oversight  have  increased  the  mining  costs.
Under  this  circumstance,  only  the  larger-area,  high-
value ores  can  be  mined  economically,  driving  this  in-
dustry  towards  operations  producing  large-scale  PCL
(Werner  et  al.,  2020).  With  the  implementation  of
China’s Western Development Strategy, PCL have been
relocated to the NW and SW zones, where medium- and
large-scale metal  ore  processing  and  chemical  pro-
cessing areas have increased by 211.16 km2 and 600.34
km2,  respectively  (Fig.  7, Table  3);  particularly,  the
western rural land for industrial ores surged at an alarm-
ing  rate  from  3%–10%  in  the  1990s  to  115%  during
2005–2015 (Zhang et al., 2021). After entering the 21st
century, China joined the WHO. Under the influence of
intensified international  competition,  the  less  competit-
ive industries  and  enterprises  were  relocated  progress-
ively  from  eastern  coastal  regions  to  western  regions.
During that period, PCL exhibited the spatial character-
istic of  being  relocated  to  the  central  and  western  re-
gions (Fig. 5, Fig. 7). China has taken an active part in
global  energy  governance  and  successively  issued  a
series of policies and opinions related to ecological gov-
ernance  and  supervision  to  cope  with  global  climate
change  (SCPRC,  2013, 2015, 2016).  Relevant  policies
have contributed to a significant increase of energy ex-
ploitation areas in the NW and QTP zones (Fig. 7). Fur-
thermore,  as  China’s  economic  growth  moves  in  the
green and low-carbon direction,  photovoltaic,  wind en-
ergy,  and  other  renewable  energy  sources  have  risen
with strong potentials. The power sector is transforming
from  predominately  fossil  energy  to  renewable  energy
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sources,  and the  area  of  large-scale  energy exploitation
areas  in  the  QTP  zone  has  increased  dramatically
(Fig. 7, Table 3). 

4.3　Hotspots and ecological risks of PCL
Although the distribution of China’s industrial ore min-
ing areas  obeys  the  ultimate  law  of  geological  enrich-
ment, these areas are centralized in places of population
aggregation,  lowland  regions,  and  flat  regions  (Fig.  8)
probably due to economic factors. Of the 3.9 million t of
wastes  generated  from  nonferrous  metal  processing  in
China in 2016, almost 80% came from the northwestern
region,  Yunnan Province,  Inner  Mongolia  Autonomous
Region,  Gansu Province,  Hunan Province,  and Qinghai
Province (NBS, 2021). Numerous hazardous wastes are
generated  amid  the  metal  ore  processing  and  smelting
processes  (Wang  et  al.,  2021),  severely  threatening  the
atmosphere, water  environment,  other  ecological  envir-
onments,  and  human health.  The  coal  mining  activities
in  Inner  Mongolia  Autonomous  Region  have  caused  a
sharp decrease  in  lake  area:  64.6%  of  the  sharp  de-
crease in lakes resulted from the water consumption for
coal mining (Tao et al., 2015). The threat of PCL might
extend  to  a  radius  of  70  km  from  the  mining  locale
(Sonter et al., 2017), leading to water and soil degrada-
tion along the river basin. The treatment zone of PCL in
the  upper  reaches  may  cause  a  series  of  environmental
issues to the lower reaches. The impact on Brahmaputra
(or  the  Yarlung  Zangbo  Jiang)  rivers  might  stem  from
the mining areas at extremely high altitudes in the QTP
zone (MEE, 2014). 

5　Conclusions

The  vector  datasets  about  China’s  PCL  at  1990,  2000,
2010,  and 2020 have been developed using data  fusion
technology based on high-resolution remote sensing im-
ages,  a  land-use/cover  change  database,  data  from web
crawler, and other multisource data. The spatial distribu-
tion and transfer pattern of China’s PCL have been ana-
lyzed in national-, regional-, and county-level scales, the
hotspot distribution of these areas has been recognized,
and the influencing factors for the variation of their pat-
tern have been further discussed.

The  vector  data  products  about  China’s PCL  de-
veloped and acquired based on multisource  data  fusion
technology  have  high  quality  and  reliability,  with  an

overall accuracy of 93.21%. The overall area of China’s
PCL has kept growing since 1990, with significant dif-
ferences  across  different  time  intervals.  During
2000–2010, the growth rate of areas was 2.32 and 6.13
times  that  during  1990–2000  and  2010–2020, respect-
ively.  The  agglomeration  of  China’s  PCL  intensified
and  enlarged  its  sphere,  and  rendered  the  phenomenon
of transferring from the N and SE zones to the NW, SW,
and  QTP  zones  during  1990–2020.  The  spatial  pattern
and  transformation  of  China’s  PCL  are  joint  effects  of
policies,  mineral  resources,  economy,  and other  factors
over  the  past  30  yr,  among which  policy  and economy
factors  have  contributed  more  prominently  to  the  long
time-sequence transition of areas.

The  ecological-environmental  problems  in  the  PCL
have  attracted  great  attention  in  China.  The  results  of
this study provide scientific information about PCL and
provide  directions  for  local  environmental  protection
departments and ecological governance. Subsequent re-
search  could  begin  with  the  comparation  of  transport
models of different compounds and sites in different in-
dustries. The  more  detailed  analyses  of  ecosystem  ser-
vices, such  as  comparing  soil  conservation  and  biod-
iversity  protection  functions  with  those  of  the  pre-state
to improve the ecological  environment of  the PCL in a
more targeted way.
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