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Harmony in Extraction: A Variable Weight Theory
Approach to Unraveling the Ecological Security

Veins in China’s Rare Earth Mining Under
Variable Pressures

Jianying Zhang, Hengkai Li , Beiping Long, and Duan Huang

Abstract—The unique mining process of China’s ion-adsorption
rare earth (RE) mines has changed the structure of the mine ecosys-
tem, and the interplay between the natural red soil characteristics
and economic and social activities has exacerbated environmental
problems such as the degradation of regional vegetation cover and
soil erosion. These issues have had a profound and detrimental
impact on the ecological security (ES) of the mining areas. The
existing static evaluation study cannot comprehensively assess the
ES status and dynamic evolution trend of the mining area, and
cannot meet the needs of the complex ecosystem in the mining area.
Therefore, this article constructs an ES evaluation index system
based on the driver-pressure-state-impact-response-management
causal framework model, and uses the variable weight (VW) theory
to formulate a penalty-dominated state VW function to calculate
the weight values of the indicators in different contexts of each year
and evaluation unit. Finally, a dynamic evaluation of the spatial and
temporal evolution trend of the ES of the Lingbei RE mining area
is carried out during the period from 2000 to 2020. The geodetector
model is then applied to reveal the driving factors impacting the ES
of the mining area in different time periods. The results show that
1) Compared to the constant weight method, VW can provide a
more detailed distribution of the ES level in the mining area, which
has good application value in the small and dispersed ionic RE
mining area. 2) The overall ES status of the Lingbei mining area
shows a dynamic trend of deterioration followed by improvement
and finally stabilization. 3) The vegetation health status is one of
the most important driving factors of ES in the mine site, and the
interaction between any two factors is greater than the explanatory
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power of the individual factors. This study provided insights into
the ES and sustainable development of mining areas.

Index Terms—Driver-pressure-state-impact-response-manage-
ment (DPSIRM) model, driving factors, dynamic evolution,
ecological security, rare earth ore, variable weight theory.

I. INTRODUCTION

RARE earth elements (REE), as key raw materials for high-
tech products, are widely used in high-tech industries such

as smart manufacturing, high-end chips, and aerospace around
the world [1]. As the largest producer, consumer, and supplier
of REE, China already has the world’s most complete REE
industrial system, with exports accounting for over 80% of the
global total [2]. Notably, the ionic RE mines in Ganzhou, Jiangxi
Province account for more than 30% of China’s total production
and represent a crucial region for ionic RE mining in China [3].
While RE mining provides robust energy support for China’s
socioeconomic development, it also exerts significant adverse
impacts on the ecological environment in mining regions.

Ionic RE ore is a unique RE deposit formed by the long-term
weathering of surface rocks resulting in the migration and en-
richment of REE in an ionic state adsorbed on clay minerals. Its
mining process has gone through several technological stages,
including barrel leaching, pool leaching, heap leaching, and in
situ leaching. Despite continuous advances in process efficiency,
the problems of heavy metal pollution and ecological damage
remain unsolved [4], [5]. Most of the ionic RE mines are located
in the southern red soil hilly and mountainous region, which
is the second largest soil erosion area in China besides the
Loess Plateau [6]. Therefore, in addition to the limitations of
the process technology, the severe geographic conditions of the
region have exacerbated the environmental problems of ionic
rare earth mines, with ecological damage such as topsoil de-
nudation, landslides, and destruction of vegetation, which have
seriously affected the safety of the mines and the surrounding
ecological system.

Ecological security (ES) refers to a state in which a composite
ecosystem, comprised of natural, economic, and social compo-
nents, retains its functionality to meet development needs and
develop sustainably even when subjected to external pressures
and disruptions [7]. Over the past three decades, ecological
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and environmental issues arising from RE mining have grad-
ually gained international attention. For example, the United
States has implemented stringent legislation to protect its do-
mestic environment, including the enactment of laws such as
the “Energy Policy Act.” Similarly, countries like Japan and
Australia have sought to outsource their rare earth production
to mitigate the ecological and environmental pollution caused
by their domestic rare earth industries [8]. In China, efforts to
enhance ecological protection measures within the rare earth
industry have been ongoing, including the establishment of a
planned approval system for the RE sector [9]. In 2000, the
United Nations convened the Conference on Ecological Change,
Stable Social Order, and Culture, where it explicitly recognized
ES as a vital component of national environmental governance.
This marked the importance of ecological security worldwide
[10].

ES assessment involves evaluating the impact of natural and
social factors on a particular ecosystem within a defined time
frame. It employs certain criteria to assess the condition of the
ecosystem, thus analyzing its capacity to maintain health and
sustainable development [11]. In 1993, the Organization for
Economic Co-operation and Development proposed the “DSR
(Driver-State-Response)” framework model. Since the research
on ES evaluation has been carried out, it has evolved from sim-
ple single-factor assessments to progressively encompass more
complex ecological process causal analysis assessments, and its
connotation has been gradually enlarged and enriched. For ex-
ample, Du et al. [12] used a Bayesian network model based on the
driver-pressure-state-impact-response-management (DPSIRM)
framework to simulate the risk of occurrence of ES warnings
under different scenarios, which provided a new perspective for
the study of watershed ES evaluation. Na et al. [13] assesses the
ecological risk status of PAHs by integrating the risk quotient
approach and the DPSIRM conceptual framework. These studies
demonstrate the significant potential for the application of the
DPSIRM model in ES assessment, as it can emphasize the
interrelationships among evaluation indicators encompassing
ecological, social, economic, resource, and policy dimensions.
While this model can initially realize the selection and con-
struction of evaluation indicators, indicator weighting remains a
crucial aspect influencing the accuracy of the model. At present,
the widely used methods for CW determination mainly include
analytic hierarchy process (AHP) [14], least square method [15],
principal component analysis [16], entropy weight information
method [17], and so on. However, in practical applications,
there are usually multiple evaluation indicators. The CW method
may result in relatively low weights assigned to each indicator.
If a lower-weighted indicator deteriorates, it may be offset by
other indicators, leading to distortion and inaccuracy in the final
evaluation results.

The dynamic development of the ecological environment
in RE mining areas has stimulated the demand for dynamic
evaluation methods. Traditional static ES assessment studies
are no longer able to meet the needs of complex mining area
ecosystems. Especially in the process of evaluating the ES of RE
mining areas, the selection of evaluation index weights directly
determines the accuracy of the comprehensive evaluation results.

However, the current evaluation method usually adopts a con-
stant weight evaluation method, which keeps the weight values
unchanged even when the influencing factors in the mining area
change, such as the sudden change of mining disturbance. This
constant weight model with fixed weights only takes into account
the relative importance of each factor in the evaluation, and is
unable to accurately portray the impact of sudden changes in
the indicator values of the factors on the ecology of the mining
area due to various changes. The VW theory achieves a more
reasonable allocation of weights for each evaluation indicator
by constructing an equilibrium function that incorporates state-
variable weighting and multiattribute decision-making [18]. For
example, Li et al. [19] combined the VW theory and the DP-
SIRM causal framework to evaluate the ES status of forests
in mainland China, providing valuable suggestions for forest
ES management. Zhang et al. [20] derived an optimal hybrid
model for assessing the risk of coal seam outbursts underground
based on the VW theory and uncertainty analysis, aiming to
accurately evaluate the risk of coal seam outbursts under differ-
ent conditions. Ye et al. [21] constructed a Fuzzy-AHP method
based on the VW theory to evaluate the safety of expansive soil
slopes.

Remote sensing technology has become an effective tool for
ecological environment protection and management in mining
areas because of its advantages of low cost, high efficiency,
and wide coverage. The continuously improving quality of
remote sensing data has increasingly enhanced the significance
of remote sensing data in the field of ecological monitoring
in RE mining areas. RE mining areas are located in the red
soil hilly mountainous areas, and the mine sites are small and
dispersed, which makes timely and accurate monitoring of the
mine environment difficult. Consequently, it becomes difficult
to effectively capture the ecological changes occurring within
the mining areas. With the advancement of spatio-temporal inte-
grated remote sensing data, it is now feasible to acquire extensive
and high-resolution surface information, including topography,
vegetation cover, soil types, etc. This development provides solid
data support for comprehensive monitoring of the ecological
environment in RE mining areas. At present, the VW method has
been continuously maturing in the system evaluation. However,
it has not been well applied in the research of mining area
ecosystems. Introducing the VW model into the evaluation of
ES in mining areas is of great significance, both for the ES
of the mining area and for the management and governance
of relevant departments. Therefore, in this study, we proposed a
dynamic evaluation method for ES in the Lingebei RE mining
area, combining RS and GIS technologies with the DPSIRM
framework and the VW theory. We explored the spatiotemporal
variation characteristics of ES in the mining area from 2000 to
2020 under the influence of multiple factors. In addition, the
GD model was used to analyze the synergistic effects among
the driving factors influencing the changes in ES at the indicator
level. This revealed the characteristics, evolutionary patterns,
and driving mechanisms of ecological environmental changes
in the southern ionic adsorption RE mining area. The main ob-
jective of this study is to provide a scientific basis for sustainable
mining and ecological restoration in the mining area and to
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Fig. 1. Location map of the study area.

promote the harmonious development of the regional ecological
environment, and social economy.

II. MATERIALS AND METHODS

A. Study Area

The Lingbei RE mining area (24°51′24′′∼25°02′56′′N,
114°58′04′′∼115°10′56′′E) is located in the northern part of
Dingnan County, Ganzhou City, Jiangxi Province, covering an
area of about 200 km2 (see Fig. 1), and is one of the most im-
portant production areas for ionic RE mining in southern China
[22]. Mining methods in the area have been optimized since
1960 to the present, but this has not fundamentally changed the
fact of ecological disruption in the mining area. The long-term
heap leaching mining method has resulted in the accumulation of
large amounts of nitrides in the surrounding water and soil. The
changes in the physicochemical properties of the soil have led
directly to vegetation degradation and soil erosion, posing a sig-
nificant threat to the ES of the mining area. Starting in 2012, the
mining area has gradually undertaken large-scale reclamation,
but the reclaimed vegetation grows slowly and poorly under the
stress of pollutants, and the reclamation effect is not satisfactory.
The southern red soil hilly area is hot and rainy, and the soil is
barren, which makes the ecological restoration of the mine area
more difficult. How to scientifically and accurately monitor the
ecological safety of mining areas dynamically is still the focus
of mine environmental management.

B. Data Sources and Preprocessing

In order to evaluate its ecological restoration more compre-
hensively and accurately, and to ensure the integrity and relia-
bility of the data, we analyze the spatial and temporal evolution

of ecological resilience of the mining area in 2000, 2005, 2010,
2016, and 2020 from the perspective of historical mining in rare
earth mining areas. Among them, both 2000 and 2005 belong to
the rare earth mining expansion phase, 2000 to the pool leaching
and heap leaching phase, and 2005 to the in situ leaching phase.
The mine reclamation phase started in 2010 and 2016 is the
later stage of reclamation, when mining completely stops. The
year 2020 is the period of ecological improvement of the mine.
These five years represent the typical stages of different mining
and recovery of rare earth mining areas.

The data used in this study include remote sensing data,
topographic data, meteorological data, socio-economic data, soil
data, and other data of the study area in 2000, 2005, 2010,
2016, and 2020. Among them, this study takes the “T_OC:
Real” field in the soil database attribute table as the evalua-
tion indicator of soil organic matter content in the RE mining
area. After loading and verifying the coordinates of this field
data, the raster attribute table can be constructed directly, and
finally, the data are exported and cropped. Second, to satisfy the
construction requirements of the geodetector model, the driving
factor data should be reclassified. Combining relevant literature
and on-site investigation findings, the natural breakpoint method
is employed to discretize 21 indicators, aiming to achieve the
optimal classification with the maximum explanatory power (q
value). Finally, to address the issue of differential information
among various data types and break the boundaries of data
mining patterns based on administrative units, statistical data
interpolation is performed to convert it into raster data, which
is then resampled to achieve consistent spatial and temporal
resolution (30∗30 m). Data details are shown in Table I.

C. Research Method

In this study, we have proposed a dynamic method for assess-
ing the ES of rare earth mining areas, focusing on the synergy
between ecological environment and resource development. As
shown in Fig. 2, the basic research framework is outlined as fol-
lows. First, we used remote sensing, meteorological, economic,
atmospheric, soil, and other data sources, in conjunction with the
DPSIRM framework, to extract assessment indicators tailored to
the study area from six different dimensions: drivers, pressures,
states, impacts, responses, and management. Then, based on
the ecological evolution mechanism of the mining area, a VW
function was constructed to calculate the weight value of each
indicator. On the premise of determining the values and weights
of each indicator in the RE mining area, an ES evaluation model
of the RE mining area was established and used to assess the
spatial and temporal evolution characteristics of the ES of the
RE mining area. Finally, the geodetector model were used to
analyze the driving factors and their interactions affecting the
mining area during different periods.

1) ES Assessment Indicator System: The DPSIRM model is
an emerging conceptual model formed by the gradual improve-
ment of the PSR, DSR and PSIR models. It emphasizes the
interconnected causal relationships between ecology, resources,
policies and the economy [12]. The model allows a wide range
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TABLE I
DATA TYPES AND SOURCES

Fig. 2. Research framework.
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Fig. 3. DPSIRM framework.

of indicator factors to be selected, which can improve the as-
sessment criteria.

The ecosystem of ion-adsorption RE mining area is a compre-
hensive multifactor and multi-indicator system, and the impact
of human socio-economic activities on it is gradually increasing
and complicating. Influenced by the supply and demand of REE,
human exploitation of RE mines through various processes has
led to the deterioration of the ecological environment in the
mining areas, thus prompting the reverse feedback of socio-
economic activities, and the adoption of certain treatment and
regulatory measures to improve the ecological environment in
the mining areas. Considering such a bidirectional role, we
selected the DPSIRM model to construct the ES evaluation index
system of the mining area in order to strengthen the sustainable
development of the mining ecosystem and the integrated man-
agement of the impact factors, as shown in Fig. 3.

A scientific assessment index system is the basis for measur-
ing the ES of mining areas. It is a prerequisite for evaluating
the scientific, reliable, and accurate nature of the results. Dif-
ferent regions have varying natural conditions and economic
development trends. On one hand, the Lingbei RE mining area
is an integrated and complex ecosystem, with diverse biologi-
cal species, abundant mineral resources and extremely fragile
natural conditions. As human life and production gather and
spread, the richness of the region’s natural resources and the
balance of its ecological landscape continue to suffer from
impacts, leading to increasingly prominent conflicts between
the local population and the land. The depletion of resources
significantly impacts the socioeconomic development of human
society, and if left unchecked, it is poised to generate a se-
ries of severe consequences. On the other hand, the feedback
from ecological protection measures taken to prevent, alleviate,
or eliminate negative impacts reflects the proactive response
of human activities to the ecological security of RE mining
areas. This response acts as a counterbalance to the adverse
effects generated by human activities, thereby promoting the
benign development of ecological security in rare earth mining
areas. Therefore, taking into account the natural geographical
conditions, ecological environmental status and socioeconomic
conditions of the study area, combined with previous research,
and following the principles of representativeness, accessibility
and comparability of indicator selection, we have constructed
a comprehensive ES assessment indicator system for mining

TABLE II
CLASSIFICATION STANDARD OF ES VALUE OF RE MINING AREAS

areas. Using the DPSIRM model, we selected 21 indicators from
6 dimensions, as shown in Table V (Appendix).

2) Comprehensive Evaluation Method Based on VW Theory:
a) Determination of CW: Before calculating the VW, the constant
weight (CW) should be determined first. In this paper, we use
AHP to calculate CW, which is one of the most commonly used
index weight calculation methods in ES evaluation. The basic
steps include constructing the judgment matrix, calculating the
weight vector, and the consistency test of the judgment matrix.
The calculation results are shown in Table VI (Appendix).

b) VW theory: Ion-adsorption RE mining ecosystem is a
complex and dynamic system with disturbance feedback lag
effect and evident dynamics. In the comprehensive evaluation
of ES in mining areas, conventional CW assignments are com-
monly used to represent the importance of different indicators.
However, this method cannot reflect the actuality and dynamics
of the development of mining areas. VW methods can effectively
solve this problem. The particular principles and calculation
process are as follows.

VW theory was first proposed by Wang [24], and then Li [25]
proposed the axiomatic definition and calculation formula of
three types of VW, namely penalty, incentive, and nonpenalty
and nonincentive (1). Then different VW strategies were given
according to the magnitude of the indicator state value, and Yao
and Li [26] proposed the theory of local VW. The CW model
reflects the relative importance of each factor on the target, but
usually, the weight of the factors’ influence on the target is also
related to the magnitude of the factor state values and their
combined states. For this reason, Wu et al. [27] introduced the
local VW theory into the index method evaluation, pioneering
the application of the local VW theory in index evaluation
methods

W (x) =
W0Sj(x)∑m
j=1 w

0
jSj(x)

=

{
w0

1S1(x)∑m
j=1 w

0
jSj(x)

, . . . ,
w0

mSm(x)∑m
j=1 w

0
jSj(x)

}
(1)

where w0
j is any constant weight vector, Sj(x) is an m-

dimensional partition state variable weight vector, j = 1, 2, 3,
…, m.

c) VW model construction and determination of tuning
parameters: The development of a variable weight model that
meets evaluation requirements is a crucial component of ecolog-
ical security assessment in rare earth mining areas, closely tied to
the accuracy of the final evaluation results. Given the disturbance
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TABLE III
AREA STATISTICS OF THE EVALUATION RESULTS

and ecological evolution characteristics of rare earth mining ar-
eas, constructing a variable weight model necessitates accurately
reflecting the impact of changes in each evaluation indicator
on the assessment outcomes. Influenced by various factors,
including mining processes and natural conditions, the mining
area has limited self-restoration capacity. Following ecological
damage, relying solely on natural recovery is challenging, and
artificial vegetation reclamation is required. Therefore, if the
constraint of various disturbances on the ES of the mine area
accumulates exceeds the threshold of its own recovery, it may
cause irreversible impacts. Guided by the VW method, and in
an effort to better take into account the limitations imposed
by natural conditions and the influence of human activities,
while preventing negative indicators from being overshadowed
by positive ones, this study, taking into account the changing
trends in rare earth mining areas, adopts a model in which
the magnitude of negative effects outweighs that of positive
effects. We have constructed a hybrid VW function dominated
by punitive measures, expressed as follows:

S(x) =⎧⎪⎪⎨
⎪⎪⎩
eα(dj1−xj) + eα(dj2−dj1) + C − 2, 0 ≤ xj < dj1
eα(dj2−xj) + C − 1, dj1 ≤ xj < dj2
C, dj2 ≤ xj < dj3
eα(xj−dj3) + C − 1, dj3 ≤ xj < 1

(2)

where xj is the value of the original data after standardization,
dj1, dj2, dj3, respectively, for the threshold of the variation
interval (calculated using the K-mean algorithm [28]), e≈ 2.718,
α is the impact factor of the weight, indicating the degree of
weight variation, a higher α value results in more significant
weight changes, C is the adjustment level, reflecting the degree
of total weight change, a smaller C corresponds to a greater
degree of punishment (incentive).

As shown in Fig. 4, the exponential state VW vector con-
structed in this study is divided into four weight adjustment
intervals. dj3∼1 is the incentive interval, when the indicator
state value lies in this interval, its weight value will increase
with the state value. dj2∼dj3 is the nonpenalty and nonincentive
interval, and the weight value will not change with the indicator
state value in this interval. 0∼dj2 is the penalty interval, in which

Fig. 4. Penalty and incentive variable weight function S(X).

the weight value increases as the indicator state value decreases,
and the penalty intensity increases when the indicator value is
in the range of 0∼dj1.

After more than 200 assignment tests to ensure significant
variable weighting effects and to avoid excessive weight reduc-
tions (increases), we found that the best results were achieved
with C = 0.6 and α = 1.5.

3) Comprehensive Evaluation of ES in RE Mining Areas:
Before the comprehensive evaluation of the ES of RE mining
areas, in order to eliminate the differences of indicators in
different scales, units, and orders of magnitude. According to
the role of each indicator in the ES of the mining area, the
method of standardization of extreme differences was used to
standardize the indicators. In this study, positive indicators (+)
refer to those that have a positive impact on the ES of RE mining
areas, with their increase promoting ES. Conversely, negative
indicators (–) denote those that have a negative impact on ES,
with their increase causing harm to ES. Positive indicators are
calculated as in (4) and negative indicators are calculated as
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TABLE IV
CRITERION INTERVAL OF DRIVING FORCE AND INTERACTION TYPE

in (5)

Xij =
xij − min xj

max xj − min xi
(3)

Xij =
max xj − xij

max xj − min xi
(4)

where Xij is the standardized value of the ith evaluation indicator
in year j, xij is the original value of the ith evaluation indicator
in year j, max xj is the maximum value of the ith evaluation
indicator, and min xi is the minimum value of the ith evaluation
indicator.

The comprehensive index model was used to calculate the
integrated ES index of the mining area [29] with the following
formula:

ESI =
n∑

j=1

Xj ×Wj (5)

where ESI is the ecological security index of the mining area,
Xij is the normalized index, and Wj is the corresponding weight
of the indicator.

In traditional ES evaluation research, many scholars use
equidistant methods to classify evaluation result levels. How-
ever, we found that ES levels classified according to fixed
distances did not capture the internal differences in regional
ES well. Therefore, in this study, the ES evaluation index was
reclassified using the natural breakpoint method and adjusted
accordingly based on previous research [30]. The higher the
ESI value, the better the regional ES status (see Table II).

4) Identification of Influencing Factors Based on Geographic
Detector: Spatial heterogeneity is one of the fundamental char-
acteristics of geographical phenomena, and the geographical
detector is a novel statistical model that can examine the ex-
planatory power of specific factors by measuring spatial het-
erogeneity. In recent years, it has been widely applied in fields
such as ecological engineering and urban research [31], [32]. In
this study, we used the factors and interaction detectors of the
GD model to analyze the synergistic effects among the driving
factors of ES in RE mining areas

q = 1−
∑L

h=1 Nhσ
2
h

Nσ2
h

= 1− SSW
SST

(6)

SSW =

L∑
h=1

Nhσ
2
h, SST = Nσ2 (7)

where q is the degree of explanation of the ES status in the
mining area by the indicator, L is the classification of X or Y, h is
the number of the indicator grading, Nh and σ2

h are the number
of samples and variance of a specific stratum, respectively, and
N and σ2 are the number of samples and variance of the whole
region, respectively. The value of q is in the range of [0,1], the
higher the value indicates the stronger the degree of explanation.
q = 0 indicates that the driving factor has nothing to do with
the ES status of the mining area, and q = 1 indicates that
the driving factor completely controls the spatial differentiation
of the ES status of the mining area. SSW and SST are the
sum of the L-class variance and the total regional variance,
respectively.

III. RESULTS

A. Dynamic Evaluation of ES in RE Mining Areas

Fig. 5 shows the results of ES index grading in 2000, 2005,
2010, 2016, and 2020 in Lingbei RE mining area. It can be seen
that the spatial distribution of “very insecure” and “relatively
insecure” regions with threats to ES has changed significantly
over the last 20 years, while the spatial distribution of “very
secure” regions with a stable state of ES has changed little.
In 2000, the “very insecure” and “relatively insecure” regions
expanded outward from the northwest and southwest, gradu-
ally transitioning into “middle,” “relatively secure,” and “very
secure” regions. In 2005, the “very insecure” and “relatively
insecure” areas were primarily concentrated around the mining
sites, and this phenomenon became more pronounced in 2010.
It was not until 2016 that the ES risk areas gradually dispersed
throughout the study area away from the mining sites. In 2020,
the size of the “very insecure” areas peaked, and the dispersal
phenomenon became even more pronounced.

As can be seen from Fig. 5(f), the proportion of the total area of
“very insecure” and “relatively insecure” areas in the study area
showed a dynamic trend of first decreasing, then increasing and
finally stabilizing from 2000 to 2020. This suggests that under
the combined influence of various factors, ES in the mining area
shows significant instability.

B. Dynamic Evolution of ES in Typical Mining Sites

In order to explore the process of ES change in the Lingebei
RE mining area and to conduct an in-depth analysis of the impact
of RE mining activities on ES, we selected two representative
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Fig. 5. Spatial distribution of ES values in the Lingbei RE mining areas (2000–2020).

mining sites within the Lingebei mining area, namely the Nongji
and Qingjingtang mining sites. These two mining sites have
gone through a complete process of rare-earth mining, cessa-
tion of mining, and ecological restoration, and are therefore
representative of the Lingbei mining areas. Combining the 2000,
2005, 2010, 2016, and 2020 ES assessment results of the mining
site with the 2005 high-resolution Google image, a comparative
analysis of the ES status at critical stages of the mining process
was conducted. The assessment results were compared with the
high-resolution images as shown in Fig. 6.

As can be seen from Fig. 6, the spatial distribution of ES
classification results in 2005 is very similar to the Google
image of that year, with a good comparative relationship. In
the first monitoring period in 2000, the damage to ES at the
two mining sites had already developed in spots, and the size
of the “very insecure” and “relatively insecure” areas increased
rapidly over the five-year period. By 2010, the ES deterioration
at the Nongji mining site had reached its peak, with the area
of “very insecure” and “relatively insecure” areas growing to
504 000 m2, accounting for 73.59% of the mining site area.
In 2005, the ES of the Qingjingtang mine site was in the
worst condition, with the area of “very insecure” and “relatively
insecure” areas increasing to 342 000 m2, accounting for 54.6%
of the total area of the mine site. During the period from 2010
to 2020, there was a clear trend of ES recovery, marked by a
significant reduction in the areas classified as “very insecure”
and “relatively insecure” and the areas classified as “very secure”
and “relatively secure” gradually increased. The ES restoration
effect of the Nongji mine site is better compared with that of
the Qingruntang mine site, which, due to the long duration
of rare-earth mining, will still have a very low level of eco-
logical safety up to 2020, and will need to be restored more
vigorously.

C. Comparison of VW and CW Method

In order to clarify how the introduction of the VW method
affects the ES evaluation of RE mining areas, this study com-
pares the two evaluation results obtained by the VW and CW
methods in a typical mining area. First, Fig. 7(a) shows the
evaluation results obtained by the VW and CW methods at
the Aobeitang mine site in 2010 compared with the high-
resolution Google images of that year, and it can be seen that
the spatial distribution of the different ES grades is generally
consistent in both results and thus the results obtained by the
VW method can be verified. Compared with the CW method,
the VW method can obtain a more detailed ES classification
and identify more es hazardous areas such as mining sites and
tailing sites.

Considering the temporal ES assessment results for mining
sites [see Fig. 7(b)] with Table III, it can be seen that the
assessment results of different ES levels obtained using the two
methods have changed to different degrees. The largest change
is in the “very insecure” area, mainly due to the inclusion of
the VW method, which results in a higher degree of penalty
than incentive within the assessment. In CW evaluation, the
weight of each indicator is the same in different years and does
not change as the indicator values change. However, in VW
evaluation, due to the higher degree of penalty compared to
incentive, the weights of negative indicators such as desertifi-
cation index and land surface temperature increase relatively in
years with lower ES levels, leading to more accurate assessment
results.

D. Driving Factors in ES Change

1) ES Driving Factors: Using the factor detector of the GD
model, we analyzed the explanatory power of 21 indicator
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Fig. 6. ES evaluation of typical mining sites in Lingebei mining area (2000–2020).

Fig. 7. (a) Comparison of results between VW and CW methods. (b) Temporal and spatial comparison of results between CW and VW methods.
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Fig. 8. Explanatory power of factors in RE mining areas (2000–2020)—ES
Driving factors.

Fig. 9. Explanatory power of factors in RE mining areas (2000–2020)—
Interacting explanatory power.

factors individually with respect to ES status and identified the
top five driving factors (see Fig. 8). The results indicate that the
ES status in the study area is primarily influenced by the three
subsystems of drivers, pressures, and states. The explanatory
power of each indicator on the ES status of the mining area
is significant (P < 0.001), and there are differences in their
influence at different time periods.

In terms of influencing factors VHI (D4), Desertification
Index (P3), FVC (S1), LST (D3), DEM (D1), WET (S2), and
NDBSI (P4) had a strong explanatory power for the ES status
of the mining area. Among them, the VHI (D4) was always in a
strong explanatory state during 2000–2020.

2) Detection of ES Interactions: The ES of RE mining areas
is affected by a combination of influencing factors. In this article,
we use the interactive analysis function of the GD model to
analyze whether the explanatory power of the spatial distribution
of ES indices in the mining area will be increased or decreased
between two different driving factors when they act together.
The interactions between driving factors are categorized into
the following five situations (see Table IV).

An interaction analysis was conducted on the 21 driving
factors, and the results are shown in Fig. 9. The interaction
between any two factors is greater than the effect of a single fac-
tor. The results of factor interaction analysis consistently show
either two-factor or nonlinear enhancement, with the two-factor

enhancement pattern being the most prominent. The evolution
of ES in mining areas is the result of the synergistic influence
of many factors, and the different factors interact with each
other. During the five monitoring years, the interaction of VHI
(D4) with other factors was the most pronounced, consistently
exceeding 60%. Considering the actual conditions of the mining
area, it can be inferred that the vegetation health status serves
as a crucial driving factor throughout the entire process of ES
evolution in RE mining areas. It plays a significant role in the sta-
bility and resilience of the ecological system within the mining
area. The interaction mechanisms of ES influencing factors in the
mining area vary in different years, but the desertification index
(P3), green space per capita (M1), VHI (D4), and educational
attainment of residents (M2) always show a strong explanatory
power.

IV. DISCUSSION

A. Dynamic Evolution Characteristics of ES in RE
Mining Areas

Combining the spatial and temporal changes in ES of the
mining area as a whole with those of typical mining sites, further
analysis shows that the process of ES change in the Lingbei RE
mining area can be divided into the following three stages.

From 2000 to 2005, the ES status of the mining area changed
significantly, with the areas of “very insecure” and “relatively
insecure” expanding markedly, indicating that the ES status of
the area is in a stage of slow deterioration. The reason for this
phenomenon is that since the reform and opening up, the market
demand for RE has increased, the price of REE has risen, and
the REE industry has shown rapid development [33]. However,
the early RE mining process is simple, coupled with the fact that
most of the RE mining areas in Lingbei are located in remote
mountainous areas, the mining sites are small and dispersed,
the supervision is poor, and the phenomenon of indiscriminate
mining and theft is serious. Frequent mining of RE, topsoil strip-
ping to form dumps, and the expansion of industrial structures
in the mining area, replacing the original vegetation, are the
main reasons for the deterioration of regional ES. From 2005
to 2010, the area of “very insecure” and “relatively insecure”
areas continued to expand, and the regional ecological security
status entered a phase of rapid deterioration. While the in situ
leaching method, upon its widespread adoption, may not directly
lead to the devastating destruction of vegetation, the injection of
substances like ammonium sulfate into the mountains through
the leaching solution can have irreversible impacts on the root
systems of vegetation. Simultaneously, the advancement in
mining process technology has enabled large-scale mechanized
production, resulting in profound land disturbance and a drastic
decline in regional ES status.

From 2010 to 2020, the areas classified as “very secure”
and “relatively secure” exhibited an expanding trend, indicating
an improvement in the regional ecological environment. The
ES status within the mining area reversed, entering a phase of
stable development. On one hand, the concentration of mining
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rights and the continuous strengthening of government regula-
tory efforts, have to some extent curbed illegal mining activi-
ties. Another main reason is that since 2011, the RE mines in
Ganzhou have become one of the first nationally planned RE
mining areas in China. In addition, with the implementation of
policies such as “Green Mining” since 2016, local government
departments have invested significant funds in mine governance
and remediation. As a result, most RE mining areas in southern
Jiangxi have ceased mining operations, resulting in significant
ecological restoration [34]. On the other hand, the cessation
of RE mining has led to significant unemployment among the
surrounding residents. In order to promote local economic de-
velopment, ecological restoration measures in the mining area
have transitioned from the previous singular focus on vegetation
restoration to a vigorous promotion of various diverse models,
such as orchards and vegetable cultivation. This transition in
industrial focus has gradually alleviated the economic pressure
on the local community [35].

B. Analysis of the ES Driving Factors in Mining Areas

From the perspective of the explanatory power of each factor,
it can be observed that LST (D3), VHI (D4), desertification
index (P3), and NDBSI (P4) consistently had the most sig-
nificant influence on ES during the monitoring period. This
indicates that anthropogenic activities have the most pronounced
spatially differentiated impact on ES in mining areas. With
the strengthening of environmental restoration efforts and the
increased focus on reclamation in mining areas, the impact of
detection factors on ES in 2020 has decreased compared to
2000. This reduction is particularly noticeable for LST (D3) and
desertification index (P3), further confirming the significance of
human activity changes in facilitating the restoration of ES in
RE mining areas.

From the results of the interaction analysis of various factors,
it is evident that the vegetation health status is one of the most
important natural factors influencing ES in mining areas. The
degree of desertification represents the change in the physical
and chemical properties of the land due to human activities,
and the significant interaction between these two factors in-
dicates that natural factors have increased their influence on
the spatial distribution of ES under the influence of human
activities.

C. Application of VW Model in ES Evaluation of RE
Mining Area

The establishment of a dynamic ES evaluation system for ion
adsorption RE mining areas and the realization of dynamic spa-
tial and temporal evolution research on the ES of mining areas. In
essence, it involves an objective analysis of various influencing
factors, including natural, economic, and human activities within
the study area, followed by the construction of a comprehensive
evaluation model that can effectively capture the multifaceted
interactions of these factors. The results of the assessment should
provide an objective and accurate representation of the ES status

of the region. The commonly used CW evaluation model main-
tains fixed weight values regardless of variations in the indicator
values of the evaluation units [18], [20]. Fixed and unvarying
weight values fail to capture the impact of internal differences
within indicators on the evaluation results, subsequently affect-
ing the objectivity and accuracy of the evaluation results [36].
Compared to the mine area ES research conducted by Tian and
Wang et al. [37], [38], the introduced VW model in this study
has the capability to adjust and allocate weights of evaluation
indicators for different years, evaluation units, as well as various
mining and restoration patterns within the mining area. This
allows for a more tailored and realistic assessment outcome
that better aligns with the actual conditions of the study area.
Therefore, this study has established a penalty-dominant hybrid
VW function that aligns with the evaluation characteristics of
RE mining areas. It can provide a more detailed reflection of
ES levels and their degree of differentiation, particularly in
small-scale typical mining sites, enabling the identification of
a greater amount of ES risk information.

V. CONCLUSION

This study presents a dynamic ES assessment method tailored
for RE mining areas. Combining the DPSIRM framework and
the VW theory, and based on the mechanism of how various fac-
tors impact ES, an ES evaluation model for RE mining areas was
established. This model was used to evaluate the spatiotemporal
evolution characteristics of ES in the mining area. The results
show the following.

1) Between 2000 and 2020, the spatial distribution of “very
insecure” and “relatively insecure” areas in the mining
area varied significantly, while the spatial distribution of
“very secure” areas with stable ES status showed relatively
minor variations. The overall ES status of the mining
area showed a dynamic trend of deterioration followed
by improvement and finally stabilization, indicating that
the ES of the Lingbei mining area is extremely unstable
due to the combined influence of various factors.

2) From the perspective of influencing factors, vegetation
health status is one of the most important driving factors
of ES in the mining area. Furthermore, the interaction
between any two factors in the mining area is greater than
the explanatory power of the individual factors, suggesting
that natural factors under the influence of human activities
have increased the degree of influence on ES.

3) The introduction of VW theory allows the results to obtain
a more detailed distribution of ES levels, identifying ES
hazardous areas such as mining sites and tailing sites. The
VW model can effectively solve the problem of not failing
to reflect the impact of internal differences of the indicators
on the evaluation results in the CW evaluation, and it has
a better application value in the small and dispersed ionic
RE mining areas.

APPENDIX

See Tables V and VI.
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TABLE V
DESCRIPTION OF ES EVALUATION INDEX SYSTEM AND DPSIRM MODEL IN THE RE MINE

TABLE VI
CW AND VW VALUE
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