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Abstract. This study examines the dynamics of land use/land cover (LULC) and carbon sequestration in
Lebedinsky and Stoylensky mining and processing plants (LGOK and SGOK) located in iron ore regions of
Russia and the Anshan-Benxi iron ore region of China from 1985 to 2020. Through spatial analysis and
estimation of carbon sequestration by vegetation and its deposition by soils, the impact of mining activities,
urban expansion, and ecological restoration efforts on regional land use patterns and carbon sequestration
capacities were assessed. The results reveal significant LULC transformations in both regions, primarily driven
by mining development and urbanization. In Russia, cropland area decreased by approximately 8%
(640.78 km2), largely replaced by construction land and forest, with forest cover rising from 12.69 % to
16.69 %, indicating effective ecological management. Conversely, in China, stronger development pressures
led to a decrease in forest cover from 40.44 % to 36.73 % and an increase in construction land from 5.62 % to
1251 %. Carbon sequestration analysis revealed contrasting trends: while the total carbon sequestration in the
Russian mining regions remained stable, with a slight increase of 3.69 megatons (Mt), the total carbon
sequestration in the Chinese mining regions declined significantly by 31.41 Mt, primarily due to reductions in
forest and grassland carbon sequestration. These findings underscore the need for sustainable development
that balances economic growth and ecological stability in mining regions. Implementing effective strategies
such as afforestation, wetland restoration, and adaptive land-use policies is essential to mitigate the
environmental impacts of mining and to sustain carbon sequestration. Future policies should prioritize
harmonizing industrial growth with environmental conservation to promote sustainable land use in heavily
industrialized areas.
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AnHamuka LULC n nornowieHna yrniepoga B OCHOBHbIX
pPervoHax »ese3opyaHbliX MecTopoXaeHUn Poccnn n Knurtas

XyaH /1.
Benropoackuii rocyaapCTBeHHbIN HaLMOHabHbIV NCCIEA0BATENbCKNIA YHUBEPCUTET
Poccus, 308015, benropod, yn. Mo6egbl 85
E-mail: Ihhuang0@163.com

AHHOTauus. B nccnefoBaHuy aHaIM3MpyeTea AMHaMMKa 3eM1enosnb3oBaHmns / HasemHoro nokposa (LULC)
N NOrNoLWeHNs yrnepofa B paiioHax [00bluM >xene3Hol pyabl JlebefuHckoro u CTOWMIEHCKOTO FOpHO-
oboratnTesibHbIX KOMOMHATOB B Poccun M 06/1acTAX XKene30pyL4HOro nponssBoAcTea AHbLUaHb M B3HbCK B
Kutae ¢ 1985 no 2020 rog. C noMOLLbH MPOCTPAHCTBEHHOIO aHanmM3a U OLEHKU CeKBecTpauuu yriepoga
PacTUTENbHOCTBIO W AEMOHMPOBAHME €ro MoYBamy OMpPefesieHO BANSHWE TOPHOA MPOMbILLIEHHOCTH,
ypbaHM3aumMm u yCWaMiA N0 3KONOTMYECKOMY BOCCTAHOBNEHWMKO HAa XapakTep 3eM/enofib3oBaHus U
CMOCOBHOCTL K  MOr/IOWEHNI0  yriepofa. Pe3ynbTaTbl MOKa3blBalOT — 3HAUWTE/IbHbIE  U3MEHEHWUS B
MCNONb30BaHWUKN 3eM/IN B 06enX 001acTaX, B OCHOBHOM O6YC/IOBNEHHbIE YBe/IMYEHUEM A06bIUM MOME3HbIX
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MCKONAaeMbIX WM POCTOM ropofoB. B Poccun nnowagb CenbCKOXO3AWCTBEHHLIX YrOAWA YMEeHbLUUAACH

NprMepHO Ha 8 % (640,78 KM2, 4TO CBA3aHO C 3aCTPOWKOIA TEPPMTOPMU 1 pacLUMPEHNEM NECHbIX NOLLAAEN.

Mpwn 3TOM yBENMYEHME NECHOr0 NokpoBa ¢ 12,69 % ao 16,69 % yka3biBaeT Ha 3PMEKTMBHOE 3KOOrNYECKOe

ynpasnieHue. MpoMbILLNEHHOE Pa3BUTME B TOPHOPYAHOM palioHe KuTas, HanpoTyB, MPUBEN0 K YMEHbLUEHUHO

necHoro nokpoBsa ¢ 40,44 % po 36,73 % u yBeIMYEHUIO NMOWAAN 3aCTPOEHHbIX TeppuTopuii ¢ 5,62 % Ao

12,51 %. AHanus yrnepogHbIX Lero3UTOB NOKasas NPOTUBOMOMOXKHbIE TEeHAEHLMN: B TO Bpems Kak o6Las
CMOCOOHOCTb K MOF/OLIEHNIO Yrnepoda B POCCUICKMX paiioHax [A06bluM YKenesHoi pyAbl ocTanach

CTabubHON, € HeboNbLIMM yBeNnYeHneM Ha 3,69 M” B KUTaNCKMX >KeNne3opyAHbIX panoHax aTa BennymnHa
3HaUNTENbHO YMeHbluMnack (Ha 31,41 MT), B OCHOBHOM W3-3a CHUXXEHMWS YIIEPOAONOr/IOWEHNS necaMmun n

TPaBAHUCTLIMW YTOAbAMU. STU pe3ybTaTbl MOAYEPKMBAIOT HEOBX0AMMOCTb YCTORUYMBOrO PasBUTUS, KOTOPOe

cosgaet 6anaHC MeXay 3KOHOMUYECKMM POCTOM ¥ 3KONOTMYeCKOl CTabWU/IbHOCTLIO0 B TOPHOPYAHBIX paiioHax.

Peanusaums 3peKTUBHLIX CTpaTerwii, TakUX KakK O3efleHeHWe, BOCCTAHOB/IEHWE 60M0T U afanTWBHbIE

NONITUKM 3eM/IEN0/b30BaHNSA, ABMSETCA KPUTUUECKN BaXKHOMW /15 CHYDKEHMS 3KOMOMMUYECKUX MOCNeACTBUI

[,06b14M NONE3HBLIX UCKOMAaeMbIX U COKpaLLEeHUs BbIGPOCOB AMOKCMAA YTeposa.

Kniouesble CNoBa: AWHaMMWKa 3eMenonb3oBaHuWs / HasemHoro nokpoea (LULC), nornouieHue
YrnepoAa, PervoHsl Ao6bIun Xene3Hoii pyabl, yCTouMBOe 3eM/enob30BaHme

Ona untnposaHusa: Huang L. 2024. LULC Dynamics and Carbon Sequestration in Major Iron Ore
Regions of Russia and China. Regional geosystems, 48(4): 542-564. DOI: 10.52575/2712-7443-2024-48-
4-542-564

Introduction

Iron ore mining regions are pivotal to the economies of both Russia and China, particular-
ly due to their contributions to global iron ore supply and the associated environmental impacts.
Russia, holding over 58.3 billion tons of iron ore reserves in categories A+B+C1, ranks among
the world’s top reserve holders, alongside Brazil and Australia [Shvidenko, Nilsson, 2003; Kup-
caHoB, 2023]. China, though fourth in iron ore reserves, is the world’s leading steel producer,
accounting for over 54 % of global steel output in 20233. This high production volume, however,
relies on lower-grade domestic ores, resulting in increased carbon dioxide emissions - a chal-
lenge that underscores the environmental costs of China’s steel industry and highlights the need
for sustainable practices [Pan et al., 2011; Pang et al., 2023].

Assessing land use and land cover (LULC) changes in iron ore-affected regions of Russia
and China is essential for understanding the ecological impacts of mining and promoting sustain-
able resource management [Wohlfart et al., 2017]. Russia’s Kursk Magnetic Anomaly (KMA)
iron ore province, with extensive reserves concentrated in Belgorod and Kursk regions, exempli-
fies long-term landscape transformations due to industrial activity, particularly in mines like the
Lebedinsky and Stoylensky complexes [[3oraH C., 3oraH T., 2018]. Similarly, China's
Xianshan iron mine, expected to become the country’s largest by 2027, highlights China's strate-
gic efforts to reduce reliance on imported iron ore through domestic exploration and extraction4
[Wu et al., 2016]. Despite differences in resource quality and industry structure, these two coun-
tries’ iron ore industries exhibit significant potential for mutual economic collaboration, such as
the proposed resource alliances to stabilize global mineral markets [Seto et al., 2012]. Coordinat-
ed management efforts could also help mitigate environmental degradation, which is a growing
concern for both countries as mining activities increasingly transform landscapes and disrupt lo-
cal ecosystems [Grimm et al., 2008].

3 China to boost coal output, reserves to ensure power supply - NDRC. Reuters. March 7, 2022. URL:
https://www.reuters.com/business/energy/china-boost-coal-output-reserves-ensure-power-supply-ndrc-2022-03-05/
(Accessed: 12.09.2024).

4 Xi'anshan Iron Mine: To build a world-class underground iron ore mine and help the "cornerstone plan' of
China's iron and steel industry. 2024. Electronic resources. (in Chinese). URL:
https://In.chinadaily.com.cn/a/202409/30/WS66fa40a5a310b59111d9¢368.html (accessed: 12.09.2024)
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Monitoring changes in land composition using Landsat images, visual and automated in-
terpretation methods is widely used at different scales [Shelestov et al., 2017, Alshari, Gawali,
2021, Basheer et al., 2022, Ahialey et al., 2024], but there are still prospects for increasing the
detection accuracy using an automated method for processing space images [Pirnazar et al.,
2021, beneHko, Accex, 2022]. Recently, land use / land cover (LULC) classification has been
actively supplemented using the accuracy attained from different models [Abbas et al., 2021, Di-
gra et al., 2022, Yifter et al., 2022, Rengma, Yadav, 2024]. The contribution of the computer hi-
erarchical system developed by FAO specialists [Di Gregorio, Jansen, 2006] is highly appreciat-
ed for land cover classification, as it is based on the biophysical characteristics of land cover.
However, this classification does not assume the allocation of mixed classes of land cover, and
when moving to the map legend, such mixed classes can be reflected on the maps [CaBuH, bepe-
3yukas, 2024].

This study investigates LULC changes and their effects on carbon sequestration within 20
km of major mining areas in Russia and China from 1985 to 2020, leveraging remote sensing
(RS) and geographic information system (GIS) technologies [Xu et al., 2024]. Using data from
the Chinese Academy of Sciences' Aerospace Information Research Institute’s 30-meter-
resolution dataset (GLC_FCS30 1985 2020), this analysis classifies land cover into seven types
- Cropland, Forest, Grassland, Wetland, Water body, Bareland, and Construction land - using
ArcGIS 10.8.1 [Zhang et al., 2021]. Key analytical methods include land use transition matrices,
land use dynamic models, and carbon sequestration estimation techniques, which provide a ro-
bust framework for evaluating long-term ecological impacts [Zheng et al., 2024].

In summary, this paper aims to advance the understanding of LULC dynamics and their
effects on carbon sequestration in major mining regions of Russia and China. By applying de-
tailed RS and GIS methodologies, it not only assesses ecological transformations within the 20
km zones around the mining sites but also provides critical insights that support policy develop-
ment for ecological restoration and sustainable resource management in these regions.

Materials and methods

Study Area

This study focuses on the LGOK and SGOK mining areas located within the Kursk Mag-
netic Anomaly (KMA) region in Russia, as well as the Anshan-Benxi iron ore mining areas situ-
ated in Liaoning Province, China. The study areas are defined as zones extending 20 km outward
from the boundaries of the mining sites.

The LGOK and SGOK mining areas are located in the Kursk Magnetic Anomaly. This
region experiences a temperate continental climate, characterized by cold, snowy winters and
warm, humid summers. The annual average temperature ranges from 5°C to 7°C, with winter
(January) averages of -7°C to -8°C and summer (July) averages around 19°C to 21°C. Average
annual precipitation is between 500 and 600 mm, with most rainfall occurring during the summer
months. The surrounding terrain is primarily flat plains with occasional rolling hills.

The Anshan-Benxi mining areas are distributed in Liaoning Province, China. The region
features a temperate continental monsoon climate with distinct seasons. The annual average tem-
perature ranges from 7°C to 9°C, with winter (January) averages of -10°C to -15°C and summer
(July) averages of 24°C to 26°C. Annual precipitation is between 700 and 1000 mm, with over
70 % occurring during the rainy season (June to August). The terrain around the mining areas is
mostly represented by hills and low mountains.

Data collection

The LULC data used in this study for the years 1985, 1990, 1995, 2000, 2005, 2010,
2015, and 2020 were sourced from the Global 30-meter Fine Ground Cover Dynamic Monitor-
ing Product (GLC_FCS30 1985 2020) [Zhang et al., 2021], provided by the Aerospace Infor-
mation Research Institute of the Chinese Academy of Sciences. This dataset, covering the period
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from 1985 to 2020, offers a spatial resolution of 30m x 30m. Following standardized land use
classification systems [Anderson, 1976; Di Gregorio, 2005; CasuH, bepesyukas, 2024], the orig-
inal data were reclassified in ArcGIS 10.8.1 into seven primary land use types: Cropland, Forest,
Grassland, Wetland, Water Body, Bareland, and Construction Land (Table 1). This reclassifica-
tion ensured consistency and comparability with established methodologies for LULC studies
[Turner et al., 1995; Foley et al., 2005; Lambin, Geist, 2008].

Table 1
Tabnuua 1
LULC type definition
OnpepeneHne BUAOB 3eM/1eMNo/b30BaHNsA/HA3eMHOI0 NOKPOBa
LULC Definition
Cropland paddy fields, irrigated dry land, rain-fed dry land, vegetable plots.
evergreen broadleaf forest, deciduous broadleaf forest, evergreen needleleaf
Forest . .
forest, deciduous needleleaf forest, and mixed forest.
Grassland grasslands, meadows, savannas, desert steppes, and urban artificial grasslands.
Wetland inland swamps, lake swamps, river floodplains, forest/shrub wetlands, peat bogs,

mangroves, salt marshes, etc., which are located at the junction of land and water.
Water body water-covered areas such as rivers, lakes, reservoirs, and ponds.

land cover types with less than 10% vegetation coverage, such as deserts, sandy
areas, gravelly areas, bare rocks, saline-alkaline soils.
Construction urban areas, roads, rural cottages, and mines, which are primarily based on

land asphalt, concrete, sand and stone, bricks, glasses, and other materials.

Bareland

Land Use Transfer Matrix Analysis

The land use transfer matrix is a widely used analytical tool to quantify and visualize the
direction and magnitude of transitions between different land use types over a specific period
and spatial scale [Pontius, Malanson, 2005]. This matrix provides a comprehensive view of land
use change dynamics, reflecting the flow and interaction of land use types during the study peri-
od [Lambin et al., 2003]. In this study, the raster calculator tool in ArcGIS 10.8.1 software is uti-
lized to overlay the land use raster data layers from the beginning (period t1) and the end (period
t2) of the study. This process calculates the areas of mutual transitions between different land use
types within the study area. The formula is as follows:

A1l Aln
AU

where Aij is the area transferred from land use type i (at the start of the study) to land use type j
(at the end of the study) during the study period, and n is the total number of land use types.

Land Use Dynamics Index
The Land Use Dynamics Index (K) measures the changes a specific land use type within a de-
fined time range on the site under study [Liu et al., 2005; Lambin, Geist, 2008]. A higher K val-
ue indicates more significant changes and lower stability, while a lower K value reflects less sig-
nificant changes and higher stability. The formula is as follows:
Ub~Ua 1
° ax-x 100%

Ua *
where Ua and Ub are the areas of a specific land use type at the beginning and end of the study,
respectively; T is the the study duration (in years).
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Comprehensive land-use dynamics (S) illustrate the overall intensity of land use changes,
reflecting transitions among all land use types during the study period [Verburg et al., 2004;
Turner et al., 2007]. A higher S value indicates more intense changes. The formula is:

where AUI~J is the total area converted from land use Type i to Typej during the period T\ 11 is
the area of land use Type i at the beginning of the study.

Carbon Sink Estimation

The carbon sink capacity of mining area ecosystems refers to their net carbon absorption,
primarily driven by two mechanisms: the absorption of carbon by vegetation and soil, particular-
ly in forests, grasslands, and croplands, through photosynthesis that produces organic matter
[Lal, 2004; Ni, 2013] and artificial carbon inputs from land reclamation efforts [Post, Kwon,
2000]. However, this study excludes the latter due to the unavailability of data and its limited
relevance.

Based on previous research and vegetation and soil carbon density values for various land
use types (see Table 1) [Zhang et al., 2012], the carbon sequestration for the research area is es-
timated using the formula:

Pc-SX vegetation A Or soil)

where Pc is the carbon sequestration of a single land-use type, in t; S is the area of a certain land-
use type, in hm2; Cc is the vegetation or soil carbon density of a certain land-use type, in
Mg/hm2.

Results and discussion

Land use/land cover classification

From 1985 to 2020, the LGOK and SGOK iron ore affected areas in Russia and the An-
shan-Benxi iron ore affected areas in China experienced significant spatiotemporal changes in
land use/land cover (LULC). These changes reflect both anthropogenic influences, such as min-
ing expansion and urbanization, and natural ecological processes [Liu et al., 2023]. The study
shows that land use changes were driven by various factors, including mining activities [Ras-
skazov et al., 2023], infrastructure expansion, and ecological protection policies [Hu et al.,
2024], which displayed regional characteristics. The previously obtained results of mapping the
structure of the land fund in the zone with a radius of 20 km from LGOK and SGOK [KopHunoB
n ap., 2015] were associated with the result of classification according to seven LULC types
[XyaH, Monetaes, 2024], which made it possible to verify the data obtained by different meth-
ods.

Tables 1and 2 summarize the area (km2 and proportion (%) changes across seven major
land use types: cropland, forest, grassland, wetland, water body, bareland, and construction land.
Additionally, LULC distribution maps (Fig. 1 and 2) visually illustrate the spatial distribution
and dynamic transitions, highlighting the adaptation of land use in different areas.

Table 2
Tabnuua 2
Carbon intensity of different land use types (Mg/hm2)
YrnepogoeMKocTb pas3/inyHbIX BUAOB 3eMenonb3oBaHms (Mr/ rm2d
LULC Forest Grassland Cropland
Vegetation 86 21 5
Soil 189 116 95
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In Russia's LGOK and SGOK regions, cropland area declined significantly,
decreasing from 53.23 % (4264.68 km2 in 1985 to 45.24 % (3623.90 km2 in 2020,
providing an overall reduction of around 8 % (Fig. 3). Forest area notably increased from
12.69 % (1016.40 km2) in 1985 to 16.69 % (1337.35 km2) in 2020, especially in the post-
2000 period, indicating a potential shift towards ecological restoration and natural vegetation
regeneration. Grassland areas, though showing minor fluctuations, remained relatively stable,
increasing from 28.90 % to 30.05 %, with most expansion occurring near mining peripheries.
Wetland and water body areas showed minimal but stable recovery; wetlands expanded from
0.06 % (4.45 km2) in 1985 to 0.11 % (8.79 km2) in 2020. Construction land doubled in area,
from 3.97 % (317.70 km2) in 1985 to 6.60 % (528.41 km2) by 2020, reflecting infrastructure
demands related to mining activities.

Fig. 1 Geographical location of LGOK and SGOK iron ore mining areas of Russia
Puc. 1 eorpagmyeckoe NonoXKeHne MecTopoXaeHuii xenesHol pyabl JITOK n CIrOK B Poccum

Fig. 2. Geographical location of Anshan-Benxi iron ore mining areas of China
Puc. 2. leorpauyeckoe NonoXxeHve panoHoB J06bIUM Xene3HoW pyabl AHblUaHb-baHbCcK B KnuTae
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Fig. 3. LULC distribution map ofthe affected area of LGOK and SGOK Iron Ore Mine
Puc. 3. KapTa pacnpefeneHus 3eMnenonb3oBaHmns / Ha3eMHOro NoKpoBa
B 30HE BO3AeNCTBUA XenesopyaHoro npomssogctea (JITOK n CroK)

Spatially, Figure 3 reveals that cropland, initially the dominant land type, was
gradually supplanted by grassland and construction land. Forest areas expanded significantly
along northern and eastern boundaries, while urban expansion and mining operations
intensified within the mining zones. These transformations underscore the complex
interaction between ecological recovery (e.g., forest expansion) and industrial development
(e.g., construction land growth).

In the Anshan-Benxi region of China, a fluctuating decline in cropland area was
observed, peaking at 16.76 % (3306.46 km2 in 1990, then steadily declining to 15.05 %
(2968.50 km2) by 2020 (Table 3, 4). Forests, while dominant, showed a declining trend from
40.44 % (7978.63 km2) in 1985 to 36.73 % (7246.15 km2) in 2020. Grassland initially declined
from 38.71 % to 35.18 % by 2000, later stabilizing at 34.13 % (6733.02 km2) in 2020. Wetland
recovery was consistent, with wetland area expanding from 0.02 % (4.07 km2) in 1985 to 0.54 %
(106.21 km2) in 2020. Water body areas remained stable, peaking at 234.40 km2 (1.19 %) in
2005, and showing slight decreases. The share of construction land increased more than twofold,
from 5.62 % (1108.63 km2) in 1985 to 12.51 % (2468.95 km2) by 2020.

As shown in Figure 4, cropland, initially prominent around the mining periphery, was
gradually replaced by grassland and construction land. Forest and grassland coverage
fluctuated, primarily in the northern and eastern zones, while urbanization intensified within
and around the mining areas. The wetland recovery was evident, and water body areas
remained stable.
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Table 3
Tabnmua 3

LULC area (km2) and proportion (%) of LGOK and SGOK iron ore affected areas in Russia, 1985-2020
Mnowaab (kM2 n gonsa (%)3emnenonb3oBaHna / HA3eMHOI0 NOKPOBa 30HblI BO3AENCTBUA YKeNe3opyAHOro
npoussogctea J/ITOK n CIr'OK B Poccuum ¢ 1985 no 2020 roa

Time LULC area Cropland Forest Grassland Wetland Water body Bareland Construction land

Area 4264.68 1016.40 2314.98 4.45 92.90 0.00 317.70
1985 Proportion ~ 53.23 12.69 28.90 0.06 1.16 0.00 3.97
Area 4001.06 1022.81 2549.10 3.67 98.50 0.00 335.97
1990 Proportion 49.94 12.77 31.82 0.05 123 0.00 4.19
Area 4005.88 990.86  2561.45 3.60 90.72 0.00 358.60
1995 Proportion 50.00 12.37 31.97 0.04 113 0.00 4.48
Area 3776.91 1362.81 2392.83 7.83 95.90 0.03 374.80
2000 Proportion  47.15 17.01 29.87 0.10 1.20 0.00 4.68
Area 3722.14 1363.03 2401.56 7.98 98.21 0.03 418.15
2005 Proportion  46.46 17.01 29.98 0.10 123 0.00 5.22
Area 3696.26 1357.14 2401.22 8.13 99.68 0.03 448.65
2010 Proportion  46.14 16.94 29.97 0.10 1.24 0.00 5.60
Area 3666.47 1335.30 2404.95 8.40 101.88 0.03 494.07
2015 Proportion  45.77 16.67 30.02 0.10 1.27 0.00 6.17
2020 Area 3623.90 1337.35 2407.55 8.79 105.07 0.03 528.41
Proportion  45.24 16.69 30.05 0.11 131 0.00 6.60

Fig. 4. LULC distribution map ofthe affected area of Anshan-Benxi Iron Ore Mine
Puc. 4. KapTa pacnpefeneHuns Knaccos 3eM/enonb3oBaHns / Ha3eMHOro NoKpoBa
B 30He BO3AeNCTBMSA pyAHMKA AHblUaHb-b3HbCK
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Table 4
Tabnuua 4

LULC area (km2 and proportion (%) of Anshan-Benxi Iron ore affected area, 1985-2020
Mnowasab 3em1enonb30BaHNsA / Ha3eMHOTo Nokposa (KM2) 1 gons (%)
OT 30HbI BO3AENCTBUSA pyHMKA AHblUaHb-baHbCK B nepuog ¢ 1985 no 2020 rog

Time LULC area Cropland Forest Grassland Wetland Water body Bareland Construction

land

Area 2855.80 7978.63 7637.40 4.07 145.11 0.36 1108.63

1985 Proportion 14.47 40.44 38.71 0.02 0.74 0.00 5.62
Area 3306.46 7951.74 7125.62 3.74 157.35 1.46 1183.62

1990 Proportion  16.76 40.30 36.12 0.02 0.80 0.01 6.00
Area 3072.89 7576.56 7564.49 14.29 207.40 1.80 1429.89

199 Proportion 15.57 38.40 38.34 0.07 1.05 0.01 7.25
Area 3153.34 7960.77 6941.95 54.55 188.78 0.73 1429.89

2000 Proportion  15.98 40.35 35.18 0.28 0.96 0.00 7.25
Area 2706.98 7699.82 7283.61  68.88 234.40 0.37 1735.93

2005 Proportion  13.72 39.03 36.92 0.35 119 0.00 8.80
Area 2390.25 7052.82 7865.91  91.57 233.34 1.29 2094.82

2010 Proportion 12.11 35.75 39.87 0.46 1.18 0.01 10.62
Area 2253.69 722169 7516.94 179.03 213.79 3.79 2340.96

2015 Proportion 11.42 36.60 38.10 0.91 1.08 0.02 11.86
Area 2968.50 7246.15 6733.02 106.21 204.40 2.76 2468.95

2020 Proportion 15.05 36.73 34.13 0.54 1.04 0.01 12.51

Overall, LULC changes from 1985 to 2020 in the LGOK and SGOK regions in Russia and
the Anshan-Benxi regions in China illustrate the diverse impacts of mining, urbanization, and eco-
logical initiatives. Common patterns across both regions include reductions in cropland, expansions
of construction land, and some degree of wetland recovery, highlighting the influence of mining ac-
tivities on LULC changes [Liu et al., 2023; Rasskazov et al., 2023]. However, regional differences
emerge: forest recovery was more pronounced in Russia, potentially due to less intensive urbaniza-
tion [Kou et al., 2014], while construction land expansion was more dominant in China, likely driven
by extensive urban and industrial development [Hu et al., 2024]. Wetland recovery and water body
stability were observed in both regions, while bareland remained a minimal fraction.

LULC dynamic analysis

Table 5 presents the changes in the proportion of vegetation cover and bareland + construc-
tion land in the affected areas of the LGOK and SGOK iron ore regions in Russia and the Anshan-
Benxi iron ore region in China from 1985 to 2020. These changes reflect the varying impacts of min-
ing development, urbanization, and ecological processes on land use in the two regions.

In the LGOK and SGOK regions, vegetation cover decreased gradually, from 94.87 % in
1985 to 92.09 % in 2020. Concurrently, the proportion of bareland + construction land rose from
3.97 % to 6.60 %. This steady decline in vegetation cover suggests the combined influence of mining
development and infrastructure expansion, which resulted in the conversion of vegetated areas to
construction land. The relatively moderate rate of vegetation loss may also reflect efforts to mitigate
ecological impacts, such as natural vegetation regeneration or policy-driven restoration initiatives.
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Table 5
Tabnuuya 5

Proportion (%) of Vegetation and Bareland + Construction land in LGOK and SGOK
and Anshan-Benxi iron ore affected areas from 1985 to 2020
MpoLeHTHOE COOTHOLWEHNE (%) PacTUTENIbHOCTM N HE3aCTPOEHHOW TEPPUTOPUM NAKOC 3eMAN ANS
CTPOUTENLCTBA B 30HAX BO3AENCTBUSA MECTOPOXAEHWIA xene3Hon pyabl JITOKa n CrOKa
1 paiioHe AHWaHb-BaHben ¢ 1985 no 2020 rog

] LGOK and SGOK Anshan-Benxi
Time Vegetation Bareland+ Construction land Vegetation  Bareland+ Construction land
1985 94.87 3.97 93.64 5.62
1990 94.58 4.19 93.20 6.01
1995 94.39 4.48 92.39 7.26
2000 94.12 4.68 91.79 7.25
2005 93.55 5.22 90.01 8.80
2010 93.15 5.60 88.19 10.62
2015 92.56 6.17 87.03 11.88
2020 92.09 6.60 86.44 12.53

In contrast, the Anshan-Benxi region experienced a more pronounced decline in vegetation
cover, dropping from 93.64 % in 1985 to 86.44 % in 2020, coupled with a significant increase in
bareland + construction land, which rose from 5.62 % to 12.53 %. This sharper decline in vegetation
and rapid expansion of construction land likely reflects the more intensive mining activities and ur-
banization pressures in this region. The Anshan-Benxi region’s proximity to densely populated urban
areas and its role as an industrial hub may have amplified the extent of land-use changes, with min-
ing-related developments exerting a stronger impact on the local environment.

The analysis of LULC changes in the LGOK and SGOK mining areas from 1985 to 2020
reveals significant dynamic transitions and conversion patterns among different land use types
(Fig. 5and 6, Tables 6 and 7).
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Fig. 5. Sankey diagram of LULC changes in the affected area of LGOK and SGOK Iron Ore Mine

Puc. 5. Anarpamma C3HKen N0 U3MEHEHMIO K1acCOB 3eMeN0/b30BaHMs / HA3eMHOro NOKpoBa
B 30He BO3aeiicTBums pyaHukos JITOK n CFOK
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Fig. 6. LULC change map ofthe affected area of LGOK and SGOK Iron Ore Mines in Russia
Puc. 6. Kapta nameHeHnin LULC B 30He Bo3aeiicTBus pyaHukoB JITOK n CIOK B Poccun

Table 6
Tabnuua 6

LULC area change (km2) and change rate (%) in the affected area of LGOK and SGOK Iron Ore Mines
V3meHeHWe nnowaan 3eMnenosnb3oBaHns / Ha3eMHOro NOKPoBa (KM2) 1 CKOPOCTb M3MeHEHUI (%)
B 30He BO3AelcTBMS pyaHmKoB JITOK n CIFOK

Time Changes Cropland Forest Grassland Wetland Vg/(?;ir Bareland Con?;;udction S1
1985- Areachange  -263.62 641 23412 -0.77 5.60 0.00 18.27
1990 cChangerate  -0.01 000 002  -0.03 001 — 0.01 016
1990- Area change 482 -31.95 1235 -0.07 -7.78 0.00 22.63 0.16
1995 Change rate 000 -001 000  -0.00 -0.02 — 0.01
1995.  Areachange -228.97 371.95 -168.63 423 519 0.3 16.20 013
2000 Change rate -0.01 008  -0.01 023 001 — 0.01
2000- Area change -54.77 021 8.73 0.16 231 0.00 43.36
2005 Change rate -0.00  0.00  0.00 000 000  0.00 0.02 oot
2005- Area change -25.88 -5.88 -0.34 0.14 1.47 0.00 30.50
2010 Changerate  -0.00 -0.00 -0.00 000 000  0.00 0.01 oot
2010- Area change -29.79 -21.84 3.74 0.27 2.20 0.00 45.42
2015 Change rate -0.00 -0.00  0.00 001 000 003 0.02 oot
2015- Area change -42.57  2.05 2.60 0.39 3.18 0.00 34.34 001
2020 Change rate -0.00  0.00  0.00 001 001  0.00 0.01
1985- Areachange  -640.78 320.95 9258 434  12.17 0.03 210.72 0.02
2020 Change rate -0.00 0.1 0.00 0.03  0.00 — 0.02

1S represents comprehensive land-use dynamics.
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Table 7
Tabnuua 7

Matrix of LULC change and transfer (km2) in the affected area of LGOK and SGOK Iron Ore Mine
in Russia from 1985 to 2020
MaTpuua usaMeHeHu U TpaHcHopMaLMiAi KNaccoB 3eM/1eM0/1b30BaHUA / Ha3eMHOro NOKpoBa (KM2)
B 30He BO3AeCTBMS XenesopyaHoro npoussoactea JITOK n CFOK
B Poccuum ¢ 1985 no 2020 rog

LULC type Cropland Forest Grassland Wetland Waterbody Bareland ~ ConStruction

land
Cropland 0 23 0 0 0 0 0
Forest 0 2424574 39630 54122 0 2495 26
Grassland 0 235447 621005 68293 0 5200 337
Wetland 0 164509 34932 1472251 1 2918 123
Water body 0 125307 6369 12495 220994 2402 5
Bareland 0 15019 5090 2408 0 50443 126
Construction 0
land 0 1705 0 768 1164 2477

Overall, bareland exhibited the smallest degree of change, maintaining relative stabil-
ity throughout the study period. Grassland and cropland experienced moderate fluctuations,
while wetland and construction land showed the largest changes. Construction land consist-
ently increased, reflecting regional development and urban expansion, while cropland area
decreased significantly, indicating land conversion driven by mining and infrastructure
growth. Among the seven land use types, all except cropland showed an overall increase in
area.

The comprehensive land-use dynamics index (S) peaked during 1985-1995, indicating
that this was the most intense period of LULC change. After 2000, the S value stabilized at 0.01,
suggesting a trend toward land-use equilibrium, possibly driven by a balance between develop-
ment activities and ecological restoration efforts.

The Sankey diagram (Figure 5) and transfer matrix (Table 7) provide further insights into
land-use conversion patterns.

Cropland Decline: Cropland was the primary donor land type, transitioning into forest,
grassland, and construction land. Between 1995 and 2000, 251.87 km2 of cropland was convert-
ed to forest. Significant cropland-to-grassland conversions were observed during 1985-2000,
with conversion areas of 283.65, 174.90, and 163.66 km2, respectively. However, between 1990
and 2000, grassland-to-cropland conversions exceeded cropland-to-grassland transitions. After
2000, cropland-to-grassland conversions declined sharply.

Construction Land Expansion: Construction land primarily expanded through cropland
conversions, with the largest conversion (41.16 km2) occurring between 2010 and 2015, reflect-
ing infrastructure and urban development demands.

Forest and Wetland Recovery: Grassland contributed significantly to forest increases,
particularly between 1995 and 2000, when 167.80 km2 of grassland was converted to forest.
Wetland increases were primarily sourced from cropland, with the largest transfer of 9.81 km2
occurring during 1995-2000, highlighting localized hydrological recovery.

The spatial distribution of LULC changes (Figure 6) reveals that 14.01% of the study area
underwent significant transformations between 1985 and 2020. These changes were concentrated
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within the mining cores and in the eastern portion of the study region, where mining and urbani-
zation activities were most intense. Construction land expanded significantly, replacing cropland
in the core and surrounding areas of the mines, reflecting the direct impact of mining operations
and regional development. In contrast, forest areas exhibited slight increases in some regions,
likely due to vegetation restoration efforts or the implementation of environmental protection
policies.

The analysis of LULC changes in the Anshan-Benxi iron ore affected area from 1985 to
2020 highlights significant dynamic transitions and conversion patterns among different land use
types (Figures 7 and 8; Tables 8 and 9).
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Fig. 7. Sankey diagram of LULC changes
in the affected area of Anshan-Benxi Iron Ore Mine in China
Puc. 7. Anarpamma CaHKeil N0 U3MEHEHUIO KNaccoB 3eM/EN0Nb30BaHNsA / HA3eMHOI0 MOKPOBa
B 30He BO3AEMCTBMS XKENE30PyAHOr0 NPom3BoacTBa AHbluaH-baHbecy B KnTae
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Fig. 8. LULC change map ofthe affected area
of Anshan-Benxi Iron Ore Mine in China
Puc. 8. KapTa N3MeHeHNIA 3eM1enonb3oBaHns / HA3eMHOr0 NMOKPOBa
B 30He BO3AeMCTBMS pyAHMKa AHblUaHb-baHbCK B KnTae
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Table 8
Tabnmua 8

LULC area change (km2) and change rate (%) in the affected area of Anshan-Benxi Iron Ore Mine
N3MeHeHMe nnowagn Knaccos 3emnernosib3oBaHns / Ha3eMHOI0 NMoKpoBa (KM2)
N CKOPOCTW U3MEHEHUIA (%) B 30He BO3AeCTBUSA pYLAHUKA AHblUaHb-baHbCK

Grasslan Wetlan Water struction

Time Changes  Cropland Forest d d body Bareland Conland S1
1985. Areachange 450.66 -26.89 -511.78 -0.33 1223 111 74.99 0.28
1990 changerate  3.16  -0.07  -1.34  -161 169  62.36 1.35
1990- Areachange -233.57 -375.18 438.87 10.55  50.05 0.34 246.27 0.33
1995 Changerate -1.41  -0.94 1.23 56.44 636  4.63 1.84
1995- Areachange 80.44 384.21 -622.54 40.26 -18.62 -1.07 0.00 0.45
2000 change rate  0.52 1.01 -1.65 5635 -1.80 -11.90 2.12
2000- Areachange -446.35 -260.95 341.66 1434 4562 -0.36 306.04 043
2005  change rate  -2.83  -0.66 0.98 526 483  -9.74 4.28
2005- Areachange -316.74 -647.00 58230 22,69 -1.06 0.91 358.89 0.42
2010 change rate  -2.34  -1.68 1.60 659 -0.09  48.63 4.13
2010- Areachange -136.55 168.88 -348.98 87.46 -19.54 251 246.14 037
2015 Change rate  -1.14 0.48 -0.89 1910 -1.68  38.99 2.35
2015- Areachange 714.81  24.46  -783.91 -72.82 -9.40  -1.03 127.99 055
2020 Change rate  6.34 0.07 209  -8.13 -0.88 -5.44 1.09
1985. Areachange 11270 -732.48 -904.38 10214 5928 241 1360.32 007
2020 change rate  0.11 026  -0.34 7177 117  19.33 351
1S represents Comprehensive land-use dynamics.
Table 9
Tabnmua 9

Matrix of LULC change and transfer (km2) in the affected area of Anshan-Benxi Iron
Ore Mine in China from 1985 to 2020
MaTpuua n3meHeHWin 1 TpaHchopMaL Ml KnaccoB 3eM1eN0/b30BaHNA / HAa3eMHOr0 NOKpoBa (KM2)
B 30HE BO3/eiCTBMSA XKeNe3opyAHOro Npou3BoacTBa AHbllaHb-BaHbe B Kutae ¢ 1985 no 2020 rog

LULC type Cropland  Forest Grassland Wetland Water body Bareland Construction

land
Cropland 1557.90 1893  1369.08 0.14 22.44 0.02 0.00
Forest 1285 6946.87 285.31 0.01 111 0.00 0.00
Grassland 765.17 91431 5035.94 0.20 17.20 0.20 0.00
Wetland 52.94 0.82 38.86 3.52 10.07 0.00 0.00
Water body 45.20 10.71 59.59 0.09 88.80 0.02 0.00
Bareland 0.72 0.91 1.08 0.00 0.05 0.01 0.00
Construction land  421.03 86.09 847.54 0.11 5.45 0.10 1108.63

Over the study period, forest exhibited the smallest degree of change, reflecting relative
stability. Grassland and cropland followed with moderate fluctuations, while wetland and
bareland experienced the most significant changes. Construction land showed a consistent in-
crease across all periods, aligning with drivers of industrial and urban development. Among the
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land-use types, all except forest and grassland exhibited an overall increase in area, reflecting a
shift toward more anthropogenic land uses.

The comprehensive land-use dynamics index (S) peaked at 0.55 during 2015-2020, indi-
cating the most intense LULC changes during this period. The lowest value of S (0.01) was rec-
orded during 1985-1990, suggesting relative land-use stability. The overall trend in S showed an
increase from 1985-2000, a decrease from 2000-2015, and a subsequent increase during 2015-
2020, highlighting varying pressures on land use over time.

The Sankey diagram (Figure 7) and transfer matrix (Table 9) further reveal key land con-
version patterns:

Grassland Reduction and Cropland Increase: Grassland-to-cropland conversions were the
largest source of cropland growth, particularly during 2015-2020, when 1040.01 km2 of grass-
land was converted. This accounted for a significant portion of grassland reduction.

Grassland Conversion to Construction Land: Grassland also contributed substantially to
the expansion of construction land, especially during 2005-2010, when 245.93 km2 of grassland
was converted.

Forest Reduction: Forest loss was primarily driven by its conversion to grassland, with
the highest conversion observed during 2005-2010, totaling 714.52 km2.

Wetland and Water Body Increases: Wetland and water body areas increased, primarily
sourced from cropland and grassland conversions. For example, during 2010-2015, 77.88 km2 of
cropland and 42.34 km2 of grassland were converted into wetland. Similarly, from 1990-1995,
cropland and grassland transfers to water bodies reached 31.83 km2 and 30.31 km2, respectively.

The spatial distribution of LULC changes (Figure 8) reveals that approximately 25.28 %
of the study area underwent significant transformations between 1985 and 2020. Changes were
concentrated in the northwestern region, influenced by topography and urban expansion, while
fewer changes were observed in the southeastern areas. Construction land expanded significantly
near the mining areas and the provincial capital, Shenyang. This expansion was driven by the
conversion of grassland and forest near mining sites and cropland in the northern region, reflect-
ing the pressures of urban and industrial development. In contrast, grassland and cropland exhib-
ited notable decreases, largely attributed to mining activities and urban growth in proximity to
the mining areas. Forest areas increased slightly in localized regions, particularly along the
boundary between Liaoyang and Anshan.

The establishment of changes in land cover has important practical applications for sub-
stantiating the boundaries of sanitary protection zones in the context of the prospective develop-
ment of the mining industry [[MoneTtaes, /inceuknin, 2023]. The LULC changes observed in both
the LGOK and SGOK regions in Russia and the Anshan-Benxi region in China highlight the
complex interplay between industrial development, urbanization, and ecological recovery
[Lambin et al., 2003]. While construction land expansion was a common feature driven by min-
ing and urban growth, significant regional differences in land-use dynamics and ecological im-
pacts underscore the importance of tailored land management strategies.

In the LGOK and SGOK regions, the modest percentage of changed areas (14.01 %) and
the observed recovery of forest and wetland areas suggest relatively effective land management
practices [Galperin, 2015]. The stabilization of the S index after 2000 indicates a balance be-
tween development and ecological restoration, reflecting some degree of success in mitigating
the environmental impacts of mining [Chazdon, 2008]. However, the continued decline in
cropland highlights the need for strategies that support economic growth while minimizing agri-
cultural land losses.

Conversely, the Anshan-Benxi region experienced more intense land-use changes, with
25.28 % of the area undergoing significant transformations [Liu et al., 2023]. The pronounced
reduction in grassland and cropland, coupled with the rapid expansion of construction land, re-
flects greater pressure from industrialization and urbanization [Seto et al., 2012]. The Anshan-
Benxi region's proximity to densely populated urban areas and its role as an industrial hub have
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amplified the extent of land-use changes, with mining-related developments exerting a stronger
impact on the local environment [Kou et al., 2024]. While localized forest and wetland recovery
efforts have shown promise [Wu et al., 2024], the overall shift from ecological to anthropogenic
land use has disrupted the regional ecosystem balance.

These findings emphasize the urgent need for integrated policies that balance economic
growth with environmental conservation, such as soil improvement measures [Kong et al.,
2023], stricter land-use regulations, and enhanced ecological restoration initiatives. Collectively,
these findings underscore the critical role of adaptive and region-specific land management strat-
egies in mining regions [Turner et al., 1995].

For the LGOK and SGOK regions, continued emphasis on ecological restoration and sus-
tainable practices will be essential to maintain the current balance between development and en-
vironmental protection [Chazdon, 2008]. In the Anshan-Benxi region, additional efforts are re-
quired to curb the rapid loss of natural land uses, ensure sustainable urban expansion, and miti-
gate the ecological impacts of mining activities [Worlanyo, Jiangfeng, 2021].

Estimation of carbon sequestration

As shown in Figure 9, from 1985 to 2020, the total carbon sink (sum of all types) in the
Russian iron mining areas remained generally stable, with a slight increase from 102.3 Mt to
106.0 Mt. Specifically, the carbon sink capacity of forest and grassland areas remained relatively
stable, while that of cropland experienced a slight decline. Forest carbon sequestration decreased
to 27.2 Mt in 1995 but subsequently recovered, reaching a peak of 37.5 Mt in 2000. Grassland
carbon sequestration showed fluctuations, gradually declining after 1995. Cropland carbon se-
questration demonstrated minor variations over the time periods but showed a slight overall de-
crease. In terms of period-specific changes, forest carbon sequestration increased substantially
between 1995 and 2000 (+10.23 Mt), while that of grassland and cropland decreased by 2.31 Mt
and 2.29 Mt, respectively. Overall, the changes in carbon sequestration in the Russian iron min-
ing areas were minimal during the study period, with total carbon sequestration increasing by
only 3.69 Mt.

m b Forv>t Grassland Cropland ™ e« Total Carbon Sink

Fig. 9. Carbon Sequestration in the Affected Area of LGOK and SGOK Iron Ore Mines
Puc. 9. MornoweHne yrnepoja B 30He BO3AeNCTBUA Xene3opyaHbix MecTopoxaeHuiit JITOK n CrOK

In contrast, as illustrated in Figure 10, the carbon sequestration in the Chinese iron min-
ing areas showed a significant declining trend from 1985 to 2020, decreasing from 352.6 Mt to
321.2 Mt. Forest carbon sink capacity decreased most notably, especially between 2010 and
2015, with a reduction of 17.79 Mt. Grassland carbon sequestration fluctuated significantly over
the study period, with an increase between 1990 and 1995, followed by substantial variations.
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Cropland carbon sequestration, meanwhile, showed an overall decline after 1990, particularly
between 2000 and 2010. Regarding changes across various periods, forest carbon sequestration
decreased by 20.14 Mt, that of grassland fell by 12.39 Mt, and cropland sequestration reduced by
1.13 Mt between 1985 and 2020. The total carbon sequestration in the Chinese iron mining areas
declined by 31.41 Mt over the study period, indicating a notable downward trend.

(Cropland Total Carbon Sink

Fig. 10. Carbon Sequestration in the Affected Area of Anshan-Benxi Iron Ore Mine
Puc. 10. CekBecTpauus yrnepoaa B 30He BO3AeHCTBUA pPyAHMNKA AHblliaHb-B3HbCK

In summary, during the study period, the total carbon sequestration in the Russian iron min-
ing areas remained stable, with a slight increase of 3.69 Mt, while the Chinese iron mining areas
experienced a significant decrease of 31.41 Mt, primarily due to reductions in forest and grassland
carbon sink capacity. These findings further underscore the necessity of strengthening environmen-
tal protection and sustainable practices in the Chinese mining areas to mitigate the adverse impacts
of land-use changes on carbon sequestration and regional ecosystems [Han, Li, 2022].

Conclusion

This study provides a comprehensive analysis of LULC dynamics and changes in carbon
sequestration in the LGOK and SGOK iron ore regions in Russia and the Anshan-Benxi iron ore
region in China from 1985 to 2020. The findings reveal that mining activities and urban expan-
sion significantly influenced LULC patterns and carbon sequestration capacity in both regions,
though with differing degrees and trends.

In Russia, cropland area decreased by approximately 8 % (640.78 km2, primarily replaced
by construction land and forest. Forest cover increased from 12.69 % to 16.69 %, reflecting effective
ecological management practices. Consequently, the total carbon sequestration in Russian mining
regions remained stable, with a slight increase of 3.69 Mt over the study period. In contrast, the An-
shan-Benxi region in China experienced stronger development pressures, leading to a decrease in
forest cover from 40.44 % to 36.73 % and an increase in construction land from 5.62 % to 12.51 %.
These changes contributed to a significant decline in total carbon sequestration by 31.41 Mt, driven
largely by reductions in forest and grassland carbon sink capacity.

These contrasting trends underscore the importance of sustainable land management
strategies that prioritize ecological restoration alongside industrial growth. Effective strategies
such as afforestation, wetland restoration, and adaptive land-use policies are critical for mitigat-
ing the environmental impacts of mining and maintaining carbon sequestration capacities. Future
policies should focus on harmonizing economic growth with environmental conservation, ensur-
ing that industrial development in mining regions is balanced with sustainable land use to pro-
mote long-term ecological and economic stability.
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