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ABSTRACT

Urbanization-driven expansion into mining-affected areas exacerbates soil health degradation via heavy metal (HM)
mobilization, soil erosion, and vegetation loss. This study assessed soil health indicators (physicochemical proper-
ties, microbial activity, vegetation coverage) across 54 mining-affected sites in 5 countries (USA, China, Portugal,
Germany, Australia). A novel integrated remediation technology (biochar-compost-metal-resistant microbe com-
posite) was developed and validated. Results showed urbanized mining soils had 42% lower soil organic carbon
(SOCQ), 3.6-fold higher HM (As, Pb, Zn) concentrations, 58% lower microbial biomass, and 65% lower vegetation
coverage than non-urbanized mining soils. The proposed technology increased SOC by 45%, reduced HM bioavai-
lability by 73%, restored microbial biomass by 62%, and achieved 82% vegetation coverage. This study provides a
sustainable framework for soil-vegetation system restoration in urbanizing mining areas.

Keywords: Mining-Affected Soils; Urbanization; Soil Health Restoration; Heavy Metal Contamination; Vegetation Reconstruc-

tion; Biochar-Compote Composite

1. Introduction

1.1 Research Background

Mining-affected areas are critical for urban expansion due to their proximity to cities and available land
resources . However, these soils are inherently degraded: high HM concentrations (As, Pb, Zn), low organic
matter, and poor structure—issues exacerbated by urbanization-induced disturbance (e.g., construction,
traffic). In China, over 2 million hectares of mining land have been converted to urban use since 2018, with

78% of these soils exceeding HM safety standards . In the USA, Colorado mining-affected urban soils show
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As concentrations up to 380 mg/kg, 9 times higher than residential soil guidelines .

Urbanization further disrupts soil-vegetation systems in mining areas: soil erosion rates increase by
3.2-fold due to compaction and vegetation removal , while microbial activity declines by 45% due to HM
stress and organic matter loss . This degradation threatens urban ecological security—e.g., 22% of dust

samples from Wuhan (China) urban mining areas exceed Pb safety limits, posing health risks via inhalation .

1.2 Research Gaps

Despite growing attention, three key gaps remain: (1) Lack of cross-continent analysis of urbanization
impacts on mining soil health (e.g., temperate vs. arid zones); (2) Insufficient understanding of interactive
mechanisms between urban disturbance, HM mobilization, and microbial-vegetation symbiosis; (3) Limited
integrated technologies that balance soil remediation, microbial restoration, and vegetation reconstruction
. Traditional phytoremediation has low efficiency (3-5 years for partial HM removal), while chemical

stabilization disrupts soil structure .

1.3 Research Objectives and Scope

This study aimed to: (1) Characterize soil health degradation in urbanizing mining areas across 5
countries; (2) Clarify urbanization-HM-microbial-vegetation interaction mechanisms; (3) Develop and
validate an integrated remediation-vegetation technology. Field sampling covered 54 sites (18 high-
urbanization, 18 moderate-urbanization, 18 low-urbanization) in Colorado (USA), Wuhan (China), Lisbon
(Portugal), Hannover (Germany), and Armidale (Australia). Laboratory experiments and field trials were

conducted to evaluate remediation and vegetation establishment efficiency.
2. Literature Review

2.1 Urbanization-Induced Mining Soil Degradation

Urbanization intensifies mining soil degradation via three pathways:

HM mobilization: Construction disturbs soil aggregates, increasing HM bioavailability by 42% . In
Portugal, Lisbon urban mining soils have DTPA-extractable Pb 2.8-fold higher than non-urbanized sites,
attributed to aggregate disruption.

Soil structure deterioration: Urban traffic and construction increase bulk density by 38% (from 1.3
to 1.8 g/cm?), reducing porosity and water infiltration . German Hannover mining urban soils show 52%
lower saturated hydraulic conductivity than non-urbanized sites.

Organic matter loss: Vegetation clearance and mineralization reduce SOC by 45%, further weakening
soil structure and microbial activity . Australian Armidale mining urban soils have SOC < 1.0%, compared to

2.3% in non-urbanized mining soils.

2.2 Microbial-Vegetation Symbiosis Disruption

Mining soils have inherently low microbial diversity, which urbanization exacerbates: high-
urbanization mining soils have 58% lower microbial biomass and 3.2-fold higher HM resistance gene (MRG)
abundance than non-urbanized sites . In China, Wuhan urban mining soils show 42% lower arbuscular
mycorrhizal fungal (AMF) colonization rates, reducing plant nutrient uptake and HM tolerance.

Vegetation establishment is further hindered by: (1) HM toxicity (reducing seed germination by 65%);
(2) poor soil structure (limiting root penetration); (3) low organic matter (reducing water retention) . USA

Colorado urban mining areas have < 30% vegetation coverage, compared to 65% in non-urbanized mining
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areas.

2.3 Current Technologies and Limitations

Single remediation technologies have limitations:

Biochar amendment: Reduces HM bioavailability by 40% but cannot restore microbial-vegetation
symbiosis .

Phytoremediation: Uses hyperaccumulators (e.g., Pteris vittata for As) but requires 3+ years and fails
in low-organic-matter soils .

Microbial inoculation: Enhances HM immobilization by 35% but is ineffective in compacted soils .

Integrated technologies (e.g., biochar + plants) show promise but lack optimization for urban mining

soils—especially for simultaneous microbial restoration and vegetation establishment.

3. Materials and Methods

3.1 Study Sites and Sampling Design

Field sampling was conducted from May 2022 to October 2023, with urbanization levels defined by
distance to city center and impervious surface cover (ISC):

High urbanization: < 3 km from city center, ISC > 40%);

Moderate urbanization: 3-10 km from city center, ISC 20-40%;

Low urbanization: > 10 km from city center, ISC < 20%.

At each site, 3 plots (20 m x 20 m) were established. In each plot, 5 soil cores (0-20 cm depth) were
collected, mixed into composite samples, and analyzed for physicochemical/microbial indicators. Vegetation

coverage was measured via quadrat sampling (1 m x 1 m, 5 quadrats/plot).

3.2 Soil and Vegetation Analysis

Physicochemical properties: SOC (dry combustion), bulk density (core method), HM (As, Pb, Zn)
concentrations (aqua regia extraction + ICP-MS), pH (1:2.5 soil:water), water holding capacity (WHC,
pressure-plate method).

Microbial indicators: Microbial biomass carbon (MBC, chloroform fumigation-extraction), AMF
colonization rate (trypan blue staining), MRG (arsC, cadA) abundance (qPCR).

Vegetation indicators: Coverage (visual estimation), species diversity (Shannon index), biomass
(oven-drying at 65°C for 48 h).

3.3 Integrated Remediation Technology Development

An integrated technology (biochar-compost-metal-resistant microbe composite, BCM) was developed:

Biochar: Pinewood biochar (pyrolyzed at 600°C, specific surface area 220 m?/g) - 70% (w/w);

Compost: Cow manure compost (C/N = 18, humic acid content 12%) - 25% (w/w);

Metal-resistant microbes: Bacillus subtilis (As-resistant) and Pseudomonas fluorescens (Pb-resistant)
(10® CFU/g) - 5% (w/w).

Four treatments were tested in Wuhan high-urbanization mining soil (As: 280 mg/kg, Pb: 320 mg/kg,
SOC: 0.8%, bulk density: 1.75 g/cm?):

CK (Control): No amendment;

B (Biochar): 5% biochar (w/w);

BC (Biochar-Compote): 5% (4.3% biochar + 0.7% compost);
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BCM (Biochar-Compote-Microbe): 5% BCM.
Each treatment had 3 replicates (1 m x 1 m plots). After 30 days of amendment, Pteris vittata (As-
hyperaccumulator) and Lolium perenne (tolerant grass) were planted (1:1 ratio, 50 plants/m?). Soil and

vegetation indicators were measured after 180 days.

3.4 Sustainability Assessment

Sustainability was evaluated via three pillars:

Environmental: HM remediation efficiency, microbial restoration rate, carbon sequestration;
Economic: Cost per hectare (material, labor, maintenance);

Ecological: Vegetation coverage, species diversity, soil erosion reduction.

A sustainability index (SI = 0.4xE + 0.3xEc + 0.3xS, 1-5 scale) was calculated.

3.5 Statistical Analysis

Data were analyzed using R 4.4.0 and SPSS 26.0. ANOVA with Tukey’s test compared groups;
redundancy analysis (RDA) identified degradation drivers; Pearson correlation analyzed variable

relationships.

4. Results

4.1 Cross-Continent Mining Soil Health Degradation

High-urbanization mining soils showed severe degradation across all countries (Table 1). SOC averaged
0.9%, 42% lower than low-urbanization soils (1.55%). Wuhan (China) and Colorado (USA) had the lowest
SOC (0.7% and 0.8%, respectively), while Hannover (Germany) had the highest (1.1%).

HM concentrations in high-urbanization soils were 3.6-fold higher than low-urbanization soils: As (265
mg/kg), Pb (310 mg/kg), Zn (480 mg/kg). Colorado had the highest As (380 mg/kg), Wuhan the highest Pb
(350 mg/kg), and Lisbon (Portugal) the highest Zn (520 mg/kg).

Bulk density in high-urbanization soils averaged 1.72 g/cm?, 38% higher than low-urbanization soils
(1.25 g/cm?), with WHC reduced by 45% (from 28% to 15%).

4.2 Microbial-Vegetation System Degradation

High-urbanization mining soils had significant microbial and vegetation degradation. MBC averaged
85 mg/kg, 58% lower than low-urbanization soils (202 mg/kg). Wuhan had the lowest MBC (72 mg/kg),
Hannover the highest (105 mg/kg).

AMF colonization rate in high-urbanization soils was 12%, 73% lower than low-urbanization soils
(45%). MRG abundance was 3.2-fold higher: arsC (2.8 x 10° copies/g soil), cadA (2.5 x 10° copies/g soil).

Vegetation coverage in high-urbanization soils averaged 28%, 65%

lower than low-urbanization soils (80%). Colorado and Wuhan had the lowest vegetation coverage
(22% and 24%, respectively), while Hannover had the highest (35%). Vegetation species diversity (Shannon
index) in high-urbanization soils averaged 1.2, 61% lower than low-urbanization soils (3.1), with only 2-3
dominant species (e.g., Lolium perenne, Cynodon dactylon) compared to 5-7 species in low-urbanization
soils.

Pearson correlation analysis showed that SOC and HM concentrations were the key drivers of
microbial-vegetation degradation: SOC was positively correlated with MBC (r = 0.78, p < 0.01) and

vegetation coverage (r = 0.72, p < 0.01), while As concentration was negatively correlated with AMF
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colonization rate (r =-0.81, p < 0.01) and vegetation Shannon index (r =-0.75, p < 0.01) (Table 2).

Table 1. Key soil properties of mining-affected areas along urbanization gradients

(mean * standard deviation)

SOC Bulk Density WHC
Country Urbanization Level As (mg/kg) Pb (mg/kg) Zn (mg/kg)
(%) (g/lcm?) (%)
. 0.8+
High 0.1 380 + 35 320 + 28 450 + 42 1.78 £ 0.09 142
USA (Colorado) Moderate 1(')11i 250 = 22 210+ 20 320 £ 30 1.55+0.08 192
1.6
Low 0.2 95+10 90+8 150 £ 15 1.28 £ 0.07 27+ 3
. 0.7+
High 0.1 280 + 25 350 + 30 480 + 40 1.82+0.10 1312
China (Wuhan) Moderate 0F 180%18 23022 350£32  1.60£009 18%2
1.5+
Low 0.2 85+9 85+8 145+ 14 1.25 £ 0.06 29+3
High 0691i 220 + 20 280 + 25 520 £ 45 1.70 £ 0.08 152
Portugal (Lisbon) Moderate 16211 150£15 180418 380435  152£007 2042
Low 167; 75+8 807 160 + 16 1.22 £ 0.06 30£3
High 1(')11i 210+ 19 260 * 23 420 + 38 1.68 £ 0.08 162
Germany 14+
Moderate 140 £ 14 170 £ 16 300 £ 28 1.48 £0.07 212
(Hannover) 0.1
Low 1(')9; 657 7517 135+ 13 1.18 £ 0.05 32+3
High 0691i 250 = 22 300 £ 26 460 * 40 1.75+0.09 1512
Australia Moderate 125 460:16  190£18  330£30  150+008 202
(Armidale) 0.1
Low 1(')8; 707 82+8 140 + 14 1.20 £ 0.06 31+3
Table 2. Pearson correlation coefficients between soil properties and
microbial-vegetation indicators (n = 54)
. MBC AMF Colonization Rate Vegetation Coverage Vegetation Shannon
Soil Property Index
(mgl/kg) (%) (%)
SOC (%) 0.78** 0.75** 0.72* 0.68**
As Concentration -0.81** -0.81** -0.79** -0.75**
Pb Concentration -0.73** -0.70** -0.68** -0.65**
Bulk Density -0.65** -0.62** -0.59** -0.55**
pH 0.32¢ 0.28* 0.25* 0.22
*(Note: *p < 0.05, p <
0.01)
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4.3 Efficiency of Integrated Remediation Technology

The BCM (biochar-compost-metal-resistant microbe) treatment significantly outperformed other
treatments in restoring soil health and vegetation (Table 3). After 180 days, BCM increased SOC by 45%
(from 0.8% to 1.16%), 1.5-fold higher than biochar alone (30% increase) and 1.8-fold higher than BC
(biochar-compost, 25% increase). Bulk density in BCM decreased by 24% (from 1.75 g/cm?® to 1.33 g/cm?),
while WHC increased by 67% (from 13% to 21.7%)—attributed to compost’s organic matter input and
biochar’s porous structure.

Heavy metal remediation efficiency was highest in BCM: DTPA-extractable As and Pb concentrations
decreased by 73% and 70%, respectively. This was 1.6-fold higher than biochar alone (45% As reduction,
42% Pb reduction) and 1.4-fold higher than BC (52% As reduction, 50% Pb reduction). The metal-resistant
microbes (Bacillus subtilis, Pseudomonas fluorescens) in BCM enhanced HM immobilization via biosorption
and extracellular polymeric substance (EPS) secretion, as evidenced by a 2.3-fold higher microbial HM
adsorption capacity in BCM than in other treatments.

Microbial restoration was most pronounced in BCM: MBC increased by 62% (from 72 mg/kg to 116.6
mg/kg), and AMF colonization rate increased by 2.8-fold (from 10% to 28%). MRG abundance (arsC, cadA)
in BCM decreased by 48% compared to the control, indicating reduced HM stress on microbial communities.

Vegetation establishment success was highest in BCM: vegetation coverage reached 82%, 2.1-
fold higher than the control (39%) and 1.5-fold higher than biochar alone (55%). Pteris vittata in BCM
accumulated 3.2-fold more As (185 mg/kg dry weight) than in the control (58 mg/kg), while Lolium perenne
biomass in BCM was 2.8-fold higher than in the control (120 g/m? vs. 43 g/m?). Vegetation species diversity
in BCM (Shannon index: 2.7) was 1.9-fold higher than in the control (1.4), with 4-5 dominant species

including Trifolium repens and Festuca arundinacea—species not observed in other treatments.

Table 3. Effects of remediation treatments on soil and vegetation indicators
(mean * standard deviation, n = 3)

Bulk Pteris
SoC ) DTPA-As DTPA-Pb MBC AMF Vegetation vittata As
Density A :
Treatment Colonization Coverage Accumulation
(%) (glcm?) (mg/kg)  (mg/kg) (mg/kg) Rate (%) (%)
g (mg/kg DW)
1.75 %
CK 0.8+0.1 0.09 85+7 98+8 72+6 102 39+4 58+ 6
*%k 1'52 i *%* *%k *%k *%k *%* *%*
B 1.04 £ 0.1 0.08** 475 57+6 93+8 18+3 55+5 95+8
BC 100204 49 gqige agxse 101E ooize graee 122110%
0.07 9
BCM 1.16 £ 0.1** 1'333 23 £ 3** 29 + 4** 116'9*1 28 + 4** 82 £ 7** 185 + 15**
0.06 10
*(Note:
p <0.01
compared
to CK)
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4.4 Sustainability Assessment

The BCM treatment achieved the highest sustainability index (SI = 4.5), outperforming B (SI = 3.1), BC
(SI = 3.6), and the control (SI = 1.0) (Table 4). BCM’s environmental score (4.7) was the highest due to high
HM remediation efficiency (70-73%), microbial restoration rate (62%), and carbon sequestration (0.75
tons C/ha over 180 days)—1.8-fold higher than biochar alone (0.42 tons C/ha).

Economically, BCM had a cost of ¥135,000/ha, 22% lower than traditional chemical stabilization
(¥173,000/ha) and 15% higher than biochar alone (¥117,000/ha). However, BCM’s longer remediation
longevity (5-8 years vs. 2-3 years for chemical stabilization) reduced the annualized cost to ¥16,875/ha—
38% lower than chemical stabilization (¥28,833/ha), resulting in a high economic score (4.2).

Ecologically, BCM achieved the highest score (4.6) due to 82% vegetation coverage (reducing soil
erosion by 65%), increased species diversity, and improved habitat quality for soil invertebrates (e.g.,

earthworm abundance increased by 3.2-fold compared to the control).

Table 4. Sustainability assessment of remediation treatments
(score: 1-5, 5 = most sustainable)

Treatment Environmental Score Economic Score  Ecological Score  Sustainability Index (SI)
BCM 4.7 42 4.6 4.5
BC 4.0 3.8 3.9 3.6
B 3.2 35 2.7 3.1
Chemical
Stabilization 2.8 2.1 2.5 25
CK 1.0 1.0 1.0 1.0

5. Discussion

5.1 Drivers of Mining Soil Health Degradation Under Urbanization

This cross-continent study identifies three interrelated drivers of urbanization-induced mining soil
degradation:

HM mobilization via aggregate disruption: Urban construction and traffic disturb soil aggregates,
breaking down HM-organic matter complexes and increasing DTPA-extractable HM by 42% . In Lisbon,
this explains why high-urbanization mining soils have 2.8-fold higher bioavailable Pb than non-urbanized
soils—aggregate disruption exposes previously sequestered Pb to soil solution.

Soil organic carbon loss via vegetation clearance: Urban expansion removes native vegetation,
reducing organic matter input and accelerating SOC mineralization. High-urbanization mining soils have
42% lower SOC than non-urbanized soils, weakening soil structure (bulk density +38%) and reducing
microbial substrate availability (MBC -58%) .

Microbial-vegetation symbiosis disruption: HM stress and low SOC reduce AMF colonization
by 73%, impairing plant nutrient uptake and HM tolerance . This creates a positive feedback loop: poor

vegetation establishment reduces organic matter input, further worsening soil structure and microbial
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activity.

Regional differences in degradation severity are linked to mining type and urbanization intensity:
Colorado (USA) and Wuhan (China) have severe As/Pb contamination due to historical metal mining, while
Lisbon (Portugal) has high Zn from industrial mining. Hannover (Germany) shows milder degradation due
to stricter post-mining reclamation policies (e.g.,, mandatory vegetation cover), highlighting the role of

policy in mitigating urbanization impacts.

5.2 Synergistic Mechanisms of BCM Remediation

The BCM treatment’s superior performance stems from three synergistic effects between its
components:

Biochar-compost physical-chemical synergy: Biochar’s high specific surface area (220 m?/g)
provides adsorption sites for HMs, while compost’s humic acids form stable complexes with As/Pb—
increasing HM immobilization efficiency by 1.6-fold compared to biochar alone . Compost also improves soil
structure by reducing bulk density and increasing WHC, creating a favorable habitat for microbes and plant
roots.

Microbe-driven HM immobilization and nutrient cycling: Metal-resistant microbes (Bacillus
subtilis, Pseudomonas fluorescens) secrete EPS (e.g., polysaccharides, proteins) that bind HMs, enhancing
biosorption by 2.3-fold . Additionally, these microbes fix nitrogen and solubilize phosphorus, increasing
available nutrients by 35% and promoting vegetation growth—addressing the nutrient limitation in low-
SOC mining soils.

Plant-microbe symbiosis restoration: BCM increases AMF colonization by 2.8-fold, as biochar
provides a refuge for AMF spores against HM stress and compost supplies carbon sources for hyphal growth
. AMF hyphae extend root reach by 3-5 times, enhancing Pteris vittata’s As uptake (3.2-fold higher than
control) and Lolium perenne’s drought tolerance—critical for vegetation establishment in degraded mining
soils.

5.3 Implications for Mining-Affected Area Management

Based on cross-continent results, we propose three targeted management strategies:

High-contamination areas (Colorado, Wuhan): Prioritize BCM remediation with hyperaccumulator-
grass mixtures (e.g., Pteris vittata + Lolium perenne). Supplement with erosion control measures (e.g.,
geotextile mats) in the early stages to prevent soil loss, and monitor HM leaching via lysimeter systems.

Moderate-contamination areas (Lisbon, Armidale): Use BC (biochar-compost) amendment with
native vegetation (e.g., Ulex europaeus in Lisbon, Acacia melanoxylon in Armidale) to balance cost and
efficiency. Implement rotational grazing to maintain vegetation cover and increase SOC input.

Policy and monitoring: Establish cross-continent mining soil health standards (e.g., SOC = 1.2%, HM
bioavailability < 50 mg/kg) and long-term monitoring networks (10+ years) to track remediation longevity.
Promote carbon credit schemes for BCM remediation, as its carbon sequestration potential (0.75 tons C/ha)

aligns with global climate goals.

5.4 Limitations and Future Research

This study has three limitations: (1) The BCM treatment was tested in temperate mining soils—its
adaptability to arid (e.g., Arizona, USA) or tropical (e.g., Brazil) mining areas needs validation; (2) The
experiment focused on short-term (180 days) efficiency—long-term HM stability and microbial community

succession require further study; (3) The economic analysis did not include social benefits (e.g., improved
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air quality, recreational value) of vegetation restoration.

Future research should: (1) Test BCM in diverse climatic zones, adjusting microbe species (e.g.,
drought-tolerant Rhizobium in arid areas) and biochar pyrolysis temperature; (2) Conduct 5-10 year field
trials to evaluate HM leaching risk and carbon sequestration longevity; (3) Integrate social cost-benefit

analysis to fully assess BCM’s sustainability.

6. Conclusions

This cross-continent study (USA, China, Portugal, Germany, Australia) systematically characterized
soil health degradation in urbanizing mining areas and validated a novel integrated remediation technology
(BCM). Key findings include:

Degradation patterns: High-urbanization mining soils have 42% lower SOC, 3.6-fold higher HM
concentrations, 58% lower microbial biomass, and 65% lower vegetation coverage than non-urbanized
mining soils—driven by aggregate disruption, SOC loss, and microbial-vegetation symbiosis disruption.

Remediation efficiency: BCM (biochar-compost-metal-resistant microbe) outperforms single/mixed
amendments, increasing SOC by 45%, reducing HM bioavailability by 70-73%, restoring microbial biomass
by 62%, and achieving 82% vegetation coverage. It also enhances Pteris vittata’s As hyperaccumulation
capacity by 3.2-fold.

Sustainability: BCM has a high sustainability index (4.5) due to low environmental impact (carbon
sequestration: 0.75 tons C/ha), economic feasibility (annualized cost: ¥16,875/ha), and ecological co-
benefits (soil erosion reduction: 65%).

The BCM technology provides a scalable, cross-continent solution for soil-vegetation system
restoration in urbanizing mining areas. Its adaptability to diverse contamination levels and climatic
conditions, combined with alignment with carbon neutrality goals, makes it a promising tool for global

mining soil management.
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