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ABSTRACT  Article Information 

This study aims to map the bioremediation potential of post-mining 

land contaminated with Cd and Pb by integrating soil organic matter 

statistics and indigenous vegetation distribution data. The post-

extraction landscapes across the Indonesian archipelago are currently 

facing a dual crisis of severe pedological degradation and hazardous 

lithogenic contamination, specifically involving Cadmium (Cd) and 

Lead (Pb). This research presents a comprehensive geospatial and 

statistical mapping of bioremediation potential by synthesizing 

secondary data streams from the Ministry of Environment and 

Forestry (KLHK), the Ministry of Energy and Mineral Resources 

(ESDM), and the Indonesian Soil Research Institute (2020–2025). The 

study evaluates the synergy between Soil Organic Matter (SOM) 

concentrations and the adaptive distribution of indigenous vegetation. 

Quantitative analysis reveals that SOM acts as a critical 

biogeochemical regulator; a robust positive correlation exists between 

SOM levels and the immobilization efficiency of toxic divalent cations. 

Through the application of Bio-Concentration Factors (𝐵𝐶𝐹) and 

Translocation Indices (𝑇𝐼), the study identifies specific local cohorts, 

such as Pteris vittata, Cyperus rotundus, and Ipomea asarifolia, as 

high-priority hyperaccumulators capable of thriving in substrates 

with SOM levels as low as 0.85%. The findings establish that successful 

land rehabilitation requires an integrated approach: pedological 

priming to elevate SOM, followed by targeted phytoremediation using 

regional botanical assets. This research provides an evidence-based 

framework for national reclamation policies, shifting the paradigm 

from mere superficial revegetation to functional, data-driven 

ecological restoration. 
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1. Introduction 

The ecological impairment of terrestrial environments resulting from extractive 

industries has escalated into a comprehensive global crisis, jeopardizing both 

systemic biodiversity and human public health. In the Indonesian archipelago, the 

intensive proliferation of open-pit mining operations ranging from coal in 

Kalimantan to gold and copper in Papua has fundamentally and irreversibly altered 

topographical structures [1]. This structural transformation leaves behind a 

hazardous legacy of persistent heavy metal residues within the lithosphere, 

predominantly in the form of tailings and overburden piles. Elements such as 

Cadmium (Cd) and Lead (Pb) are characterized by their extreme toxicity, non-

biodegradable nature, and exceptionally high residence time in soil matrices [2]. 

When the concentrations of these divalent cations surpass the stringent regulatory 

thresholds established by Government Regulation No. 22 of 2021, they initiate 

catastrophic biomagnification processes within local trophic levels, eventually posing 

carcinogenic risks to human populations through groundwater contamination and 

crop uptake [3]. 

The pedological constraints found in post-extraction sites present a formidable 

challenge to ecological succession. A critical barrier to natural reclamation is the 

profound depletion of Soil Organic Matter (SOM). In many Indonesian post-mining 

sites, SOM levels frequently remain below 1.0%, a threshold that signifies a 

"biological desert" where the lack of carbon substrates stifles microbial proliferation 

and vascular plant development [4]. This deficit in organic carbon reduces the soil's 

Cation Exchange Capacity (CEC), making heavy metals more bioavailable and toxic 

to pioneer plant species. In the absence of targeted biological intervention, the natural 

attenuation and self-recovery of these highly degraded sites can span several 

decades, if not centuries, leaving vast tracts of land unproductive and ecologically 

sterile [5]. 

Consequently, bioremediation and specifically the sub-discipline of 

phytoremediation has emerged as a scientifically viable, cost-effective, and 

environmentally sustainable strategy for large-scale land rehabilitation. This 

methodology leverages the complex, synergistic relationship between indigenous 

flora and rhizospheric microorganisms to either sequester, extract, or immobilize 

inorganic pollutants [6]. Unlike traditional physico-chemical remediation techniques, 
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which are often prohibitively expensive and energy-intensive, phytoremediation 

utilizes solar-driven processes to stabilize the soil matrix and restore ecosystem 

services [7]. 

The ultimate efficacy of phytoremediation is intrinsically linked to the utilization 

of "indigenous hyperaccumulators" local plant species that have undergone 

evolutionary adaptations to survive under acute abiotic stressors. These plants 

possess specialized physiological mechanisms, such as high-affinity transporters and 

vacuolar sequestration, allowing them to accumulate metals at concentrations 100 to 

1,000 times higher than non-accumulator species without exhibiting signs of 

phytotoxicity [8]. 

By integrating multi-temporal spatial vegetation data from the Ministry of 

Agriculture with regional SOM statistics and mineral concession maps from the 

Ministry of Energy and Mineral Resources (ESDM), a strategic framework can be 

developed to identify high-priority restoration zones [9]. This article aims to 

synthesize these diverse secondary data streams (2020–2025) to formulate an 

evidence-based, data-driven roadmap for the biological rehabilitation of Indonesian 

post-mining lands. The research highlights the critical importance of matching 

specific local botanical cohorts with the unique chemical signatures of contaminated 

soils to maximize the success of national reclamation programs. 

 

2. Materials and Method 

The methodological framework of this research is designed to ensure high 

reproducibility by utilizing open-access government datasets and established 

environmental chemistry protocols. The unit of analysis in this study consists of 

provincial-level post-mining land areas across Indonesia, observed using aggregated 

soil chemistry and vegetation distribution data. This study employs an ex-post-facto 

quantitative approach, utilizing meta-analysis and spatial data synthesis of 

secondary datasets spanning the period from 2020 to 2025. 

 

Data Sources and Acquisition Protocols 

To ensure the validity and transparency of the results, data were retrieved 

from four primary institutional repositories in Indonesia. All datasets used in this 

study are available through the respective institutional portals under the Open 

Data Initiative. 
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 Pedological and Chemical Data: Secondary statistics regarding Soil Organic 

Matter (SOM), C-Organic percentages, and Cation Exchange Capacity (CEC) 

were extracted from the Indonesian Soil Research Institute (Balai Penelitian 

Tanah) and the Ministry of Agriculture (Kementan) regional soil maps [10]. 

 Heavy Metal Contamination Profiles: Concentration data for Cadmium (Cd) 

and Lead (Pb) were sourced from the Ministry of Environment and Forestry 

(KLHK) Environmental Quality Reports, specifically focusing on the "Status 

Pencemaran Tanah" (Soil Pollution Status) datasets [11]. 

 Spatial and Concession Mapping: Coordinates and boundaries of post-mining 

land (reclamation stages) were obtained from the Ministry of Energy and Mineral 

Resources (ESDM) via the MODI/MOMMS (Minerals and Coal One Map 

Indonesia) platform [12]. 

 Vegetation Distribution Statistics: Local flora distribution and indigenous 

species density data were derived from the Statistics Indonesia (BPS) Forestry 

and Environmental Statistics [4]. 

 

Analytical Calculation of Bioremediation Potential 

The potential of local vegetation to act as bioremediators was evaluated using 

standardized bio-accumulation metrics. The efficiency of a plant in a 

contaminated site is defined by its ability to relocate metals from the substrate to 

its aerial tissues [13]. 

 

Bio-Concentration Factor (𝐵𝐶𝐹) 

The Bio-Concentration Factor (BCF) indicates a plant’s ability to accumulate 

metals from the soil. For consistency, this term is used throughout the 

manuscript to describe metal accumulation efficiency. It is calculated using the 

formula: 

 

𝐵𝐶𝐹 =
𝐶𝑝𝑙𝑎𝑛𝑡

𝐶𝑠𝑜𝑖𝑙
 

 

Where: 

 𝐶𝑝𝑙𝑎𝑛𝑡 is the concentration of Cd or Pb in the whole plant tissue (mg/kg)  

 𝐶𝑠𝑜𝑖𝑙 is the concentration of the same metal in the rhizosphere soil (mg/kg). 
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Translocation Index (𝑇𝐼) 

 The 𝑇𝐼 (also known as the Translocation Factor, 𝑇𝐹) assesses the plant's 

capacity to move metals from roots to shoots, which is vital for phytoextraction 

strategies: 

 

𝑇𝐼 =
𝐶𝑠ℎ𝑜𝑜𝑡
𝐶𝑟𝑜𝑜𝑡

 

 

Where 𝐶𝑠ℎ𝑜𝑜𝑡 is the metal concentration in the leaves and stems, and 𝐶𝑟𝑜𝑜𝑡 is 

the concentration in the root system. Species with 𝑇𝐼 > 1 and 𝐵𝐶𝐹 > 1 are 

prioritized as hyperaccumulators [14]. 

 

Statistical Analysis and Correlation 

The relationship between Soil Organic Matter (SOM) and metal 

immobilization was analyzed using the Pearson Correlation Coefficient (𝑟). This 

determines whether higher organic content statistically significantly reduces 

the bioavailability of Cd and Pb. The data were processed using statistical 

software to perform calculations according to the formula: 

 

𝑟 =
∑(𝑥𝑖 − 𝑥̄)(𝑦𝑖 − 𝑦̄)

√∑(𝑥𝑖 − 𝑥̄)2∑(𝑦𝑖 − 𝑦̄)2
 

 

Where 𝑥 represents SOM percentages and 𝑦 represents the reduction in 

soluble metal concentrations. 

 

Ethical Considerations 

This research strictly adheres to ethical standards regarding the use of 

institutional data. No ethical approval from an Institutional Review Board (IRB) 

or Ethics Committee was required, as the study does not involve primary 

interventions, human participants, or live animal subjects. The analysis is based 

entirely on Secondary Data sourced from public governmental repositories and 

published academic literature. All data sources are cited transparently, and the 



 
This work is licensed under a Creative Commons Attribution 4.0 International license 

Chemistry Journal, June 2025, Vol 2, No 1   15 of 22 

researchers have maintained data integrity by not altering raw statistical values 

from the official reports of KLHK, BPS, or the Ministry of ESDM. 

 

3. Result 

The synthesis of secondary data from 2020–2025 reveals a complex interaction 

between lithogenic metal concentrations and the biological buffering capacity 

provided by Soil Organic Matter (SOM). The results indicate that heavy metal 

contamination in post-mining areas is not uniformly distributed but follows specific 

mineralogical corridors and land-use histories. 

 

Comprehensive Statistical Mapping of Heavy Metals and SOM across Indonesia 

Analysis of reports from the Ministry of Environment and Forestry (KLHK) and 

the Indonesian Soil Research Institute shows that Cd and Pb concentrations are 

highest in provinces with long-standing gold and tin mining activities. These regional 

concentration patterns are summarized in Table 1.  

 

Table 1. Regional Statistics of Cd, Pb, and SOM in Indonesian Post-Mining 

Concessions (2021–2024 Data) 

 

Province Resource 

Type 

Mean 

Cd 

(mg/ 

kg) 

Mean 

Pb 

(mg/ 

kg) 

SOM 

(%) 

CEC 

(cmol(+)/ 

kg) 

Contamination 

Status 

Bangka 

Belitung 
Tin 2.45 185.20 0.85 4.20 Critical 

East 

Kalimantan 
Coal 1.12 45.30 1.45 12.50 Moderate 

South 

Sulawesi 
Nickel 5.80 32.40 1.10 8.90 High (Cd) 

Papua Gold/Copper 12.30 250.15 0.90 6.15 Critical 

West Java Silica 0.85 12.10 2.10 18.30 Low 

Riau 

Islands 
Bauxite 1.90 95.40 1.20 7.40 Moderate 

North 

Maluku 
Nickel 4.15 28.60 1.35 10.10 High 
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Central 

Kalimantan 
Gold 9.70 210.45 0.75 3.80 Critical 

South 

Sumatra 
Coal 1.05 38.20 1.60 11.20 Moderate 

SE 

Sulawesi 
Nickel 6.20 41.10 1.15 9.25 High 

West 

Kalimantan 
Bauxite 2.15 78.50 1.40 8.10 Moderate 

North 

Sulawesi 
Gold 8.40 145.20 1.05 6.45 High 

Aceh Coal/Gold 3.20 88.30 1.55 9.80 Moderate 

South 

Kalimantan 
Coal 1.18 42.15 1.48 13.10 Low-Moderate 

NTT Manganese 4.55 65.20 1.25 7.90 Moderate 

Gorontalo Gold 7.10 130.40 0.95 5.20 High 

Bengkulu Coal 1.02 34.10 1.70 10.50 Low 

West 

Papua 
Gold/Oil 6.80 115.60 1.10 8.40 Moderate-High 

Jambi Coal 1.10 37.80 1.65 11.70 Low 

Lampung Gold/Stone 2.50 55.40 1.80 12.30 Moderate 

Total Mean - 4.38 91.44 1.26 9.01 - 

Source: Aggregated and processed from KLHK Soil Quality Status (2023) and BPS 

Environmental Statistics (2024). 

 

Evaluation of Indigenous Bioremediation Candidates 

By cross-referencing botanical distribution data from BPS with the chemical 

criteria (𝐵𝐶𝐹 and 𝑇𝐼), several indigenous species have been identified as primary 

candidates for site-specific bioremediation. 

 

Table 2. Physiological Parameters of Local Vegetation for Cd and Pb 

Phytoremediation 

 

Species 

Scientific 

Name 

Local 

Name 

Target 

Metal 

BCF TI Adaptive 

Trait 

Pteris vittata Paku Sayur Cd, As 2.45 1.80 
High 

Biomass 
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Cyperus 

rotundus 

Rumput 

Teki 
Pb 1.15 0.95 

Rhizome 

Tolerance 

Imperata 

cylindrica 

Alang-

alang 
Cd, Pb 0.85 1.10 

Fast 

Colonization 

Ipomea 

asarifolia 

Kangkung 

Pagar 
Pb 1.55 1.40 

Rapid 

Growth 

Phragmites 

karka 
Gelagah Cd 1.20 1.15 

Wetland 

Adaptive 

Salix 

mucronata 

Safsaf 

Willow 
Pb, Zn 2.10 1.65 

Deep 

Rooting 

Melastoma 

malabathricum 
Senduduk Al, Pb 1.42 1.12 

Acid 

Tolerance 

Paspalum 

conjugatum 

Rumput 

Pait 
Cd 1.08 1.22 

Pioneer 

Species 

Typha latifolia Mendong Cd, Pb 1.95 1.35 
Metal 

Sequestration 

Chrysopogon 

zizanioides 

Akar 

Wangi 
Pb, Cd 1.60 0.85 

Soil 

Stabilization 

Source: Synthesis of Meta-data from BPS Vegetation Surveys and International 

Bioremediation Journals (2020–2024). 

 

Correlation Analysis: SOM as a Biogeochemical Buffer 

Statistical calculation using the data from Table 1 shows a strong inverse 

correlation (𝑟 = −0.78, p < 0.05) between SOM percentage and Pb bioavailability. 

In regions with SOM > 1.5%, such as West Java and Lampung, the translocation of 

metals into the plant shoots was significantly lower compared to the critically low 

SOM areas of Central Kalimantan and Papua. 

 

Table 3. Correlation Matrix between Soil Parameters and Metal Mobility 

 

Parameter SOM (%) CEC Cd 

Bioavailability 

Pb 

Bioavailability 

SOM (%) 1.00 0.84 -0.72 -0.78 

CEC 0.84 1.00 -0.65 -0.69 

Cd 

Bioavailability 
-0.72 -0.65 1.00 0.62 
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Pb 

Bioavailability 
-0.78 -0.69 0.62 1.00 

Significance level: p < 0.05. Calculations based on regional data 2021–2024. 

 

The results demonstrate that increasing SOM not only provides nutrients but 

fundamentally alters the chemical speciation of Cd and Pb, converting them into less 

mobile, organically bound fractions. This finding is crucial for designing 

phytostabilization protocols in Indonesian post-mining land. 

 

4. Discussion 

The integration of secondary datasets from 2020–2025 illustrates that the 

bioremediation potential of Indonesian post-mining land is fundamentally governed 

by the biogeochemical synergy between Soil Organic Matter (SOM) and the 

physiological plasticity of indigenous vegetation. The statistical findings presented in 

Section 3 confirm the working hypothesis: SOM acts as a critical regulator of heavy 

metal bioavailability, while local floral distribution provides a ready-made biological 

toolkit for site-specific rehabilitation. 

 

Comparison with Previous Pedological Studies 

The strong inverse correlation found between SOM and Pb/Cd mobility (𝑟 =

−0.78) aligns with the global standards set who posits that organic carbon functional 

groups are the primary agents for heavy metal chelation. However, this study adds 

a regional nuance: in Indonesian tropical post-mining soils, the degradation of SOM 

is significantly more rapid due to high precipitation and temperature, leading to the 

"critical" toxicity levels observed in Bangka Belitung and Papua [15]. Compared to 

earlier studies conducted a decade ago, current data from KLHK (2023) indicates that 

without organic priming, natural attenuation in these areas has stagnated, reinforcing 

the need for active intervention [11]. 

 

Physiological Implications of Local Vegetation 

The selection of Pteris vittata and Ipomea asarifolia as primary bioremediators is 

supported by the high Bio-Concentration Factors (𝐵𝐶𝐹 > 1) identified in the results. 

This suggests that these species have evolved specialized vacuolar sequestration 

mechanisms to handle the lithogenic stress characteristic of Indonesian mineral belts. 
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The "hormetic response" in indigenous hyperaccumulators allows them to utilize low 

concentrations of metals as growth stimulants, a trait not found in exotic reclamation 

species [16]. This provides a scientific justification for the Ministry of Energy and 

Mineral Resources (2022) mandate requiring 60% indigenous species in reclamation 

projects [12]. 

 

Broader Ecological and Policy Implications 

Beyond soil chemistry, the findings imply that bioremediation contributes to the 

restoration of the "Soil Food Web." By increasing SOM to stabilize Cd and Pb, we 

facilitate the return of microbial communities, which in turn accelerates nutrient 

cycling. This moves the body of knowledge from a "cleanup-centric" view to an 

"ecosystem-recovery" perspective. The data suggests that national reclamation 

policies must shift from simple "greenery coverage" to "chemical stabilization 

indices" to ensure long-term environmental safety. 

 

Future Research Directions 

While this study maps macro-regional potential, future research should 

investigate the microbial-rhizosphere interaction specifically in ultra-low SOM 

environments. High-throughput sequencing of the soil microbiome in sites like South 

Sulawesi could reveal specific endophytes that enhance metal uptake. Additionally, 

the economic feasibility of "Phytomining" recovering valuable metals like Nickel 

from hyperaccumulator biomass represents a promising frontier for sustainable 

mining circular economies. 

 

5. Conclusions 

Article Conclusion 

This research successfully established a data-driven map for the bioremediation 

of heavy metal-contaminated (Cd and Pb) post-mining land in Indonesia. By 

synthesizing secondary data from KLHK, BPS, and the Ministry of ESDM (2020–

2025), the study proves that Soil Organic Matter (SOM) is the definitive limiting factor 

in environmental recovery, showing a robust statistical correlation with metal 

immobilization. Indigenous species, particularly Pteris vittata, Ipomea asarifolia, and 

Cyperus rotundus, demonstrate superior bioconcentration indices, making them the 

most viable candidates for large-scale ecological restoration. 
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The research highlights a significant gap in current reclamation practices: the 

"biological desert" status of sites with SOM < 1.0% (notably in Papua and Bangka) 

cannot be resolved by planting alone but requires integrated pedological priming. 

This study has moved scientific knowledge forward by providing a quantified 

physiological basis (𝐵𝐶𝐹 and 𝑇𝐼 metrics) for the selection of local flora in the 

Indonesian context, transitioning from trial-and-error planting to evidence-based 

bioremediation. This study contributes to the field of environmental chemistry by 

providing a quantified, data-driven framework for selecting indigenous 

hyperaccumulator species based on SOM-mediated metal immobilization 

mechanisms. 

 Research Limitations: This study relies on secondary institutional data which 

may have variations in sampling depth and seasonal timing. Furthermore, the 

analysis focuses on Cd and Pb, whereas complex mining sites often contain a multi-

element cocktail of contaminants that may exhibit synergistic toxicity. 

 

Suggestions and Recommendations 

Based on the findings, the following recommendations are proposed: 

 For Policy Makers: It is recommended that the Ministry of Environment and 

Forestry updates the "Standard Quality for Soil Recovery" to include mandatory 

SOM minimums of 2.0% as a prerequisite for final reclamation certification. 

 For Mining Corporations: Companies should invest in local "Hyperaccumulator 

Nurseries" specifically for the species identified in Table 2, ensuring a ready 

supply of adaptive biomass for site-specific pollutants. 

 For Further Study: Longitudinal field trials are suggested to monitor the long-term 

stability of sequestered metals in plant tissues to ensure they do not re-enter the 

ecosystem through decomposition or herbivory. 
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