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Abstract 

The study area, situated in an agricultural zone near limestone mining activities, 

faces significant threats from heavy metal pollution. The study aims to assess the 

concentrations of heavy metals (Pb, Zn, Cu, Cd, Mg, and Cr) in agricultural soils 

surrounding limestone-mining areas and evaluate the extent of heavy metal pollution 
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based on World Health Organization (WHO) guidelines. Ten soil samples were collected 

from agricultural fields, with an additional three taken from limestone-mining sites to 

compare heavy metal accumulation using opportunistic sampling techniques. Heavy metal 

concentrations in the limestone formation influenced the levels found in soil samples from 

MOS-01, MOS-02, MOS-03, MOS-04, MOS-06, MOS-09, MOS-10, MOS-11, MOS-12, 

and MOS-13. At MOS-05, MOS-07, and MOS-08 sampling sites, heavy metals in 

agricultural soil were impacted by concentrations from clastic rock formations. Mining 

activities and agricultural fertilizers collectively influenced heavy metal content in 

agricultural soil at MOS-01, MOS-02, and MOS-10 sampling sites. Meanwhile, 

agricultural fertilizers alone impacted heavy metal concentrations at MOS-03, MOS-04, 

MOS-05, MOS-06, MOS-07, MOS-08, and MOS-09 sampling sites. Several sampling 

locations showed heavy metal concentrations that exceeded WHO standards, particularly 

Zn at all sites except MOS-09 and MOS-13, and Cu at all sites except MOS-10 and MOS-

13. These findings highlight significant environmental concerns and underscore the urgent 

need for mitigation strategies to safeguard agricultural productivity and human health in 

the affected areas.  

Keywords: Soil pollution; agriculture; heavy metals; limestone mining 

 

1. Introduction 

Environmental contamination due to the direct disposal of heavy metals has become 

a serious issue in recent years (Tarawneh et al., 2021; Fang et al., 2022). Since various 

forms and amounts of heavy metals can be found in soil, it is important to monitor their 
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levels. The types, concentrations, and relationships of heavy metals in soil have been 

investigated through field sampling and indoor chemical analysis techniques (Fu et al., 

2019). Heavy metal accumulation is often associated with mining activities (Agarin et al., 

2021; Senoro et al., 2023). A study by Nolos et al. (2022) revealed that the high 

concentration of heavy metals in the soil of an island province in the Philippines was 

attributed to nearby mine sites. A significant amount of waste material rich in metals is 

generated during mineral exploration. These materials remain in the environment and 

pose a threat to human health, often leading to severe physical and chemical degradation 

of soils. Contamination with hazardous elements such as Cd, Pb, and Zn is a serious 

concern (Yang et al., 2009), as they can accumulate in soils and waterways, posing 

environmental and public health risks. According to Penido et al. (2019), high levels of 

heavy metals in soils can degrade the soil ecosystem, affecting parameters such as pH, 

electrical conductivity, soil mineralogy, cation exchange capacity, and microbial and 

biological activities. 

Gunungkidul is a regency in Daerah Istimewa Yogyakarta (DIY) Province, 

Indonesia. Located in the eastern part of the province, Gunungsewu Geopark is one of the 

oldest tropical karst landscapes, spanning over 120 kilometers and featuring diverse 

geographical features, from coastal areas to highland locales (Zamroni et al., 2022; 

Zamroni et al., 2023). Large-and-small-scale limestone-mining activities pose the greatest 

threat to preserving karst areas in this region, evident in the destruction of hillsides due to 

mining operations (Sari et al., 2020). The potential ecological hazards associated with 

heavy metal contamination from limestone-mining operations have been extensively 
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documented globally (Ali et al., 2022; Luo et al., 2021; Sarireh et al., 2021; Xie et al., 

2022). Following the mining and crushing of limestone, significant quantities of mine 

waste materials are dispersed near the mining sites (Mohd Isha et al., 2021). One of the 

most active limestone-mining areas is Semin District, Gunungkidul Regency, where 

sedimentary limestone mine wastes are prevalent. 

In agricultural areas, soil heavy metal pollution is increasingly becoming a serious 

environmental hazard. Over the past 50 years, more than 0.8 million tons of Pb and 0.03 

million tons of Cr have been released into the environment, primarily accumulating in 

soils and causing severe heavy metal contamination (Xiang et al., 2021). Due to their non-

biodegradable nature, toxic heavy metals pose a significant concern. Moreover, crops can 

absorb these elements, potentially affecting food safety and quality (Yaseen and Al-

Hawari, 2019). The persistence and toxicity of heavy metals make them particularly 

harmful. Soil acts as a reservoir for heavy metals through processes such as sorption, 

precipitation, and complexation. The accumulation of hazardous substances in agricultural 

soils, located close to human populations, is worrisome. Heavy metals can enter the 

human body through the food chain, inhalation, ingestion, and skin contact (Khudhur et 

al., 2018).  

In Indonesia, rice cultivation plays a crucial role in ensuring food security. To 

enhance soil quality, ensure the safety and quality of agricultural products, and safeguard 

human health, it is essential to establish a plan for controlling soil pollution (Kang et al., 

2020). This study follows up on research by Zamroni et al. (2022), which investigated the 

geochemical characteristics of surface water in the study area. According to Indonesian 



Article in Press: JJEES 16(2), June 2025. 
This article has been accepted for publication and will appear in the upcoming issue. The final 
published version will be available through the journal website after copyediting, typesetting and 
proofreading.  
 

government regulations, the quality of surface water in the research area was deemed 

suitable for irrigation. In this context, understanding the accumulation of soil heavy 

metals, including contamination levels and associated hazards in agricultural areas, is 

crucial. The present study aims to determine the concentrations of heavy metals (Pb, Zn, 

Cu, Cd, Mg, and Cr) in agricultural soils surrounding limestone-mining areas in 

Gunungkidul Regency. Additionally, it seeks to evaluate the extent of heavy metal 

pollution in agricultural soils in Gunungkidul Regency using guidelines established by the 

World Health Organization (WHO). 

 

2. Geology of the Study Area 

The study area is located within the Surakarta-Giritontro Quadrangle of Java's 

regional geological map (Figure 1). The predominant structural trends in the area are 

northeast-southwest and northwest-southeast (Sutarto et al., 2020). Several faults have 

been identified based on their northwest-southeast orientation, intersecting the Semilir 

Formation volcanic rock unit and the Wonosari Formation limestone unit. Recent studies 

have characterized these faults as thrust faults extending continuously to the southeast 

(Prasetyadi et al., 2011). The exposed formations in the study area, arranged from oldest 

to youngest, include the Mandalika Formation, Semilir Formation, Wonosari-Punung 

Formation, and Alluvium Formation (Surono et al., 1992). The Mandalika Formation, 

formed from late Oligocene to early Miocene magmatic activity, consists of tuff, basalt, 

andesite, and andesite breccias. Extensive areas are covered with breccia and lava 

deposits (Idrus et al., 2021; Susilo et al., 2021). The lithology of the Semilir Formation 
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comprises tufaceous sandstone, lapilli tuff, sandstone, tuff, claystone, siltstone, and shale. 

This formation, dating to the Early Miocene, was deposited by turbidite currents in a 

deepwater environment influenced by gravity flows (Rahmad et al., 2017). The 

abundance of tuff and pumice in the Semilir Formation suggests it was formed during a 

significant volcanic eruption (Ardine et al., 2022). The Wonosari-Punung Formation, 

described by Fawzy Ismullah M. and Altin Massinai (2018), includes limestone, 

conglomerate limestone, marble-tuff limestone, siltstone, tuff, and sandstone. The 

geochemical composition of the Wonosari-Punung limestones indicates influence from 

hydrothermal fluid activity, post-depositional diagenetic processes, and a minor 

contribution of terrigenous material (Atmoko et al., 2018). Lastly, the Alluvium 

Formation consists of clay, silt, sand, and gravel, formed along rivers due to denudation 

processes on steep and extremely steep terrain (Saputra et al., 2016). 
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Figure 1. Geological map of the study area (A) Mining location, and (B) Mining 

location and rice fields around the study site (Modified from Surono et al., 1992). 

 

3. Materials & Methods 

In July 2023 (dry season), sampling was conducted in Semin District, Gunungkidul 

Regency, Daerah Istimewa Yogyakarta Province, Indonesia (Figure 1). The study area is 

characterized by limestone mining activities where locals use rudimentary mining 

equipment. Mining operations have been ongoing in the area since the 1990s, covering 

approximately 1.5 square kilometers of land dedicated to limestone extraction. Sampling 

points in this study were categorized into two zones: agricultural fields and mining sites. 

Ten soil samples were collected from agricultural fields near the limestone mining area, 

while three samples were taken directly from the limestone mining site to compare levels 

of heavy metal accumulation. An opportunistic sampling approach was employed based 

on accessibility, with proper consent obtained from relevant authorities or property 

owners (Bora et al., 2023). At each sampling location, soil samples were collected from 

the top 0–50 cm layer and placed into brand-new plastic zipper bags. The samples were 

kept chilled before analysis (Prartono et al., 2016).  

Each sample's pH was measured using a pH meter. Concentrations of lead (Pb), zinc 

(Zn), copper (Cu), cadmium (Cd), magnesium (Mg), and chromium (Cr) were determined 

using an atomic absorption spectrophotometer (AAS) at the Balai Besar Teknik 

Kesehatan Lingkungan dan Pengendalian Penyakit (BBTKLPP), also known as the 

Center for Environmental Health and Disease Control Engineering, in Yogyakarta, 
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Indonesia. The analysis followed the US EPA SW-846 7000B method for flame atomic 

absorption spectroscopy, utilizing a Varian SpectraAA atomic absorption 

spectrophotometer (United States Environmental Protection Agency, 2007). The World 

Health Organization (WHO, 1996) has established maximum permissible levels for heavy 

metals in soil, as indicated in Table 1. To assess potential risks, a risk assessment was 

conducted by comparing the measured concentrations of heavy metals in the soil (mg/kg) 

with these maximum permissible limits. 

 

Table 1. The maximum permissible levels for heavy metals in soil (WHO, 1996) 

Element Maximum permissible levels in soil 

(mg/kg) 

Pb 85 

Zn 50 

Cu 36 

Cd 0.8 

Mg No guideline value set 

Cr 100 

 

4. Results and Discussion 

4.1 Possible Source of Heavy Metals Accumulation 

Table 2 presents the results of the analysis of heavy metal concentrations in 

agricultural soils within the study area. The elevation of each sampling site in the 



Article in Press: JJEES 16(2), June 2025. 
This article has been accepted for publication and will appear in the upcoming issue. The final 
published version will be available through the journal website after copyediting, typesetting and 
proofreading.  
 

limestone-mining region (MOS-11, MOS-12, and MOS-13) was determined using a 

Shuttle Radar Topography Mission (SRTM) image. Figure 2 shows the SRTM image of 

the study area, categorizing sampling sites into two groups based on elevation relative to 

the limestone-mining area: those with elevations lower than or equal to the mining area 

(MOS-01, MOS-02, and MOS-10), and those with elevations higher than the mining area 

(MOS-03, MOS-04, MOS-05, MOS-06, MOS-07, MOS-08, and MOS-09). The elevation 

plays a significant role in determining the origin of heavy metal pollution. Areas with 

elevations equal to or lower than the limestone-mining area are influenced by pollution 

originating from mining activities, geological conditions, and human activities such as the 

use of chemical fertilizers. Conversely, areas with elevations higher than the limestone-

mining area are primarily affected by geological factors and chemical fertilizers, without 

direct exposure to sediment from the mining area through rainwater runoff and airborne 

soil transport.  
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Figure 2. The Shuttle Radar Topography Mission (SRTM) of the study area. 

Table 2. Heavy metal concentrations in agricultural soils in the study area. 

Location 

Coordinate 

Land use 

type* 

pH 

Pb 

(mg/kg

) 

Zn  

(mg/kg

) 

Cu  

(mg/kg

) 

Cd  

(mg/kg

) 

Mg 

(mg/kg

) 

Cr 

(mg/kg

) 

Easting Northing 

MOS-01  

472173.00 9136244.00 

AA 6.62 <3.251 55.401 44.151 <0.848 4,826.8

7 

29.505 

MOS-02  

474077.00 9137311.00 

AA 6.48 <3.251 57.505 55.795 <0.848 5,703.4

5 

19.667 
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MOS-03 

477162.00 9136494.00 

AA 6.72 5.510 53.403 69.297 <0.848 2,002.6

2 

20.344 

MOS-04 

478016.00 9135375.00 

AA 6.67 <3.251 54.994 52.896 <0.848 2,813.7

7 

16.163 

MOS-05 

477325.00 9132905.00 

AA 5.26 <3.251 82.949 52.653 <0.848 2,588.7

7 

22.566 

MOS-06 

478332.00 9133172.00 

AA 5.5 3.373 55.238 54.184 <0.848 1,935.4

4 

14.547 

MOS-07 

476703.00 9133926.00 

AA 5.71 <3.251 52.208 50.489 <0.848 3,130.3

2 

9.668 

MOS-08 

475198.00 9133502.00 

AA 5.63 <3.251 68.501 60.865 <0.848 3,237.4

3 

7.635 

MOS-09 

472042.00 9133422.00 

AA 5.78 <3.251 43.077 39.132 <0.848 1,583.4

6 

11.730 

MOS-10 

473550.00 9135676.00 

AA 5.57 <3.251 59.788 33.455 <0.848 3,753.4

9 

13.598 

MOS-11 

473959.00 9135959.00 

MA 5.97 <3.251 73.265 110.23

8 

<0.848 4,103.3

0 

21.775 

MOS-12 474018.00 9136562.00 MA 6.54 <3.251 67.106 52.433 <0.848 397.67 21.577 

MOS-13 

474018.00 9136562.00 

MA 6.37 <3.251 42.662 32.257 <0.848 4,145.5

2 

18.105 

*AA: Agricultural Area, MA: Mining Area 
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4.2 The Relationship between pH and Heavy Metal Concentrations 

In the study area, the pH values range from 5.26 to 6.72. Typically, pH in limestone-

mining areas tends to be alkaline (Akande and Ifelola, 2011), but the measured values in 

this study are acidic to close to neutral. This acidity or near-neutrality is likely influenced 

by leaching processes involving other materials, including heavy metal concentrations in 

top soils and shales. Studies conducted across various contexts (agricultural, urban, and 

transitional land-use zones) have shown that heavy metals are more mobile in acidic soils 

compared to alkaline soils. The solubility of heavy metals decreases as pH increases, 

leading to more common heavy metal accumulation in alkaline environments. Conversely, 

heavy metal contamination can elevate soil pH levels (Kazlauskaitė-Jadzevičė et al., 

2014; Sintorini et al., 2021).  

In Microsoft Excel, a simple linear regression was performed to examine the 

relationship between pH and heavy metals (Zn, Mg, Cu, and Cr). Notably, Pb and Cd 

were excluded from the analysis as their values were below the detection limit. Figure 3 

displays the results of the regression analysis between pH and the aforementioned heavy 

metals. A negative correlation was observed between pH and the concentrations of Zn, 

Mg, Cu, and Cr, with corresponding R-squared (R²) values of 0.1327, 0.0179, 0.0021, and 

0.2465, respectively. While previous studies have often reported significant associations 

between pH and heavy metal levels in soils, the findings of this analysis suggest otherwise 

due to limited supporting data. The lack of a substantial relationship between pH and 
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heavy metals could be attributed to variations in pollution sources, soil types, and 

fertilizer applications across the sampled area (Ma et al., 2015).  

Higher pH values are typically observed in sampling sites near mining areas, likely 

influenced by contact with alkaline limestone and the accumulation of heavy metals from 

anthropogenic activities, thereby increasing heavy metal concentrations in soils. Alkaline 

soils also tend to contain clay minerals with high cation exchange capacity (CEC), 

enabling them to adsorb and retain metal ions, contributing to their accumulation in the 

soil (Anjolaiya, 2015). 

 

Figure 3. The regression analysis between pH and heavy metals; a) pH vs Zn, b) pH vs Mg, 

c) pH vs Cu, and d) pH vs Cr. 

4.3 Heavy Metal Concentrations in Agricultural Soils 
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In the geological setting of the study area, sampling sites are situated within two 

formations: the Wonosari-Punung Formation (MOS-01, MOS-02, MOS-03, MOS-04, 

MOS-06, MOS-09, MOS-10, MOS-12, and MOS-13) and the Semilir Formation (MOS-

05, MOS-07, and MOS-08). Given MOS-11's location in the Semilir Formation but near 

the Wonosari-Punung Formation, the assumption is that this specific location is 

considered part of the Wonosari-Punung Formation due to its association with soil 

sampling at a limestone mining site. The geological setting discussion focuses on the 

relationship between the lithology of these formations and the concentrations of heavy 

metals in the study area. The Wonosari-Punung Formation consists of limestone, 

conglomerate limestone, marble-tuff limestone, tuff, siltstone, and sandstone. On the other 

hand, the Semilir Formation is composed of tufaceous sandstone, lapilli tuff, sandstone, 

tuff, claystone, siltstone, and shale.  

The sampling sites MOS-01, MOS-02, MOS-03, MOS-04, MOS-06, MOS-09, MOS-

10, MOS-11, MOS-12, and MOS-13 are situated within the limestone formation, where 

weathering processes of the limestone lithology predominantly influence heavy metal 

concentrations. Regarding soil metals, Pb is known for its stability and low mobility in 

non-acidic soils (Elnazer et al., 2015). This stability is reflected in the consistently low Pb 

values observed across all sampling sites. In nature, Pb is commonly found in the form of 

galena, a compound containing sulfur. The paragenetic stages during formation influence 

the Pb isotope ratios found in galena, which typically reflect the original Pb isotope 

composition of hydrothermal fluids (Hu et al., 2022). In the parent limestones, Zn exists 

in three forms: Zn associated with pyrite and calcite sphalerite grains, Zn bound to 
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goethite within inherited phosphate nodules, and Zn attached to phyllosilicates. During 

pedogenesis (soil formation), processes such as eluviation, two stages of redox reactions, 

and carbonate dissolution contribute to the redistribution of Zn. The breakdown of 

carbonates in limestones releases Zn previously bound to calcite into the soil solution. As 

a result, Zn concentrations in soil often exceed those in the parent limestones due to 

residual enrichment (Laveuf et al., 2009). At most sampling sites, Zn concentrations are 

high; this enrichment contribution is likely attributed to hydrothermal inputs, which are 

considered the primary source of elevated Zn concentrations in limestone at these sites 

(Jacquat et al., 2011). The geochemical composition of the Wonosari-Punung limestones 

indicates that hydrothermal fluid activity, a minor contribution of terrigenous material, 

and post-depositional diagenetic processes played significant roles in the deposition of 

rare earth elements. Additionally, hydrothermal fluids have influenced the enrichment of 

Cr concentrations in this formation (Atmoko et al., 2018). The Wonosari-Punung 

Formation also contains mineralized porphyry with lower-grade Cu adjacent to ore-grade 

primary Cu within the limestone. During the Miocene epoch, numerous dioritic rocks 

intruded into the Wonosari-Punung Formation. This formation predominantly comprises 

Quaternary sediments and volcanic products from nearby active volcanoes (Idrus et al., 

2023).  

The concentrations of Cd in soils are primarily determined by factors such as soil 

type, geological age, rock type, and geomorphic characteristics. Specifically, in karst 

areas like the Wonosari-Punung Formation within the Wonosari karst, carbonatite 

weathering, and deposition processes contribute significantly to Cd concentrations (Zhao 
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et al., 2020). The Wonosari karst is a vital component of the Gunungsewu karst 

megasystem in Gunungkidul Regency (Damayantia et al., 2021). The levels of Mg 

observed can be attributed to the presence of high-Mg lava during the formation of 

limestones, rather than diagenesis processes (Cutillas-Barreiro et al., 2016). This is 

supported by the occurrence of volcanic rocks such as tuff, marble tuff, and conglomerate, 

which are in contact with limestone within the Wonosari-Punung Formation.  

The explanation above pertains to the heavy metals contained in the parent limestone. 

However, several sampling sites in the study area have heavy metal contents that exceed 

WHO standard limits (Table 1), specifically Zn at all sampling sites except MOS-09 and 

MOS-13, and Cu at all sampling sites except MOS-10 and MOS-13. This indicates that 

anthropogenic factors have contributed to the increase in heavy metal concentrations at 

those sampling sites. Natural weathering of parent materials contributes to the presence of 

heavy metals in soils, human activities have significantly augmented metal reservoirs in 

the soil system since the early 1900s. The intensity of human activity can disrupt the 

biogeochemical cycles of heavy metals in terrestrial ecosystems (Asih et al., 2022; Putra 

et al., 2023). Excavation activities in the limestone-mining disturb the natural soil layers, 

bringing heavy metals closer to the surface, particularly Zn and Cu, the soil surrounding 

limestone quarries often exhibits severe pollution levels (Mulwa et al., 2012; Wang et al., 

2021). Run-off from rainwater, erosion, and airborne transport contribute to spreading 

these contaminants, affecting nearby areas, especially those at or below the elevation of 

the limestone mining sites, such as MOS-01, MOS-02, and MOS-10. Agricultural 

activities, notably in rice fields within the study area, also contribute to the high 
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concentrations of heavy metals observed at various sampling sites, regardless of their 

elevation relative to the limestone mining areas. The primary sources of heavy metals in 

agriculture are fertilizers and pesticides. Both organic and inorganic fertilizers contribute 

to the accumulation of heavy metals in soil. Prolonged use of fertilizers increases the 

potential for accumulation of metals such as copper Cu, Zn, and Cd in agricultural soils. 

Synthetic magnesium sulfate, often used in fertilizers, contributes to the elevated Mg 

levels observed in the study area (Azzouzi et al., 2016). Inorganic fertilizers such as 

phosphate fertilizers, liming materials, and biofertilizers are major contributors to heavy 

metal release into agricultural soils, where they can be absorbed by plants and 

subsequently enter the food chain, affecting humans and animals (Alengebawy et al., 

2021).  

Compared to clastic rocks, soils derived from carbonate rocks exhibit significantly 

higher levels of heavy metals. This phenomenon can be attributed to several factors: the 

formation of clay minerals, high initial concentrations of heavy metals in carbonate rocks, 

and secondary enrichment processes during weathering and soil formation. Background 

concentrations of heavy metals in carbonate rocks often exceed crustal abundance 

estimates, particularly noticeable for Cd in limestone. As carbonate rocks weather, they 

release heavy metals into the soil, resulting in parent materials with higher concentrations 

of heavy metals than the original bedrock (Zhang et al., 2020). The accumulation of heavy 

metals in topsoils primarily depends on ongoing weathering of the soil's parent material, 

regardless of external inputs. However, sampling sites such as MOS-05, MOS-07, and 

MOS-08 also exhibit elevated heavy metal concentrations comparable to those found in 
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limestone formations. This indicates that high concentrations are not solely due to the 

weathering of clastic rocks in the Semilir Formation but are exacerbated by agricultural 

practices, particularly the use of fertilizers, at sites higher in elevation than the mining 

areas. Figure 4 illustrates a schematic representation of the study's findings. 

 

 

Figure 4. The sketch of heavy metal contamination in the agricultural soil in the 

study area (Icon made by www.flaticon.com). 

 

4.4 Comparison with Sediment Quality Standard 

The sediment quality standards in the study area are based on the maximum 

permissible levels of heavy metals in the soil as defined by the WHO (Table 1). According 

to the heavy metal concentrations observed in agricultural soils within the study area, 

several sampling sites have heavy metal contents that exceed WHO standard limits (Table 

1), specifically Zn at all sampling sites except MOS-09 and MOS-13, and Cu at all 

http://www.flaticon.com/
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sampling sites except MOS-10 and MOS-13. Zn plays crucial roles as a catalytic, 

structural, and regulatory cofactor in numerous enzyme processes in plants. It is essential 

for glucose metabolism, protein synthesis, and growth hormone production such as 

indoleacetic acid, maintaining cell membrane integrity. Plants experiencing acute Zn 

deficiency exhibit symptoms like stunted growth, leaf chlorosis, shortened internodes and 

petioles, and clustering of small, deformed leaves at the top (a typical dicotyledon rosette 

symptom). Even without apparent deficiency symptoms, moderately Zn-deficient soils can 

lower crop yields and quality (Montalvo et al., 2016). Water-soluble Zn in soils can 

contaminate groundwater, posing risks due to its accumulation in plants beyond their 

physiological needs. While Zn is essential, excessive amounts can be phytotoxic, adversely 

affecting crop yields and soil fertility. Soil concentrations of total Zn ranging from 70 to 

400 mg/kg are considered critical, with toxicity observed at higher levels. Excessive Zn 

can also pose health risks to humans, potentially causing poisoning (Bentum et al., 2011). 

Cu is another essential micronutrient for plants, but its excessive presence in soil can lead 

to detrimental effects. Cu toxicity disrupts cellular processes, causing protein denaturation 

and membrane damage in bacteria, and inhibits the growth and function of microbial 

communities, even at low concentrations like 1% CuO (Alengebawy et al., 2021). 

Additionally, Cu toxicity can affect gene expression, neuronal activity, and lipid 

metabolism, and potentially influence tumor cell resistance to chemotherapy (Cai et al., 

2019). Given these implications, the elevated concentrations of Zn and Cu highlight a 

significant environmental concern that necessitates mitigation strategies to prevent further 

contamination of agricultural soils and safeguard water sources used by the community.  
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Mitigation is key to addressing environmental issues caused by heavy metal 

contamination from mining activities and associated health risks linked to industrial 

expansion (Prasetya et al., 2021; Zamroni et al., 2020). Government regulators and mining 

companies must take decisive action. Strict enforcement of environmental regulations, 

particularly regarding waste discharge, and effective control of pollution sources are 

essential strategies to mitigate soil heavy metal pollution. Many small-scale mining 

operations significantly harm the environment due to inefficient mining practices and 

outdated technology. Therefore, supporting sustainable integrated approaches—such as 

legislation, education, and financial incentives for adopting appropriate pollution control 

technologies—is crucial for communities affected by small-scale mining. In Indonesia, the 

enforcement of environmental rules is often lax, leading to relatively low rates of 

environmental restoration, despite legal requirements for all mining companies to 

participate in such efforts. Furthermore, cleaning up heavy metal-contaminated soils is 

costly and technically challenging. Phytoremediation presents a more affordable and 

efficient alternative to soil replacement and leaching techniques. Instead of solely focusing 

on agriculture and forestry for economic gain, diversifying restoration efforts to include 

wildlife habitats and nurseries is essential. Priority should be given to controlling key 

pollutants that pose significant risks to human health. Special attention must also be paid to 

protecting vulnerable groups, particularly children living near mining areas. Specific 

measures, such as restricting outdoor activities, can help reduce soil ingestion rates among 

children in proximity to mining zones (Li et al., 2014; Rachmawati and Zamroni, 2020; 

Kurniati et al., 2023; Nolos et al., 2023). 
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5. Conclusions 

Heavy metal concentrations (Pb, Zn, Cu, Cd, Mg, and Cr) in the study area were 

influenced by geological factors and anthropogenic activities. Geological factors refer to 

the weathered rock lithology, the parent materials for agricultural soil, while anthropogenic 

activities are dominated by farm fertilizer and limestone mining. Heavy metal 

concentrations in the limestone formation influenced the heavy metal content in soil at 

sampling sites of MOS-01, MOS-02, MOS-03, MOS-04, MOS-06, MOS-09, MOS-10, 

MOS-11, MOS 12, and MOS-13. In contrast, heavy metal concentrations in the clastic 

rock formation influenced the heavy metal content in agricultural soil at MOS-05, MOS-

07, and MOS-08 sampling sites. Heavy metals from mining activities and agricultural 

fertilizers influenced the heavy metal content in agricultural soil at sampling sites of MOS-

01, MOS-02, and MOS-10, while the concentration of heavy metals at sampling sites of 

MOS-03, MOS-04, MOS-05, MOS06, MOS-07, MOS-08, and MOS-09 was only 

influenced by agricultural fertilizers. Several sampling sites have heavy metal contents that 

exceed WHO standard limits, specifically Zn at all sampling sites except MOS-09 and 

MOS-13, and Cu at all sampling sites except MOS-10 and MOS-13. Government 

authorities and mining firms must take significant action to address the heavy metal 

pollution caused by mining operations and the attendant health concerns connected with 

industrial development. 
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