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Abstract


This is a pioneering study on the main drainage system in Gujranwala District, where untreated mixed wastewater is discharged and subsequently used for vegetable irrigation, leading to potential health and environmental risks. This study seeks to develop the spatial pattern of toxic metal accumulation in soil across an 11 km stretch of land used for vegetable cultivation. By using 90 samples of mixed wastewater and sludge, as well as 10 quadruplicate samples of rhizospheric soils and crops from ten vegetable fields, it was observed that the concentrations of Cr, Cu, Cd, Zn, Fe, Pb, Mg, and Ni in cauliflower (Brassica oleracea var. botrytis L.), coriander (Coriandrum sativum L.), radish (Raphanus sativus L.), mustard (Brassica juncea L.), spinach (Spinacia oleracea L.), meadow clover (Trifolium sp. L.), sorghum (Sorghum bicolour L.), garlic (Allium sativum L.), brinjal (Solanum melongena L.), and mint (Mentha L.) were beyond the permissible limits set by the FAO/WHO, 2001. The declining trend of the toxic metal concentrations in the effluent was Mg > Cr > Ni > Zn > Pb > Cd > Cu > Fe, and in sludge, soil, and plants, it varied in the order of Mg > Fe > Cr > Ni > Zn > Pb > Cd > Cu. Radish, mint, and brinjal had the highest quantities of toxic metals. The spatial pattern of toxic metals was determined by using proximity interpolation, Inverse Distance Weighted (IDW), the fine tuning of the interpolation characteristics, and the kriging of selected sample variograms. Toxic metals were found in the following order: plants > soil > sludge > effluents. The most prevalent cause of metal pollution was soil irrigation with polluted water. This study provides crucial information about the extent of contamination, which could help in the identification of public health risk, the assessment of environmental impacts, and also sustainable water management.
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1. Introduction


Toxic metals are substantial and long-lasting pollutants, and their effect on the environment and nutrition is becoming a serious concern [1]. A “toxic metal” is any metallic element with a higher density that is toxic or hazardous even at trace levels [2,3]. Toxic metals become dangerous when their concentration exceeds a specific level; otherwise, they are harmless to plants and animals [4,5].



Soil is an essential component of the environment. It is threatened by anthropogenic sources such as commerce, agriculture, and rapid urbanization [6]. Toxic metal contamination is one of the most serious soil challenges, particularly for farm soils [7]. Toxic metals are naturally present in soils in low amounts and are considered important nutrients, but their intake and deposition have increased to dangerous levels in recent decades [8].



Along with irrigation, water affects various soil and crop growth characteristics, including soil properties, vegetation type, crop yields, water infiltration, and the physicochemical qualities of soil [9]. Poor farmers are encouraged to use sewage irrigation because of plants’ increased production and low costs [3]. Toxic metal concentrations in soil continue to increase due to constant effluent irrigation, posing long-term consequences [10]. Toxic metal concentrations are higher in vegetables cultivated in areas flooded by treated or untreated wastewater [11].



It is likely that when toxic metals, as inorganic contaminants, reach a particular threshold of concentration in soil, they harm humans, vegetation, and animals [12]. The allowed accumulation of toxic metals in agricultural soils is lower than in built areas/soils. The negative impacts of development are attributable to the unregulated and unjustified discharge of toxic metal pollutants, an alarming indicator for the ecosystem [13]. Toxic metals and other contaminants have their final destination in the soil. Toxic metals and pollutants are found in anthropogenic sources, automotive road emissions [14], industrial effluents, and wastewater sludge [15]. Home waste and untreated industrial water are primary sources of toxic metal contamination, including Cr, Cu, Ni, and Pb [15]. The most frequent causes of toxic metal concentration in the soil are sewage and municipal waste disposal [16].



To manage floods in the villages of Marali Wala, Chk Rajada, and Nowshera Virkan, Sem Nala was created in 1922 by the drainage department. It stretches 169,880 feet from Gujranwala, where it is 10 feet wide, to Qadir Abad Balloki Link, where it is 39 feet wide. As a result of increasing rapid industrialization and urbanization, a massive amount of untreated mixed sewage, including industrial and household effluent, is freely released into Sem Nala, and it is usual practice to use sewage water for crops and vegetable irrigation and production. It receives different kinds of industrial and municipal effluents from various businesses, including ghee and oil, tannery, chemical, paper, steel, and iron industries. Along its core, it also receives wastewater from several towns. Farmers use a tiny amount of water from Sem Nala to irrigate their vegetables and then sell the latter in the town’s several markets.



Traditional sampling methodologies and statistical approaches to assess toxic metal concentrations in soils throughout the region become intractable, requiring smart geographic information system (GIS)-based tools [17]. Furthermore, researchers discovered that multivariate analysis and GISs may be used to identify toxic metal hotspots in metropolitan areas [18]. As a result, determining the causes of such contaminants requires a site-specific evaluation of soils for toxic metals. Soil monitoring and mapping, both geographically and temporally, are valuable tools for accurately determining the status of soil toxic metals. Together, they form a geo-informational system that aids in environmental assessment and determining metal pollution zones [17,18]. Furthermore, this system reduces study expenses and pinpoints the origin of toxic metals [19]. In light of the risks that toxic metals bring to crops and the environment, an effort was made to assess toxic metals in irrigation water, topsoil, and popular crops in the chosen area, which is the first survey of this kind in this region.



The objective of this study was to use a geographic information system to investigate toxic metal content (effluent, soil, sludge, and plants) as well as spatial patterns in soils in the studied area. Moreover, it is claimed that the repeated dumping of large amounts of untreated mixed sewage, comprising effluent from local industries, into Gujranwala’s major drain (Sem Nala) has posed a significant threat to human and environmental health. This study gives us information about the level of pollution in the environment, which leads to the risk assessment of environmental and public health.




2. Materials and Methods


2.1. Geographical Position of the Project Site


The current study was conducted in the Sem Nala (Gujranwala Main Drain) neighbouring areas, which are positioned at latitudes varying from 32°5′31.506″ N to 32°02′00.8″ N and longitudes extending from 74°8′47.622″ E to 74°03′02.3″ E in Pakistan. The east and west margins of the Gujranwala Main Drain were primarily filled with crops, including some wild plants and animal fodder in the chosen sampling location. As indicated in Figure 1, small and medium-sized enterprises, including paper and pulp, leather tanning, textiles, chemicals, metal casting, food, and beverages, operate along the bank of the main drain, causing most of the pollution.



Apart from biodegradable and non-toxic trash, the rest are highly toxic compounds and municipal solid waste, trash, and industry effluents that carry toxic metals and considerable amounts of organic matter into the main drainage. No adequately treated irrigation system is available at the chosen location; thus, the only option is to use the severely polluted main drain water as the sole irrigation source. The selected section of the main drain has an upstream-to-downstream stream pattern.




2.2. Sampling Strategy


The wastewater and sludge samples were gathered at 111.4 km from 6 inches just below Sem Nala’s centre, and a total of 90 triplicated samples were obtained in the pre-cleaned marked plastic containers, stored at 4 °C in an icebox and transported to the lab for further examination.



Using an auger, quadruplicated soil samples from the rhizosphere of every 10 vegetables (0–15 cm) were obtained along and away from the Sem Nala, providing 24 samples per vegetable field. The soil texture ranged from sandy to clayey loam, with good drainage. Samples (500 g each) were collected in plastic bags and transported to the lab for testing.



They quadruplicated soil samples from distinct rhizospheres of 10 crops fields including spinach (Spinacia oleracea L.), cauliflower (Brassica oleracea var. botrytis L.), radish (Raphanus sativus L.), Garlic (Allium sativum L.), coriander (Coriander sativum L.), mustard (Brassica juncea L.), meadow clover (Trifolium sp. L.), sorghum (Sorghum bicolour L.), brinjal (Solanum melongena L.), and mint (Mentha L.). Hand-picked quadruplicated plant samples from 10 fields were collected, packaged in plastic bags, and transported to the lab.




2.3. Physicochemical Analyses of Water, Sludge, and Soil


A waterproof electrical microprocessor of a pre-calibrated meter (WTW Series InoLab, Berlin, Germany) was used to assess conductivity, temperature, and total dissolved solids (TDS). At the same time, pH was evaluated using an impervious electrical microprocessor of a pre-calibrated pH meter (WTW Series InoLab, Berlin, Germany). Total solids (TS), total suspended solids (TSS), organic matter (OM), and total organic carbon (TOC) were evaluated using the Walkey [20] technique [21]. The chemical oxygen demand (COD) was determined by the method of Greenberg [22], biological oxygen demand (BOD) was determined by the method given by Clesceri [22], and total Kjeldahl’s nitrogen was determined by Jackson [23]. The anions were determined using the titrimetric method Saeed gave [24].



Air-dried soil and sludge samples were pounded into a powder form with a pestle and mortar and then sieved through a 1 mm sieve. The saturation extract for the samples was obtained using Rhoades methods [25]. It was used to determine conductivity, temperature, and total dissolved solids using a waterproof electrical microprocessor of a pre-calibrated meter (WTW Series InoLab, Berlin, Germany). At the same time, pH was assessed using a waterproof electrical microprocessor of a pre-calibrated pH meter. Saeed’s titrimetric approach [24] was used to determine the anions. In a muffle furnace, the organic matter % was determined using the loss on ignition method [26]. Total solids, total suspended solids, and organic matter were all determined using Estefan’s method [21].




2.4. Spectroscopic Analysis of Samples


According to Greenberg’s approach [22], the soil was acid-digested using a mixture of HNO3 and HClO4 (1:4) to determine metals. The Cd, Cr, Cu, Mg, Fe, Ni, Zn, and Pb were determined, using standard solutions of known concentration, by an atomic absorption spectrophotometer (Model: PFP7 and PFP7/C JENWAY, GBC Scientific Equipment, Australia) that was calibrated for each metal. The dilution factor was multiplied by the value of AAS.



The edible parts of each vegetable were first air-dried, then heated, and then ground in an electric crusher. Each plant was acid-digested using the Greenberg method [22] of mixing 1 g powdered material with HNO3 and HClO4 (1:4).




2.5. Transfer Factor


The transfer factor can be calculated by dividing the concentration of heavy metals in vegetables by Khan’s total heavy metal concentration in the soil [27].


  T F =    C o n c . i n   p l a n t s   C o n c . i n   s o i l     












2.6. Statistical Analyses


The data were analyzed using SPSS (Statistical Package for Social Sciences) (version 16.0 Chicago, IL, USA) software for descriptive statistics to determine whether there were significant differences in toxic metal concentrations in crops, soil, sludge, and untreated sewage. The statistical significance of the results for physicochemical parameters and elemental levels was checked using the mean, standard error (S.E.), and DMRT (Duncan’s multiple range test) 16 tests.





3. Results and Discussion


It has become a general practice to discharge highly polluted residential and industrial waste to water reservoirs without any treatment [28]. This practice is unhygienic for humans and the flora and fauna of that area because wastewater has been proven to be a significant pollution component in the water and food resources [29]. According to a report provided by PCRWR, Gujranwala is one of the top six areas of Pakistan that are highly vulnerable to toxic metal pollution in the soil.



In the present study, the soil, sludge, effluents, and vegetation samples were taken and analyzed from the Nala Sem, Gujranwala. Different samples were analyzed for their physico-chemical properties and toxic metal content. The metals analyzed were Cr, Cu, Ni, Zn, Pb, Mg, Fe, and Cd, and their accumulation was observed in the investigated samples. The results agreed with the results provided by Kalsoom et al. [30]



3.1. Physicochemical Properties of Effluents


The different physicochemical parameters were analyzed for all the experimental samples. For the irrigation water, the permissible pH limit ranges from 6.0 to 9.0, but in the observed wastewater, the value was slightly high (9.32 ± 0.04), as similar results are reported by Singh et al. [31] and Chaoua et al. [32]. The results also agree with the results presented by Hassan et al. [33], which report that pH values (6.2–9.0) close to the WHO 2003 standards, which range between 6.5 and 9.20, are harmless (Table 1).



Electrical conductivity above the permissible limit, i.e., 2.5 dScm−1, was observed, indicating the water salinity presence of metal pollutants such as sodium, chlorides, or sulfate [34]. The results are supported by the studies of Kalsoom et al. [30] and Khalid et al. [35], as they have studied the effects of the accumulation of metals on the physico-chemical properties of the medium, which is found to exceed the tolerable range set by FAO.



The COD and BOD values were recorded to be 189.9 ± 1.65 and 158.11 ± 0.56, respectively, at E50 (maximum discharge point at Nala Sem), which is above the permissible limit as provided by Eremektar et al. [36]. The results agree with the results provided by Noreen et al. [37], who proved that COD and BOD values have a strong relationship with cytotoxicity causing harmful effects (Table 1).



TDS, NaCl, TKN, and Cl− values showed significant variation within the permissible limits provided by PEQS standards (1 ppm-TDS, 1%-NaCl, 30 mgL−1-TKN, 250 mgL−1-Cl−) throughout the range of water samples taken along the Nala. The observed carbonate values remained below 500 mgL−1, following Mohsin et al. [38]. The present study agrees with Hassan et al. [33] and Khalid et al. [35], who recorded TDS, Cl− and bicarbonate values within the desirable range according to WHO/FAO. Another piece of evidence for the current study is provided by Khalid et al. [35], who prove that an increase in the TDS leads to a rise in bicarbonates at different sites.




3.2. Physico-Chemical Properties of Soil and Sludge


The observed soil and sludge samples recorded a pH value of 9.72 ± 0.013 and 9.72 ± 0.013, respectively, above the desirable range. Nutrient availability is directly controlled by the soil pH (FAO, 2003). High pH causes metal precipitation in soil and their absorption [39,40], leading to more metal accumulation in soil.



A high value of EC was observed in the observed samples, which enhances the metal solubility in the soil and increases its availability to the plants [32]. Similarly, 2.86% more organic matter was accumulated in the soil (Table 1). In the current study, the observed value of organic matter is 24.17%, and TOC is 14.30%, which is relatively higher than that of values reported by Kalsoom et al. [30].



The results of the current study are consistent with the studies of Karaca [41] and Gupta and Sinha [42], who stated that soil irrigated with wastewater is high in organic matter content, which in turn enhances the nutrient recycling in the soil and the high activity of biological organisms. High biological activity increases the carbon content, leading to increased toxic metal uptake from soil to plant [32]. High organic content is also responsible for the high CEC, enhanced buffer capacity of soil, and better characteristics [43].



The Total Kjeldahl’s Nitrogen was recorded in the soil samples as 24.17 ± 0.86. FAO shows poor soil with an N content of less than 0.1%. The maximum nitrogen content has been reported by Kalsoom et al. [30]. Different above-mentioned soil parameters agree with the results recorded by Singh et al. [44] and Kalsoom et al. [30], who proved that an enhancement in the soil metal content causes an increase in the physico-chemical parameters, i.e., pH, EC, and CEC as per described in the current study.




3.3. Toxic Metals in Samples


Toxic metals seriously threaten living organisms because of their biodegradability and accumulative nature [45,46]. Their major source in the soil is irrigated wastewater, increasing their concentration in the soil tremendously. In a study by Kalsoom et al. [30], the concentration of toxic metals was recorded to be beyond the permissible limits set by WHO (2008) in the soils of Gujranwala.



The present study indicated that the continuous application of irrigated wastewater in the study area led to an increased accumulation of toxic metals in the soil and the edible parts of vegetables. The metal quantities also depicted temporal and spatial variations, which can be attributed to their variable source. Results showed that the order of toxic metal accumulation in different sampling units showed the following trend: Plants > Soil > Sludge > Effluent. Shafiq et al. [47] observed a similar Cr absorption trend from irrigation water to contaminated soil to the vegetables in the agricultural land near the industrial area.



3.3.1. Toxic Metals in Effluents


In the given survey, the following metal trend was recorded: Mg > Cr > Ni > Zn > Pb > Cd > Cu > Fe (Table 2). High Cr concentration was recorded near the tannery industry, situated along the banks of the Nala Sem, which agrees with the results reported by Bhuiyan et al. [48] and Islam et al. [49]. The Cd (26.7 mgkg−1) and Ni (42.60 mgkg−1) concentrations were higher than the mean values given by Zia et al. [50], and for Cu, Fe, and Zn, the mean values were reported by Khan et al. [51]. An increase in the Pb concentration might be because of the multiple discharges from the different industries across the city [52]. All the metals were found to be far from more than the permissible limits.




3.3.2. Toxic Metals in Sludge


The Cr, Cu, Zn, and Pb in sludge were in the desirable ranges, i.e., 85.9, 20.77, 65.13 and 43.7 (mgkg−1) given by NESREA (National Environmental Standards and Regulations Enforcement Agency, 2007), EU. However, Ni (75.52 mgkg−1) and Cd (28.77 mgkg−1) concentrations are above the permissible limits, i.e., 50 and 3 (mgkg−1) (Table 2).




3.3.3. Toxic Metals in Soil


Increased toxic metal concentration in the soil was due to wastewater irrigation, leading to the high metal concentration in the plants [32]. In the soil samples, the toxic metal trend was Mg > Fe > Cr > Ni > Zn > Pb > Cd > Cu (Table 3), which agrees with Khan et al. [51].



The observed data are also supported by Khan et al. [51], Zia et al. [50], and Kalsoom et al. [30]. Elevated levels of Fe (462.8 mgkg−1) in the soil can indicate that wastewater regularly flows for crop irrigation in Nala Sem [53]. Increased concentrations of Mg were also observed in the soil, as studied by Casado-Vela et al. [54] and Gasco and Lobo [55]. According to them, regular wastewater application to the soil can enhance soil fertility by increasing soil macronutrients such as Mg and K.



The Cr concentration was recorded below the permissible limits, i.e., 84.9 6 mgkg−1. The highest Cr concentration was recorded by Kalsoom et al. [30] in the irrigated lands of Gujranwala, i.e., Cr (683 mgkg−1). Cr is toxic only at elevated levels [56,57]. WHO’s recommended limit for Cr is 100 mgkg−1. Elevated levels of chromium in soil can be attributed to industrial and tannery discharge as chromate and dichromate ions [49].



Ni concentration (74.60 mgkg−1) in the soil samples was above the permissible limits, i.e., 35 mgkg−1. In Pakistan, the highest concentration of soil accumulated Ni is observed in Gujranwala, and the lowest was observed in Lahore by Kalsoom et al. [30]. Elevated levels of Ni may cause weight loss and some heart and liver disorders [57]. It is not only hazardous to humans, but its high long-term use via pesticide application can also cause its accumulation in the topsoil [58].



Cd concentration (48.02 mgkg−1) was recorded to be higher than the mean concentration (3.44 mgkg−1) provided by Kalsoom et al. [30]. Cd is harmful because it causes deleterious effects even at low concentrations by causing hyperactivity in the pupils [57,59]. However, the Pb concentration (67.35 mgkg−1) was lower than the mean values (300 mgkg−1) from WHO, 2003. It can enter the body by consuming contaminated food, reaching almost 655 ppb. Uptake of Pb-contaminated water can also cause a 20% accumulation of Pb in the blood, which leads to anaemia and nervous disorders [57,60].



Zn (49.75 mgkg−1) was also recorded within permissible limits (200 mgkg−1). An increase in the soil salinity and calcium carbonates can enhance the Zn accumulation in soil, as described by Sharma et al. [61].



The main reservoirs for Zn in the soil are industrial discharge, liquid manure, and agrochemicals [62]. Copper has gained much attention among toxic metals because of its effects on the biota. Industrial and sewage wastewater used for irrigation is a significant cause of its accumulation in water [49].



In the study area, Cu concentration was 14.67 mgkg−1, higher than the mean values of Cu (13.7 mgkg−1) recorded by Khan et al. [51] at Gujranwala. According to WHO, the observed values are within the tolerable range (100 mgkg−1). Gujranwala and Gujrat districts also demonstrated high values of Cd, Cr, Ni, and Pb in a study conducted by Zia et al. [50], causing a severe risk to the harvest of Zn- and Cu-rich vegetables from wastewater-irrigated soil in the two districts. Soils irrigated by the wastewater attain alkalinity, and their pH ranges up to 9.72. The high pH helps the chelation, precipitation, and ion pairing of metal ions, hindering the release of metal ions from soil [63]. However, high alkalinity enhances the Ca and Mg release from the soil surface [64].




3.3.4. Toxic Metals in Plants


It was suggested by the present study and previous researchers in the southeastern regions, i.e., Pakistan, India, and China [63,64,65,66,67], that the plants grown in the wastewater-irrigated soil were polluted with toxic metals, causing serious health problems. Consumption of accumulated food crops can cause nervous, skeletal, digestive, and myocardial infections [68].



The toxic metal contents of the irrigated wastewater grown in the Gujranwala district have been determined (Table 4). The measured values were compared with the international standards set by the FAO/WHO (2007, 2003) joint commission in 2001 and 2007. Generally, the wastewater-irrigated soil shows a change in the soil’s physico-chemical properties, which causes an elevation in the soil’s toxic metal content. Irrigation water is the main route for toxic metals to enter the edible portion of plants [69,70]. The spatial distribution maps are designed to show the distribution of toxic metal contamination with different colours.



The plants showed a mean value of 219.07 mgkg−1 for zinc. The present study agrees with results from Sarwar et al. [71] and Haroon et al. [72]. The mean value for copper was 40.01 mgkg−1, which agrees with the study of Sundstrom et al. [73]. Haroon et al. [72] state that if Cu leaching occurs from cooking utensils, the observed values are within WHO ranges, i.e., 73.3 mgkg−1. Iron concentration (271.78 mgkg−1) was higher than the mean value (188 mgkg−1) described by Haroon et al. [72]. However, it was far below the permissible limits of the WHO, i.e., 425 mgkg−1, which agrees with the results of Ali and Al-Qahtani [74]. The maximum values of Zn were found in coriander and spinach [Figure 2C,J], while Fe content was higher in meadow clover and mustard [Figure 2E,G].



Ni content was recorded above the mean concentrations in the plant samples, i.e., 216.78 mgkg−1, which was also studied by Haroon et al. [72], i.e., 6.08 mgkg−1. Industries (cooking oil, kitchen and batteries) that directly discharge their Ni-contaminated effluents into the open drains for irrigation are the main sources of pollution. The recorded values are higher than the permissible limits of WHO and agree with the Rao et al. [75] study. The highest concentration of Ni was observed in cauliflower, as shown in Figure 2B. The mean value of Cr was 2.66 mgkg−1, more than the value recorded by Haroon et al. [72], which in turn exceeds the permissible limits of WHO, i.e., 2.3 mgkg−1.



The reservoirs of Cr in the wastewater are different, such as those in the leather, cutlery, metal scraps, and textile industries, and the results are consistent with the details provided by Lian et al. [70]. The maximum concentration of Cr was found in brinjal, mint, and radish, as shown in Figure 2A,F,H. Dey et al. [76] showed that Cr elevation causes a decrease in plant growth.



Pb concentration was recorded to be 174.53 mgkg−1. The recorded values were far above the FAO (2007)/WHO (2003) standards (85 mgkg−1), and the results are from the study by Lian et al. [70]. Its sources are metal scrapping units and textile industries. The mean value of Cd was 315.26 mgkg−1, which was far above the permissible limits of WHO. The values are higher than those reported by Rao et al. [75] and Haroon et al. [72]. Its main sources are metal scrapping units and the textile industry’s open drains. Garlic has the highest concentration of Pb in comparison to other vegetables [Figure 2D], while sorghum has the highest Cd content [Figure 2I].





3.4. Metal Biomagnifications


In the current study, the bioavailability of the metals was enhanced with the continuous exposure of soil to metals. The decomposition of the organic matter is expected to release the free metal ions in the soil, which are taken up by the plant tissues. As Ingwersen and Streck [77] provided, the elevated uptake of toxic metals such as Cr might be due to the high soil organic matter content and the regular application of irrigated wastewater. It was also reported by Rashid et al. [78] that continuous application of toxic metals to the subsurface leads to the accumulation of metals in soil, which further percolates in vegetables.



Metal biomagnification was evaluated to explore the metal values in water, soil, and sludge and their increasing or decreasing trend in their respective substrates, plus their accumulation in the plants with the enhanced irrigation of wastewater (Figure 3). It is confirmed by various studies that as the wastewater application for irrigation purposes increases, the metal content in the edible parts of the exposed plants also increases [42]. It has also been reported by Bareen and Tahira [79] that an increase in the soil metal concentration directly enhances the metal accumulation in plants.




3.5. Bioaccumulation


It has been proven that toxic elements, including toxic metals, cause serious damage to flora and fauna, even at low concentrations. Their phytotoxicity leads to slow and stunted plant growth [65,67]. The concentration of the different toxic metals in a plant relative to the concentration in the soil is known as the transfer factor (TF). It is based on the type of the plant and the soil property. If the transfer factor is low, it indicates that metal is less available to the plant, but if it is high, it indicates less retention in the soil and more accumulation in the plant [40,80,81].



The bioaccumulation of metals in the plants was found to be parallel with the results of different investigations [52,65,79,82] that are related to different areas of Pakistan, such as Sialkot, Gujranwala, Peshawar, and Swat. Jan et al. [82] and Mahmood and Malik [52] have found the transfer factor of metals (Mn, Pb, Cd, Cr) greater than one in food crops cultivated on soil irrigated by wastewater.



In the current study, the food chain transfer of the metals was recorded to be beyond the permissible limits because of the regular release of contaminated wastewater into the fertile soil (Figure 4). This study predicts a considerable risk of toxic metal contamination at the top of the food chain, particularly among children and adolescents who eat diet crops cultivated in wastewater-irrigated soils. A metal transfer factor from soil to plants and human ingestion of crops can be evaluated to assess possible metal biomagnifications in people. A vertical profile of the sludge beds in the drain can be conducted based on the history of the Nala Sem to determine the risk of toxic metal pollution of groundwater.





4. Conclusions


Expelling effluents with toxic metal concentrations surpassing the allowed limits poses a major risk to the food chain’s elements. The spatial pattern of toxic metal contamination in the research region revealed a trend line of fluctuation from the source (untreated mixed effluent) to the ultimate environmental sink, i.e., soil that receives effluent regularly. The buildup of toxic metals in the leafy and root vegetables was far beyond the permissible limits of human and animal consumption. The uptake and accumulation of toxic metals in the vegetable fields is proportional to the spatial pollution load in the vegetable fields, with the highest concentrations in the soil closest to the Sem Nala and the lowest concentrations in the soils farthest from the Sem Nala.



However, it can be proved significantly useful in detecting health risks to the local people. The impacts of metal stress on the environment can be assessed. Additionally, further study can help us in the sustainable management of water.
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Figure 1. (a) Map of Sem Nala Gujranwala, showing sampling points. (b) Satellite image of sampling site with geospatial distribution of collected samples. 
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Figure 2. Geospatial plot for (A) brinjal, (B) cauliflower, (C) coriander, (D) garlic, (E) meadow clover, (F) mint, (G) mustard, (H) radish, (I) sorghum and (J) spinach showing the prevalence of selected toxic metals through colour variations along and away from the Nala Sem. 
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Figure 3. Comparison of biomagnification of 8 metals including Cr, Cu, Ni, Zn, Cd, Pb, Mg, and Fe (mgkg−1) among effluents, sludge, soil, and plant samples collected near Nala Sem. 
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Figure 4. Graph showing a comparison of the bioaccumulation factor (BAF) of metals in plant samples. 
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Table 1. Physico-chemical parameters of effluents, soil, and sludge near Nala Sem.
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	Parameters
	Effluents
	Soil
	Sludge
	LSD at p = 0.05





	pH
	9.32 a

±0.04
	9.72 a

±0.013
	9.26 a

±0.04
	1.2



	Temperature (°C)
	14.9 a

±0.014
	20.2 ab

±0.04
	22.93 b

±0.08
	3.5



	NaCl (%)
	1.16 a

±0.013
	0.07 ab

±0.03
	0.82 b

±0.28
	1.02



	TDS (ppm)
	2.26 a

±0.003
	59.17 b

±0.065
	52.923 b

±0.06
	5.6



	EC/ECe (dScm−1)
	164.3 b

±1.01
	95.069 a

±1.72
	390.93 c

±0.27
	7.9



	Cl− (mgL−1)
	120.72

±1.04
	N/P
	N/P
	-



	CO3−2 (mgL−1)
	N/D
	N/D
	N/D
	-



	HCO3− (mgL−1)
	4.07 a

±0.56
	0.065 c

±0.005
	0.25 b

±0.004
	2.7



	BOD (mgL−1)
	158.11

±0.56
	N/P
	N/P
	-



	COD (mgL−1)
	189.9

±1.65
	N/P
	N/P
	-



	TKN (mgL−1)
	5.74 a

±0.29
	2.017 b

±0.02
	2.53 b

±0.001
	2.4



	OM (%)
	21.34 a

±0.45
	24.17 a

±0.86
	32.62 b

±0.06
	3.3



	TOC (%)
	12.37 a

±0.2
	14.30 ab

±0.5
	18.9 b

±0.03
	4.6



	TS (mgL−1)
	75.27 a

±0.75
	130.7 b

±0.89
	148.4 c

±0.22
	5.4



	TSS (mgL−1)
	73.01 a

±0.02
	71.6 a

±0.89
	95.4 b

±0.19
	3.9







SE (±): standard error, LSD0.05: least significant difference at p = 0.05. The same letters along the rows indicate significant differences between treatments using Duncan’s Multiple Range Test (DMRT). N/D: not detected, N/P: not performed, NaCl: sodium chloride, TDS: total dissolved solids, EC/ECe: electrical conductivity, Cl−: chlorides, CO32 and HCO3−1: carbonates and bicarbonates, BOD: biological oxygen demand, COD: chemical oxygen demand, TKN: total Kjeldahl’s nitrogen, OM: organic matter, TOC: total organic carbon, TS: total solids, TSS, total suspended solids, %: percentage, mgL−1: milligram per litre.













 





Table 2. The table shows the trend in the elemental contents of effluents and sludge collected from Nala Sem, Gujranwala.
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	Content of Toxic Metals (mgkg−1)
	Effluents
	Sludge
	LSD at p = 0.05





	Cr
	82.6 a

±3.37
	85.9 a

±2.86
	1.05



	Cu
	19.8 a

±1.1
	20.77 a

±0.45
	1.35



	Ni
	42.60 a

±2.7
	75.52 b

±1.14
	3.1



	Zn
	47.7 a

±1.91
	65.13 b

±1.81
	3.6



	Cd
	26.7 a

±2.27
	28.77 a

±1.51
	1.04



	Pb
	34.1 a

±1.6
	43.7 a

±1.72
	2.1



	Mg
	292.8 a

±2.04
	331.9 a

±2.47
	3.2



	Fe
	19.15 a

±1.09
	281.07 b

±3.06
	5.5







The same letters along the rows indicate significant differences between treatments using Duncan’s Multiple Range Test (DMRT), ± indicates Standard Error (SE), LSD: Least Significant Difference (p = 0.05).













 





Table 3. The table shows the trend in the elemental contents of 10 soil samples collected from the Nala Sem, Gujranwala.
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	Toxic Metals

(mgkg−1)
	S1B1
	S1P1
	S1Sa1
	S1G1
	S1D1
	S1L1
	S1Mo1
	S1Po1
	S1St1
	S1Sp1
	LSD at p = 0.05





	Cr
	37.38 a

±8.8
	83.07 c

±15.4
	84.96 c

±17.6
	39.99 a

±12.3
	31.16 a

±7.3
	52.02 ab

±6.7
	53.51 ab

±8.5
	18.79 a

±5.3
	30.28 a

±5.8
	66.48 b

±6.4
	2.1



	Cu
	8.50 a

±2.7
	12.86 ab

±3.9
	10.83 a

±3.1
	12.31 ab

±3.5
	12.87 ab

±3.7
	14.67 b

±4.3
	12.11 a

±3.9
	12.74 a

±3.5
	14.13 b

±4.5
	12.34 a

±3.49
	3.61



	Ni
	64.79 b

±6.2
	43.45 a

±5.7
	48.08 ab

±4.6
	41 a

±3.9
	60.65 b

±4.8
	66.48 b

±4.8
	74.60 c

±6.04
	67.71 bc

±6.3
	62.80 b

±5.42
	39.74 a

±5.3
	5.12



	Zn
	34.46 a

±3.2
	41.74 a

±4.9
	45.07 a

±6.2
	41.63 a

±6.5
	40.27 a

±6.8
	49.75 b

±5.7
	45.66 a

±6.18
	40.41 a

±7.1
	48.67 ab

±5.93
	45.18 a

±6.4
	1.3



	Cd
	48.02ba

±4.2
	38.61 a

±5.2
	34.72 a

±4.6
	36.07 a

±5.6
	30.72 a

±5.3
	21.44 a

±3.1
	17.63 a

±5.25
	24.55 a

±4.2
	32.27 a

±4.8
	29.33 a

±3.8
	3.4



	Pb
	24.68 ab

±4.7
	33.14 b

±3.7
	44.25 a

±5.1
	30.08 b

±5.08
	39.50 bc

±4.6
	12.88 a

±3.7
	32.63 b

±4.10
	40.52 bc

±5.02
	38.67 b

±6.2
	67.35 c

±4.9
	3.31



	Mg
	200.37 a

±11.8
	384.7 b

±9.1
	379.4 b

±8.7
	369.4 b

±8.8
	367.9 b

±8.7
	379.2 b

±9.5
	300.9 b

±9.6
	290.9 ab

±11.30
	374.4 b

±9.13
	316 b

±7.3
	5.1



	Fe
	18.51 a

±2.9
	410.1 c

±3.5
	17.4 a

±3.1
	246.9 b

±3.2
	403.8 c

±9.03
	462.8 c

±8.5
	20.9 a

±2.4
	110.1 ab

±4.14
	18.47 a

±2.9
	434.9 c

±8.05
	6.8







S1B1, S1P1, S1Sa1, S1G1, S1D1, S1L1, S1Mo1, S1Po1, S1St1 and S1Sp1 indicates the soil of brinjal (Solanum melongena L.), spinach (Spinacia oleracea L.), mustard (Brassica juncea L.), cauliflower (Brassica oleracea var. botrytis L.), coriander (Coriandrum sativum L.), garlic (Allium sativum L.), radish (Raphanus sativus L.), mint (Mentha L.), meadow clover (Trifolium sp. L.), and sorghum (Sorghum bicolour L.), respectively, ± indicates Standard Error (SE), LSD = Least Significant Difference (p = 0.05). The same letters along the rows indicate significant differences between treatments using Duncan’s Multiple Range Test (DMRT).













 





Table 4. Table showing the trend in the elemental contents of 10 plant samples collected from the Nala Sem, Gujranwala.
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	Toxic Metals (mgkg−1)
	P1B1
	P1P1
	P1Sa1
	P1G1
	P1D1
	P1L1
	P1Mo1
	P1Po1
	P1St1
	P1Sp1





	Cr
	188.0 b

±11.4
	107.35 b

±21.1
	166.18 b

±18.1
	197.06 b

±10.3
	72.53 a

±9.9
	263.05 bc

±10.1
	507.89 c

±14.1
	127.78 b

±7.6
	160.85 b

±10.1
	147.26 b

±11.4



	Cu
	23.72 a

±6.3
	32.91 a

±7.13
	27.33 a

±8.01
	40.01 b

±6.4
	35.92 ab

±7.85
	28.88 a

±7.79
	27.36 a

±6.1
	24.82 a

±6.9
	32.48 ab

±7.44
	25.24 a

±7.13



	Ni
	205.20 ab

±7.1
	119 a

±7.10
	216.78 b

±7.8
	156.79 a

±5.01
	147.88 a

±6.82
	171.33 a

±7.84
	175.11 a

±6.98
	200.63 ab

±9.2
	194.32 a

±9.04
	152.49 a

±7.63



	Zn
	191.74 a

±2.5
	149.31 a

±6.9
	168.95 a

±5.07
	179.18 a

±1.95
	139.89 a

±1.04
	155.97 a

±1.16
	172.24 a

±4.01
	119.81 a

±0.33
	219.07 b

±1.36
	165.72 a

±2.17



	Cd
	207.30 bc

±5.9
	24.95 a

±6.16
	74.11 ab

±4.83
	25.09 a

±6.15
	87.65 b

±5.67
	87.92 b

±6.2
	27.34 a

±5.85
	42.01 a

±6.2
	30.86 a

±5.3
	315.26 c

±5.4



	Pb
	98.88 a

±8.8
	86.75 a

±10.7
	174.53 b

±10.2
	80.24 a

±6.8
	74.11 a

±7.1
	85.65 a

±8.6
	121.02 ab

±10.4
	125.55 a

±9.58
	53.93 a

±8.07
	56.82 a

±7.77



	Mg
	867.9 cd

±11.5
	834.9 c

±12.9
	900.9 d

±4.14
	847.5 c

±10.15
	74.11 a

±7.1
	579.2 c

±9.2
	310.5 b

±7.6
	798 bc

±7.1
	845.5 cd

±7.24
	483 b

±4.74



	Fe
	104.7 a

±4.8
	143.5 a

±5.73
	141.2 a

±7.82
	271.2 b

±10.8
	151.5 ab

±6.96
	171.6 b

±6.79
	69.3 c

±5.57
	209.6 b

±3.32
	231.6 b

±6.15
	211.5 b

±7.0







P1B1, P1P1, P1Sa1, P1G1, P1D1, P1L1, P1Mo1, P1Po1, P1St1 and P1Sp1 indicate the samples of plants brinjal (Solanum melongena L.), spinach (Spinacia oleracea L.), mustard (Brassica juncea L.), cauliflower (Brassica oleracea var. botrytis L.), coriander (Coriandrum sativum L.), garlic (Allium sativum L.), radish (Raphanus sativus L.), mint (Mentha L.), meadow clover (Trifolium sp. L.), and sorghum (Sorghum bicolour L.), respectively. ± indicates Standard Error (SE), LSD = Least Significant Difference (p = 0.05). Same letters along the rows indicate significant differences between treatments using Duncan’s Multiple Range Test (DMRT).
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