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[bookmark: _Toc100324342]ABSTRACT
In Kabwe, contamination resulting from lead (Pb), Zinc (Zn) and Cadmium (Cd) has led to high concentration of the heavy metals in the soils. These contaminations cause a serious threat to the food chain, mostly through the uptake of these metals by crops such as maize. This study was conducted to assess the effect of phosphate and manure amendments on (1) the immobilization of Pb, Zn and Cd in soils and (2), accumulation of the three heavy metals (HMs) in different maize parts. A randomised complete block design was established where with the following treatments: chicken manure (CM), bio-fertilizer (BF), ammonium nitrate (AN), triple super phosphate (TSP) and the control (CT). The treatments were replicated 4 times. Maize was grown to maturity and the HM concentrations were analysed in roots, stems and grain. The results indicated that TSP was the most effective amendment for immobilization of Pb by 36 %, while CM had the highest potential of reducing the bioavailability of Zn by 19 %, and BF was effective at Cd immobilization in the soil by 4 %. The amendments had different effect on the uptake of HMs in different parts of maize. In the roots, TSP and AN were effective in reducing the concentration of Pb, Zn and Cd, respectively. The amendments that were effective in reducing the concentration of Pb and Zn in the stover were CM; the reduction was 80 % for Pb and 38 % for Zn. Furthermore, for Cd reduction in the stover, BF was the most effective amendment by 61 % compared to the CT. Both the concentration of Pb and Cd in the maize grain was reduced by BF, while CM reduced the concentration of Zn in the grain. BF was the most effective amendment in reducing the concentration of Zn in the grain. Therefore, the people of Kabwe can be advised to use CM or BF amendments in their gardens or fields to reduce the bioavailability of these HMs in the soil, hence reduce the concentration in the crops.
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[bookmark: _Toc100324349]1.1 Background 
Kabwe has a long history of lead (Pb) and zinc (Zn) mining from (1902-1994). It has been ranked as the most polluted town in Africa and the 4th most polluted town in the world (Mulenga, 2006). The time mining  activities were taking place,  pollution controls were not put in place by the Zambia Consolidated Copper Mines (ZCCM) (Yabe et al., 2013; Mulenga, 2006). Most of the mining activities that took place in the 1900s is of great concern because the wastes were not deposited meticulously hence causing an ecological concern and heavy metal (HM) uptake by the crops that are grown in these contaminated areas (Cobb et al., 2000). These HMs in the soil also occur because of different anthropogenic practices (Mahar et al., 2015). These practices are unsustainable and increase HM accumulation in the soil leads to compromise of the food chain. Heavy metals (Pb, Zn and Cd) have a density of greater than 4.5 g/cm3, while the density of water is 0.998 g/cm3 (Chopra et al., 2018). This leads to HMs sinking in ground water or adhere to soil colloids. The consequence is contamination both to the ground water and the crops grown in such soils. The HMs in the soil can occur as dissolved or exchangeable elements, this entails that, they are available for plant uptake and can cause contamination in the plants. They also occur as soluble or insoluble precipitates in the soil, soluble form is available for plant uptake while insoluble form will be available for plants in the long term (Chopra et al., 2018)
When the soils are contaminated with HMs, the consequence is poor plant growth and certain plants that do not tolerate high amounts of HMs can eventually die. High accumulation of HMs in crops grown in contaminated soil is of great concern. The health risks with consuming crops with high HMs concentration are; anaemia, fatigue, gastrointestinal problems and anoxia (Jiwan and Singh, 2014). According to Jiwan and Singh (2014), HMs can also cause difficulties in pregnancy, high blood pressure, muscle and joint pain, damage  to  the  gastrointestinal tract (GIT) and urinary tract which leads to blood in urine, neurological  disorder  and  can  cause  severe  and permanent  brain  damage (Yabe et al., 2013). According to Chopra et al., (2018) HMs in the soils are non-biodegradable and can be found in forms such as dissolved, exchangeable, structural components of the lattices of soil minerals and as insoluble precipitates with other soil components. Plants take up HMs from the soil passively as they take up the nutrient elements that are required for plant growth, for instance, nitrogen, phosphorus, and potassium. The HMs are then translocated into the roots and eventually into the above ground biomass (Cobb et al., 2000).
When these HMs accumulate in the crops, they compromise the food chain and affect every consumer, animals and human beings at large (Murtaza et al., 2016; Long et al., 2003). The concentration of HMs is high in leaf vegetables, tubers and last in fruit vegetables, it was also indicated that Zn content is higher in tubers as compared to Cd and Pb. Studies established that Pb and Cd were higher in leaf vegetables (Chang et al., 2014).  Heavy metals such as Cd were found to accumulate more in leaf vegetables as opposed to Pb and Zn (Chang et al., 2014). Therefore, this calls for the need for stabilization of HMs so that crops can be safely grown in the contaminated areas without the risk of being taken up. The HMs are taken up by crops through the roots, only in their bioavailable forms. The major form in which Pb, Zn and Cd are taken up is Pb2+, Cd2+ and Zn2+ respectively. When phosphate and manure amendments are applied to HM contaminated soils, the HMs are converted to non-bioavailable forms such as Pb2+ to Pb5 (PO4)3 X, where X= (F, Cl, Br, OH) (Chopra et al., 2018), Zn2+ to ZnPO4 and Cd2+ to Cd3(PO4)2 (Dong et al., 2007). According to Du et al., (2009) stabilization is the best remediation technology for HMs in the soil. 
These amendments can be applied in- situ (Kříbek et al., 2019) hence promoting plant growth and improving the economic value of the degraded soils and other soil physical and chemical properties that might have been lost through HM contamination. The amendments also form stable minerals with heavy metals in the soil that are not easily leached through to drainage water or through erosion (Branzini and Zubillaga, 2012).  These amendments will form stable metal phosphates compounds with the HMs and these compounds have a very low solubility even when the pH is increased (Mahar et al., 2015).
According to Brown, (2002) the use of TSP mixed with MnO2 reduced the concentration of Pb, Zn and Cd in cabbage (Beta vulgaris) grown in contaminated soils. The HMs in the soil were converted into non-bioavailable forms and Pb formed pyromorphite (Pb5 (PO4)3Cl) (Putwattana et al., 2015). This means that TSP can be used as a soil amendment in HM contaminated soils and vegetables and other crops can be grown in contaminated soil because Pb and Cd is converted to insoluble minerals (Kříbek et al., 2019). These results were however conducted carried as a pot experiment, hence there is need to conduct carry a field experiment to understand if stabilization of HMs in the soil can work on long term basis (Kříbek et al., 2019). According to Branzini and Zubillaga (2012), soil that was amended with OM converted some of the HM into non-bioavailable forms, this also supports the theory that OM plays a significant role in converting HMs to non-bioavailable forms. Furthermore, Zn and Cd have a higher mobility rate in the soil. This poses as a risk in that, Zn is among the 13 essential elements required for plant growth, this means that it is easily taken up by plants (Branzini and Zubillaga, 2012). According to Kříbek et al., (2019), biochar mixed with TSP immobilised Cd and Pb by about 50 % whereas when OM alone was added, it only immobilised HMs slightly. The OM improves the soil structure, water holding capacity and microbial activities in the soil.
The problem of HMs in Kabwe is a serious concern, the plants that are grown there take up HMs and cause serious effects to the health of humans and decrease the effect of essential elements in the body causing retardation in growth, malnutrition, and disabilities related to it, gastrointestinal cancer rates (Jiwan and Singh, 2014). According to Bose-O’Reilly et al., (2018), the soils near the former Pb mine are contaminated and the values were as follows: Kasanda (3008 mg/kg), Makandanyama (1613 mg/ kg), Chowa (1233 mg/kg), Mutwe Wansofu (1148 mg/kg), Makululu (870 mg/kg) and Luangwa (507 mg/kg) were recorded, these were more than the recommended of 0.2 mg/kg.
Studies have been done on the effect of soil amendment on HMs uptake in the soil (Branzini and Zubillaga 2012; Kříbek et al., 2019). In Kabwe, there is very little information on field experiments on the effect of phosphate and manure amendments in the maize grown in the contaminated areas. 
This study involved a field experiment where maize was grown in the HM contaminated soils in Kabwe. The concentration of Pb, Zn and Cd in the soil was beyond the minimum requirement for agricultural soils. This raises a concern, hence forth need to amend these soils so that HM free crop is grown in the area. Due to high demand of land in Zambia, it is essential to carry out these activities to stabilize the HMs in the soil for yield maximization. This study involved the understanding of which amendment would effectively reduce the uptake of HMs in the soils so that appropriate recommendations can be made.
[bookmark: _Toc100324350]1.2 Objectives of this study
The main objective of the study was to assess the effect of phosphate and manure amendment on reducing the risk of Pb, Zn and Cd contamination in the maize grown in contaminated soils in Kabwe. The specific objectives were (i) to determine the bioavailability of HMs (Pb, Zn and Cd) in the soil due to addition of different soil amendments and (ii) to determine the concentration of HMs in the roots, stover and grain of maize grown in contaminated soils in Kabwe.
The hypotheses of the study were:
[bookmark: _Toc100324351]1.2.1 Null hypothesis
There is no significant difference in reducing the bioavailability of HMs (Pb, Zn and Cd) using the selected soil amendments.
There is no significant difference in reducing the concentration of HM uptake in different parts of maize (roots, stover and grain) using the selected soil amendments.
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[bookmark: _Toc100324354]2.1 Heavy metal contamination in Kabwe
Kabwe, the provincial capital of Zambia’s central province has a long history of lead (Pb) and zinc (Zn) mining from (1902-1994). Areas closer to the former Pb mine have higher HM contamination as opposed to those far away, Pb and Zn concentration observed more in the southern side of the mine as opposed to the northern side (Tembo et al., 2006). According to Mulenga (2006), the winds in Kabwe are usually easterly wind, this causes more contamination to the eastern part of the mine due wind erosion. When these mining activities were taking place, Cd was a by-product, the fumes that were emitted from the smelters polluted the environment and the surrounding areas (Mulenga, 2006; Yabe et al., 2013).
Apart from mining activities, HMs can enter the soil through human activities such as; application of pesticides, fertilizers, sewage irrigation, incineration of wastes, car exhaust fumes and sewage sludge  (Sabir et al., 2015). However, HM occurrence in the soil can lead to plant uptake. This can cause serious effects to the health of humans and also decrease the effect of essential elements in the body causing retardation in growth, malnutrition, and other disabilities (Jiwan and Singh, 2014). These HMs can inhibit microorganisms in the soil, microbes have to adapt to living in HM contaminated soil which causes a reduction in their population and slowing the process of organic matter decomposition in the soil (Jiwan and Singh, 2014). According to Bech et al., (2012), the uptake of HMs is influenced by soil pH. Acid soils cause HMs to be in their bioavailable forms as opposed to near neutral to alkaline soils. The concentration of HMs in the soils in Kabwe for both residential areas and those closer to the mine are higher than the recommended levels by the WHO (World Health Organisation) (Mulenga, 2006).
[bookmark: _Toc100324355]2.2 Lead, Zinc and Cadmium in Kabwe
[bookmark: _Toc100324356]2.2.1 Lead (Pb)
Lead is one of the highest soil contaminants in Kabwe, it occurs naturally in the earth’s crust; its presence in the soils is on average 16 µg/g; however it can range from 2-200 µg/g (Ma et al., 1995). The most stable and insoluble forms of Pb in the soil is compounds of phosphate, these compounds can form when Pb reacts with Phosphate mineral, this makes Pb to be non-bioavailable to the plants (Ma et al., 1995). When the levels of Pb are higher in the soil, they cause the soil to be less productive because they affect a lot of plant processes such as photosynthesis, mitosis, and water absorption. The crops that are grown in Kabwe are contaminated by HMs; the HMs can accumulate in these crops, (Jiwan and Singh, 2014).  According to Akenga et al., (2017), the concentration of Pb and Cd in maize grain in HM contaminated soils was beyond the FAO/WHO recommendation of 0.2 mg/kg.  according to Małkowski et al., (2002) Pb accumulated more in the roots than other parts of maize.
In human beings, especially children aged between 2-8years who reside in areas surrounding the former Pb mine were tested for blood Pb levels in their blood. The results showed that about 50 % of the children had Pb blood Pb levels higher than 10 μg/dL which is the recommended Pb blood Pb level, while 26.5% of the children exceeded 65 μg/dL Pb which means they were more likely to suffer from Pb poisoning (Bose-O’Reilly et al., 2018). The Pb blood Pb levels of children in Kabwe is about 5-10 times more than the maximum recommended levels, the internationally accepted Pb level is about 10 µg/dl (Mbewe et al., 2015: Bello et al., 2016).  According to Carrington (2017), Pb blood levels more than 150 μg/dl can cause intoxication and eventually results to death. Therefore, the children in Kabwe are at high risk of Pb intoxication. Studies by Mbewe et al., (2015) concluded that the Pb blood Pb levels in the children in Kabwe exceeded the recommended level and on average range from 60 and 120 μg/dL. High levels of Pb can also lead to reduced IQ in children leading to lower performances in academics (Yabe et al., 2013; Bello et al., 2016). The children of Kabwe near the former Pb mine showed over 45 μg/dL Pb in their blood, this can cause brain, liver and hearing damage, some of the children had Pb blood levels over 150 μg/dL, this can lead to intoxication and eventually death (Carrington, 2017).
Finally, Pb accumulate in the animals domesticated in contaminated soils in Kabwe, (Yabe et al., 2013). Studies reviewed high levels of Pb in the liver and kidneys of cattle from farms in Kabwe, however, this showed variation in the levels of contamination because of the different distances from one farm to the former Pb mine (Yabe et al., 2013). According to Yabe et al., (2013), Pb accumulation in the liver, kidneys, and lungs of backyard chickens was 1.40 mg/kg which exceeded the maximum level of Pb concentration (0.5mg/kg) for human consumption (Yabe et al., 2013). The results for (Yabe et al., 2013) showed the highest record of toxic metal contamination in offal and muscle of free-range chickens that are reared near the former Pb mine in Kabwe. The people of Kabwe are at risk of contamination through the consumption of free-range chickens, especially those that are closer to the former Pb mine.
[bookmark: _Toc100324357]2.2.2 Zinc (Zn)
Zinc (Zn) is a mineral that is important to the body in many ways, it keeps the immune system strong, it is important for functions such as cognition and vision, helps heal wounds, and supports normal growth (Nriagu et al., 2007). It is among the 13 essential elements required for plant growth, although it is an essential element, it is also a micronutrient. The  maximum tolerable limit of Zn in food stuff, according to (Putwattana et al., 2015) is 50 mgkg−1. According to Tica et al., (2011) when Zn is available in the soil, the soil has the capacity to achieve equilibrium on its own, however, when the Zn concentrations are very high as  in the Kabwe soil, equilibrium is disturbed thereby causing contamination to the ground water and the environment. In Kabwe, there is higher concentration of Zn toxicants in the soil, the crops grown accumulate higher concentration of the toxicants into their tissues and hence affects the consumers (Long et al., 2003). According to Boawn and Rasmussen (1971), excess Zn in the soil resulted in to toxicity leading to poor growth in Onions, spinach, potatoes, and cotton and this was mostly observed in acid soils. Furthermore, (Boawn and Rasmussen, 1971) observed that when Zn was artificially applied to the soil, it supressed the uptake of P and hence the crops showed deficiency in P.
The form in which Zn is taken up in the soil is Zn 2+, therefore, when Zn2+ is taken in higher amounts, it affects biological processes in plants and animal  (Long et al., 2003). The maximum level of Zn in crops should be 20 mg/kg for human consumption (Long et al., 2003). When maize is grown in Zn contaminated soil, Zn accumulates in the maize crop (Tica et al., 2011). Similarly, Murtaza et al., (2016) showed that Zn accumulation in maize (Zea may) was higher in the grains, this is because Zn is transported into the cytoplasm and then into the above ground and is required for metabolic processes in the shoot system. Degryse, (2014) observed that Zn adsorption increases with increase in soil pH. The presence of soil organic matter (SOM) increases the solubility of Zn in the soil; this causes Zn to be taken up by the plants that are grown in Zn contaminated soils and has high SOM content (Degryse, 2014). The deficiencies or excess Zn in humans can be seen by side effects such as: vomiting, diarrhoea, liver and kidney problems (Nriagu et al., 2007).
The signs and symptoms of Zn toxicity in humans include; vomiting, diarrhoea, liver failure, kidney failure and anaemia. According to (Sagardoy and Morales, 2009) excess Zn in the soil reduce plant growth and can lead to different kind of diseases. Studies showed that Zn can destroy the cells of humans and cause damage to the DNA and other damages, inhaling of Zn was observed to cause pulmonary impairment (Sahu et al., 2013).
[bookmark: _Toc100324358]2.2.3 Cadmium (Cd)
Cadmium (Cd) is a by-product of Zn production and once absorbed can accumulate in the human body. It has a higher mobility rate compared to the other HMs; its availability in the plant can also be governed by the pH. Soil pH influences Cd uptake in the soil, pH of 5.0 and below, Cd accumulation is higher in the soil as compared to pH of 5.5 (Dong et al., 2007). Due to its high mobility in the soil, Cd is more toxic, it adheres less to soil colloids than Pb and other HMs (Jiwan & Singh, 2014; Saadani et al., 2016). Similarly, Sahu et al., (2013) indicated that Cd adsorb differently to the soil depending on the soil type. In soils that have high content of SOM, Cd is adsorbed on the carboxyl and phenolic groups forming chelates however, in field experiments, it is not easy to convert Cd to non-bioavailable form because of its higher mobility rate in the soil except in the presence of anions such S2−, OH −, CO32−, and (PO4)3−  (Saadani et al., 2016). When Cd is adsorbed to the soil colloidal surfaces, it is usually adsorbed in the diffuse electrical double layer, however, the other Cd undergoes ion exchange with other cations in the soil solution and this can easily be leached and taken up by plants, these reactions can decrease the surface charge and increase the point of zero charge (PZC).  Microorganisms cannot degrade Cd in the soil; thus it can exist in the same environment for a very long time (Mahar et al., 2015). 
Cadmium toxicity in plants results in stunted growth and chlorosis which may be due to Fe deficiency (Das et al., 1998). When Cd interacts with Fe, it suppresses Fe uptake by the plants and it also induces Chlorosis in corn because the ratio of Zn: Fe also changes (Das et al., 1998; Lane et al., 2015) Synergism exist between Cd and Zn when the levels of Cd are lower, while when the levels of Cd increase, there is an antagonistic effect (Khalid et al., 2017). The presence of Cd also reduces the uptake of plant nutrient elements in the soil, hence it affects a lot of plant processes and also find itself into the food chain, Cd critical limit in vegetables is 0.05 mg/kg dry weight (DW) and the critical limit in cereal grains is 0.20 mg/kg DW according FAO/WHO (Murtaza et al., 2016). The higher mobility of Cd in the soil makes it very mobile in the plant once taken up, this compromises the food chain (Dong et al., 2007). Heavy metals in the soil can compete with each other, for instance Cd and Zn are both from group 2 of the periodic table, and hence they have many physical and chemical similarities (Das et al., 1998; Lane et al., 2015). However, Cd is a toxic metal while Zn is an essential element for plant growth, Cd is absorbed passively and translocated freely (Lane et al., 2015). According to Murtaza et al., 2016), Cd has a high affinity for the roots due to metal binding functional groups. Studies on strawberry and barley grown under low pH showed higher uptake of Cd as opposed to that grown under high pH which had very minimal levels of Cd uptake, this means application of lime reduces the solubility of HM ions in soils and application of phosphate can also increase soil P and convert Cd to Cd3 (PO4)2 which is not plant-available (Dong et al., 2007).
Cadmium is not only toxic to plants, it is toxic to animals as well and most living things found in the contaminated areas. Lane et al., (2015) reviewed that Cd toxicity can occur due to ruminants grazing in Cd contaminated areas and that it results in growth retardation and reduced milk production. Cadmium can only occur in muscles of ruminants after very high doses, this is because studies have shown that even after applying higher doses of Cd artificially, there were no traces of it in the muscles of ruminants (Lane et al., 2015). 
[bookmark: _Toc100324359]2.3 Soil Remediation Technologies of heavy metal contamination
Soil remediation of soils contaminated by heavy metals or other pollutants can be achieved by removing and converting them into less harmful products. There are different types of remediation technologies that exist; these can be divided into two categories: ex-situ remediation treatment and In-situ remediation treatment.
[bookmark: _Toc100324360]2.3.1 In-situ treatment
In situ treatment of contaminated soils is one of the most effective methods of treating HM contaminated soils. This is where the HM contaminated soils are treated from the site (Derakhshan et al., 2018). In-situ treatment can be divided into two categories: biological/chemical treatment methods and solidification/stabilization treatment methods. 
2.3.1.1 Biological remediation/phytoremediation
Biological remediation (bio-remediation), also known as Bioremediation, is a process of utilizing naturally occurring microorganism such as bacteria, fungi, and yeast to degrade hazardous substances into nontoxic. Bio-remediation is a process of decontaminating soil or water by using plants to absorb or break down pollutants. Bio-remediation takes a longer period of time to remove HMs than most of the remedies used for the removal of HM from contaminated soils/water (Derakhshan et al., 2018). Microorganisms such as Saccharomyces Cerevisae are tolerant to Cd than Pb, hence can be used as bioremediation of Cd (Damodaran, 2011). Furthermore, Kumar and Tiwari (2019), reviewed that microorganisms especially fungi can convert HMs or toxic substances into substances that can be degraded. In other instances, toxic compounds can be converted to a nontoxic compound by the use of microorganisms, these non-toxic compounds can include the formation of Pb pyromorphites (Derakhshan et al., 2018).
Phytoremediation is a process of decontaminating soil or water by using plants to absorb or break down pollutants. Phytoremediation takes a longer period of time to remove HMs than most of the remedies used for the removal of HM from contaminated soils/water (Derakhshan et al., 2018). When using phytoremediation as means to remove HMs from the soil, it is better to use indigenous plants as opposed to exotic plants, this is because the indigenous plants are more adapted to the environment and can thrive as opposed to the introduced plants (Čudić et al., 2016). Studies reviewed that rape (Brassica Napus) that was grown in HM contaminated soil had Cd levels that were 6-16 times higher than that grown under non-contaminated soils, Pb concentration was also high while Zn didn't show a significant difference (Park et al., 2012). Lemon grass (Cymbopogon citratus)can be planted in areas that are contaminated with HMs and then take up the HMs from the soil to the plant (Gautam et al., 2017), these lemon grass can then be harvested and exterminated. Similarly, (Derakhshan et al., 2018), phytoremediation using Tithonia diversifolia and Helianthus annuus, the results showed that these plants were more effective at phytoremediation when they were a few weeks old as opposed to when they grew to full size. Phytoremediation using Vetiveria zizanioides (vetiver grass)  was indicated by (Suelee et al., 2017) the results showed that  the longer the roots grew, the more effective it was at phytoremediation of HM from contaminated areas. Furthermore, (Derakhshan et al., 2018) reviewed that annually about 250 mg/kg of HM can be removed from the soil using Tithonia diversifolia and Helianthus annuus, because these plants extract about 21 mg/kg every 4 weeks. Phytoremediation has been questioned, however because the disposal of the plants used can be difficult to dump because HMs cannot be degraded by microorganisms. Studies by (Čudić et al., 2016) about 30 % of HMs were found in the ashes of the plants that were used for phytoremediation. Phytoremediation is normally divided into phytostabilization and phytoextraction.
Phytostabilization 
Phytostabilization, also known as phytoimmobilization, is the process through which the mobility of HMs in the soil is reduced, this can be achieved by decreasing wind-blown dust, minimizing soil erosion, and reducing contaminant solubility or bioavailability to the food chain (Galal et al., 2017; Stradic et al., 2018). Similarly, Saadani et al., (2016), legumes such as Cajanus cajan (pigeon pea) after being inoculated with bacteria (Pseudomonas fluorescens, Pseudomonas putida or Bacillus cereus) results indicated that pigeon pea had higher concentration of HMs in the roots as opposed to the above ground biomass. That said, bacteria can hence be used for phytostabilization of HMs in the soils, however for the case of Cd, the concentration increased after inoculation, this can be due to the fact that Cd is mobile in the soil hence it is difficult to convert into non bioavailable form (Saadani et al., 2016)  Phytostabilization of HMs was done in grass using Vossia cuspidata with high, over 100 mg/Kg, accumulation in the below ground biomass as opposed to the above ground biomass (Saadani et al., 2016). However, accumulation of other HMs such as Cd, Zn, Pb, and Mn was dependent upon the season when the grass was harvested (Galal et al., 2017).
Phytoextraction
Phytoextraction is a process in which plants remove dangerous elements or compounds from soil or water, most usually heavy metals (Dary et al., 2010).  These plants which extract heavy metals should be able to grow faster and can then be harvested and deposed somewhere else or processed (Sabir et al., 2015). Dary et al., (2010); Sabir et al., (2015) studied phytoextraction of HMs using Lupinus luteus (L. luteus) and reviewed that it was effective for use as phytoextraction especially when it was inoculated with Brady Rhizobium. Some plants are used for phytoextraction because they are able to accumulate HMs in its vacuole due to their genetic arrangement that tolerates HMs. When a plant that is not suitable for Phytoextraction is planted in a contaminated area, it will try to fight the contamination by developing certain mechanisms that can’t allow HMs to enter through the root membrane, for instance by releasing exudates to the roots (Sabir et al., 2015).
The heavy metals that plants extract are toxic to the plants as well, and the plants used for phytoextraction are known as hyperaccumulators (Sabir et al., 2015). Phytoextraction can also be performed by plants that uptake lower levels of pollutants, but due to their high growth rate and biomass production, may remove a considerable number of contaminants from the soil (Sabir et al., 2015). 
2.3.1.2 Chemical remediation
Inorganic amendments (chemical immobilisation) are a promising technique and have been used to reduce metal mobility and toxicity in soils. These amendments involve the addition of chemicals and mineralogical materials to the contaminated soils and can reduce contamination through sorption, precipitation and complexation processes (Paltseva, 2018). Chemical remediation includes:
Leaching of heavy metals 
The leaching of soils contaminated with HMs using acids such as phosphoric acid, sulphuric acid, hydrochloric acid (HCL) nitric acid, hydrogen fluoride can be done and studies reviewed that leaching the soil with phosphoric acids can be a promising strategy to leach HMs (Yao et al., 2012), almost all the HMs were leached out of the soil. According to Qi et al., (2018), soil leaching can be done using ethylene diamine tetraacetic acid (EDTA), however, these chemicals that are mostly used for soil washing can also cause contamination to the soil because most of them are toxic and are non-biodegradable. According to Qi et al., (2018) the concentration of Cd and Pb reduced after washing the soils with Broth fermentation HMs can be washed with acid and chelating agents to remove them from the soil, however, when these chemicals are used, they change the properties of the soil. Furthermore, EDTA has shown to be non-biodegradable (Yao et al., 2012). The use of calcium chloride (CaCl2) and iron (III) chloride (FeCl3) for remediation of Cd contaminated soils had no negative effect on the crop that were grown while the use of HCL to wash the contaminated soil changed a lot of soil characteristics such as the pH of the soil and the electrical conductivity (Yao et al., 2012). On the other hand, FeCl3 successfully removed Cd from the soil and it reduced the pH but increased the value of the EC to that more than the thresh hold for saline soils (Yao et al., 2012). 
Immobilization
Immobilization can also be categorized as Solidification/Stabilization. According to Chen et al., (2007), different types of soil amendments can be applied to HM contaminated soils so as to immobilize the HMs, these amendments include: application of biochar, OM, phosphate, manure and compost. The application of Phosphate amendments can not only be used to stabilize Pb in the soil but can also be used to stabilize other HMs such as (Zn, Cd, Cr, Cu etc.) (Chen et al., 2007) Even though the application of P amendments has been used widely to immobilize Pb, there is no clear explanation to show how it reacts when there is more than one type of HM in the soil. Different type of soil amendments was used, triple super phosphate (TSP), di-ammonium phosphate (DAP), phosphate rock (PR) these consisted of Ca10(PO4)6F2 (Chen et al., 2007). These amendments had no Pb or Zn in them, however, for PR; it contained some detectable Cd of about 0.11 mgkg-1. The results showed a significant reduction in concentrations in all the treatments, except DAP because the DAP treatment reduced the soil pH thereby causing the HMs available for plant uptake. Studies by (Cao et al., 2008) Stabilization is widely used because it is easier to implement, and low costs are required. Heavy metals can be left on site and treated in a way that reduces or eliminates their ability to adversely affect human health and the environment this process is called stabilization (Derakhshan et al., 2018). Stabilization of heavy metals on site has many advantages over excavation. One way of stabilizing heavy metals consists of adding chemicals to the soil that cause the formation of minerals that contain the heavy metals in a form that is not easily absorbed by plants, animals, or people. This process does not disrupt the environment or generate hazardous wastes. Instead, the HM combines with the added chemical to create a less toxic compound. The HM remains in the soil, but in a form that is much less harmful (Galal et al., 2017). The Chemical reactions that occur between the phosphate amendment Pb form a mineral called lead pyromorphite (Liu et al., 2007). Lead pyromorphite and similar minerals called heavy metal phosphates are extremely insoluble, this suggests that, the new minerals cannot dissolve easily in water (Lambert and Leven, 1997).  The benefits are that the HMs cannot easily spread or pollute ground water; hence they will not be taken up by plants and animals compromising the food chain (Dong et al., 2007). Organic amendments and inorganic amendments can be applied to contaminated soils to reduce HM availability. The organic amendments include, manure, compost, Biochar, alfalfa meal, bat guano and the inorganic amendments include apatite, gypsum, lime, calcium carbonate (Paltseva et al., 2018). Different soil Amendments that contain phosphate are more effective in reducing the lead from plant available form to non-bioavailable form by forming pyromorphite mineral (Pb5 (PO4)3X where X= halide or hydroxide) (Yabe et al., 2018). Similarly, Zinc adsorption increases with increasing pH (Degryse, 2014). On the other hand, when Zn reacts with phosphorus, it solubilises, and it is converted from bio-available form to forming precipitates such as ZnPO4. Cadmium can also react with P and convert from Cd2+ to Cd3 (PO4)2 which is not plant available. Hence phosphate-based soil amendments can be used to immobilise HMs in Kabwe
[bookmark: _Toc100324361]2.3.2 Ex-situ treatment
This is a remediation technology where the soil is removed from the site and treated from another area (Derakhshan et al., 2018). Usually this method is more expensive than In-situ treatment and the contamination can spread to other areas as the soil is transported. Ex-situ treatment involves physical remediation of HMs from the contaminated soils. 
Soil replacement/ excavation
Excavation and physical removal of the soil is perhaps the oldest remediation method for contaminated soil (Derakhshan et al., 2018). This type of HM remediation technique is very expensive; however, it is still used in many locations (Yao et al., 2012). Soil replacement has both advantages and disadvantages, the advantage being the contaminated soil is completely removed from the site and the disadvantages include the fact that the contaminants are simply moved to a different place, as the soil is being moved to a different place, the HMs can contaminate new areas through dust particles (Derakhshan et al., 2018). In the recent years, however, more than 120 homes in the contaminated areas in Kabwe had soils excavated and unpolluted soils brought in, however, this is an expensive measure and cannot be done for all the soils in each household (Carrington, 2017). According to Khalid et al., (2017) soil replacement can be used as remediation of HMs from contaminated soils. Soil replacement/ excavation can be divided into two, i.e. Soil spading and new soil importing.
Soil spading
This is a process where HM contaminated soils are mixed by digging deep into the contaminated area and mixing the soil so as to dilute the soils and induce soil degradation by microorganisms (Derakhshan et al., 2018).  According to Khalid et al., (2017) during soil spading, the area that is contaminated with HMs is dug and the soils that are contaminated with HMs are mixed into the deeper horizons so that the contamination reduces. 
New soil importing
This is the process where large amounts of soils that are not contaminated with HM are brought into the area where the soils are contaminated so as to dilute the soils and reduce the contamination (Derakhshan et al., 2018). This method is very expensive to use and implement. According to Murtaza et al., (2016) new soil importing as adding non-contaminated soils to areas that are contaminated with HMs. The new soils can be put on top of the contaminated soils or in other instances, the new soils are mixed with the contaminated soils and the HMs in the soils are reduced or diluted. This remediation technique is expensive and requires a lot of manpower and machinery as well (Khalid et al., 2017).


[bookmark: _Toc100324362]
[bookmark: _Toc100324363]		MATERIALS AND METHODS

[bookmark: _Toc100324364]3.1 Experimental site
This study was conducted at the KAMPAI site in Kabwe and is located within 100 m from the slag damp of the old Lead-Zinc mine (14°27ʹ28.3ʹʹS, 28°27ʹ37ʹʹE). Kabwe is located 130km from the capital city of Zambia (Lusaka); it has an altitude of 1207 above sea level with average temperatures of 310C. It is in the agro-ecological region 2 and receives average rainfall of 800-1000mm per annum (Munene et al., 2017). The soils in Kabwe are mainly Acrisols and Luvisols, at KAMPAI site, the texture of the soil was found to be sandy clay loamy soils that are moderately leached with pH ranging from strongly acid to slightly acid (Munene et al., 2017.
[bookmark: _Toc31094701][bookmark: _Toc31493468][image: ]Figure 1: Location of the experimental site.
[bookmark: _Toc100324365]3.2 Experimental design and setup
The soil samples used for characterization were taken from the surface layer (0–20 cm depth) of the HM contaminated soils in Kabwe. The experiment was conducted for a period of 4 months from January to April in the 2018/2019 farming season. Five treatments were set up namely; Triple Super Phosphate (TSP), Bio-fertilizer (BF), Chicken Manure (CM) 1.21 % P2O5, Ammonium Nitrate (AN) which contains 46 % N and the Control (CT). Bio-fertilizers (BF) are substances that are added to the soil to improve the fertility and structure of the soil. The BF that was used in this experiment was made out of chicken Manure mixed with D-compound fertilizer, the ratio was maintained at (NPK = 10: 20: 10). The size of each plot was 4 m by 4 m and was replicated 4 times and arranged in a randomized complete block design (RCBD) as shown in Table 1
Table 1: Treatment design for the experiment was Randomized Complete Block Design (RCBD).The size of each plot was 4 m * 4 m.
	Block 4
	CT
	TSP
	BF
	AN
	CM

	Block 3
	AN
	CM
	CT
	TSP
	BF

	Block 2
	BF
	AN
	CM
	CT
	TSP

	Block 1
	CM
	CT
	TSP
	BF
	AN


There were 5 treatments: control (CT), chicken manure (CM), Bio-fertilizer (BF), triple super phosphate (TSP) and Ammonium Nitrate (AN). The spacing between plots was 0.5m.
The amount aimed at supplying enough phosphate (PO4) to immobilize the available Pb in the soil by converting it to pyromorphite (Pb5(PO4)3) (Chopra et al., 2018) based on the equation below:
5Pb2+ + 3HPO4                                      Pb5 (PO4)3X                      Equation 1
Where X is F, Cl, Br or OH 
Immobilization of Pb2+ in contaminated soil with phosphate based amendments was shown to  reduce the mobility of Pb2+ in soils to more stable pyromorphites (Pb5(PO4)3)  (Chopra et al., 2018).  The amount of available Pb was determined to be 580 mg kg–1 while total Pb was 10,000 mg kg-1. The amount of TSP that was applied per plot was 3.2 kg/2ton/ha, 5 kg BF/10ton/ha and 82.6 kg CM/51.6ton/ha.
Ammonium nitrate (46 % Nitrogen) was applied in the plots that didn’t have a source of nitrogen in them to balance with the other amendments that had nitrogen, henceforth we applied in TSP and AN. The amount of Nitrogen in CM was 1.46 kg N/plot, this was total Nitrogen, whereas, in BF the amount of Nitrogen was 0.5 kg N/plot. The amount of N in BF was used as a reference to calculate the N that was applied in TSP and N. Therefore, 1.086 kgN/plot was applied in these treatments.  After the amendments were successfully applied in the soil, they were incorporated into the soil using a hand hoe to a depth of 20cm as shown in the Figure 2
[image: ]
[bookmark: _Toc31094703][bookmark: _Toc31493470]Figure 2: The soil amendments were successfully applied into the soil; they were then incorporated into the soil using a hand hoe.
[bookmark: _Toc100324366]3.2.1 Planting of maize
After amendment application and incorporation into the soil, maize seeds were planted on 4th January 2019 at 30 cm intra-row and 40 cm inter-row spacing. The soil amendments were split applied with, half of the required amendments applied at planting, and the remaining half applied when the maize was 12 weeks.  The maize was harvested after physiological maturity, which was at about 18 weeks from the day they were planted. The roots, stover and grain were harvested from each plot and put into separate plastic bags. The harvested parts were washed thoroughly with tap water, rinsed with d-ionised water and weighed to determine the fresh weight and thereafter dried in the oven at 70 oC for 72 hours. The samples were then ground and dry ashed at 450 oC-500 oC for 2 hours before being extracted with 1 M HNO3 and analysed for heavy metal concentration 
[bookmark: _Toc100324367]3.3 Soil Collection and Characterisation
Soil samples for characterization were collected at the site on December 20th, 2018 before setting up the field experiment. Six soil samples were collected using a hand hoe using the transect method at 5 m spacing. The soil samples were put in a bucket and thoroughly mixed, then a composite sample was taken, sieved using a 2 mm sieve and taken for analysis in the laboratory for soil characterisation. Total and available heavy metals (Pb, Zn and Cd) were analysed from the Laboratory and the results were used to calculate how much of each soil amendment were to be applied to eliminate all the available HMs from the soil.
[bookmark: _Toc100324368]3.3.1 Determination of phosphorus in manure
Available phosphorus was determined using the Bray 1 method (Bray and Kurtz 1945). One gram of manure was weighed into crucibles and put into the muffle furnace at the temperature of 450-500 oC for 2 hours until the sample turned into ash. Then, 20 mls of 1M nitric acid was added to the ash and boiled for 10-15 minutes on a hot plate. The samples were then filtered into 250 ml volumetric flask and filled to the mark. Then 10mls of filtrate was added into a 100ml volumetric flask and filled to the mark with distilled water. Finally, 5 ml was pipetted into a 25 ml volumetric flask to which, 4 ml reagent B was added and filled to the mark with distilled water. The mixture was left for 15 minutes to allow for colour development. Available phosphorous was then determined using spectrophotometry at a wavelength of 882 nm.
[bookmark: _Toc31094704]Blank and standard solutions were prepared for calibrating the spectrophotometer. The blank was prepared using the same procedure as above but without the manure addition. For the standard solution, 1 ppm of the standard was added to the flask and a volume of 10 ml of distilled water to the mark. The colour was allowed to develop for 10 minutes.


Calculation of P concentration in manure, reading from the spectrophotometer.
     Equation 2
Where: 
X is the reading from the spectrophotometer.
DF is the dilution factor.
0.21 is the constant.
[bookmark: _Toc100324369]3.3.2 Available phosphorus in soils
The concentration of available P in the soil was determined using the Bray 1 method (Bray and Kurtz, 1945). Three grams of air-dry soil sample was placed into a 50 ml plastic container to which 21 ml of the extracting solution was added. The suspension was shaken on the mechanical shaker for one minute. The suspension was filtered through Whatman No. 42 filter paper. Five millilitres of the filtrate were pipetted into a 25 ml volumetric flask to which, 10 ml of distilled water and 4 ml of 2 % ascorbic acid were added. The mixture was left for 15 minutes to allow for colour development. Available phosphorous was then determined using spectrophotometry at a wavelength of 882 nm. 
Blank and standard solutions were prepared for calibrating the spectrophotometer. The blank was prepared by using the same procedure but without the soil sample being added to the reagents. For the standard solution, 1 ppm of the standard was added to the flask and a volume of 10 ml of distilled water to the mark. The colour was allowed to develop for 10 minutes. Then P concentration was read at 882 nm after calibration of the spectrophotometer with standards
Equation 3 below was used to calculate P content in soil in mg P/kg.
 Calculation of P concentration in the soil, reading from the spectrophotometer.
           Equation 3
Where:
           X is spectrophotometer reading (ppm)
           DF is the dilution factor.
           0.21 is the constant.
[bookmark: _Toc100324370]3.3.3 Determination of Soil pH and Electrical conductivity (EC)
Ten (10) grams of air-dry soil was weighed into 50 ml plastic bottle to which 25 ml of distilled water was added. The suspension was then shaken on a mechanical shaker for 30 minutes. After shaking, the pH and EC of the suspension were measured using a digital pH meter with a glass-calomel electrode. 
[bookmark: _Toc100324371]3.3.4 Determination of soil organic matter
The Organic Carbon content was determined using the Walkley and Black Method (De Vos et al., 2007). One gram of soil from each replicate was weighed into a 250 cm3 conical flask to which 10 ml of 1.0 N potassium dichromate (K2Cr2O7) was added using a pipette. Then 20 cm3 of concentrated sulphuric acid (H2SO4) was added rapidly using an automatic pipette under a fume hood. The mixture was swirled gently until soil and solutions were mixed then it was swirled vigorously for one minute. The suspension was left in a fume hood for 30 minutes, and then 150 cm3 of distilled water and 10 cm3 of concentrated phosphoric acid (H3PO4) were added. Ten drops of the diphenylamine solution indicator were added and titrated with Iron (II) sulphate solution up to green colour end point. The volume of Iron (II) sulphate consumed was recorded and later used to calculate soil organic carbon content using equation 4.
                             Equation 4
Where: 
%OC is the percentage organic matter content of the soil 
Vol b is the volume (L) of iron (II) sulphate used to titrate against blank
Vol s is the volume (L) of iron (II) sulphate used to titrate against sample
N is the normality of iron sulphate
4 is the constant.
[bookmark: _Toc100324372]3.3.5 Particle size analysis
Soil texture was determined using the hygrometer method (Lim et al., 2013). 50 g of air-dried soil were weighed into a dispersing cup and 50 ml of sodium hexametaphosphate (Calgon), which is a dispersing agent, was added. The cup was half filled with distilled water and stirred for 5 minutes. After stirring, the content of the cup was transferred quantitatively into 1L sedimentation cylinder. The cylinder was filled to volume with distilled water. A plunger was used to thoroughly mix the content of the cylinder. After 20 seconds, the hydrometer was gently lowered into the suspension and the reading was taken after 40 seconds. To determine the clay content, the suspension was thoroughly mixed again, and the reading was taken after 2 hours.
The percentages of sand, silt and clay were determined as follows: 

                                                          Equation 5
Where: 
C1 is the temperature correction factor at 4 seconds
C2is the temperature correction factor at 2hrs correction factor
3.3.6 Determination of lead, Zinc and Cadmium in the amendments, soil and plant samples
To determine the total concentration of HMs from the soil, the Aqua Regia method was used (Kříbek et al. 2019): one gram of the HM contaminated soil was weighed into digestion tubes to which 18ml of concentrated hydrochloric acid (HCl) and 6ml of concentrated nitric acid (HNO3) were added. The digestion tubes were placed in the microwave for 45 minutes, and then the sample was left to cool. The sample was then filtered using Whatman No. 42 filter paper into 100mls plastic bottles and added to the mark with distilled water. The concentration of total HMs was then determined using the Atomic Absorption Spectrometer (AAS). The instrument was calibrated with relevant standards for each element. Finally, total HMs in the soil was calculated using the formula below:
                Equation 6
Where: 
Reading is AAS reading ppm
DF is the Dilution factor
To determine HMs in the soil amendments, 1 g of the applied amendments (TSP, BF, CM and N) was weighed and transferred into digestion tubes with concentrated nitric acid (HNO3) and concentrated hydrochloric acid (HCL) in the ratio of 1:3, that is 6 mls of HNO3 and 18 mls HCL. The samples were then digested for 45 min in the microwave and filtered using Whatman No. 42 filter paper into 15 mls plastic bottles and added to the mark with distilled water. The concentration of HMs in the amendments was then determined using the Atomic Absorption Spectrometer (AAS). The instrument was calibrated with relevant standards for each element. The HMs in the amendments was then calculated using the formula below:
             Equation 7
Where:
Reading is AAS reading (ppm)
DF is the Dilution factor
To determine the HMs in different parts of maize (roots, stover and grain), 1g of oven dried ground plant sample was weighed and put into clean crucibles. The weighed samples were placed into muffle furnace at 450-500 oC for 2 hours until the ash turned white. The samples were then cooled in the desiccator. The cooled samples were then put into digestion tubes using 30ml 1M HNO3 and digested for 45minutes in the microwave. The suspension was then filtered using Whatman No. 42 filter paper, into 100 ml volumetric flask. The filter paper was washed several times with distilled water until the volume was made to the mark. The concentration of HMs is then determined using the Atomic Absorption Spectrometer (AAS). The AAS was calibrated with relevant standards for each element. The concentration of HMs in the different parts of the maize was then calculated using the formula below:
                 Equation 8
Where:
Reading is AAS reading in ppm
DF is the Dilution factor
To determine available HMs in the soil, 20 g of air-dried soil was weighed to which 40 ml of the DTPA-TEA extracting solution was added (Kříbek et al., 2019; Lim et al., 2013). The samples were then placed on a mechanical shaker for 2hours then filtered through a Whatman No. 42 filter paper. The AAS was calibrated with relevant standards for each element. The concentration of available HMs in the soil was calculated using the formula below: 
                       Equation 9
Where:
Reading is the AAS reading ppm
DF is the Dilution factor
[bookmark: _Toc100324373]3.3.7 Determination of total nitrogen
The amount of total nitrogen in the soil sample was determined using the Micro Kjeldahl method (Ma and Zuazaga 1942). The process involved two procedures namely digestion of the sample followed by distillation to determine the amount of nitrogen. One gram of the sample was weighed and placed in a Kjeldahl flask. Then 10 ml of concentrated sulphuric acid was added to the flask and swirled thoroughly and 3 grams of a catalyst mixture (selenium powder, potassium sulphate and copper sulphate dehydrate) was added to the same flask. The sample was digested for 45 minutes then allowed to cool. The sample was transferred into 100 mls container and filled to the mark with distilled water. Finally, 10mls of distillate was captured for 5 minutes with boric acid. Titrated with 0.01 N HCl
[bookmark: _Toc100324374]3.3.8 Determination of CEC in Ammonium Acetate Buffered at pH 7 
The CEC of the soil was determined using the leaching method. Five (5) grams of air-dried soil was put on Whatman No. 1 filter paper which was mounted on the funnel. Then 4 portions of 25 ml 1M NH4Ac buffered at pH 7.0 were leached through the soil followed by 4 portions of 25 ml of ethanol.  Later 2 portions of 25 ml 1M KCl were leached through the soil, 15 ml of KCl leachate was distilled and the distillate was captured in 10 mL boric acid indicator for 5 minutes. The distillate was titrated with 0.01N HCl and the volume was used to determine the CEC of the soil using the formula indicated below:
          Equation 10

Where;
Vol s is the Volume of HCl used to titrate against the sample
[bookmark: _Toc31094714]Vol b is the Volume of HCl used to titrate against the blank
Table 3.2: Results for soil characterization of the site
	Parameter
	Value/ unit

	pH
	5.5

	EC
	3.12 (mS/cm)

	Bulk density
	1.3 (g/cm3) or 1300 kg/m3

	Texture fractions
	Clay (16 %), Silt (40 %) and Sand (44 %)

	SOM
	4.56%

	Phosphorus
	21.77 (mg/kg)

	CEC
	5.20 (cmol/kg)

	Total N
	0.28 %

	Total Pb
	10,000 (mg/kg)

	Available Pb
	580 (mg/kg)

	Total Zn
	1100 (mg/kg)

	Available Zn
	290 (mg/kg)

	Total Cd
	260 (mg/kg)

	Available Cd.
	13.5 (mg/kg)

	K
	0.08 (cmol/kg)

	Na
	0.04 (cmol/kg)

	Ca
	1.96 (cmol/kg)

	Mg
	0.60 (cmol/kg)



[bookmark: _Toc100324375]
[bookmark: _Toc100324376]RESULTS
[bookmark: _Toc100324377]4.1 Plant availability of heavy metals in the soil at harvest
[bookmark: _Toc100324378]4.1.1 Lead (Pb)
The results of plant available Pb in the soils is shown in Figure 3A. The bioavailability of Pb in the soil reduced by more than 30 % in the CM, TSP and BF treatments. These results showed that TSP, CM and BF were effective at converting Pb in the soil to non-bioavailable form. The analysis of variance (ANOVA) shows that the amendments were statistically significant different (p-value < 0.05) (Table 3.1). Although TSP had the lowest concentration of Pb, it was not statistically significant from CM and BF (Figure 3A). The results also showed that CT and AN were not statistically different.
[bookmark: _Toc100324379]4.1.2 Zinc (Zn)
Zinc concentrations were highest in the AN treatment by 20 % compared to CT, TSP and BF treatments (Figure 3B). Chicken manure amended soils had the lowest concentration of plant available Zn, which was reduced by 19 % compared to the control. Therefore, to convert Zn to non-bioavailable form, CM can be the best amendment compared to the rest of the treatments.
[bookmark: _Toc100324380]4.1.3 Cadmium (Cd)
[bookmark: _Toc31094715][bookmark: _Toc31493471]Plant available Cd concentration in soils was highest in CM compared to the other amendments (Figure 3C). The available Cd was 11 % higher in CM compared to CT. On the other hand, BF had the lowest bioavailability of Cd in the soil. Table 4.1 indicated that the amendments were statistically significant different (p < 0.05). A post-hoc analysis indicated that CM and BF were statistically different, while CT, N and TSP were similar (table 3C)
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Figure 3: Plant available Pb (A), Zn (B), and Cd (C) concentrations in the different soil amendments at the end of the 3 months field experiment. Different letters on the bars indicate significant differences among the amendments (p < 0.05). CT (control), CM (chicken manure), TSP (triple super phosphate), BF (bio-fertiliser 10:20:10) and AN (ammonium nitrate)
[bookmark: _Toc31094716]Table 3.1 : Analysis of variance of bioavailability of HMs after application of amendments.
	HMs
	Sum of Square
	Mean Square
	F-value
	P-value

	Pb
	3611
	902.7
	44.21
	< 0.001

	Zn
	28483
	7121
	27.62
	< 0.001

	Cd
	0.12
	0.03
	3.73
	< 0.001


[bookmark: _Toc100324381]4.2 Concentration of heavy metals in the different plant parts
[bookmark: _Toc100324382]4.2.1 Heavy metals in the roots 
The results showed different effects of the amendments on the Pb concentration in roots (Table 4). The soils amended with CM had the highest Pb concentration in the roots with 27 % higher than that of the CT amendment. The treatment TSP had the lowest concentration, which was 79 % lower compared to CT. A further comparison of the similarities in the amendments showed that TSP was not significantly different from BF. The results indicated that CT was not significantly different from N, while CM was different from the rest (Table 4).
[bookmark: _Toc31094717]Roots under the CT amendment accumulated the highest Zn concentration compared to the other amendments (Table 4). The (AN) treatment had the lowest Zn concentration, 40 % lower compared to the other amendments. These variations were statistically significant and a pair wise comparison showed that AN was different from the other amendments, while the concentrations of Zn in CM, TSP and BF were not statistically different.







Table 4: Concentration of HMs in the roots after applying different amendments.
	HMs
	Amendments
	Minimum (mg/kg)
	      Mean (mg/kg)
	Maximum (mg/kg)

	Pb
	CT 
	674.26
	743.34 ± 40.94 b
	779.50

	
	CM 
	864.72
	945.05 ± 80.27 a
	1032.29

	
	TSP 
	150.30
	156.25 ± 5.93 c
	163.50

	
	BF 
	143.5
	157.5 ± 12.30 c
	170.00

	
	 AN 
	519.47
	634.14 ± 87.06 b
	739.79

	Zn
	CT 
	4530.00
	4627.50 ± 10.14 a
	4752.50

	
	CM 
	3095.00
	3109.63 ± 10.14 b
	3120.50

	
	TSP 
	3274.50
	3406.75± 120.70 b
	3574.50

	
	BF 
	2753.00
	3024.88± 357.39 b
	3638.00

	
	 AN 
	1795.00
	1856.25 ± 43.75 c
	1902.50

	Cd
	CT 
	58.35
	59.58 ± 1.09 c
	61.10

	
	CM 
	134.26
	142.38 ± 7.23 a
	151.37

	
	TSP 
	84.40
	93.48 ± 5.93 b
	106.00

	
	BF 
	53.10
	78.60 ± 12.10 c
	65.68

	
	AN 
	83.51
	95.11 ± 9.68 b
	110.39


Different letters on the mean indicate significant differences among the amendments (p < 0.05).
The concentration of Cd in roots was highest in the CM amendment (Table 4). The roots under the CM amendment accumulated Cd two times higher than the CT amendments. Interestingly the un-amended treatment had the lowest concentration of Cd in the roots.
[bookmark: _Toc100324383]4.2.2 Heavy Metals in the Stover
The concentration of Pb in the stover was highest in the CT. All the treatment reduced the concentration of Pb in the stover by 77-81 % with the highest reduction being in AN plot (Figure 4A). The concentration of Zn in the stover was highest in the CT as compared to other amendments (Figure 4B). The CM amendment reduced the concentration of Zn the most by 38.7 %. 
The concentration of Cd in the stover was highest in AN than other amendments (Figure 4C), increasing by 23.4 % compared to CT. Meanwhile, the concentration of Cd was lowest in BF with a reduction of 61.3 %.
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Figure 4: Concentrations of Pb (A), Zn (B), and Cd (C) in the stover. Different letters on the bars indicate significant differences among the amendments (p < 0.05). CT (control), CM (chicken manure), TSP (triple super phosphate), BF (bio-fertilizer 10:20:10) and AN (ammonium nitrate)

[bookmark: _Toc100324384]4.2.3 Heavy metals in the grain
The concentration of Pb in the grain was highest in the CT and lowest in the AN amendment (Figure 5A).  All the other amendments were significantly lower than CT (p< 0.05). The results showed that the concentration of Pb in CM reduced by about 83 %, by 73 % in the BF and by 26 % in the TSP amendments, respectively. 
The highest Zn concentration in the grain was in CT while the lowest was in the BF (29 % lower than CT) (Figure 5B). All the other amendments were significantly lower than CT. These differences were statistically significant (p-value<0.05). 
The concentration of Cd in the grain was lowest in AN and highest in TSP. The other amendments were not significantly different from CT.  Therefore, TSP was not effective at reducing the concentration of Cd in the grain but rather increased (Figure 5C).  A follow up analysis using a post-hoc analysis indicated that CT, BF and CM were not statistically different, however, TSP was significantly higher than all the amendments while AN and CM were not different statistically (Figure 5C)
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Figure 5: Concentrations of Pb (A), Zn (B), and Cd (C) in the grain at the end of the 3 months field experiment. Different letters on the bars indicate significant differences among the treatments (p < 0.05). CT (control), CM (chicken manure), TSP (triple super phosphate), BF (bio-fertiliser 10:20:10) and AN (ammonium nitrate)
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[bookmark: _Toc100324387]5. 1 Bioavailability of heavy metals in the soil 
[bookmark: _Toc100324388]5.1.1 Lead
The findings from this study showed an increase in the concentration of plant available Pb in AN and a reduction in the plant available Pb in TSP. Available Pb increased in AN compared to CT because there is no ability of AN to convert it to non-bioavailable form. However, TSP, BF and CM were not different statistically (p < 0.05) (Figure 3A). These results indicate that AN did not reduce the bioavailability of Pb in the soil. On the other hand, TSP was effective at converting Pb in the soil to non-bioavailable form. Similar studies reported the effectiveness of phosphate fertilizers in converting HMs in the soil to non-bioavailable forms (Dong et al., 2007; Mahar et al., 2015; Kříbek et al., 2019). For example, Cao et al., (2003) reported that the bioavailability of Pb significantly reduced in all the treatments amended with P. Although TSP was the most effective amendment approach, it was not statistically different from CM and BF. This shows that the desired reduction in Pb bioavailability can also be achieved using CM and BF because of the carbonates. This is because BF and CM contain carbon which can also convert Pb to non-available form. Moreover, Putwattana et al., (2015) reported that CM as an organic amendment was effective in reducing the bioavailability of Pb in the soils through immobilisation.
The main aim of Pb immobilisation in the soil is to convert it to levels that are environmentally safe and acceptable in the soil (Chen et al., 2003). According to Chen et al., (2003), TSP and H3PO4 significantly converted Pb to non- bioavailable form than the other amendments that were tested. The immobilization of Pb in the soils using P rich materials is a promising strategy because it is cheaper than techniques such as excavation, soil spading and other remediation technologies (Chen et al., 2003). Using organic substances as an amendment approach has advantages because it is less costly, and it does not have negative environmental effects. 
The current study showed that the concentration of Pb in the soil were still above the recommended levels of 5mg/kg (Chen et al., 2003). However, according to Kumpiene et al., (2008), higher P application to the soil leads to eutrophication of surface waters. 
It was also observed that when P interacted with HMs, the pH decreased (Chen et al., 2003). Furthermore, Chen et al., (2003) reported that the application of phosphoric acid to the soil before applying P amendments increased the effectiveness of P in immobilizing HMs in the soil. Nonetheless, applying acid to the soil may lead to leaching of HMs hence contaminating ground water (Cao et al., 2003; Putwattana et al., 2015). 
[bookmark: _Toc100324389]5.1.2 Zinc
The concentration of available Zn in the soil after harvest was lower in CM and highest in AN (figure 3B). These results indicated that CM was more effective in converting the bio-available Zn to a non-bioavailable form. Since CM is an organic amendment, it has advantages (e.g. cost effective and environmentally friendly) compared to the other amendments. Notwithstanding the effectiveness of CM, the bioavailability of Zn increased in treatments that were amended with BF, TSP and AN by 5-20 %. These results agree with Cao et al., (2003) who observed that the application of P amendments in the soil increased Zn by 6-16 %. Similarly, the application of TSP in the soil, did not reduce the bio-availability of Zn in the soil (Kříbek et al., 2019). These amendments were not effective at converting Zn to non-bioavailable form because, the Kabwe soils have high levels of Pb. Lead has a higher affinity for P in the soil than Zn, thereby reducing the effectiveness of P in converting Zn to non-bioavailable form.
The results demonstrated that CM was the only treatment that converted Zn to non-bioavailable form. The reduction of Zn in CM can be attributed to the fact that there are carbonates in CM; these carbonates can convert Zn to non-bioavailable form. Kumpiene et al., (2008) indicated that application of amendments increased the availability of Zn in the soil; however, mixing of different type of amendments such as fly ash and sewage sludge converted Zn to non-bioavailable form. When phosphates and carbonates from CM are added to the soil, the mobility of HMs in the soil and its bioavailability also decreases (Tica et al., 2011)
[bookmark: _Toc100324390]5.1.3 Cadmium (Cd)
Available Cd in the soil after harvest showed that CM was the only amendment that had significant greater quantities than CT by 11 % (figure 3C). However, there were no significant differences between the CT and other treatments (TSP, BF and AN). Although the three amendments and CT were not significantly different, BF had the lowest mean concentration of Cd indicating that it could produce the best results compared to the other amendments. Gao et al., (2018) recommended that the concentration of available Cd in the soil could be reduced when phosphate is mixed with chicken manure than when it was applied just as TSP. Even after applying the amendments, the concentration of Cd in the soil did not reduce to the recommended levels by the world health organization (WHO) of 0.1-0.2 mg/kg (Dong et al., 2007; Lane et al., 2015)
The mobility of Cd in the soil is higher than other HMs, hence it does not get fixed on soil colloids (Dong et al., 2007). This can contribute to the reason why even after the application of the amendments to the soil, the amendments were not significantly different from the control. Loganathan et al., (2012) reported that the precipitation of Cd can only successfully take place in the presence of other anions in the soil such as SO2−, OH – and CO3 2−, as such  these anions were low in  Kabwe soil thereby leading to lower rate of Cd precipitation. In this study, CM had the highest available Cd in the soil, and this can be attributed to the fact that, the P in CM was not effective at converting Cd to non-bioavailable form in the soil. The adsorption of Cd in the soil can be governed by pH, ionic strength, cations and anions present in the soil solution, the amount of clay in the soil and the presence of OM. In Kabwe, the pH of the soil was 5.5 and studies have shown that in calcareous soils at pH 8, Cd formed CdPO4. However, at 4-5 pH Cd could not form such compounds (Loganathan et al., 2012). At pH of 6 -9, Cd was converted to non-bioavailable form; however, at pH 3-5, Cd was converted to bio-available form in the soil (Loganathan et al.,  2012). This is the reason why for the Kabwe soil, the only treatment that converted Cd to non-bioavailable form was BF because of the carboxyl and phenolic groups (Paripurnanda et al., 2012). When the amount of clay content is high in the soil, more Cd can be converted to non-bioavailable form by adsorption to soil colloids. However, the soils in Kabwe only contains 16% of clay fraction, this could attribute to the lower rates of Cd conversion of non-bioavailable form compared to Pb and Zn (Tica et al., 2011) 
[bookmark: _Toc100324391]5.2 Concentration of Heavy Metals in the different parts of Maize
[bookmark: _Toc100324392]5.2.1 Lead in the roots, stover and grain
The concentration of Pb in the roots under TSP was lower than the other amendments (Table 4). A similar study by Cao et al., (2003) reported that Pb uptake was higher in the roots in treatments that were amended by P, than the control. According to Cao et al., (2003) P amendments were effective at converting Pb to insoluble precipitates while at the same time taking up HMs in the roots. 
On the other hand, CM had significantly higher concentrations of Pb than the CT. CM accumulated higher Pb in the roots than any other treatment because the nutritional status and structure of the soil improved. Cobb et al., (2000) reviewed that when plants are grown in HM contaminated areas, they passively accumulate HMs such as Pb, Cd and Zn, they take up the nutrient elements, such nitrogen, phosphorus, and potassium, that they  require for plant growth (Cobb et al., 2000). Furthermore, Małkowski et al., (2002) indicated that Pb accumulated more in the roots than other parts of maize and the concentration of Pb was different in the maize depending on which part of the plant.
Lead in the stover
Applying amendments in the soil reduced the concentration of Pb in the stover (Figure 4A).  These findings concurred with Cao et al., (2003) who reported that the application of soil amendments in Pb contaminated soils reduced Pb uptake in the shoot by 41-66% compared to the control. Chicken manure treatment had the lowest concentration of Pb. This can be attributed to the improved soil chemical and physical properties such as soil structure, the water holding capacity, porosity, CEC and pH (Putwattana et al., 2015; Gao et al., 2018).  Other studies indicated that the concentration of Pb reduced in the stover after amending the soil with Di-ammonium phosphate (Cao et al., 2003), this indicates that P amendments are effective at reducing the concentration of Pb in the stover.  Similarly, Putwattana et al., (2015) indicated that P amendments were effective at converting Pb to non-bioavailable form thereby reducing the concentration in the above ground biomass. In this study, there was a reduction in the biomass of maize in the control due to the higher concentration of HMs in the different parts of the maize. This concurred with Chopra et al., (2018), that untreated soils showed poor yield and had the lowest biomass when crops are grown in HM contaminated soil. Even after CM significantly reduced the concentration of Pb in the stover, the concentrations were still above the minimum recommended by the WHO and FAO (2018) of 0.3 mg/kg.


Concentration of lead in the Grain
The concentration of Pb was highest in CT than all the amendments (Figure 5A). The amendment that had the lowest concentration of Pb in the grain was AN. These results concurred with (Ma et al., 1995), phosphate amendments reduced the concentration of Pb in the soil by converting available Pb to pyromorphite. The AN treatment showed that the concentration of Pb in the grain reduced below the minimum of 0.2 mg/kg according to the recommendation by the (WHO and FAO). All the amendments were significantly lower than CT. These results are in line with (Gao et al., 2018) who reported that application of manure and P amendment reduced the concentration of Pb in the grain by 61 %.  Furthermore, Mendes et al., (2006) reported the reduction of Pb concentration in the grain after application of different soil amendments.
[bookmark: _Toc100324393]5.2.2 Zinc in the roots, stover and grain.  
The results from this study showed that the AN amendment had the lowest Zn concentration compared to the other amendments (Table 4). This indicates that AN was more effective in reducing the concentration of Zn in the roots. These findings are in line with (Cao et al., 2003) who reported that the reduction of Zn in the root can be attributed to the presence of N. The development of the maize root requires higher amounts of N, thereby, this can contribute to the reduction in the concentration of Zn in the root in the amendment AN. According to (Derakhshan et al., 2018) the ability of P to reduce the concentration of Zn in the roots can be reduced by the presence of soil elements such as (P, Ca, Al, Mn, Fe oxides, OM, pH and CEC) (Kumpiene et al., 2008).
The results from this study showed that the concentration of Zn in CT was significantly greater than all the amendments. This shows that all the other amendments had abilities to reduces the concentration of Zn in the roots; however, these amendments were not as effective as AN. In separate studies by Małkowski et al. (2002) and Akenga et al., (2017) the concentration of Zn in the roots was higher in the control than all treatments that were amended with P. According to Kumpiene et al. (2008) when the application rate of amendments in the soil was increased, the concentration of Zn in the roots reduced. However, higher P application to the soil can also lead to eutrophication of surface waters (Kumpiene et al., 2008).

Zinc in the stover
Stover Zn concentration was higher in the CT as compared to other amendments (Figure 4B). The applied amendments effectively reduced the concentration of Zn. These results were similar to those of Cao et al., (2003). The concentration of Zn was lowest in CM compared to the other amendments. Despite CM having the lowest Zn concentration, it was still higher than the recommended of 50 mg kg−1 for human and animal consumption (Cao et al., 2003). Similar studies reported a reduction in Zn concentration in maize above ground biomass after applying Di-ammonium phosphate (DAP) (Chen et al., 2003).This shows that P amendments were effective at reducing the concentration of Zn in the above ground biomass of maize. According to (Kumpiene et al., (2008) there was a reduction in the uptake and concentration of Zn in the soil after mixing different types of soil amendments, for instance mixing manure and triple super phosphate. Therefore, in the Kabwe soil, it is could be better to combine different types of soil amendments to achieve promising results for Zn than applying single type of amendments.
Concentration of Zinc in the Grain
The concentration of Zn in the grain was highest in CT and lowest in BF (Figure 5 B). This is attributed to the fact that, Zn is converted to non-bioavailable form in the soil when amendments are applied, thereby reducing its concentration in the grain (Cao et al., 2003). The results of this study are in line with (Małkowski et al., 2002), who reported that application of different soil amendments reduced the concentration of Zn in the grain. These results concurred with (Alaboudi et al., 2019) that application of P amendments mixed with organic carbon has the potential to reduce the uptake of Zn in the grain. In this study, BF had the lowest concentration of Zn in the grain and it was below the maximum required of 50mg/kg. These results were achieved because BF has carbon and other nutrient elements in it, hence reducing the concentration of Zn in the grain (Kumpiene et al., 2008). However, (Murtaza et al., 2016), indicated that addition of amendments to soils contaminated with Zn led to an increase in the concentration of Zn in the grain. Therefore, if the goal is to reduce the concentration of Zn in the grain, BF can be the most effective amendment to be used.



[bookmark: _Toc100324394]5.2.3 Cadmium in the roots, stover and grain
The CM, AN and TSP amended plots had significantly higher concentration of Cd than the CT; however, CM had the highest concentration compared to all the amendments (Table 4). The bioavailability of Cd is partly affected by the function groups of soil organic matter. For example, Atillla (2015), reported that there was a higher concentration of Cd in CM; this is because Cd has high affinity for the roots due to metal binding functional groups.
An interesting result was that BF had the lowest concentration of Cd in the roots; however, it was not significantly different from CT. This indicates that BF could be an effective amendment when the objective is to reduce the concentration of Cd in the root. Moreover, Ling et al., (2017) reported that roots accumulated higher concentration of Cd than the other part of the plants including shoots. This means that Cd translocation to the shoots is minimal because apoplastic barriers in the roots are damaged due to high Cd concentration in the roots, hence limiting the translocation of Cd to other parts of the plans such as the shoots (Ling et al., 2017). 
Concentration of Cadmium in the stover
For Cd, the concentration was highest in AN than other amendments (Figure 4C). BF had the lowest Cd concentration in the stover than all the amendments. These results concurred with Putwattana et al., (2015) that the concentration of Cd in the aerial parts of maize reduced after applying different types of amendments. However, Cao et al., (2003) reviewed that the reduction in concentration of Cd in the above ground biomass of maize depends on the type of amendment used. Phosphorous based amendments showed significantly higher reduction of Cd concentration than the amendments were P was no applied. A 50 % reduction in Cd concentration was observed by Putwattana et al., (2015) after treating the soil with P amendments. Due to high concentration of Cd in the Kabwe soils, the concentration in the stover were still higher than the recommended levels of 0.1 mg kg−1according to the WHO and FAO (2018). The results also showed that Pb reacts well with P than Cd and Zn (Loganathan et al., 2012). The reduction in concentration of Cd after application of P amendments in different crops was observed by Chen et al.,(2003), who reported  a decrease in the concentration of Cd in the above ground biomass of sorghum bicolor L. by 32.6-57.9 %, the reduction was lower than that of Pb and Zn. This shows that Pb and Zn compete well for P than Cd. 
Concentration of Cadmium in the Grain
The concentration of Cd in the grain was highest in TSP than the other treatments (5C). The amendment that had the lowest concentration of Cd was AN. These results showed that, amendment AN reduced the concentration of Cd in the grain to levels lower than the recommended maximum of 0.1 mg/kg according to the (WHO and FAO) standard. Our results, are contrary to those of Akenga et al., (2017) who found that despite adding the amendments to the soil, the concentration of Cd in the grain of maize was beyond the FAO/WHO recommendation. The results of this study were similar to those of Xie et al., (2018) who reported that the maize grown in polluted untreated soils had the grain Cd level more than the recommended of 0.1-0.2 mg/kg. The levels of Cd were reduced in the grain in all the treatments where amendments were applied (Gao et al., 2018). Reducing the concentration of Cd in the grain using P amendments was shown by (Gao et al., 2018).
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[bookmark: _Toc100324397]6.1 CONCLUSION
The bioavailability of Pb in the soil reduced in the treatments that were amended with TSP, BF and CM. This indicates that the phosphate based amendments reduce the bioavailability of Pb in the soil.  However, for Zn the most effective amendment at reducing the bioavailability of Zn in the soil was CM. The other amendments did not reduce the bioavailability of Zn, in TSP, BF and AN, the bioavailability increased. The bioavailability of Cd increased in CM; however the rest of the treatment had no differences statistically. This indicates that, there was not one amendment that was best at reducing the bioavailability of all the 3 HMs in the soil.
In the roots, TSP and BF were more effective in reducing the concentration of Pb. Although TSP and BF were not significantly different, TSP was the most recommended because it had the lowest concentration compared to the other amendments. To reduce the concentration of Zn in the root, AN amendment was the most effective because of its lowest concentration. The most effective amendment for reducing Cd concentration was CT.
For the stover, CM reduced the concentration of Pb the most compared to the other amendments. However, TSP, BF and AN have the potential to produce similar results to CM because they were not significantly different from CM. Similarly, CM was the most effective amendment for reducing the concentration of Zn in the stover. For Cd, BF produced the best results compared to the other amendment; therefore, it is more effective in reducing the concentration of Cd in the stover. The most effective amendment that can be used to reduce the concentration of Pb in the grain was AN. The amendment AN had the lowest concentration of Pb compared to the other amendments including the control. For Zn in the grain, BF was the best amendment because it had the potential to reduce the concentration of Zn compared to the other amendments. However, BF was not significant different from CM. The findings from this study also showed that AN was the best amendment for reducing the concentration of Cd in the grain. These results show that there was not one amendment that reduced all the HMs, in the soil, and different maize parts. Therefore, different amendments should be mixed together to achieve best results.
[bookmark: _Toc100324398]6.2 Recommendation
From the findings of this study, the following recommendation can be considered.
To reduce the bioavailability of HMs in the soil, BF amendments can be used. However, mixing different amendments can also be a good approach for instance; organic and inorganic amendments such as TSP mixed with CM. The novelty of this study lays in the fact that some of the amendments such as bio-fertilizer (BF) have never been investigated on contaminated soils in Kabwe. Although few studies have reported on the amendment of soils using BF elsewhere, the BF (10:20:10) used in this study was formulated recently and has not been tested elsewhere for the purposes of HM stabilisation. Hence comparing its performance with other amendments was one of the major highlights of this study.
Different organic and inorganic amendments should be mixed to achieve good results, for instance, TSP mixed with CM, BF mixed with AN, and AN mixed with TSP. This can be effective especially in reducing Cd bioavailability as well as concentration in different plant parts.
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[bookmark: _Toc100324400]APPENDICES
[bookmark: _Toc100324401][bookmark: _Hlk28601460]Appendix 1: Full ANOVA table for the different plant parts
[bookmark: _Hlk28600873]Pb ANOVA table for cob
	
	        Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	4417
	1104.2
	58.95
	5.65E-09
	***

	Residuals
	15
	281
	18.7
	
	
	



Zn ANOVA table for cob
	
	        Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	370200
	92550
	81.12
	5.65E-10
	***

	Residuals
	15
	17114
	1141
	
	
	



Cd ANOVA table for cob
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	252.35
	63.09
	13.2
	8.34E-05
	***

	Residuals
	15
	71.68
	4.78
	
	
	



[bookmark: _Hlk28603250]Full ANOVA table for grain
[bookmark: _Hlk28603791]Pb ANOVA table for grain
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	4417
	1104.2
	58.95
	5.39E-09
	***

	Residuals
	15
	281
	18.7
	
	
	



[bookmark: _Hlk28602567]Zn ANOVA table for grain
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	370200
	92550
	81.12
	5.65E-10
	***

	Residuals
	15
	17114
	1141
	
	
	



Cd ANOVA table for grain
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	252.35
	63.09
	13.2
	8.34E-05
	***

	Residuals
	15
	71.68
	4.78
	
	
	



Full ANOVA table for roots
[bookmark: _Hlk28604192]Pb ANOVA table for root
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	2029854
	507464
	119.8
	3.42E-11
	***

	Residuals
	15
	63541
	4236
	
	
	



[bookmark: _Hlk28605528]Zn ANOVA table for root
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	15699509
	3924877
	96.75
	1.60E-10
	***

	Residuals
	15
	608542
	40569
	
	
	



Cd ANOVA table for root
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	17163
	4291
	44.93
	3.54E-08
	***

	Residuals
	15
	1432
	95
	
	
	



Full ANOVA table for stover
[bookmark: _Hlk28606501]Pb ANOVA table for stover
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	616910
	154228
	80.77
	5.82E-10
	***

	Residuals
	15
	28641
	1909
	
	
	



[bookmark: _Hlk28606576]Zn ANOVA table for stover
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	3322387
	830597
	42.77
	4.96E-08
	***

	Residuals
	15
	291337
	19422
	
	
	



Cd ANOVA table for stover
	
	Df
	Sum Sq
	Mean Sq
	F-value
	Pr(>F)
	

	Treatment
	4
	2316.3
	579.1
	23.94
	2.30E-06
	***

	Residuals
	15
	362.8
	24.2
	
	
	





[bookmark: _Toc100324402]Appendix 2: Figure showing post-hoc analysis results for Pb in different plant parts
Pb in the cob
[image: ]
Pb in grains
[image: ]


Root Pb
[image: ]
Pb Stover
[image: ]



Cd(mg/kg)	3.3911649915626375E-2	6.0572270883631284E-2	2.8178005607210767E-2	0.1147377444435788	0.10724271537032248	3.3911649915626375E-2	6.0572270883631284E-2	2.8178005607210767E-2	0.1147377444435788	0.10724271537032248	CT	CM	TSP	BF	AN	1.502	1.6790000000000003	1.542	1.4435	1.5449999999999999	Treatment

Cd concentration (mg/kg)


Pb(mg/kg)	5.0342914099205638	2.8777772672672222	5.3130099519952303	3.5364932843142824	1.4845635722325994	5.0342914099205638	2.8777772672672222	5.3130099519952303	3.5364932843142824	1.4845635722325994	CT	CM	TSP	BF	AN	77.597999999999999	53.928000000000004	49.468499999999999	54.940500000000007	81.998999999999995	Treatments

Pb concentration (mg/kg)


Zn(mg/kg)	16.592922436991039	9.8123735660644282	19.230748815373779	6.256780322178515	13.647024400945444	16.592922436991039	9.8123735660644282	19.230748815373779	6.256780322178515	13.647024400945444	CT	CM	TSP	BF	AN	286.60500000000002	231.52499999999998	302.13	318.33	344.38499999999999	Treatments

 Zn concentration (mg/kg)


Pb(mg/kg)	76.448818663207987	2.7716195626384268	35.261203893230885	3.533411948810945	7.2379209722129483	76.448818663207987	2.7716195626384268	35.261203893230885	3.533411948810945	7.2379209722129483	CT	CM	TSP	BF	AN	554.625	120.175	111.75000000000001	126.40000000000002	105.35	Treatments

Stover Pb concentration (mg/kg)


Zn(mg/kg)	147.56412800880855	99.134614918301878	89.556110204720255	175.85803045354535	47.802163915454706	147.56412800880855	99.134614918301878	89.556110204720255	175.85803045354535	47.802163915454706	CT	CM	TSP	BF	AN	2998.875	1836.625	2676.625	2691.875	2226.875	Treatments

Stover Zn concentration (mg/kg)


Cd(mg/kg)	3.2576832258523858	1.5580436450882889	0.28613807855649015	8.0076525898667708	3.6667424234598198	3.2576832258523858	1.5580436450882889	0.28613807855649015	8.0076525898667708	3.6667424234598198	CT	CM	TSP	BF	AN	34.450000000000003	24.35	17.425000000000004	13.350000000000001	42.5	Treatment

Sover  Cd concentration (mg/kg)


Pb(mg/kg)	1.1038342269999999	2.6181911690000002	1.038998917	1.737829106	3.3541019999999999E-3	1.1038342269999999	2.6181911690000002	1.038998917	1.737829106	3.3541019999999999E-3	CT	CM	TSP	BF	AN	51	8.5350000000000001	37.262500000000003	12.36	1.6500000000000001E-2	Treatments

Grain  Pb concentration (mg/kg)


Zn(mg/kg)	6.0515307979999999	7.1054991909999998	4.8555760469999996	2.7139489220000002	2.7492635380000001	6.0515307979999999	7.1054991909999998	4.8555760469999996	2.7139489220000002	2.7492635380000001	CT	CM	TSP	BF	AN	120.80500000000001	88.392499999999998	98.417500000000004	85.392499999999998	106.22	Treatments

Grain Zn concentration (mg/kg)


Cd(mg/kg)	0.458714236	0.58721269600000003	2.4780473660000002	0.68742272299999996	3.2691740000000001E-3	0.458714236	0.58721269600000003	2.4780473660000002	0.68742272299999996	3.2691740000000001E-3	CT	CM	TSP	BF	AN	3.7524999999999999	2.0625	7.5075000000000003	4.2300000000000004	-9.75E-3	
Grain Cd concentration (mg/kg)
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