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Manganese (Mn) mining produces a large amount of Mn-rich solid waste contributing to soil and groundwater pollution. Adding Mn-rich waste to soils could reduce mining pollution by allowing specialised plants to take up this mineral for growth, that is, phytoremediation. However, Mn interacts with other soil major and trace minerals. The interaction with phosphorus (P), a key element for plant nutrition and growth, has received less attention. In this study, we aimed to evaluate the effects of P sources (i.e. rock phosphate and monopotassium [KH2PO4]) and application rates on the P and Mn relationships in clay and sandy soils mixed with Mn-rich waste. Soils differing in texture were incubated for 60 days at room temperature (±20 °C), and changes in available P, Mn and soil pH were determined at 0, 30 and 60 days. The addition of Mn-rich solid waste significantly decreased available soil P in both soils with the greatest reduction of 62% and 52% from the sandy soil subjected to KH2PO4 and rock phosphate, respectively. In the clayey soil, the reduction was higher for the rock phosphate source implying more P was released from the rock phosphate in Mn-rich soils. This explanation was supported by the significant positive correlation between P and Mn for both soils when P is added in the form of rock phosphate. Our results suggest that Mn-rich waste is better in clay soils subjected to rock phosphate addition. Further research is needed to control Mn solid waste pollution levels in soils using specific crops with known phytoremediation properties.

Significance:

South African mining and smelting processes produce a lot of Mn-rich waste as a by-product that harms the environment if not appropriately managed. The efficient use of Mn-rich solid waste in agricultural soils is poorly studied; hence, this study focused on the role of soil type and Mn-rich waste addition on phosphorus release and availability.








Introduction

Mining and smelting activities pollute soil and groundwater resources with heavy metals that damage ecosystems and environments worldwide.1,2 The mining-associated pollution is already taking its toll in many regions, such as Asia, South America and sub-Saharan Africa.2,3 The problem is more acute in African countries such as South Africa, where mining of key minerals (e.g. gold, coal, diamonds, manganese (Mn), nickel and iron ore) contributes to the national economy.4 The country has the largest known, natural deposits of Mn concentration of ~4 million tons, that is, about 75–80% of the world reservoir and most of it is (~99%) in the Kalahari basin, Northern Cape Province.5-7 Mn mining is associated with high levels of Mn-rich solid waste which can be reused efficiently if appropriately managed. Therefore, the safe disposal and control of Mn mine solid waste is key for reducing negative mining impacts on soils, water, biodiversity and human well-being.

Mn is also an essential trace element for plant growth and soil microbial life that can be toxic when available in high amounts.8,9 Mn can be used by plants and soil microorganisms in mineral-deficient soils, suggesting a possible biological removal of high levels of Mn in soils through land application by Mn-rich waste. However, Mn uptake by plants and soil microorganisms may be affected by interactions with other elements. For example, P is an important element for both agricultural and environmental sustainability, and it is deficient in most agricultural soils.10,11 Also, Mn availability is considered to have a negative impact on P uptake and distribution in different plants.12,13 The P shortage may be further aggravated by soil erosion and land degradation.10,14 For example, Alewell et al.10 estimated that up to 50% of global total P loss is caused by soil erosion. Therefore, understanding the interaction and behaviour of P in soils with high Mn concentration is a prerequisite for efficient P management in agricultural systems.

There are conflicting findings in studies concerning the interaction between P and Mn in soils and plants. For instance, Lindsay et al.15 in a laboratory incubation study reported that soil Mn was lowered by P addition in acidic sandy loam soil (pH =4.6) and slightly calcareous (pH = 7.6) loamy soil from Nebraska, USA.16 They also found a 14–21% increase of available P with the addition of Mn oxides in incubated soils collected from a rice field in the Texas Gulf Coast.16 Moreover, P sorption may be affected by Mn oxides in rich-Mn soil as found in acid-sulfate soils of Thailand.17 Contradictory findings over the interaction between Mn and P in the soils were also observed in the plant tissues. For example, elevated P supply was found to directly interfere with Mn uptake in barley roots which induced a negative impact on the barely shoots because of Mn deficiency.13 Also, Marsh et al.18 found that the Mn toxicity of potatoes increased by increasing phosphate levels, especially at higher temperatures (>25 ºC). However, a reduction in Mn toxicity in some forage species, for example, perennial ryegrass and white clover, due to increased P supply was also reported.19 However, Titshall20 found Mn concentrations of ryegrass were lower than the control groups in soils mixed with Mn-rich waste after adding phosphate, which was attributed to the formation of Mn and P compounds, causing a reduction in Mn availability.

Contrasting findings about P and Mn interactions in plants and soils suggest the need for further work, especially in South Africa where Mn-rich waste is to be applied to land as a disposal method. More specifically, we seek to understand the interaction between Mn and P in soils in the absence of plants. Such an understanding of P behaviour from different sources with different levels of Mn-rich waste-amended soils will be essential for sustainable management of P, including optimisation of P fertiliser inputs for crop production on Mn waste-treated soils. Therefore, the objective of this study was to determine the effects of two phosphate sources and application rate on available P and extractable Mn in contrasting soils incubated with Mn-rich waste.

Materials and methods

Electro-winning waste

Electro-winning or electrolytic waste used in this study was collected from the top 20–30 cm from several locations of dedicated waste disposal sites (25°27’56.09”S; 30°57’4.70”E) of Mn mining and processing company near Mombela, Mpumalanga, South Africa.20 The Mn-rich solid waste is produced as a by-product after Mn-rich ores are finely milled and dissolved in sulfuric acid.20 Various conditioners (including ammonia and lime) were added during an electrolytic extraction process, resulting in a solid waste that contained high amounts of Mn residual and elevated levels of N, Ca and S. After electrolytic extraction of the Mn, the residue is passed through a belt-filter press to remove excess liquid and the solid waste is disposed of at a dedicated disposal site. The solid waste has a pH close to 7, and electrical conductivity of 1735 mS/m with 5702 mg/kg EDTA-extractable Mn (Table 1).



Table 1:Basic chemical profile of electro-winning waste, Hutton and Cartref soil (n = 3)













	
Parameters


	

	
Mn waste


	
Hutton


	
Cartref







	
pH


	
H2O


	
6.89


	
5.34


	
5.17





	
KCl


	
6.86


	

	




	
Electrical conductivity (mS/m)


	

	
1735


	

	




	
Organic carbon (g/kg)


	

	
5.6


	
34.4


	
1.8





	
AMBIC P (mg/kg)


	

	
1.22


	
12.0


	
4.42





	
Total N (g/kg)


	

	
9.3


	
2.1


	




	
Extractable cations (cmolc/kg)


	
Mg


	
1.76


	
3.04


	
0.35





	
Na


	
1.31


	
6.63


	
0.12





	
Ca


	
71.0


	
6.63


	
1.28





	
K


	
0.06


	
0.47


	
0.38





	
Cation exchange capacity (cmolc/kg)


	
CEC


	
9.50


	
12.7


	
6.10





	
Exchangeable acidity (cmolc/kg)


	

	
4.47


	

	




	
Exchangeable Al (cmolc/kg)


	

	
1.28


	

	




	
Calcium carbonate (%)


	
CaCO3



	
2.6


	

	




	
Particle size distribution (%)


	
Clay


	
29.4


	
54.0


	
19





	
Silt


	
58.6


	
34.3


	
13





	
Sand


	
12.0


	
11.7


	
68





	
EDTA-extractable (mg/kg)


	
Fe


	
1.02


	

	




	
Mn


	
5708


	

	




	
Zn


	
7.39


	

	




	
Co


	
69.5


	

	




	
Cu


	
17.9


	

	




	
Pb


	
1.38


	

	




	
Ni


	
5.57


	

	






 



Soils and phosphate sources used in the study

Two soils with different texture classes (Hutton and Cartref) were used for the current study. The A horizon of Hutton and Cartref soils were classified as Typic Haplustox and soil Typic Haplaquept, respectively.21,22 The Hutton soil was collected from a maize farm near Howick, KwaZulu-Natal, South Africa (29°31′22.99″S; 30°13′11.83″E), whilst the Cartref was sourced from natural veld at Otto’s Bluff near Pietermaritzburg, KwaZulu-Natal, South Africa (29°30′42.01″S; 30°22′51.99″E). The soils used for the incubation were collected from the upper soil layer (20 cm) using a spade from four randomly selected positions for each soil. For each soil, the four sampled positions were mixed together, thoroughly mixed and sieved through a 2-mm sieve to remove stone and plant debris. Two sources of phosphate were used, that is, sparingly soluble phosphate rock and readily available P as monopotassium phosphate (KH2PO4) fertiliser. The phosphate rock used in this study was obtained from the second richest reserve of phosphate rock, Langebaan town, South Africa. The chemical composition (%) of the phosphate rock was as follows: total P =10.0; citric acid soluble P = 3.3; Ca =20.1; Cu = 0.1; Mg = 1.30; Fe = 3.0; Mn = 9.0; Zn = 13; Mo = 10.0.

Laboratory incubation

Solid waste was added at a rate of 40 g waste/kg soil (4 g waste in 100 g soil), which was found to be the upper application rate suitable for growing crops.20 Approximately 100 g of soil was weighed in a 60-mL laboratory glass jars with screw caps. Phosphorus was added as either phosphate rock or KH2PO4 at four rates: control (0P), recommended dose (1P), double recommended dose (2P) and threefold recommended dose (3P). The P application rate was duplicated (2P) and triplicated (3P) to ensure a wide range of phosphorus availability in soils. A total of 48 jars were prepared. The recommended P fertilisation dose for the Hutton soil was 65 kg P/ha and Cartref soil was 80 kg P/ha as recommended by the Cedara College of Agriculture, Department of Agriculture, South Africa. These recommended rates translated to 0.0, 3.7, 7.4 and 11.1 mg of P per 100 g soil for Hutton soil and 0.0, 3.6, 7.2 and 10.8 mg of P per 100 g soil for Cartref soil, based on the estimation of 2 million kg soil per hectare furrow-slice. The mixtures were adjusted to field capacity moisture content and incubated at 20 °C for 60 days, with soil sampling collected at 0, 30 and 60 days of incubation. Previous work by Titshall20 using this waste material indicated that the bulk of chemical changes occurred within the first 50–60 days of mixing soil with the waste, and thus 60 days was used as the maximum incubation period.

Soil samples analysis

Soil samples from the initial soil and during the incubation period (at 0, 30 and 60 days) were air-dried and stored for laboratory analysis. Soil pH was measured in both water and KCl (1 M) suspension (1 g soil: 2.5 mL of the solution) using a digital Metrohm Hersiau E396B pH meter. Plant available P was extracted with AMBIC solution (0.25 mol/L ammonium bicarbonate, pH 8.3) and measured colourimetrically using ultraviolet-visible (UV-vis) spectrophotometers.23 Each sample was prepared for the analysis of diethylenetriaminepentaacetic acid (DTPA)-extractable Mn. Extractable Mn was determined using ammonium acetate, adjusted to pH 7, followed by quantification with atomic adsorption spectrophotometry (AAS, Varian 2600).24

Statistical analysis

The experimental data were found to be normality distributed (p > 0.05) using the Shapiro–Wilk test. Factorial multivariate analysis was applied to all data sets to test the effect of soil type, Mn waste, phosphorus source and application rates on the available P and Mn. Follow-up tests using three-way variance analysis (ANOVA) analysis were done separately for incubation samples with and without Mn waste for each soil type. As sampling was repeated three times (0, 30 and 60 days) over the incubation period, a repeated two-way ANOVA was used to test for how soil type was affected by phosphate application rate and incubation periods. Relationships between available P against Mn and soil pH were assessed with linear regressions. Tukey’s honestly significant difference post hoc multiple comparison tests were performed to compare means (p < 0.05 threshold) unless otherwise indicated. All the statistical analysis and graphs were conducted using Sigma Plot software (Version 14.5, Systat Software Inc., San Jose, CA, USA).

Results

Descriptive statistics and analysis of variance

Both soils have an acidic pH but have different organic carbon contents and soil textures (sandy loam and clayey texture for Hutton and Cartref soil, respectively) (Table 1). Hutton soil had higher extractable cations (i.e. Mg, Na, Ca and K) and cation exchange capacity than Cartref soil. Available P and extractable Mn in the two soils with different P as fertiliser sources showed that KH2PO4 had a greater overall mean in both soil types regardless of waste treatment (Table 2). On average, the KH2PO4 source increased available P by 5- and 1.8-fold in the Cartref and Hutton soils without Mn-rich solid waste, respectively. Extractable Mn was higher in soil amended with Mn-rich waste compared to soil without Mn-rich waste. Although the coefficient of variation (CV) of all parameters is consistently <1%, CV is always greater in available P from the KH2PO4 source than the rock phosphate source (Table 2). Multivariate factorial analyses showed that the effect of P application rate, incubation time, Mn-rich waste and P sources and their interaction on available P in both soils were highly significant (p < 0.001) (Table 3). However, incubation times and P dosage in the Cartref soil were only significant at p < 0.05 level. Extractable Mn was affected significantly by the soil type, presence or absence of Mn-rich waste, application rates, and the interaction of soils and application rates only (Table 3).



Table 2:Descriptive statistics of the available phosphorus (P) and extractable manganese (Mn) for Cartref and Hutton soil incubated with and without Mn-rich waste (n = 36)



	Soil type
	Cartref
	Hutton

	P source
	KH2PO4
	Rock phosphate
	KH2PO4
	Rock phosphate

	Available P without Mn-rich waste

	Mean
	43.89
	8.94
	23.15
	13.82

	SD
	30.78
	4.06
	9.46
	2.55

	Min
	3.93
	3.93
	9.63
	9.63

	Median
	44.91
	8.49
	22.29
	12.84

	Max
	100.21
	24.90
	44.31
	19.46

	SE
	5.13
	0.68
	1.58
	0.42

	CV
	0.70
	0.45
	0.41
	0.18

	Available P with Mn-rich waste

	Mean
	27.03
	5.90
	18.83
	10.65

	SD
	17.96
	3.38
	7.55
	2.61

	Min
	3.73
	2.16
	7.86
	3.73

	Median
	24.89
	5.55
	18.12
	10.46

	Max
	66.05
	24.02
	36.85
	18.63

	SE
	2.99
	0.56
	1.26
	0.44

	CV
	0.66
	0.57
	0.40
	0.25

	Extractable Mn without Mn-rich waste

	Mean
	11.94
	9.63
	11.94
	14.43

	SD
	7.34
	5.86
	6.75
	6.49

	Min
	4.38
	3.97
	0.09
	6.10

	Median
	8.52
	7.53
	9.51
	13.00

	Max
	28.84
	23.81
	27.00
	29.34

	SE
	1.22
	0.98
	1.13
	1.08

	CV
	0.61
	0.61
	0.57
	0.45

	Extractable Mn with Mn-rich waste

	Mean
	748.18
	732.73
	457.77
	517.97

	SD
	421.57
	409.41
	276.29
	318.28

	Min
	134.40
	122.05
	64.55
	75.57

	Median
	952.75
	926.75
	495.14
	662.94

	Max
	1173.43
	1186.20
	819.04
	879.70

	SE
	70.26
	68.23
	46.05
	53.05

	CV
	0.56
	0.56
	0.60
	0.61




SD, standard deviation; Min, minimum; Max, maximum; SE, standard error; CV, coefficient of variation.







Table 3:Four-way multivariate analysis (ANOVA) of the effect of soil types (soil), present and absence of Mn waste (waste), P sources (source) and P application rates (rate), and their interaction on soil available P and extractable Mn in Cartref and Hutton soils



	 	 	Available P
	Extractable Mn

	Source of variation
	DF
	F
	p
	F
	p

	Soil
	1
	4142.92
	<0.001
	804.35
	<0.001

	Waste
	1
	41.04
	<0.001
	14.55
	<0.001

	Rate
	1
	82.48
	<0.001
	337.01
	<0.001

	Source
	5
	93.37
	<0.001
	0.09
	ns

	Soil × Waste
	3
	596.05
	<0.001
	0.12
	ns

	Soil × Rate
	5
	16.95
	<0.001
	15.11
	<0.001

	Waste × Rate
	5
	34.58
	<0.001
	0.13
	ns

	Soil × Source
	3
	13.97
	<0.001
	0.08
	ns

	Waste × Source
	3
	163.71
	<0.001
	0.38
	ns

	Rate × Source
	5
	24.62
	<0.001
	0.11
	ns

	Soil × Waste x Rate
	11
	80.61
	<0.001
	0.03
	ns

	Soil × Waste × Source
	7
	6.14
	<0.001
	0.11
	ns

	Soil × Rate × Source
	11
	17.65
	<0.001
	0.29
	ns

	Waste × Rate × Source
	6
	29.46
	<0.001
	0.04
	ns

	Soil × Waste × Source × Rate
	17
	5.58
	<0.004
	0.03
	ns




P, phosphorus; Mn, manganese; DF, degrees of freedom.





Available soil P from contrasting soil types with and without Mn-rich waste

The available soil P increased significantly with the application rate of KH2PO4 and rock phosphate in Cartref and Hutton soils over the incubation time (Figure 1). The P concentration significantly rose (p < 0.05) with increasing KH2PO4 application rates (from 0P to 3P rate) in both soils (Figure 1a and 1b). The variation in available P between the P rates (0P, 1P 2P and 3P) was much higher in Cartref soil than in Hutton soil. For example, the largest difference in available was observed between P at the beginning of the incubation (0 days) between 0P with 4.42±0.38 mg/L and 3P with 94.82±2.78 mg/L in Cartef soil (Figure 1a). This difference was relatively lower in the Hutton soil (Figure 1b) despite the baseline available P comparable to Cartref soil. In terms of Rock phosphate source, variations in available P between the P rates were low (Figure 1c and 1d). Available P increased over time in the Cartref soil subjected to rock phosphate addition, with a higher P concentration observed at the 60 days of the incubation compared to the earlier sampling events (Figure 1c). In this soil, there was no significant difference between 2P and the 3P from the rock phosphate soil over the incubation time. On the other hand, significant variation in available P between the P rates was observed in the sampling at the 30 and 60 days, with clear variation between 0P on one hand and the other rates on the other hand at the end of the incubation (Figure 1d).

[image: 15689Elsheikh_fig1]

Figure 1: Mean ± standard error (n = 3) of soil available phosphorus (P) from soils (Cartref and Hutton) incubated with manganese-rich waste at an increasing dose of phosphorus (0P, 1P, 2P and 3P, corresponded to no addition, recommended P, double the recommended P and triple the recommended P, respectively) from KH2PO4 (a and b) and rock phosphate (c and d) sources. Within one P source at each time point, means followed by different letters are significantly different at p ≤ 0.05.



Concentrations of soil available P in soils mixed with Mn waste followed a similar pattern as the soils without Mn waste, with less available P from P doses applied as KH2PO4 (Figure 2). For example, the highest available P of 64.46±1.38 mg/L was recorded at the first sampling event (0 day) under the 3P application rate in Cartref soil, which was decreased by 45% compared to the average of a second (30 days) and last (60 days) sampling event (Figure 2a). A similar trend was also observed under Hutton soil subjected to P addition from KH2PO4, where the available P increased in the following order: 0P, 1P, 2P and 3P (Figure 2b).

[image: 15689Elsheikh_fig2]

Figure 2: Mean ± standard error (n = 3) of soil available phosphorus (P) from soils (Cartref and Hutton) incubated with manganese-rich waste at an increasing dose of phosphorus (0P, 1P, 2P and 3P, corresponded to no addition, recommended P, double the recommended P and triple the recommended P, respectively) from KH2PO4 (a and b) and rock phosphate (c and d) sources. Within one P source at each time point, means followed by different letters are significantly different at p ≤ 0.05.



The addition of rock phosphate at different rates had no consistent effect on available soil P in Cartref and Hutton soils in the presence of the Mn-rich wastes (Figure 2c and 2d). Although no significant difference between P rates was observed at the start of the incubation (immediately after the rock phosphate addition) in the Cartref soil, a significantly lower available P was found in 1P compared to other rates after 30 days (Figure 2c). Surprisingly, in the same soil, 0P induced similar available phosphorus to the 2P in the second sampling event, and no significant variation was observed at the end of the incubation. In terms of Hutton soil amended with Mn-rich waste and the P applied in the form of rock phosphate, significant variations were observed at 30 and 60 days, where 3P induced the greatest available P in the soil (Figure 2d). Also, the available P increased with time in all the P application rates including 0P.

Extractable Mn in soils without and with Mn-rich wastes

Extractable Mn in soil incubated without Mn-rich waste was the lowest at the start and the highest after 60 days of P dosing in both soil types (Figure 3). KH2PO4 P-form had significant variations in dose response at 30 and 60 days for Cartref, with 3P being highest after 30 days (Figure 3a). In contrast, Mn in Hutton soil was only significant at 30 days of the sampling event with the Mn being the highest (11.12±0.45 mg/L) at a 3P dose (Figure 3b). For the rock phosphate P source, a significant increase in Mn under Cartref soil was observed at the end of the incubation period (Figure 3c). Interestingly, 0P had the most Mn of 21.82±1.23 mg/L compared to the other P doses. In the Hutton soil, Mn was lowest in 0P dose and 1P being the highest for both 30 and 60 days. No significant differences were observed in Mn between 2P and 3P for 30 and 60 days. The addition of Mn-rich waste to both soil types increased Mn amounts with time for all cases (Figure 4). Although no significant variations were found in Mn between P doses from the KH2PO4 source in all the sampling events under Cartref soil (Figure 4b), this was not the case for Hutton soil (Figure 4b). In the Hutton soil amended with Mn-rich waste, Mn in the soil was highest in 3P at the start of the incubation and increased from 0P to the other P doses in the other sampling events; however, the variation was not significant at 60 days (Figure 4b). Under the rock phosphate source, Mn in Cartref soil followed a similar pattern to the KH2PO4 source (Figure 4c). In the Hutton soil amended with Mn waste and P addition from the rock phosphate source, Mn was significantly greater in 1P, 2P and 3P than 0P on the other at 30- and 60-day sampling events (Figure 4d).

[image: 15689Elsheikh_fig3]

Figure 3: Mean ± standard error (n = 3) of soil extractable manganese (Mn) from soils (Cartref and Hutton) incubated without manganese-rich waste at an increasing dose of phosphorus (0P, 1P, 2P and 3P, corresponded to no addition, recommended P, double the recommended P and triple the recommended P, respectively) from KH2PO4 (a and b) and rock phosphate (c and d) sources. Within one P source at each time point, means followed by different letters are significantly different at p ≤ 0.05.



[image: 15689Elsheikh_fig4]

Figure 4: Mean ± standard error (n = 3) of soil extractable manganese (Mn) from soils (Cartref and Hutton) incubated with manganese-rich waste at an increasing dose of phosphorus (0P, 1P, 2P and 3P, corresponded to no addition, recommended P, double the recommended P and triple the recommended P, respectively) from KH2PO4 (a and b) and rock phosphate (c and d) sources. Within one P source at each time point, means followed by different letters are significantly different at p ≤ 0.05.



Relationship between available P, extractable Mn and soil pH

Figures 5 and 6 show the linear relationship between available P, extractable Mn and soil pH at 30 and 60-day sampling events from both soil types subjected to P additions from KH2PO4 and rock phosphate sources incubated with and without Mn-waste additions. No significant correlation was found in soils incubated without Mn waste (Figure 5) when the P source was KH2PO4 (Figure 5a and 5b). However, significant correlations were found when the P source added was rock phosphate in both soils, with positive trend relationships between P and Mn, and a negative relationship between P and pH (Figure 5c and 5d). The strongest positive correlation (r2 = 0.82) was observed in the relationship between P and Mn in the Hutton soil subjected to P addition from a rock phosphate source (Figure 5d). Similar to the soil incubated without Mn waste, the soils incubated with Mn waste showed no significant correlations between the variables (P vs Mn and pH) when the P source was added as KH2PO4 (Figure 6a and 6b). However, the correlation between P and pH in the Cartref soil was not significant.
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Figure 5: Relationship between soil available phosphorus (P) on one hand and soil manganese (Mn) and pH on the other hand in different soils (Cartref and Hutton) incubated without Mn waste with the phosphorus source of KH2PO4 (a and b) and rock phosphate (c and d) from 30- and 60-day incubation time (n = 24).
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Figure 6: Relationship between soil available phosphorus (P) on one hand and soil manganese (Mn) and pH on the other hand in different soils (Cartef soil and Hutton soils) incubated with Mn waste with the phosphorus source of KH2PO4 (a and b) and rock phosphate (c and d) form 30- and 60-day incubation time (n = 24).



Discussion

Although soil available P is already considered a key limitation to plant and microbial metabolism and populations, its sources and the expected interaction between P and other soil minerals are another determinant influenced by local soil conditions and the abundance of the other soil minerals.25-27 Mn-rich solid waste resulting from Mn mining could already tilt this delicate balance by altering available soil P.

Impact of P sources on P availability in soils

The available soil P increased significantly with the increase of KH2PO4 application rates in both soils (Figure 1a and 1b), likely because of the high P released per unit weight of the applied KH2PO4. Except for the 0P dose (no P added), the available P in both soil types slightly decreased over time, probably due to the P adsorption on soil colloids over time. Time was an important factor for P adsorption in the soils, which increases rapidly with the reaction time at the beginning of the incubation and decreases over time without reaching a stable exact equilibrium.28,29 Rock phosphate resulted in lower available P compared to KH2PO4 in both soils (Figures 1 and 2), suggesting slow P release from rock phosphate. Rock phosphate is characterised by low solubility30,31, and therefore, the rock phosphate releases P slowly over time due to the continuation of the dissolution process, similar to the process that occurs in nature32,33. Increasing acidity, in general, will also improve P release from rock phosphate.33,34 In the present study, the rock phosphate source showed an opposite pattern of available P where P release increased over the incubation time (Figure 1c and 1b) compared to the KH2PO4 source, indicating slow release of P from rock phosphate source.

The abundance of P increased by increasing the incubation period, not only in the initial P rate application, but also in the control soil without phosphate rock addition. Similar findings have been reported by many other studies.35-37 In contrast, the available soil P from the KH2PO4 source is released immediately once the KH2PO4 is in contact with the soil and then decreases over time in both soils (Figure 1a and 1b). The interaction between incubation time and the rate of applied rock phosphate as well as other organic amendments has a positive impact on increasing the availability of P.38,39 Furthermore, soil types that have different levels of carbon and clay content and incubation periods in soils have varying levels of microbes. Therefore, the augmentation of soils with Mn-rich waste may further limit microbial uptake of P over time. Despite the fact that the current study did not identify the possible role of soil microorganisms and their reaction to different P sources, their role is still important and cannot be ignored.

Impact of Mn-rich waste on P behaviour

The decrease in available P in the soil treated with Mn-rich waste (Figure 2) can be explained by the sorption behaviour of P in a Mn-rich environment.40 The P sorption can be influenced by various factors, such as soil pH, soil organic matter, ionic strength and cation types.28,41,42 Accordingly, the reduction in the available P after the application of Mn-rich waste may be due to P absorption on the Mn oxide surface. Mustafa et al.36 observed an increase in the sorption rate with the increase in P concentration; however, an opposite trend was observed with the soil pH. Another possible explanation for the reduction in available P in the soil amended with Mn-rich soils could be due to the dissolution and precipitation reactions.15 It is well known that, in soils with high P content, the soluble P precipitates to form Fe, Al, Ca, Mg and Mn phosphate depending on the soil pH.43,44

In general, the reduction in P availability in the soils as a result of Mn-rich waste addition compared to soils without Mn waste agreed with other studies, for example, Lindsay et al.15, Sample et al.45 and Vassilev et al.10 found that phosphate solubility was hindered due to the formation of Mn phosphate in slightly acidic soils. Moreover, other investigators found that the P adsorption was significantly affected by high soil Mn.17,46 In fact, the Mn abundance in the soil does not only affect available soil P but also the P contents in plant tissues.47,48

Impact of Mn-rich waste on soil extractable Mn

Application of Mn-rich waste causes higher Mn concentrations due to the nature of Mn-rich waste which contains a high amount of Mn (Table 1 and Figure 2). In Cartref soil (sandy soil), the Mn concentrations were higher than in Hutton soil which has a clay texture (Figure 4), expected due to lower reactivity, cation exchange capacity and organic matter than the more clay soil. These results clearly show that clay soil is much better than sandy soil regarding the amount of Mn released from the soil after applying Mn-rich waste, suggesting the high potential of clay soil for waste reclamation. In sandy texture, the abundance of Mn would result in Mn coating on the surface of sand grains as observed by previous studies.49-51 Moreover, Ghasemi-Fasaei et al.52 found an increase in Mn adsorption with increasing clay content, cation exchange capacity and organic matter in a highly calcareous soil in Southern Iran, which was partially explained by the low pH causing dissolution of oxide-bound Mn, leading to higher measured amounts of Mn.

Impact of soil texture on available P in soils amended with Mn-rich waste

In the present study, the amount of available P in the sandy soil (Cartref) was found to be higher than in clayey soil (Hutton) regardless of Mn-rich waste or P sources (Figures 1 and 2), probably due to the higher specific surface area in clay soil compared to the sandy textural soil. Thus, the clay has more sorption capacity that reacts with P; consequently, more P adsorption and less P release in clayey soils. These results were in agreement with incubation experiments such as Kaloi et al.37 and Rajput et al.53 in India and Pakistan, respectively. Such findings suggest that sandy soil requires less amount of P fertiliser compared with clay soil.37 The amounts of available P in soils subjected to KH2PO4 addition increased immediately at the beginning of the trial and then decreased by increasing incubation periods; this occurs because the absorption reaction slowly continued to increase with the increased contact time.54,55 Therefore, clay content plays an important role in the retention of P in agricultural soils.56,57

Overall, the combined application of Mn-rich waste and rock phosphate to soils can be beneficial, not only for plant productivity but also for increasing the circular economy of mining by-product waste. However, caution is needed for determining the optimum dose of Mn-rich waste based on the soil texture to avoid groundwater contamination and Mn toxicity to plant and soil microbes.48,58 However, Berríos et al.59 found that Mn toxicity can be ameliorated by a high P supply using the Mn-resistant ryegrass genotype. Therefore, future research should consider an integrated approach using Mn-resistant plants, Mn-rich waste and sustainable P source in different soil textures to design an optimum dose that utilises the Mn-rich waste without compromising on the soil biodiversity and the environment. Another key limitation of the present study is not including possible microbial mechanisms that break down or use P for growth and activities as the microbial levels control.

Conclusions

Sandy and clay soils subjected to different phosphorus doses from KH2PO4 and rock phosphate were incubated with and without manganese-rich solid waste for 60 days. Available phosphorus and extractable manganese were determined at three time intervals to evaluate the interaction effect of manganese abundance on soil phosphorus. Manganese-rich waste caused a reduction in the available soil phosphorus which was found to be greater from the readily available phosphorus source (i.e. KH2PO4) than the rock phosphate source. Therefore, the rock phosphate source is more beneficial in clayey soils amended with manganese-rich waste because of the slow release over time implying a better plant growth environment. Alternatively, the manganese-rich waste might be used to immobilise phosphorus in soils that contain excess available phosphorus. However, further research using crops known for their phytoremediation capacity to reduce the manganese abundance in the soil amended with manganese-rich waste is still required.
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