


Influence of Zinc Sources and Levels on Zinc Fraction Distribution in calcareous soil under groundnut (Arachis hypogaea L.)


Abstract
Zinc deficiency is a major constraint to crop production in calcareous soils due to high soil pH and calcium carbonate–induced zinc fixation, which reduces zinc availability to plants. The present study was conducted to evaluate the effects of different zinc sources and application levels on zinc fractionation dynamics in calcareous soil under groundnut cultivation. A field experiment was laid out in a factorial randomized block design with two zinc sources and four application levels, replicated three times. Soil samples were collected at flowering, peg formation, and harvest stages and analyzed for different zinc fractions using a sequential extraction procedure. The results showed that water-soluble and exchangeable zinc fractions were significantly higher under Zn-EDTA application, particularly at 10 and 15 mg kg⁻¹, indicating improved zinc availability in calcareous soil. In contrast, ZnSO₄ application resulted in greater accumulation of zinc in specifically sorbed, carbonate-bound, Fe–Mn oxide-bound, organic matter-bound, and residual fractions, reflecting stronger zinc fixation under alkaline conditions. The residual fraction was the dominant pool of total zinc and increased with higher zinc levels and advancing crop growth stages. Total zinc content increased significantly with zinc application rate and was consistently higher under ZnSO₄ compared to Zn-EDTA. This research article explains in detail how Zn-EDTA maintains more labile zinc fractions for immediate plant uptake, while ZnSO₄ promotes long-term zinc stabilization in calcareous soils.
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Introduction
Zinc (Zn) is one of the essential elements for most living organisms, playing a crucial role in enzyme activation, protein synthesis, carbohydrate metabolism, and the regulation of growth hormones (Costa et al., 2023). Zinc deficiency is a significant ecological and agricultural problem that requires proper management to maintain ecosystem productivity and nutrient balance. Zinc deficiency in soils is a widespread global issue and a significant constraint to crop production, particularly in calcareous soils. Calcareous soils are characterized by their high calcium carbonate (CaCO3) content, which significantly reduces nutrient availability in the soil to plants (Malathi et al., 2024). Sary and Abd El-Aziz (2025) reported that calcareous soils pose major constraints to crop production due to their high calcium carbonate content and alkaline pH, which drastically reduce the availability of essential nutrients, the study also noted that micronutrients such as Fe, Zn, Mn, and Cu become highly fixed, limiting plant uptake and causing severe deficiency symptoms. Among the various nutrient deficiencies in calcareous soil, zinc is one of the micronutrients that has not been explored extensively in the context of calcareous soil conditions. Due to the high pH of Calcareous soils makes zinc less soluble, causing it to form insoluble compounds like ZnCO3 and Zn (OH)2 (Moreno-Lora et al., 2020). Additionally, zinc sticks to calcium carbonate particles in the soil, which reduces the amount of zinc available to plants. Ray et al. (2000) reported that calcareous soils cover approximately 22.8 million hectares, accounting for about 7% of India’s total geographical area. In Tamil Nadu, nearly 34% of the land area is affected by calcareous soils, with major occurrences in the western, northwestern, and southern agroclimatic zones. 
Groundnut (Arachis hypogaea L.), an important oilseed crop widely cultivated in calcareous soils, is highly sensitive to zinc deficiency, resulting in poor growth, nodulation, yield, and kernel quality (Shokri et al., 2024). It is cultivated on about 30.5 million hectares, with a total production of 54.2 million tonnes. Asia leads global groundnut production, contributing about 58% of total, followed by Africa with 32%, while America account 10% major groundnut-producing countries include India, Myanmar, Sudan, Argentina, guinea and Benin (Tadesse et al., 2024). In India, groundnut was cultivated on about 55,00,000 hectares during 2023-2024, of which Tamil Nadu accounted for 2,37,000 hectares, representing 4.29% of the total cultivated area (Agricultural Market Intelligence Centre, 2024).
Under calcareous soil conditions, applied zinc undergoes several chemical transformations through processes such as precipitation with carbonates and hydroxides, adsorption onto clay minerals and calcium carbonate surfaces and fixation within less labile soil fractions. These processes partition zinc into different chemical fractions, each varying in solubility and plant availability. The distribution of zinc among these fractions governs its mobility, bioavailability to crops, and residual behaviours in soil. 
 Under such conditions, applied zinc can be transformed into different chemical fractions through processes such as precipitation, adsorption, and fixation. These transformations control the mobility, availability, and residual behaviour of zinc in soil, making the study of zinc fractions essential for zinc dynamics and improving its efficient management in groundnut grown under calcareous soil. Therefore, studying zinc fractionation is crucial for understanding zinc dynamics and for developing efficient zinc management strategies to enhance groundnut productivity in calcareous soil.
Materials and method
Study area
The field experiment was conducted in Murugamangalam village of devikapuram Block, Thiruvannamalai District, Tamil Nadu, India. This site is located at 12°51′ N latitude and 79°27′ E longitude, with an elevation of 168m above mean sea level. The area has a warm climate with an average maximum temperature of 37°C and a minimum of 25°C. The annual rainfall is about 815mm, mainly received during the northeast monsoon.
Experimental details
The field experiment was carried out from January to April 2025 on a farmer’s field with calcareous soil. Groundnut Seed (var. kadhiri 9) was procured from a local agricultural input store in Devikapuram block, Thiruvannamalai District. Seeds were sown at a spacing 30x15 cm in plots measuring 5x4 sq.m. The experiment was laid out in a factorial randomized block design (FRBD) with eight treatments and three replications. Treatments consisted of two zinc sources, namely, Zinc Sulphate (S1) and Zinc EDTA (S2) applied at four levels 0 (L0), 5 mg kg-1 (L1), 10 mg kg-1 (L2), and 15 mg kg-1 (L3) of soil.
The soil was ploughed to a depth of 8-10 inches, and raised beds were prepared to improve drainage. Based on Soil Test Crop Response (STCR) recommendations, 100% of the recommended dose of fertilizer (25:50:75 kg ha-1 of N: P2O5:K2O) was applied uniformly to all treatments. Nitrogen was applied in two splits (basal and 30 days after sowing), while full doses of phosphorus and potassium were applied basally. Zinc was applied using analytical grade Zinc Sulphate and Zinc EDTA.
Irrigation was given immediately after sowing, followed by a light irrigation on the fourth day and then at ten-day intervals. All other cultural practices were followed according to the recommended crop production guidelines. The initial physicochemical properties of the soil are presented in the table. 1. Soil texture was determined using the international pipette method described by piper (1966). Bulk density, particle density and pore space were evaluated using the measuring cylinder technique (Tan, 1996). Soil pH and electrical conductivity (EC) were measured in a 1:2.5 soil water suspension following the procedure suggested by Jackson (1973). The cation exchange capacity (CEC) was assessed during using the ammonium acetate method and calcium carbonate was quantified by the Versenate titration method (Jackson, 1973). Calcium carbonate content was estimated using the rapid titration method (Horváth et al., 2005). Soil organic carbon was estimated using the Walkley and Black method (1934). Available nitrogen was determined through the alkaline permanganate method (Subbaiah and Asija, 1956), while available phosphorus was extracted using the Olsen method (Watanabe and Olsen, 1965). Available potassium was measured following ammonium acetate extraction and subsequent flame photometric analysis (Standford and English, 1949). The concentration of DTPA extractable zinc in the soil was determined using atomic absorption spectrophotometer in accordance with the method proposed by Lindsay and Norvell (1978).
Soil Sampling and Analysis
Soil Samples representing each treatment and replication were collected separately at the flowering stage, peg formation stage, and at the harvest stage after completion of the field experiment. The collected samples were air-dried, finely ground, and passed through a 2mm sieve before analysis. The processed soil samples were analysed for the different zinc fractions using the sequential extraction methodology described by Salbul et al. (1998). The detailed presented in fig.1.
Statistical Analysis
The analysed data were statistically analysed to assess the variability in the distribution of zinc fraction among the treatments using the Least Significant difference was classified following the approach proposed by Fisher et al. (1935). 
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Fig.1. Sequential Fractionation procedure for Zinc
Result and Discussion
The result of the present study shows the different sources and levels significantly influenced the distribution zinc fractions in calcareous soil during groundnut growth. variation in zinc fractions at different growth stages indicates the transformation and movement of applied zinc in the soil. The response varied among treatments depending on the zinc source and application. These results are discussed by comparing them with findings from earlier studies.
Water Soluble Zinc Fraction (WS-Zn)
	Water Soluble Zinc Fraction is one of the plant available forms of zinc fraction, which is significantly influenced by the different sources (S) and levels (L) of zinc. Among the various sources and levels, the application of Zinc EDTA @ 15 mg kg-1 (S2L3) recorded the highest water-soluble zinc content (Table 2), with values of 0.85 mg kg-1 at the flowering stage, 0.57 mg kg-1 at the peg formation stage, and 0.42 mg kg-1 at the harvest stage. Followed by Zinc EDTA @ 10 mg kg-1 (S2L2), which recorded the second highest water-soluble content of 0.85, 0.56, and 0.42 mg kg-1 at the flowering, peg formation, and harvest stages, respectively. These treatments were found to be statistically on par with each other. The other treatments, namely S1L3, S1L2, S2L1, S1L1, and the control, exhibited comparatively lower soluble contents across all growth stages. This may be due to zinc applied through an inorganic source, like zinc sulphate, which is prone to rapid precipitation and adsorption as zinc carbonate or zinc hydroxide due to high soil pH and calcium carbonate content, thereby decreasing its presence in the soil solution (Martínez-Ríos et al., 2024). In contrast, zinc supplied in chelated form (Zn-EDTA) remains more stable in the soil solution by preventing fixation and complexation with carbonate minerals, resulting in higher water-soluble zinc levels. The progressive decline in water soluble zinc content from flowering to harvest stages across all treatments can further be explained by increased crop uptake, redistribution into less available zinc fractions, and gradual transformation into adsorbed or precipitated forms over time (de Francisco et al., 2024).
Exchangeable Zinc Fraction (EX-Zn)
The exchangeable zinc fraction, which represents one of the important plant available pool of zinc, was significantly influenced by different zinc sources (S) and level (L). Among the various sources and levels combinations, application of zinc EDTA at 15 mg kg-1 recorded the highest exchangeable zinc content with values of 0.69 mg kg-1 at the flowering stages, 0.57 mg kg-1 at the peg formation stage and 0.46 mg kg-1 at the harvest stage. This was followed by zinc EDTA applied at 10 mg kg-1, which recorded the second highest exchangeable zinc content of 0.67, 0.56, and 0.45 mg kg-1 at the flowering, peg formation, and harvest stages, respectively. These two treatments were found to be statistically on par with each other. This was subsequently followed by zinc sulphate at 15 mg kg-1 (S1L3), which recorded the next highest exchangeable zinc content across all growth stages. The remaining treatments, namely S1L2, S2L1, S1L1, and the control, exhibited comparatively lower exchangeable content across all growth stages. The higher exchangeable zinc contents under zinc EDTA treatments may be attributed to the chelating effect of EDTA, which stabilizes zinc in the labile pool and prevents its rapid fixation in calcareous soils. Organic zinc complexes such as Zn EDTA have been shown to maintain elevated levels of exchangeable Zn compared to inorganic sources, enhancing plant uptake in calcareous systems (Alvarez and Rico, 2003; Liu et al., 2020). In contrast, calcareous soil rich in calcium carbonate strongly adsorbs or precipitates added zinc, reducing its solubility and availability when applied as zinc sulphate (Martínez-Ríos et al., 2024).

Specifically Sorbed and Carbonate-bound Zinc Fraction (SCB-ZN)
The specifically sorbed and carbonate-bound zinc fraction varied significantly among treatments across different crop growth stages. At the flowering stage, the highest specifically sorbed and carbonate-bound zinc content (3.44 mg kg-1 ) was under zinc sulphate applied at 15 mg kg-1 (S1L3), followed by S1L2 and S1L1 whereas the lowest values were observed in control. During the peg formation stage, a similar trend was observed with S1L3 recording maximum SCB-Zn fraction (3.74 mg kg-1) followed by S1L2 (3.52 mg kg-1 ) while the control registers the minimum values. At the harvest stage, the specifically sorbed and carbonate-bound zinc fraction further increased, reaching a maximum of 3.96 mg kg-1 under S1L3 followed by S1L2 (3.75 mg kg-1) and S1L1 (3.53 mg kg-1). Treatments receiving zinc EDTA (S2L1, S2L1 and S2L3) recorded comparatively lower values than zinc sulphate treatments at corresponding levels, but were higher than the controls. This zinc fraction increased significantly with increasing zinc application rate, particularly under zinc sulphate treatments, indicating strong fixation of Zn in calcareous soil (Nazif et al., 2015). The highest values recorded under S1L3 across all growth stages can be attributed to the rapid release of Zn2+ from ZnSO4 and its subsequent sorption and precipitation with CaCO3 at high pH (Wenming et al., 2001). The progressive increase in this fraction from flowering to harvest suggests a time dependent transformation of zinc from labile pools into more stable carbonate associated forms. Calcareous soils are known to favor Zn adsorption on carbonate compounds thereby increasing this fraction with crop age. In contrast, Zn EDTA treatments recorded comparatively lower carbonate-bound zinc due to chelation, which limits direct Zn interaction with carbonate minerals (Zhao et al., 2016). 
Fe-Mn oxide-bound zinc fraction (FeMn-Zn)
The Fe-Mn oxide bound zinc fraction varied significantly among treatments across different crop growth stages. At the flowering, the highest Fe-Mn oxide bound zinc content (3.37 mg kg-1 ) was recorded under zinc sulphate at 15 mg kg-1  (S1L3), followed by S1L2 and S1L1, whereas the lowest values were observed in the control. During the peg formation stage, a similar trend was observed with S1L3 recording the maximum Fe-Mn oxide Zinc fraction (3.40 mg kg-1 ), followed by S1L2 (3.26 mg kg-1 ), while the control registered the minimum value. At the harvest stage, the Fe-Mn oxide bound Zinc fraction further increased, reaching a maximum of (3.87 mg kg-1 ) while the control registered the minimum value. At the harvest stage the Fe-Mn oxide bound zinc fraction further increased, reaching a maximum of 3.87 mg kg-1 under S1L3, followed by S1L2 (3.65 mg kg-1 ) and S1L1 (3.40 mg kg-1 ). Treatments receiving zinc EDTA (S2L1, S2L2, and S2L3) recorded comparatively lower values than zinc sulphate treatments at corresponding levels but were consistently higher than the control across all growth stages.  Although calcareous soils are characterized by high CaCO3 content and alkaline pH, iron and manganese oxides remain important mineral constituents due to the parent material and pedogenic processes (Singh and Schulze, 2015). These oxides occur as discrete minerals or surface coatings and persist under alkaline conditions because of their low solubility. Consequently, Fe and Mn oxides provide effective adsorption sites for micronutrients such as zinc through surface complexation reactions (Bolan et al., 2023). The increase in Fe-Mn oxide-bound zinc with higher Zinc application rates, particularly under zinc sulphate treatments, reflects the strong affinity of Zn2+ for Fe and Mn oxide surfaces in calcareous soil (Ma et al., 1997). Zinc released rapidly from ZnSO4 is readily adsorbed onto amorphous and crystalline Fe-Mn Oxides through surface complexation, leading to greater accumulation in this fraction (Li et al., 2009). The progressive increase from flowering to harvest indicates a time dependent transformation of zinc from more labile pools into oxide associated form as soil fertilizer interaction intensifies. In contrast, lower Fe-Mn oxide bound under Zn EDTA treatments can be attributed to chelation, which maintains zinc in soluble complexes and limits its direct adsorption onto oxide surfaces (Alvarez and Rico, 2003). 
Organic Matter Bound Zinc (OM-Zn)
The organic matter-bound zinc fraction varied significantly among treatments across different crop growth stages. At the flowering stage, the highest organic-bound zinc content (6.10 mg kg⁻¹) was recorded under zinc sulphate applied at 15 mg kg⁻¹ (S1L3), followed by S1L2 and S1L1, whereas the lowest values were observed in the control. During the peg formation stage, a similar trend was observed, with S1L3 recording the maximum organic-bound zinc fraction (6.78  mg kg⁻¹), followed by S1L2 (6.50 mg kg⁻¹), while the control registered the minimum value. At the harvest stage, the organic matter-bound zinc fraction showed increasing trend across treatments, with the maximum value recorded under S1L3 (7.78 mg kg⁻¹), followed by S1L2 (7.41 mg kg⁻¹) and S1L1 (7.10 mg kg⁻¹). Treatments receiving zinc EDTA (S2L1, S2L2, and S2L3) recorded comparatively lower organic-bound zinc values than zinc sulphate treatments at corresponding levels, but were consistently higher than the controls across all growth stages. The higher organic matter-bound zinc observed under zinc sulphate treatments indicates the strong affinity of Zn²⁺ ions for functional groups of soil organic matter, such as carboxyl, phenolic, and hydroxyl groups, leading to the formation of stable organo-metal complexes (Sarret et al., 2004; Violante et al., 2010). Zinc applied as ZnSO₄ is rapidly solubilized, allowing greater interaction with soil organic constituents compared to chelated forms. The relatively higher organic-bound zinc at lower to moderate zinc levels suggests that soil organic matter acts as an important but finite sink for zinc. In contrast, lower organic-bound zinc under Zn-EDTA treatments can be attributed to strong chelation, which maintains zinc in soluble complexes and limits its direct association with solid-phase organic matter. Similar behaviour of zinc complexation and transformation in soils has been widely reported, emphasizing the transient role of organic matter in regulating zinc mobility and availability in calcareous soils (Sarret et al., 2004).
Residual Zinc (Res-Zn)
The residual zinc fraction showed significant variation among treatments and across crop growth stages. At the flowering stage, the highest residual zinc content was recorded under zinc sulphate @ 15 mg kg⁻¹ (S1L3) with the value of 43.67 mg kg⁻¹, followed by S1L2 
(40.57 mg kg⁻¹) and S2L3 (37.24 mg kg⁻¹), while the lowest values were observed in the control 27.10 mg kg⁻¹. During the peg formation stage, a similar increasing trend was evident, with S1L3 registering the maximum residual zinc content (49.74 mg kg⁻¹), followed by S1L2 
(46.33 mg kg⁻¹) and S2L3 (43.53 mg kg⁻¹), whereas the control recorded the minimum value (29.97 mg kg⁻¹). At the harvest stage, residual zinc further increased across all zinc-applied treatments, reaching a maximum of 53.44 mg kg⁻¹ under S1L3, followed by S1L2 (50.30 mg kg⁻¹) and S2L3 (40.69 mg kg⁻¹), while the lowest content remained in the control (29.92 mg kg⁻¹). Treatments receiving Zn-EDTA  also showed a progressive increase in residual zinc with increasing levels and crop growth, but values were consistently lower than those under zinc sulphate at corresponding levels, though higher than the controls. The predominance and progressive increase of residual zinc with increasing zinc application rates and advancement of crop growth stages indicate strong fixation of applied Zn into highly stable soil pools in calcareous soils. In alkaline, CaCO₃-rich environments, zinc undergoes gradual transformation through co-precipitation with carbonates, incorporation into silicate mineral lattices, and occlusion within iron and manganese oxide structures, resulting in the accumulation of Zn in the residual fraction (Kabata-Pendias, 2010). Sequential extraction studies have consistently reported that the residual fraction constitutes the largest proportion of total Zn in calcareous soils, reflecting its long-term stability and negligible bioavailability (Lakshmi et al., 2021; Chesti, 2022). The higher residual zinc observed under ZnSO₄ treatments compared to Zn-EDTA can be attributed to the rapid release of Zn²⁺ ions from inorganic sources, which enhances their susceptibility to mineral fixation and structural incorporation over time. In contrast, chelated zinc remains in soluble complexes for longer durations, thereby reducing its immediate conversion into residual forms. The gradual increase in residual zinc from flowering to harvest further indicates aging and stabilization processes, whereby initially labile zinc fractions are progressively transformed into non-extractable pools. Although residual zinc is largely unavailable to crops in the short term, it represents a significant long-term reservoir influencing zinc buffering capacity and soil Zn dynamics under calcareous conditions.
Total Zinc (Tot-Zn)
Total zinc content varied significantly among treatments and increased consistently with increasing zinc application rates and crop growth stages. At the flowering stage, the highest total zinc was recorded under zinc sulphate applied at 15 mg kg⁻¹ (S1L3) 57.97 mg kg⁻¹, followed by S1L2 (54.02 mg kg⁻¹) and S2L3 (49.50 mg kg⁻¹), while the lowest values were observed in the control (34.81 mg kg⁻¹). During the peg formation stage, a similar increasing trend was observed, with S1L3 registering the maximum total zinc content (64.66 mg kg⁻¹), followed by S1L2 (60.51 mg kg⁻¹) and S2L3 (56.50 mg kg⁻¹), whereas the control recorded the minimum value (34.56 mg kg⁻¹). At the harvest stage, total zinc further increased across all zinc-applied treatments, reaching a maximum of 69.85 mg kg⁻¹ under S1L3, followed by S1L2 (65.85 mg kg⁻¹) and S2L3 (60.58 mg kg⁻¹). Treatments receiving Zn-EDTA (S2L1–S2L3) also showed a progressive increase in total zinc with increasing levels and crop advancement but consistently recorded lower values than zinc sulphate at corresponding levels, though higher than the controls. The significant increase in total zinc content with increasing zinc application rate and crop growth stage reflects the cumulative effect of external zinc addition and its progressive retention in calcareous soil. The consistently higher total zinc recorded under zinc sulphate treatments, particularly S1L3, can be attributed to the direct supply of Zn²⁺ ions, which readily interact with soil constituents such as carbonates, clay minerals, and oxides, leading to greater accumulation in the soil matrix. The gradual increase in total zinc from flowering to harvest suggests limited leaching losses and a continuous transformation of applied zinc into various soil fractions over time. In contrast, Zn-EDTA treatments showed relatively lower total zinc accumulation at comparable levels, likely due to chelation maintaining zinc in soluble or mobile forms, thereby reducing its fixation in soil. Calcareous soils with high CaCO₃ content favor zinc adsorption and precipitation reactions, which are more pronounced with inorganic zinc sources such as zinc sulphate (Yousra et al., 2019). Similar observations have been reported in earlier studies, where zinc sulphate resulted in higher residual and total zinc compared to chelated sources in alkaline soils. 
Conclusion
The present study demonstrates that both zinc source and application level significantly influence the distribution, transformation, and availability of zinc fractions in calcareous soil under groundnut cultivation. Chelated zinc (Zn-EDTA) was more effective in maintaining higher proportions of water-soluble and exchangeable zinc fractions, particularly at 10 and 15 mg kg⁻¹, indicating improved short-term zinc availability under high pH and CaCO₃-rich soil conditions. In contrast, zinc sulphate application resulted in greater accumulation of zinc in specifically sorbed, carbonate-bound, Fe–Mn oxide-bound, organic matter-bound, and residual fractions, reflecting stronger fixation and stabilization of zinc in calcareous soils. The progressive shift of zinc from labile to more stable fractions from flowering to harvest highlights the time-dependent transformation and aging processes of applied zinc in soil. Although the residual fraction constituted the largest proportion of total zinc, its limited bioavailability emphasizes the need for appropriate zinc source selection for efficient crop nutrition. on the whole, the findings suggest that Zn-EDTA is more suitable for enhancing immediate zinc availability to groundnut, whereas zinc sulphate contributes to long-term zinc buildup and stabilization in calcareous soils, which may benefit sustained soil zinc status over time.
Table 1. The Physico-chemical properties of experimental soil
	S.No
	Properties
	Value

	Soil physical properties

	1.
	Mechanical analysis
	

	
	Sand (%)
	52.6

	
	Silt (%)
	3.4

	
	Clay (%)
	45.2

	
	Texture
	Sandy clay loam

	
	Taxonomy Class
	Vertic Ustropepts

	2.
	BD (Mg m-3)
	1.31

	3.
	PD (Mg m-3)
	2.74

	4.
	Pore Space (%)
	52.18

	Soil physicochemical properties

	1.
	pH
	8.11

	2.
	Electrical Conductivity (dS m-1)
	0.55

	3.
	Cation Exchange capacity (c mol(p+) kg -1)
	13.76

	4.
	SOC (g kg-1)
	5.1

	Soil chemical properties

	1
	Available Nitrogen (Kg ha-1)
	256

	2.
	Available Phosphorus (Kg ha-1)
	9.4

	3.
	Available Potassium (Kg ha-1)
	154

	4.
	CaCO3 (%)
	6.54 

	5.
	DTPA-Zn (mg kg⁻¹)
	0.57





Table 2. Effect of zinc source and levels on different zinc fractions (mg kg-1) in calcareous soil under groundnut cultivation at the flowering stage
	Treatments
	WS-Zn
	EX-Zn
	SCB-Zn
	FeMn-Zn
	OM-Zn
	Res-Zn
	Tot-Zn

	S1L0
	0.23
	0.25
	1.96
	2.13
	3.14
	27.1
	34.81

	S1L1
	0.61
	0.46
	3.02
	3.01
	5.37
	32.24
	44.71

	S1L2
	0.72
	0.57
	3.21
	3.21
	5.74
	40.57
	54.02

	S1L3
	0.77
	0.62
	3.44
	3.37
	6.1
	43.67
	57.97

	S2L0
	0.22
	0.25
	1.95
	2.12
	3.15
	27.12
	34.81

	S2L1
	0.67
	0.51
	2.37
	2.42
	4.24
	29.76
	39.97

	S2L2
	0.85
	0.67
	2.61
	2.67
	4.66
	34.79
	46.25

	S2L3
	0.89
	0.69
	2.81
	2.83
	5.04
	37.24
	49.50

	LSD 
	0.05
	0.04
	0.20
	0.15
	0.34
	2.35
	1.41





Table 3. Effect of zinc source and levels on different zinc fractions (mg kg-1) in calcareous soil under groundnut cultivation at the Peg Formation stage
	Treatments
	WS-Zn
	EX-Zn
	SCB-Zn
	FeMn-Zn
	OM-Zn
	Res-Zn
	Tot-Zn

	S1L0
	0.23
	0.24
	1.93
	2.11
	3.12
	26.97
	34.60

	S1L1
	0.35
	0.33
	3.26
	3.08
	6.2
	37.7
	50.92

	S1L2
	0.47
	0.43
	3.52
	3.26
	6.5
	46.33
	60.51

	S1L3
	0.52
	0.48
	3.74
	3.30
	6.78
	49.74
	64.56

	S2L0
	0.23
	0.23
	1.92
	2.10
	3.13
	26.98
	34.59

	S2L1
	0.41
	0.38
	2.47
	2.51
	5.14
	34.59
	45.50

	S2L2
	0.56
	0.56
	2.75
	2.69
	5.51
	40.55
	52.62

	S2L3
	0.57
	0.57
	3.00
	2.88
	5.96
	43.52
	56.50

	LSD
	0.04
	0.04
	0.21
	0.17
	0.24
	2.75
	1.64



Table 4. Effect of zinc source and levels on different zinc fractions (mg kg-1) in calcareous soil under groundnut cultivation at the Harvest stage
	Treatments
	WS-Zn
	EX-Zn
	SCB-Zn
	FeMn-Zn
	OM-Zn
	Res-Zn
	Tot-Zn

	S1L0
	0.22
	0.22
	1.91
	2.11
	3.11
	26.92
	34.49

	S1L1
	0.29
	0.31
	3.53
	3.40
	7.10
	40.49
	55.12

	S1L2
	0.35
	0.39
	3.75
	3.65
	7.41
	50.3
	65.85

	S1L3
	0.39
	0.41
	3.96
	3.87
	7.78
	53.44
	69.85

	S2L0
	0.23
	0.22
	1.92
	2.12
	3.11
	26.94
	34.54

	S2L1
	0.32
	0.35
	2.87
	2.73
	5.22
	38.47
	49.96

	S2L2
	0.42
	0.45
	3.11
	2.93
	5.78
	43.57
	56.26

	S2L3
	0.42
	0.46
	3.31
	3.14
	6.22
	47.03
	60.58

	LSD
	0.02
	0.03
	0.18
	0.19
	0.30
	3.02
	1.10
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Sequential Fractionation Procedure for Zinc

(Salbu et al., 1998)

F1: Water Soluble Fraction (WS-Zn)
2 g soil + 20 mL de-ionised water
Extraction: 1 h at 20°C on rolling table

& Centrifuge

F>: Exchangeable Fraction (EX-Zn)
Residue from F; (washed) + 20 mL 1 M NH;0Ac (pH 7)
Extraction: 2 h

l’ Centrifuge

F3: Specifically Sorbed/Carbonate Bound (SCB-Zn)
Residue from F, (washed) + 20 mL 1 M NH4OAc (pH 5)
Extraction: 2 h

l’ Centrifuge

F4: Fe-Mn Oxide Bound Fraction (FeMn-Zn)
Residue from F3 (washed) + 20 mL 0.04 M NH,OH-HCl in 25% HOAc
Extraction: 6 h in water bath at 60°C

¢ Centrifuge

Fs: Organic Matter Bound Fraction (OM-Zn)
Residue from F, (washed) + 15 mL 30% H,0, (pH 2, HNO5)
Extraction: 5.5 h in water bath at 80°C
Add 5 mL 3.2 M NH40Ac in 20% HNOs, dilute to 20 mL

l, Centrifuge

Fe: Residual Fraction (Res-Zn)
1 g dried residue from Fs + 10 mL 7 M HNO3
Digestion: 6 h on hot plate
Add 1 mL 2 M HNO;, dissolve, dilute with 10 mL water

v

Analysis and Calculations
All supernatants acidified to pH < 2 and stored in polyethylene bottles
Zn determination: ICE 3300 AAS at 324.8 nm
Available Zn = F; + F, (Water soluble + Exchangeable)
Total Zn = Fy + F, + F3 + F4 + Fs + Fe (Sum of all fractions)

Reference: Ramzan et al. (2014)





