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Abstract

Tea (Camellia sinensis L.) cultivation is a major agronomic and economic activity in Assam, particularly in the Tinsukia district, which forms part of the Upper Brahmaputra Valley Zone. This study was conducted to evaluate the physical and chemical properties of soils in twelve tea gardens in Tinsukia district of Assam and to explore correlations among these properties across three soil depths (0–20 cm, 20–40 cm, and 40–60 cm). A total of 144 soil samples were collected and analyzed for texture, bulk density (BD), pH, organic carbon (OC), and cation exchange capacity (CEC). The soils were predominantly sandy at the surface, higher clay content with depth, because of possible clay illuviation. Bulk density increased significantly with depth, with a strong negative correlation to organic carbon (r = -0.582**), while surface soils showed lower BD values due to higher organic matter. Soil pH ranged from strongly to moderately acidic, increasing slightly with depth but remaining within the preferred range for tea. Organic carbon was medium in the surface layers (mean: 0.73%) and declined significantly with depth, reflecting organic matter inputs from pruning litter and shade trees. CEC was highest in the surface soil (mean: 11.49 cmol(p⁺) kg⁻¹) and showed significant positive correlations with both OC (r = 0.499**) and clay (r = 0.372*). These findings highlight the need for soil acidity management and organic matter enhancement to sustain long-term tea productivity and soil health in the region.
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Introduction
Tea (Camellia sinensis L.) is an important perennial cash crop cultivated extensively in Assam, contributing to both the Indian and global tea economy. The state alone accounts for approximately 55% of India's total tea production and 15% of global output, with an annual production ranging between 630 to 700 million kg [1]. While tea thrives under vast climatic conditions, the Upper Brahmaputra Valley Region hosts the majority of Assam’s tea plantations, making it a central hub for tea cultivation and export. Tea is valued for its rich composition of polyphenols, tannic acids, and amino acids, which confer antioxidant, anti-mutagenic, and anti-carcinogenic properties when consumed in moderation [2][3]. It is predominantly grown in acidic soils and exhibits adaptability across a variety of soil textures, ranging from light sandy to heavy silty clay loam. However, medium to light textured acidic soils are considered optimal for tea growth [4]. 
Soil texture plays a crucial role in determining the physical, chemical, and biological attributes of soil, influencing factors such as moisture retention, porosity, organic matter content, and microbial activity [5][6]. In Assam, tea-growing soils exhibit considerable variation, such as the Sivasagar district mostly features sandy clay loam and sandy loam soils, with sand content ranging from 71.42% to 78.16% [7]. Similarly, Dibrugarh tea estates show a dominance of sand, with soils categorized as sandy clay loam, sandy loam, and sandy clay [8]. In contrast, the Silcoorie Tea Estate in Cachar district is characterized by silty clay and sandy clay textures [9]. Likewise, bulk density is another key indicator of soil compaction and porosity, and is intricately linked to soil texture and organic matter content [10]. Tea plantations have been observed to exhibit higher bulk density in deeper soil layers, indicative of increased compaction and reduced pore space, which may hinder root proliferation [11]. The process of in-situ weathering, as observed in Assam’s tea soils, results in an increase in clay content with depth and a corresponding decrease in sand content [12]. 
Further, a critical aspects affecting tea cultivation is soil pH, which governs nutrient availability, metal mobility, and microbial processes [13]. Tea thrives in acidic soils, ideally between pH 4.5 to 5.5 [14], but growth is impeded below pH 4.0 or above pH 6.5 [15][16]. Alarmingly, many tea estates in Assam are experiencing increasing soil acidity, with pH levels ranging from 4.9 to as low as 4.4, alongside low cation exchange capacity and base saturation below 35% [17]. The acidification of tea soils is driven by multiple factors including heavy rainfall, which leaches Ca²⁺ and Mg²⁺, rapid organic matter decomposition, and the continuous use of chemical fertilizers, particularly ammonium-based nitrogen sources [18][19][20]. Prolonged cultivation and aging of tea plants have also been correlated with declining pH levels [21][22]. The accumulation of Al-rich organic and inorganic residues from litter fall further exacerbates acidity, increasing soil aluminum toxicity, which adversely affects plant health [23][24]. Therefore, the present study was undertaken to evaluate the physical and chemical properties of soils in selected tea gardens of Tinsukia district of Assam, and to conduct correlations among these properties.
Material and methods
Study area
The study was conducted in the Tinsukia district located at 27.5664° N, 95.5552° E in Upper Brahmaputra Valley Zone of Assam. To proceed with the study, twelve tea gardens located in Tinsukia district were selected which details are as follows in Table 1.

Soil sampling
In the present study, a total of 144 soil samples were collected from 12 tea gardens at three different depths and four replications, 0-20, 20-40, and 40-60 cm using the “Z-shaped sampling method.” Each composite sample was prepared by mixing six sub-samples collected randomly within a 10 m² area. Approximately 500 grams of each composite soil sample were sealed in airtight zipper bags, properly labelled, and transported to the laboratory for further analysis.  The collected soil samples were thoroughly air-dried, and any visible debris, such as roots and pebbles, was manually removed. The cleaned, air-dried samples were then sieved through a 2 mm mesh and gently crushed using a mortar and pestle. For the determination of organic carbon, a portion of the sample was further sieved through a finer 0.5 mm mesh.

Mechanical Analysis
[bookmark: _Hlk196125673]The mechanical composition of the soil was determined using the International Pipette Method as described by [25]. This method involves the dispersion of soil particles using a dispersing agent, followed by sedimentation to separate the particles based on their size (sand, silt, and clay fractions). Prior to analysis, the samples were treated with hydrogen peroxide to remove organic matter and were then dispersed in a solution containing sodium hexametaphosphate. The suspension was thoroughly shaken and allowed to settle, and samples were drawn at specified depths and times using a pipette to estimate the percentage of each soil fraction.
Bulk Density (BD)
Bulk density of the soil samples was determined following the core method by Veihmeyer and Hendrickson [26]. Undisturbed soil cores were collected using a metallic cylindrical core sampler of known volume. The samples were oven-dried at 105°C for 24 hours to obtain a constant weight. Bulk density was calculated by dividing the oven-dry weight of the soil by the volume of the core, and expressed in g cm⁻³. 
Soil Reaction (pH)
Soil pH was determined using a glass electrode pH meter in a 1:2.5 soil-to-water suspension, following the method of Jackson [27]. For this, 10 g of air-dried, sieved soil was mixed with 25 mL of distilled water in a beaker and stirred thoroughly. The mixture was allowed to stand for about 30 minutes with intermittent stirring. The pH was then measured by immersing the glass electrode into the supernatant solution.
Organic carbon (OC)
The organic carbon content of the soil samples was estimated using the Walkley and Black’s rapid dichromate oxidation method as described by Jackson [27]. This method involves the oxidation of organic matter with a known excess of potassium dichromate in the presence of concentrated sulfuric acid, followed by titration of the residual dichromate.
Cation Exchange Capacity (CEC)
Cation Exchange Capacity was determined by the leaching and distillation method using a neutral normal ammonium acetate solution (1N NH₄OAc, pH 7.0), following the procedure outlined by Chapman [28]. The soil samples were saturated with the ammonium ion, and the adsorbed cations were subsequently displaced and quantified to determine the CEC.
Statistical analysis
Descriptive statistics of the entire data generated for and soil samples were computed using SPSS 17.1 software. Post-hoc Tukey (HSD) analysis was also performed to ascertain the significant differences of different soil depths over the selected gardens.

Results and discussion
Mechanical Analysis
It was observed that the soil texture across the three soil depths varied from silty loam to sandy clay loam in all the studied gardens. At the surface layer (0–20 cm), the sand content ranged from 51.04% to 71.62%, with a mean value of 61.63%. The silt content varied from 13.31% to 36.27%, with a mean value of 26.04%, while clay content ranged between 5.02% and 19.58%, with a mean of 12.33% (Table 2). In all the selected gardens, percent sand was quite dominant as compared to percent silt and clay. The results obtained are in associated with the findings of   Nath [7] and Nath and Bhattacharyya [8]. The percent sand in all the gardens tended to decrease significantly with depth, whereas the percent clay showed a reverse trend, although the increasing trend was non-significant (Table 4). This pattern suggests a possible clay illuviation process or vertical translocation of finer particles. Furthermore, a significant negative correlation was observed between sand and clay (r = -0.328*) and between sand and silt (r = -0.341*) (Table 5), indicating an inverse relationship between these textural fractions. Such correlations might be attributed to the in-situ weathering of primary minerals in sand-sized particles into finer silt and clay fractions [12].

Bulk density
Bulk density (BD) across all the studied tea gardens and soil depths ranged from 1.41 to 1.51 g cm⁻³ with the highest recorded in Longsual Tea garden, while the lowest in Budlabeta Tea garden (Table 2). The standard deviation associated with the mean values varied from ±0.01 to ±0.15. Further, the bulk density increased significantly with soil depth across all locations, ranging from 1.40 to 1.46 g cm⁻³ (Table 4). The observed increase in BD with depth was statistically significant and can be attributed to a reduction in organic matter content and pore space in the subsoil layers. Moreover, deeper soil horizons are often subjected to the compaction effect exerted by the overlying soil mass [29][30]. A significant negative correlation (r = -0.582**) was found between OC content and bulk density (Table 5), suggesting that the variation in BD was primarily influenced by OC levels. Soils with higher organic matter typically exhibit lower bulk densities due to improved aggregation and porosity [31][32].
Chemical properties of soil
Soil pH
The surface soils across the selected tea gardens were found to be strongly acidic, with pH values ranging from 4.53 at Budlabeta to 5.01 at Talap, and an average pH of 4.77 (Table 3). A gradual increase in soil pH was observed with depth. At 20–40 cm, pH values ranged from 4.61 to 5.11, with a mean of 4.89, while at 40–60 cm depth, values varied between 4.93 and 5.40, averaging 5.12 (Table 4). Several factors may contribute to the pronounced acidity observed in the tea-growing soils of the Tinsukia region. High levels of exchangeable aluminium, are a well-known cause of low pH in acidic soils [33][34]. Additionally, intense leaching of basic cations such as calcium and magnesium due to high rainfall typical of the region may further exacerbate soil acidity [35][36]. The long-term cultivation history and fertilization practices in these tea gardens, especially repeated application of ammonium-based fertilizers and other chemical inputs, are also likely contributors to soil acidification [37][20].
 Organic carbon (OC)
The OC content in the surface soils (0–20 cm) of the studied tea gardens ranged from 0.67% to 0.94% (Table 3), with a mean value of 0.73% and a standard deviation of ±0.07. Among the gardens, Budlabeta recorded the highest OC content, while the lowest was observed in Laina Tea Garden. A significant decline in OC content with increasing soil depth was evident. At 20–40 cm depth, OC ranged from 0.55% to 0.63% (mean: 0.59%; SD: ±0.03), and at 40–60 cm, the range was 0.43% to 0.47% (mean: 0.44%; SD: ±0.15) (Table 4). OC content on average was found to be in medium range in the selected tea gardens with values tending to decrease significantly with depth. The dynamics of organic matter in tea soils vary depending on factors such as the age of the crop and management practices as less plant wastes are returned to the soil in extremely young and old tea fields than in highly productive tea gardens [38]. The recycling of tea branches after pruning (pruning litter), littering from shade trees, application of organic materials,etc are all likely to have contributed to the amount of organic carbon [39]. A significant and positive correlation (r = 0.357*) between OC and clay (Table 5) indicated that variation in values might be attributed to the clay contents in soil [40].
Cation Exchange Capacity (CEC)
Cation exchange capacity (CEC) across the three soil depths in all the studied tea gardens ranged from 9.19 to 13.35 cmol(p⁺) kg-1 (Table 3 & 4). The highest mean CEC was observed in Talap Tea garden, while the lowest was recorded in Budlabeta Tea garden.The standard deviation associated with the mean values ranged from ±0.41 to ±2.94. When analyzed across the three soil depths over the 12 tea gardens, CEC showed a decreasing trend with increasing depth. The surface layer (0–20 cm) recorded the highest mean CEC of 11.49 cmol(p⁺) kg-1(SD ±1.57), while the lowest mean value of 9.71 cmol(p⁺) kg-1 (SD ±2.14) was found in the subsoil layer (40–60 cm) (Table 4). The reduction in CEC with depth can be attributed to the decreasing organic carbon and clay content in the subsoil horizons. A significant and positive correlation of CEC with both clay (r = 0.372*) and organic carbon (r = 0.499**) further supports this relationship (Table 5). The higher CEC in surface soils may result from the greater presence of organic matter [41] and the development of negative charges on clay and humus particles, which enhance the soil's ability to retain exchangeable cations [42]. 
Table 1 Location details of the selected tea gardens
	Sl.No.
	Name of the tea gardens
	Latitude
	Longitude

	1
	Budlabeta
	27° 34' E
	95° 36' N

	2
	Bordubi
	27° 35' E
	95° 37' N

	3
	Dangori
	27° 40' E
	95° 36' N

	4
	Hapjan
	27° 40' E
	95° 27' N

	5
	Hilika
	27° 33' E
	95° 27' N

	6
	Hokonguri
	27° 33' E
	95° 29' N

	7
	Kherbari
	27° 39' E
	95° 35' N

	8
	Hatijan
	27° 32' E
	95° 35' N

	9
	Khobong
	27° 41' E
	95° 33' N

	10
	Laina
	27° 42' E
	95° 31' N

	11
	Longsual
	27° 31' E
	95° 28' N

	12
	Talap
	27° 40' E
	95° 34' N




Table 2 Physical properties of the soil at 0-20 cm depth
	Tea gardens
	
	% Sand
	% Silt 
	%Clay
	BD (g cm⁻³)

	Budlabeta
	
	53.36
	32.27
	14.37
	1.41

	Bordubi
	
	60.31
	34.67
	5.02
	1.47

	Dangori
	
	55.47
	24.95
	19.58
	1.43

	Hapjan
	
	67.43
	21.87
	10.7
	1.47

	Hilika
	
	63.97
	17.57
	18.46
	1.51

	Hokonguri
	
	71.09
	16.57
	12.34
	1.50

	Kherbari
	
	58.11
	35.44
	6.45
	1.44

	Hatijan
	
	51.04
	36.27
	12.69
	1.47

	Khobong
	
	57.58
	33.21
	9.21
	1.45

	Laina
	
	62.45
	29.49
	8.06
	1.44

	Longsual
	
	67.17
	16.83
	16
	1.51

	Talap
	
	71.62
	13.31
	15.07
	1.48



Table 3 Chemical properties of the soil at 0-20 cm depth
	Tea gardens
	pH
	OC (%)
	CEC (cmol(p⁺) kg-1)

	Budlabeta
	4.61
	0.69
	9.79

	Bordubi
	4.71
	0.73
	9.19

	Dangori
	4.64
	0.68
	11.89

	Hapjan
	5.00
	0.72
	12.44

	Hilika
	4.99
	0.83
	13.35

	Hokonguri
	4.64
	0.66
	13.34

	Kherbari
	4.68
	0.72
	11.73

	Hatijan
	4.95
	0.93
	11.34

	Khobong
	4.72
	0.72
	12.10

	Laina
	4.67
	0.74
	13.41

	Longsual
	4.66
	0.69
	11.28

	Talap
	5.01
	0.70
	10.74




Table 4 Particle size distribution (%) and Bulk density (g/cc) at different soil depths over the gardens
	Depth(cm)
	Sand
	Silt
	Clay
	BD
	pH
	OC
	CEC

	
	Mean±SD
	Mean ± SD
	Mean ± SD
	Mean ± SD
	Mean± SD
	Mean± SD
	Mean± SD

	0-20
	49.47±9.99
	25.42 ± 5.13
	16.54 ± 5.63
	1.43 ± 0.05
	4.77±0.16
	0.73 ± 0.07
	11.49± .57

	Range
	32.55-7.21
	19.56 - 34.76
	8.13 - 25.21
	1.40 - 1.46
	4.61 - 5.01
	0.67 - 0.94
	8.38- 13.35

	20-40
	37.66±10.45
	31.18 ± 7.11
	17.98 ± 3.58
	1.51 ± 0.05
	4.88 ± 0.20
	0.59 ± 0.03
	10.61±1.38

	Range
	25.78- 61.23
	16.81 - 42.61
	12.14 - 25.58
	1.46 - 1.53
	4.53 - 5.1
	0.55 - 0.63
	8.56- 13.48

	40-60
	34.23 ± 7.56
	42.25 ± 7.78
	19.13 ± 6.08
	1.53 ± 0.03
	5.12 ± 0.17
	0.44±0.15
	9.71 ± 2.14

	Range
	22.34- 47.32
	27.12 - 58.07
	10.16 - 28.83
	1.48-1.59
	4.93 - 5.40
	0.43 - 0.47
	8.04- 13.51

	Total
	D1×D2=0.000
D1×D3=0.000
 D2×D3=0.000
	D1×D2= .000
D1×D3=0.000 
D2×D3 = 0.109
	D1×D2=0.915
D1×D3=0.979 
D2×D3=0.977
	D1×D2=0.004
D1×D3=0.000 
D2 × D3= 0.011
	D1×D2=0.288 D1×D3=0.000 D2×D3=0.073
	D1×D2=0.000 D1×D3=0.000 D2×D3=0.000
	D1×D2=0.433 D1×D3=0.042 D2×D3=0.417


The mean difference is significant at 0.05 level D1= 0-20cm, D2= 20-40cm, D3= 40-60cm

Table 5 Correlation coefficients between soil physical and chemical properties
	
	Sand
	Silt
	Clay
	BD
	pH
	OC
	CEC

	Sand
	1
	
	
	
	
	
	

	Silt
	-0.341*
	1
	
	
	
	
	

	Clay
	-0.328*
	-0.209
	1
	
	
	
	

	BD
	0.778**
	-0.259
	-0.525**
	1
	
	
	

	pH
	-0.312
	-0.138
	0.139
	-0.173
	1
	
	

	OC
	-0.329*
	0.281
	0.357*
	-0.582**
	-0.506**
	1
	

	CEC
	-0.345*
	0.190
	0.372*
	-0.488**
	0.312
	0.499**
	1


** Correlation is significant at the 0.01 level (2-tailed).
* Correlation is significant at the 0.05 level (2-tailed).

Conclusion
Soils of tea gardens in the Tinsukia region were strongly acidic, with surface soils dominated by sand and subsoils showing increased clay content, indicating possible clay illuviation. Bulk density increased significantly with depth, negatively correlated with organic carbon content. Organic carbon was medium in surface layers and decreased with depth, influenced by pruning litter and shade tree residues. Cation exchange capacity was highest in surface soils and positively correlated with both clay and organic carbon. These results suggest the need for organic matter enrichment and soil acidity management to sustain soil health and productivity in tea-growing areas of Tinsukia.
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