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Abstract

:

The objective of the present work is to contribute to the examination of the interconnections between soil classification/soil mapping and soil capability for agricultural use. A pedon scale analytical field along with laboratory data of an episaturated agricultural soil of Thessaly (Greece), allowed for the optimization of soil fertility class evaluation and its corresponding agricultural value. Specific soil properties, low chroma colors and the distribution of redoximorphic features within the soil profile (Fe-Mn concretions) revealed the presence of impermeable argillic horizons, resulting in a perched water table in late winter and spring. The evaluation of the soil pedon was carried out through the accurate parameterization and implementation of a technical soil classification system and a soil rating method, both of which are well known worldwide, and which use detailed soil survey data. The results confirmed the general principle that only by using detailed soil survey field and laboratory data can any technical soil classification system or soil rating method be adapted and properly applied. Both the classification system and the scoring methodology of the soil profile reached the same conclusion: characterizing the studied soil as of good potential for general arable cropping or as of fair agricultural value. This was achieved only by considering the phenomenon of episaturation, which emerged from the plethora of detailed soil survey data, guiding the classification system and the scoring methodology to produce reliability and represent real situation results.
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1. Introduction


A basic principle that applies to soil classification systems is that the most detailed (lowest) taxonomic category of a natural system is a prerequisite for the documentation and synthesis of any other technical classification system, which is created for a special purpose [1]. This is because, unlike technical classification systems, a natural system such as the United States Department of Agriculture (USDA) Keys to Soil Taxonomy [2] or the World Reference Base for Soil Resources (WRB) Taxonomy System [3] attempts to present the relationships among as many important soil properties as possible. It is easily understood that the lower the level of the natural classification system used in a soil survey, the more and of greater detail the required data must be. Nevertheless, much of the generic information recorded on soil maps is of no agronomic interest in terms of serving the establishment and growth of agricultural crops, and it does not represent properties related to soil fertility [4]. Only in cases of semi-detailed and detailed maps, combined with their respective soil surveys data, it is possible to meet several of the agronomic requirements concerning soil productivity and agricultural management [5]. The Soil Fertility Capability Classification (SFCC) system [6,7], as a technical soil classification system, was created to assist the development of interconnections between soil classification/soil mapping and soil fertility/plant growth [8]. The SFCC system quantitatively describes the soil profile (soil pedon) [5] by using dynamic as well as inherent soil attributes [9], composing a soil identity (SFCC class) that can then be interpreted in fertility assessment and management [9,10], thus satisfying both pedologists and agronomists [8]. Fundamentally, the SFCC system evaluates soil potential for cropping while considering physical and chemical fertility constraints [8,11]. A methodology of similar scope involves the procedure for rating the agricultural value of soil according to the original Storie index (SI) or its modifications (MSI) [12,13,14,15,16,17]. Unlike the SFCC system, MSI methodology determines a score that classifies the soil from excellent, for agricultural production, to nonagricultural usage [13]. The Storie soil scoring scale was derived from a systematic study of the widely variated California soils in the United States of America [18].



Aquic conditions are characterized by continuous or temporary saturation of soil with water that remains long enough to result in redoximorphosis and redistribution within the soil profile of the two redox sensitive elements, Fe and Mn, which are affected greatly by alternating periods of reduction and oxidation. In soil maps, especially at a small scale (1:1 million or coarser), no distinction is made between soils that are affected by ascending groundwater (groundwater gley soils) and soils in which only the upper horizons are temporarily water saturated (surface water gley soils). Surface water gley or episaturated soils exhibit a relatively impermeable layer between 30 and 100 cm, causing waterlogging within the upper solum after persistent rainfall, without signs of wetness in the deeper horizons [19]. The layers that create perched water tables may have pedogenic (e.g., fine-textured argillic, natric, fragipan, plinthic horizons) or lithogenic (e.g., hard bedrock, cemented sedimentary rocks) origin, while cultivation practices such as tillage with powerful farm tractors artificially induce restrictive layers. Several studies have pointed out that there is a complex interaction between the type of water table, the redox processes, the formation of redoximorphic features, and the redistribution of nutrients that, in the case of episaturated soils, accumulates in the peds interior and thus far away from roots [20,21,22]. Nevertheless, aquic conditions and hydromorphological patterns in terms of land use and management are key factors in evaluating soil suitability and limitations.



The demand for soil resource information that is more specific to the local/field level by the public and private sectors and policy makers has recently increased. In this context, the SFCC and MSI methodologies for estimating the agricultural value of soil were parameterized and applied, based on the analytical laboratory and field data, to evaluate a representative episaturated soil pedon of Thessaly (Greece). As successful soil management requires the knowledge of local/field level soil resources, the novelty of this work lies in the fact that it highlights the importance of a soil survey with detailed laboratory and field data in revealing the effect of soil hydromorphology on soil suitability and in optimizing the evaluative power of the original SFCC classification system and MSI methodology.




2. Materials and Methods


2.1. Study Area


The study area was located in the Gefiria region (coordinates: x: 22°11′26.26″ E, y: 39°17′22.61″ N) in the province of Karditsa (Central Greece). The soil profile P2 location and geology maps (Figure 1 and Figure 2) were compiled by using ArcGIS v.10.4 software (Environmental Systems Research Institute, ESRI, Redlands, California, United States of America). A typical Mediterranean climate with a marked dry period in summer prevails at Karditsa. The mean annual air temperature is 15.7 °C and the mean annual precipitation is 740 mm. The soil moisture regime is characterized as xeric, which is typical for the soils under a Mediterranean climate. As the estimated mean annual soil temperature is above 15 °C but lower than 22 °C and the mean winter soil temperature is >5 °C (at a depth of 50 cm), the temperature regime of the area is thermic. The parent material of the study area consists of alluvial deposits formed in the late quaternary (Figure 1). The land is used mainly for cotton (Gossypium hirsutum L.) and wheat (Triticum aestivum L. and Triticum durum L.) cultivation.




2.2. Soil Profile Sampling, Analyses, and Evaluation Methods


As a representative of the Gefiria agricultural area (Karditsa alluvial plain), an episaturated soil profile was selected, described, and sampled by pedogenetic horizons. The soil was classified according to soil taxonomy as Aquic Haploxeralf [24]. The profile is situated in a flat to almost flat position (2% slope), and it is imperfectly drained, showing seasonal wet surface horizons in late winter and spring.



The standard procedures and terminology for the description of the soil profile are from soil taxonomy and are given in Table 1.



Soil samples were collected from each horizon for physical and chemical analysis. The samples were air-dried, crushed, passed through a 2 mm sieve and stored in plastic bags. For particle size analysis, organic matter was oxidized with 30% H2O2, and dispersion was achieved by agitating the soil samples overnight with Na2CO3. The sand fractions were separated by wet sieving, oven-dried and then fractionated by dry-sieving into 5 size classes: very coarse sand (2–1 mm), coarse sand (1–0.5 mm), medium sand (0.5–0.25 mm), fine sand (0.25–0.1 mm) and very fine sand (0.1–0.05 mm). The silt and clay fractions were determined by pipette. The calcium carbonate equivalent was determined by HCl dissolution and the measurement of evolved CO2. The organic C was determined by K2Cr2O7 oxidation method, and the soil pH was measured in 1:1 (w/v) soil/water slurries. Cation exchange capacity and base cations (Ca, Mg, K, and Na) were determined using 1 M NH4OAC (pH 7) and measured with atomic absorption spectroscopy (Ca and Mg) (VarianA-300) and by flame emission spectroscopy (K and Na). Samples were extracted with dithionite–citrate–bicarbonate (DCB, Fed), ammonium oxalate (Feo) and sodium pyrophosphate (Fep) to determine the crystalline, amorphous and organic forms of Fe, respectively.



In order to gain some insights about the studied soil pedon, the redoximorphic features in the form of redox concentrations of the profile were described. Redoximorphosis is a critical pedogenic process in the studied soil pedon, and these features are morphological soil characteristics that are related to drainage conditions and are formed by the reductive dissolution and oxidation of Fe and Mn oxides. The Munsell soil color chart was used to describe the soil matrix and Fe mottles color. Moreover, the redox concentrations of the soil profile in the form of Fe–Mn concretions were evaluated according to the following procedure [25,26]. First, 200 g air-dried uncrushed soil samples were dispersed overnight in 0.25 M Na2CO3 and wet sieved on a set of sieves with openings of 4.76. 2.00, 1.00, 0.50 and 0.25 mm, respectively. All materials (concretions, quartz, organic residues) retained on the sieves were oven-dried overnight at 105 °C and then weighed. For the three first fractions (very coarse, coarse and medium), contaminants were removed by hand picking. The fine and very fine fractions of concretions were determined by selective dissolution with aqua regia at 80 °C for 3 h.



Table 2 summarizes the main morphological and physicochemical characteristics of the studied soil pedon.



For the synopsis of P2 soil pedon description and the evaluation of its suitability for arable cropping, the SFCC system was used [7]. The SFCC system presents two categorical levels, containing quantitative and over time [27] information of performance, with the first describing topsoil and subsoil texture. The second categorical level is based on eighteen possible indicators called condition modifiers, which use soil taxonomy characteristics (Table 3).



In order to estimate P2 soil pedon agricultural value, the parametric MSI methodology was used [13]. This methodology classifies soils independently of other biophysical and economic factors that could potentially determine the viability and satisfactory yield of a particular crop in them. The classification of soils is performed with the help of a parametric index (MSI) using a multiplicative scheme, which is presented in Equation (1).


  MSI = A × B × C × X  



(1)







Based on the methodology, four general factors were considered. Factor A of MSI score soils are based on the characteristics of the soil profile without considering the textural composition of the surface soil (Table 3). Soil texture of the surface layer is considered by factor B of Equation (1). Factor C records and scores the slope of the soil surface, and finally, factor X includes several possible limiting (modifying) factors that could potentially degrade the suitability of a soil for agricultural use (e.g., drainage, alkali content, nutrient level, acidity, erosion, microrelief) (Table 3). Then, all the factor scores are multiplied together to produce an index rating from 0–100%, classifying the soil into six classes (Table 4).





3. Results and Discussion


3.1. Soil Properties


Soils that experience saturation by a perched water table above an impervious argillic horizon often have light-colored E horizons with chroma of less than three, and at the same time, less clay and free Fe oxides than the underlying horizons [21,28,29]. The transitional horizon BE in our study meets the aforementioned conditions supporting the hypothesis of episaturation in the soil profile. Particle size analysis of all horizons supports that clay translocation has taken place (Table 5). The clay content in soil horizons ranges from 22.8% to 40.0% with loamy surface textures, while clayey and silty clay soils are dominant in the illuvial part of the profile at which a strong medium angular blocky structure, typical of argillic horizon, prevails. Moreover, the fine (0.2 μm) to total clay ratios are significantly higher in the B horizons than in the surface horizons; therefore, these horizons meet the textural requirements for argillic horizons. In addition, abundant clay coatings, mostly on the surfaces of pores and mineral grains, as the result of the progressive deposition of clay particles, were identified during micromorphological observations of thin section images (data not shown). The bulk density for the argillic horizons ranges from 1.70 to 1.76 g cm−3, values that are higher than their overlying and underlying horizons. These argillic horizons exhibit reduced root presence or root restriction and abundant clay skins. In the upper part of the pedon, slightly acidic conditions occur, while at depths below 100 cm, the pH values increase due to the presence of calcium carbonates. In addition, CaCO3 has accumulated in the calcic horizon (Ck) in the form of abundant CaCO3 glaebules. The soil horizons contain little organic matter, indicating the dominance of the mineralization process, a characteristic of arable Luvisols formed under Mediterranean conditions [30]. The high CEC and the relative high amounts of Mg2+ compared to Ca2+ are strongly related to clay mineralogy. Only the Ap horizon of soil shows high a content of K+ due to fertilization. Base saturation values are representative of the Alfisol order (Luvisol Soil Reference Group). The depth distribution of different Fe forms is shown in Table 6. In all horizons, Fed > Feo, indicating that most of the Fe in the soil profile exists in free oxide forms. Maximum free iron oxides are found in argillic horizons, suggesting that clay illuviation is an active pedogenic process responsible for Fe translocation. The maximum of oxalate (Feo) and pyrophosphate (Fep) extractable Fe occurred in the surface horizons with the higher organic matter content. Ratios of oxalate to dithionite–extractable Fe (Feo/Fed) were considerably higher in the upper part of the profile than in the Bt and C horizons, which points to a lower degree of iron oxide crystallization in argillic horizons (Figure 3). As previous studies suggest, the Fed maxima in the Bt horizons of Alfisols coincide with low Feo/Fed ratios [31,32].




3.2. Redox Concentrations


Soil morphological features have been used as diagnostic indicators of soil drainage class and as a requisite for soil classification and soil survey interpretation, reflecting the strong correlation that exists between redox potential, O2 content, aquic conditions, and soil characteristics through complex interacting soil forming processes [33]. In this study, the Ap and BE horizons have a two-chroma (10YR 4/2) matrix (dark greyish brow color), indicating that these horizons are saturated with water during part of the year (Table 1). Moreover, the mottling patterns in the soil profile demonstrate alternative oxidation–reduction phenomena occurring periodically, mostly in the upper part of the profile [34]. The ped interior reflects oxidizing conditions with mottles of high chromas (6 to 8) and hues of 5 YR, which can be identified as Fe masses (soft bodies of Fe with variable shapes). The abundance and the contrast of Fe masses depend on the depth of the soil profile. In the eluvial part, the Fe masses are few with prominent contrast, while in the argillic horizons, the mottles are many with less contrast. Fe–Mn concretions were observed in all horizons. The total content ranged from 0.21% to 3.54% with a maximum in the eluvial part (BE horizon). Below the BE horizon, concretions decreased sharply, especially in the lower part of the soil profile (Table 7).



As the concretion contents decrease, their proportion of the concretions in the fine and very fine fractions (1.00–0.25 mm) increase (Table 7). Several studies have shown that Fe–Mn concretions are commonly formed on soils with restricted internal drainage as the result of alternating oxidation and reduction cycles, and they are therefore used as diagnostic indicators of soil redoximorphosis [35,36]. In the studied soil profile, the maximum content of concretions occurs in the BE horizon, above the restricted clay horizons Bt1 and Bt2, which creates episaturation. The zone of saturation corresponds to the surface of a seasonally perched water table on top of the relatively impermeable argillic horizons. This distribution of Fe–Mn concretions is in accordance with the patterns observed by Rhoton et al. [37] in Fragiudalfs and Childs and Leslie [38] in Fragiochrepts. Our results indicate that redoximorphosis has a great impact in the genesis and the assessment of the soil resources in the study area.




3.3. SFCC System and MSI Soil Rating Implementation to P2


Based on the categorical levels of the SFCC system [7] and according to the P2 horizon’s description and soil analyses, the soil mapping unit represented by P2 was characterized by the symbol: L/Cgb (0–2%). Specifically, as far as the characterization of the textural composition of the soil’s surface layer is concerned, the plowing horizon (Ap) was examined. Respectively for the description of the subsoil texture, the next 30 cm of the soil profile was examined, only in cases that within this depth a textural change was noted. According to Table 2, the plowing horizon (Ap) of the P2 soil profile has a loamy texture (L), while from a 35 cm depth of the soil profile to 58 cm (Bt1), a change in the textural composition, from L to C-CL, occurred. Conforming to the SFCC system (Table 3), aquic soil conditions were defined by the presence of ≤2 chroma soil matrix within 50 cm from the surface and below all A horizons. As reported in Table 2, for the first 35 cm of the soil profile (Ap and BE), the above-mentioned condition was confirmed. In the argillic horizons (Bt1, Bt2), the chroma value was slightly increased, suggesting that these horizons are also periodically saturated but are less reduced than the overlying horizons. Therefore, we considered that the soil profile up to the lower limit of the argillic horizons (Bt1 and Bt2) presented aquic soil conditions due to the phenomenon of episaturation, and for this reason, we proposed the letter g of the SFCC system to be used for its description (Table 3). Because of the almost flat surface of the P2 soil profile site, the slope was appended to 0–2% class. The absence of carbonates up to 96 cm of the soil profile depth (Table 2) meets the criterion of letter b according to the SFCC system (Table 3). On the argillic horizons (Bt1 and Bt2), percentages greater than 35% of clay fraction (40%) were recorded (Table 2). Although 2:1 expanding clays were identified, we could not support that their percentage was greater than 50% because no quantitative analysis of the mineral composition was carried out [39]. Therefore, it is not possible to attribute the letter v to the symbol of the SFCC system for the P2 description.



The P2 profile represents soils on old terraces with moderately developed profiles and a moderately dense subsoil layer (Bt1 and Bt2), which according to Table 3, where the scoring criteria of MSI factors [11] are recorded, they are rated with 87.5% for factor A. Up to a depth of 35 cm (Ap and BE), the P2 soil profile was characterized by a loamy soil texture and therefore was appended to 100% class of B factor grading, according to the MSI methodology (Table 4). The nearly level (0–2%) slope of the P2 soil surface classified it in the grade category of 100% as far as the C factor was concerned (Table 3). Finally, a score of 60% was attributed to the X factor of the MSI methodology, considering both the restrictions of drainage (due to episaturation) and inherent nutrient soil status in accordance with the principles of Liebig’s law of the minimum [40]. In total, MSI received the value of 52.5%, which classified the P2 soil profile in category 3 of Storie’s evaluation table (Table 4), corresponding to soils that are generally of fair quality in their agricultural usage.



The core of the SFCC system concerns the conversion of soil mapping units into soil fertility mapping units [41], requiring the evaluation of several soil pedons to cartographically distinguish them. Nevertheless, even the identity of the examined soil, represented by the system’s symbol, easily highlights its individual characteristics of good potential for general arable cropping. The same conclusion for the P2 soil pedon was reached by Storie’s methodology, following a different and more autonomous path. The Storie’s rating scale, which is independent of other pedons, classified the soil as of fair quality or of fair agricultural value.





4. Conclusions


As highlighted and confirmed by the present work, it is necessary to take into account data of a detailed scale, specifically at the level of soil pedon, for the adaptation and proper usage of any technical system or rating methodology for soil evaluation. Pedon characterization data, morphological descriptions and laboratory analyses are prerequisites in order to reveal the complex interaction between hydromorphic properties and soil use interpretation. In the case of this work, if there were no detailed field and laboratory data of the soil profile sampling, which confirmed the existence of an impermeable clay horizon and the episaturation process, it would not be possible to accurately characterize the soil according to the SFCC system or to correctly score it by the MSI method regarding the soil’s pedon fertility class and its corresponding agricultural value. Creating synergies and strong linkages between detailed/specific soil data and soil evaluation methodologies will foster further advances in addressing soil resource issues ranging from local to global scales.
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Figure 1. Soil profile P2 location map. 
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Figure 2. Simplified lithological map of the study area [23]. 
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Figure 3. Depth functions of Fe forms ratios. Feo, poorly crystallized Fe-xides; Fed, free Fe oxides; Fet, total Fe; Fep, organic Fe compounds. 






Figure 3. Depth functions of Fe forms ratios. Feo, poorly crystallized Fe-xides; Fed, free Fe oxides; Fet, total Fe; Fep, organic Fe compounds.



[image: Land 11 00182 g003]







[image: Table] 





Table 1. Profile P2 horizons description [24].
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	Horizon
	Depth (cm)
	Description





	Ap
	0–19
	Dark grayish brown (10YR 4/2) slightly moist; loam (L); weak, fine, granular (1fgr); no effervescent; abrupt boundary



	BE
	19–35
	Dark grayish brown (10YR 4/2) slightly moist; loam (L); moderate, medium, subangular blocky (2msbk); no effervescent; clear boundary



	Bt1
	35–58
	Brown (10YR 5/3) slightly moist; clay—clay loam (C-CL); moderate, medium, angular blocky (2mabk); no effervescent; gradual boundary



	Bt2
	58–96
	Brown (10YR 5/3) slightly moist; siltyclay—silty clay loam (SiC-SiCL); strong, medium, angular blocky (3mabk); no effervescent; clear boundary



	BC
	96–112
	Yellowish brown (10YR 5/4) slightly moist; silty clay—silty clay loam (SiC-SiCL); weak, medium, subangular blocky (1mabk); slightly effervescent; clear boundary



	Ck1
	112–148
	Pale brown (10YR 6/3) slightly moist; clay loam (CL); weak, medium, subangular blocky (1msbk); violently effervescent; diffuse boundary



	C2
	148–170
	Yellowish brown (10YR 5/6) slightly moist; clay loam—loam (CL-L); weak, medium, subangular blocky (1msbk); slightly effervescent
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Table 2. Profile P2 horizons soil analyses.






Table 2. Profile P2 horizons soil analyses.





	
Horizon

	
Soil Texture

	
Redoximorphic Features #

	
Clay Coatings

	
CaCO3 (%)

	
pH

	
Organic Matter (%)

	
CEC

	
Exchangeable K

	
Exchangeable Ca

	
Exchangeable Mg

	
Exchangeable Na

	
Base Saturation (%)




	
Sand (%)

	
Silt (%)

	
Clay (%)

	
Characterization






	
Ap

	
29.5

	
47.7

	
22.8

	
L

	
f1p 5 YR 6/8

	
-

	
-

	
6.5

	
1.27

	
17.73

	
0.6

	
5.85

	
5.31

	
0.63

	
70




	
BE

	
28.8

	
45.2

	
26

	
L

	
f1p 5 YR 6/8

	
+

	
-

	
6.4

	
1.32

	
18.42

	
0.46

	
5.4

	
5.73

	
0.68

	
67




	
Bt1

	
23

	
37

	
40

	
C-CL

	
m3f 10 YR 6/8

	
+++

	
-

	
6.5

	
0.64

	
22.96

	
0.48

	
5

	
13.13

	
0.98

	
65




	
Bt2

	
19.1

	
40.9

	
40

	
SiC-SiCL

	
m2f 10 YR 6/8

	
+++

	
-

	
6.9

	
0.3

	
29.02

	
0.52

	
5.65

	
12.73

	
0.98

	
68




	
BC

	
19.5

	
40.7

	
39.8

	
SiC-SiCL

	
-

	
+

	
traces

	
7.9

	
0.24

	
29.96

	
0.43

	
13.01

	
13.92

	
1.27

	
96




	
Ck1

	
24.7

	
44.5

	
30.8

	
CL

	
-

	
-

	
16.4

	
8

	
0.24

	
29.96

	
0.39

	
32.98

	
13.33

	
1.27

	
100




	
C2

	
28.5

	
44.7

	
26.8

	
CL-L

	
-

	
-

	
traces

	
7.9

	
0.03

	
25.43

	
0.32

	
10.01

	
13.69

	
1.04

	
99








-, +, +++ indicate increasing abundance of soil characteristics: absence, occasional, abundant; CEC = cation exchange capacity; L = loam; C = clay; CL = clay loam; SiC = silty clay; SiCL = silty clay loam. # abundance: few (f), many (m); size: fine (1) < 5 mm, medium (2) 5 to 15 mm, and large (3) > 15 mm in diameter; contrast: faint (f), prominent (p).
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Table 3. Parameters of the SFCC system and the MSI soil rating chart that were used in describing and evaluating P2 soil profile [7,13].
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SFCC System Parameters

	
MSI Soil Rating Chart Parameters






	
L

	
loamy topsoil: <35% clay but not loamy sand or sand

	
Factor A: Soils on older alluvial fans. alluvial plains. or terraces having moderately developed profiles (moderately dense subsoils)

	
80–95%




	
C

	
clayey subsoil: texture as in type

	
Factor B: loam

	
100%




	
g

	
aquic soil moisture regime; mottles ≤ 2 chroma within 50 cm for surface and below all A horizons or soil saturated with water for >60 days in most years.

	
Factor C: nearly level (0–2%)

	
100%




	
b

	
free CaCO3 within 50 cm (fizzing with HCl), or pH > 7.3

	
Factor X: moderately waterlogged

	
40–80%




	
(0–2%)

	
where desirable place range in % slope (i.e., 0–15%; 15–30%; >30%)

	
Factor X: fair nutrient (fertility) level

	
95–100%
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Table 4. MSI total soil grading classes (Adapted from [13]).
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	Soil Grading Classes
	Rate between (%)





	Grade 1 (excellent): Soils that are suitable for a wide range of crops including alfalfa, orchard, truck and field crops.
	80 and 100



	Grade 2 (good): Soils that are suitable for most crops. Yields generally good to excellent.
	60 and 79



	Grade 3 (fair): Soils that are generally of fair quality. with less wide range of suitability than grades 1 and 2. Soils in this grade may give good results with certain specialized crops.
	40 and 59



	Grade 4 (poor): Soils that have a narrow range in their agricultural possibilities. For example, a few soils in this grade may be good for rice but not good for many other uses.
	20 and 39



	Grade 5 (very poor): Soils of limited use except for pasture because of adverse conditions such as shallowness roughness and alkali content.
	10 and 19



	Grade 6 (nonagricultural): Soils include for example soils of high alkali content and steep broken land.
	less than 10
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Table 5. Particle size distribution expressed as weight-percent of the fine-earth fractions (<2.00 mm).
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Horizon

	
Depth

(cm)

	
Sand Fractions

(%)

	
Total Sand

(%)




	

	

	
2.00–1.00

(mm)

	
1.00–0.50

(mm)

	
0.50–0.250

(mm)

	
0.250–0.100

(mm)

	
0.100–0.050

(mm)

	






	
Ap

	
0–19

	
-

	
1.62

	
4.10

	
9.10

	
14.68

	
29.5




	
BE

	
19–35

	
-

	
1.64

	
4.03

	
9.30

	
13.83

	
28.8




	
Bt1

	
35–58

	
-

	
1.14

	
3.22

	
7.60

	
11.04

	
23.0




	
Bt2

	
58–96

	
-

	
0.62

	
2.48

	
7.00

	
9.00

	
19.1




	
BC

	
96–112

	
-

	
0.53

	
2.48

	
6.40

	
10.09

	
19.5




	
Ck1

	
112–148

	
-

	
0.65

	
1.26

	
7.10

	
15.69

	
24.7




	
C2

	
148–170

	

	
0.43

	
2.89

	
10.00

	
15.18

	
28.5




	
Horizon

	
Depth

(cm)

	
Silt fractions

(%)

	
Total silt

(%)




	

	

	
50–20

(μm)

	
20–5

(μm)

	
5–2

(μm)

	




	
Ap

	
0–19

	
30.51

	
10.00

	
7.20

	
47.7




	
BE

	
19–35

	
23.61

	
11.60

	
10.00

	
45.2




	
Bt1

	
35–58

	
12.21

	
17.20

	
7.69

	
37.0




	
Bt2

	
58–96

	
18.51

	
13.20

	
9.20

	
40.9




	
BC

	
96–112

	
13.71

	
18.80

	
8.19

	
40.7




	
Ck1

	
112–148

	
22.91

	
19.60

	
2.00

	
44.5




	
C2

	
148–170

	
22.31

	
16.40

	
6.00

	
44.7




	
Horizon

	
Depth

(cm)

	
Clay fractions

(%)

	
Total clay

(%)




	

	

	
2–0.2

(μm)

	
<0.2

(μm)

	




	
Ap

	
0–19

	
12.01

	
10.79

	
22.8




	
BE

	
19–35

	
14.00

	
12.00

	
26.0




	
Bt1

	
35–58

	
16.41

	
23.59

	
40.0




	
Bt2

	
58–96

	
17.61

	
22.39

	
40.0




	
BC

	
96–112

	
22.60

	
17.20

	
39.8




	
Ck1

	
112–148

	
19.21

	
11.59

	
30.8




	
C2

	
148–170

	
15.20

	
11.60

	
26.8
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Table 6. Distribution of various Fe forms in the studied soil profile. Total iron (Fet), iron extracted with dithionite–citrate–bicarbonate, iron extracted with ammonium oxalate (Feo), and iron extracted with sodium pyrophosphate (Fep).
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Horizon

	
Depth

(cm)

	
Fe Forms

(%)




	

	

	
Fet

	
Fed

	
Feo

	
Fep






	
Ap

	
0–19

	
4.46

	
1.31

	
0.33

	
0.045




	
BE

	
19–35

	
4.43

	
1.37

	
0.34

	
0.046




	
Bt1

	
35–58

	
5.86

	
1.64

	
0.22

	
0.027




	
Bt2

	
58–96

	
5.76

	
1.44

	
0.16

	
0.018




	
BC

	
96–112

	
5.81

	
1.24

	
0.16

	
0.015




	
Ck1

	
112–148

	
5.96

	
1.15

	
0.12

	
0.014




	
C2

	
148–170

	
6.15

	
1.45

	
0.19

	
0.015
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Table 7. Mean concentrations of Fe–Mn concretions in the very coarse (>4.76 mm), coarse (4.76–2.00 mm), medium (2.00–1.00 mm), fine (1.00–0.50 mm) and very fine factions (0.50–0.25 mm).






Table 7. Mean concentrations of Fe–Mn concretions in the very coarse (>4.76 mm), coarse (4.76–2.00 mm), medium (2.00–1.00 mm), fine (1.00–0.50 mm) and very fine factions (0.50–0.25 mm).





	
Horizon

	
Depth

(cm)

	
Fractions of Fe–Mn Concretions

(g/100 g Soil)

	
Total




	

	

	
>4.76

(mm)

	
4.76–2.00

(mm)

	
2.00–1.00

(mm)

	
1.00–0.50

(mm)

	
0.50–0.25

(mm)

	






	
Ap

	
0–19

	
-

	
1.31

	
1.27

	
0.48

	
0.40

	
3.46




	
BE

	
19–35

	
0.05

	
1.40

	
1.26

	
0.46

	
0.37

	
3.54




	
Bt1

	
35–58

	
-

	
0.56

	
0.50

	
0.26

	
0.28

	
1.60




	
Bt2

	
58–96

	
-

	
0.52

	
0.42

	
0.22

	
0.22

	
1.38




	
BC

	
96–112

	
-

	
0.15

	
0.11

	
0.20

	
0.24

	
0.70




	
Ck1

	
112–148

	
-

	
-

	
-

	
0.20

	
0.23

	
0.43




	
C2

	
148–170

	
-

	
-

	
0.02

	
0.08

	
0.11

	
0.21
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