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Abstract

:

The cementation mechanisms and processes of aggregate binding agents are important in understanding aggregate formation. However, the role of threshold values and the proportions of organic and inorganic binding agents in aggregate formation remain unclear. This research investigated the dominant aggregate binding agent dynamics in a sequence comprising buried ancient red soil unaffected by modern climate changes and human activities, alongside nearby exposed Quaternary ancient red soils subjected to different land use patterns influenced by these factors in northeastern China. By analyzing soil age, aggregate compositions, and organic/inorganic indicators of binding agents, including soil organic matter (SOM), free iron oxide (Fed), poorly crystalline iron oxide (Feo), crystalline iron oxide (Fed-Feo), and total clay particles (TCL), we determined the relative contributions of different binding agents using redundancy analysis (RDA). The results revealed that the buried ancient red soil did not contain dominant binding agents in the aggregate formation before 91.01 ka BP. Due to denudation, the buried ancient red soil was exposed at the surface and experienced the importation of soil organic matter, weathering of silicate-bound iron oxides, and crystallization of poorly crystalline iron oxides resulting from the effects of different land use patterns from 91.01 ka to the present. Under the influence of binding agent dynamics, dominant binding agents in the exposed Quaternary ancient red soils’ aggregate formation changed into SOM and Fed. When the C/(Fed-Feo) molar ratio was less than 2.13, Fed-Feo was the dominant aggregate binding agent. When the C/(Fed-Feo) molar ratio was greater than 2.13, SOM was the dominant aggregate binding agent. The results of this study improve our understanding of aggregate formation and the relationship between soil organic matter and iron oxides.
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1. Introduction


Soil aggregates, mostly considered to consist of clay–polyvalent cation–organic matter complexes [1], are secondary particles derived from mineral particles under the cementation effect of binding agents [2]. Their quantity and quality directly affect soil properties and fertility [3]. As basic units of the soil structure, aggregates have the following functions: (a) keeping the soil surface loose; (b) coordinating the water, fertilizer, air, and heat balances in the soil; and (c) maintaining the activity of soil microorganisms and enzymes [4]. The binding agents involved in aggregate formation are mainly divided into organic binding agents and inorganic binding agents. Organic binding agents can further be divided into transient organic binding agents, such as polysaccharides; temporary organic binding agents, such as roots and fungal mycelia; and persistent organic binding agents, such as polymers with strong adsorption and aromatic compounds with polyvalent cations [5]. By contrast, inorganic binding agents include iron–aluminum oxides and clay particles [6].



The binding mechanism of soil organic matter (SOM) on soil particles is mainly related to the facts that (a) the complex polymers formed by organic molecules can adsorb onto mineral surfaces [7], and (b) amphiphilic organic molecules can be bound around minerals in the form of micelles by different conjugated bonds [8]. Different organic binding agents play different roles in aggregate formation due to their different sources and properties. Polysaccharides participate in aggregate formation as transient organic binding agents due to their easy mineralization [5,9]. They can bind soil particles acting as a type of gelatinous substance [10] or/and a bridge on mineral surfaces [9,11]. Phenols mainly participate in aggregate formation by binding cations to form bonding bridges [12]. Martens [11] reported that the degree of aggregation in a soil with a low phenolic content was lower than in a soil with a higher phenolic content. Lignin is difficult to decompose, making aggregates bound by it more stable than others [13]. Furthermore, mucus produced by microorganisms decomposing lignin can contribute to aggregate formation [14]. Lipids can improve aggregate stability due to their good hydrophobicity [15,16].



In general, iron oxides are present in soils in which aluminum oxides occur, while aluminum oxides are not necessarily present in soils in which iron oxides occur except for red Mediterranean soils, which experienced decalcification, rubefaction, and clay illuviation during pedogenesis and underwent the dissolution and recrystallization of iron and aluminum oxides at the same time [17,18,19,20,21]. Thus, researchers have mostly focused on the effects of iron oxides on aggregate formation and have concluded iron oxides participate in aggregate formation in the following ways: (a) organic molecules can react with iron oxide surfaces [22]; (b) the surfaces of negatively charged clay particles can adsorb positively charged iron oxides via electrostatic action [23]; and (c) iron oxides can act as a bridge between clay surfaces [24]. Different forms of iron oxides have different effects on aggregate formation [21]. Silicate-bound iron oxides as part of the total iron oxides scarcely participate in aggregate formation, while free iron oxides (Fed) as part of the total iron oxides play a role, especially in the aggregation of silt- and clay-sized aggregates to form microaggregates [25]. Moreover, poorly crystalline iron oxides (Feo) in the Fed can provide a large number of hydroxyl groups through the exchange of metal ion ligands with other ligands [26]. When Feo transforms into crystalline iron oxides (Fed-Feo), the relatively small aggregates around them are bound together to form relatively large aggregates [27]. By contrast, clay particles (TCL) mainly participate in aggregate formation through coagulation [28,29,30]. Sakurai et al. [31] found that negatively charged TCL and positively charged TCL attract each other and cohere under the influence of K+ and Ca2+ plasma. The cohesion level is related to the composition of the clay minerals. For example, TCL containing montmorillonite, which has a larger specific surface area and higher cation exchange capacity, have a stronger effect on cementation [32]. Furthermore, Chen et al. [33] found that TCL can cohere with each other to form microaggregates during dehydration.



Different binding agents worked together in aggregate formation. There were complex relationships of mutual influences and restrictions between different binding agents [34]. In different soils, the dominant binding agent in aggregate formation also differs. Generally, aggregate formation is attributed to the formation and decomposition of organic matter in soils with a relatively high content of organic binding agents and a relatively low content of inorganic binding agents [35,36], such as the typical black soil in northeastern China where the contents of SOM, Fed, and TCL are 69.10, 11.70, and 301.00 g/kg, respectively [27]. However, in soils with a relatively high content of inorganic binding agents and a relatively low content of organic binding agents, aggregate formation is attributed to the transformation of iron oxides in different forms or the coagulation of clay particles [37], such as in the typical red soil in southern China where the contents of SOM, Fed, and TCL are 5.70, 30.40, and 450.00 g/kg, respectively [27]. However, the threshold value, i.e., the proportions of organic and inorganic binding agents when they play a dominant role in aggregate formation, remains unclear. This inhibits research on the binding mechanism of aggregates.



An evolution sequence consisting of buried and nearby exposed ancient red soils, which is the red paleosol formed in a warm wet climate before the Holocene, in the same stratum under different human activities provides an opportunity to explore aggregate formation. Since this Quaternary ancient red soil has experienced clayification, desilication, and ferrallitization during pedogenesis, it is rich in a certain amount of inorganic binding agents. Its contents of Fed and TCL range from 17.02 to 23.65 g/kg and 197.00 to 328.90 g/kg, respectively [38]. Moreover, the Quaternary ancient red soil in northern China is mostly buried underground and has a low SOM content (1.57–1.93 g/kg). Parts of the buried ancient red soil have been exposed at the surface via denudation and then affected by different land use patterns, causing the SOM content range to increase to 7.46–30.53 g/kg [39]. The buried ancient red soil was mainly composed of <0.25 mm aggregates, while the exposed Quaternary ancient red soils under different land use patterns were mainly composed of >0.25 mm aggregates [40]. Different aggregate compositions indicate different binding processes during aggregate formation. This leads to the following questions: (a) Was the dominant binding agent different in the aggregate formation of the Quaternary ancient red soil after utilization compared to the buried ancient red soil? (b) If it was different, which binding agent played the dominant role in the aggregate formation of the exposed red soils under different land use patterns? (c) What were the proportions of the organic and inorganic binding agents when organic or inorganic binding agents played a dominant role in the aggregate formation of the red soil? The systematic study of these questions lays a foundation for exploring the aggregate formation of red soils.




2. Materials and Methods


2.1. The Study Area


Based on the Soils of Liaoning [41], the Soil Series of China Liaoning [42], and field investigations, Chaoyang, Liaoning Province, northeastern China, where Quaternary ancient red soils are widely distributed, was selected as the study area (Figure 1a). This region is mountainous and hilly and located in the step boundary zone of the transition from the Inner Mongolia Plateau to the coastal plain. This area has a northern temperate continental monsoon climate, with an annual mean temperature of 5.4–8.7 °C, an annual mean sunshine duration of 2850–2950 h, and an annual mean precipitation of 450–580 mm. The dry period of the area mainly occurs from March to May and September to November, and lasts for approximately 6 months. The main vegetation types are horsetail (Thmeda triandra) and elm (Ulmus propinqua).




2.2. Sample Collections and Pretreatments


Quaternary ancient red soil is defined as the red paleosol formed in a warm and wet climate before the Holocene. It is classified as Argosols according to the Chinese Soil Taxonomy [43], Alfisols according to the Soil Taxonomy [44], and Luvisols according to the World Reference Base for Soil Resources [45]. Through several field investigations in the study area, an evolution sequence was found in the stable region of the same Quaternary ancient red soil stratum, where parent material, terrain, biology (before reclamation), climate, and time were uniform (Table 1 and Figure 1b). Quaternary ancient red soils under different land use patterns, influenced by modern climate change and human activities, and the nearby buried Quaternary ancient red soil, scarcely influenced by modern climate change and human activities, were identified. It was impossible to judge whether the wasteland, which might have been affected by land use activities and then abandoned, was undisturbed when collecting ancient red soil samples. There were certain risks if the wasteland was selected as the reference base. At the same time, we attempted to find a reference base such as an ideal wasteland during several field investigations in the study area, but failed. However, a previous study showed that the paleosol (Quaternary ancient red soil) buried more than 50 cm underground was scarcely influenced by external factors, such as modern climate change, human activities, etc. [47], and was closer to the original state of ancient red soil. Therefore, the buried ancient red soil was selected as the reference base in this study. By comparing exposed Quaternary ancient red soils under different land use patterns, influenced by modern climate change and human activities, with the nearby buried ancient red soil in the same stratum, scarcely influenced by modern climate change and human activities, aggregate dominant binding agent dynamics of Quaternary ancient red soils under different land use patterns were explored.



For each land use pattern, a typical and representative Quaternary ancient red soil profile was excavated, namely MC-02 (buried ancient red soil with an overlying 0–68 cm thick loess layer), CL-02 (sparse forest grassland where the main vegetation is horsetail and elm), CL-03 (grassland where the main vegetation is horsetail), CL-04 (woodland where the main vegetation is elm), and CL-05 (cultivated land where the main crop is corn) (Table 1 and Figure 1c). According to the Manual of Soil Description and Sampling [46], the genetic horizons and morphological characteristics of the Quaternary ancient red soils under different land use patterns were identified and described (Table 2). Twenty samples from the genetic horizons were collected from the bottom to the surface. Sub-samples of twelve samples from the 0–30 cm surface layer, which were greatly influenced by human activities, were also collected at 10 cm intervals from the bottom to the surface. Then, the collected samples were transported to the laboratory and naturally air-dried, ground, screened, and set aside for analysis.




2.3. Laboratory Methods


Experiments involved in this study were conducted 3 times in parallel with the entire blank test inserted in the measurement process.



2.3.1. Basic Soil Physicochemical Properties


The soil bulk density was determined using the cylindrical core method [48]. For soil age dating, a steel pipe about 30 cm long with one end blocked by caulk was driven into the soil profile and then taken out by removing the surrounding soil with a profile cutter. Then, the steel pipe’s ends were wrapped in tinfoil, and it was transported to the laboratory. Collected samples were further processed according to Wintle [49] and Murray and Wintle [50]. Organics and carbonates in samples were first removed by using H2O2 and HCL. Following the first step, sieving and heavy-liquid (Na– or Li–polytungstate) and magnetic separation were conducted to sort quartz sands in samples. HF was finally used to etch the outermost “rind” on quartz. The optically stimulated luminescence signal strength was determined by a Daybreak 1100 A (Daybreak Company, South Jordan, UT, USA). For the soil pH, 10.00 g soil was sieved through a 10-mesh nylon sieve and placed in a small beaker. Then, 25 mL distilled water with CO2 removed was added. After being stirred for 1 min and left to stand for 30 min, the sample was measured using a pH meter (PHSJ-3F, Shanghai, China). For the elemental analysis of Ti and Zr, 10.00 g soil was passed through a 300-mesh nylon sieve and placed in a small box. Then, a portable X-ray fluorescence instrument (PANalytical 2004, PANalytical Company, Almelo, The Netherlands) was used to scan the sample’s center for 90 s to determine the contents of Ti and Zr.




2.3.2. Soil Aggregates


According to soil aggregate stability, aggregates are mainly divided into mechanically stable aggregates and water-stable aggregates, which were obtained using the dry-sieving and wet-sieving methods, respectively [51,52]. Since the Quaternary ancient red soil was sticky and heavy, it became very hard after air-drying, and it was difficult to accurately separate the mechanically stable aggregates into different size fractions. Moreover, the dry-sieving method was greatly affected by human factors, resulting in poor repeatability and an inaccurate data distribution [52,53]. Therefore, the wet-sieving method [54] was selected in this study to separate the water-stable aggregates of the investigated Quaternary ancient red soils. To systematically explore the dominant aggregate binding agent dynamics of the Quaternary ancient red soils under different land use patterns, a relatively fine grading method of aggregate size fractions was adopted [40], and the specific steps were as follows: A set of sieves with mesh sizes of 5, 2, 1, 0.5, 0.25, and <0.053 mm were placed in the tank of the aggregate structure analyzer (XY-100, Dingsheng Ronghe Technology Co., LTD., Qingdao, China). Then, 50.00 g soil was placed in the 5 mm sieve and submerged for 3 min. The sample was shaken for 10 min with 30 rounds per minute and then taken out and placed in a drying container. After discarding the supernatant and drying and weighing the sample, the aggregate weight of each size fraction was obtained. The proportions of aggregates of different size fractions were calculated as follows [55] (except the proportion of the <0.053 mm aggregate, which was calculated using difference subtraction):


   W i   =     w i   m     ×   100 %   



(1)




where i is the aggregate size fraction, wi is the mass of aggregates in size fraction i, Wi is the proportion of aggregates in size fraction i, and m is the total mass of the sample.




2.3.3. Soil Aggregate Binding Agents


Soil Organic Matter


Following the analytical procedure described by Li et al. [56], the 40–50 mg 100-mesh sample was placed in a tin boat. After being packed and compacted, the sample was measured using an element analyzer (Vario EL III, Elementar Company, Langenselbold, Germany) to obtain the content of soil organic carbon (SOC). The content of SOM was calculated as follows:


  SOM = SOC   ×   1.724  



(2)




where SOM is the soil organic matter content, SOC is the soil organic carbon content, and 1.724 is the conversion coefficient of soil organic carbon to soil organic matter.




Soil Free Iron Oxide


Following the method proposed by Mehra and Jackson [57], the 1.00 g 60-mesh soil was placed in a centrifuge tube. Then, 20 mL 0.2 mol/L sodium citrate and 2.5 mL 1 mol/L NaHCO3 were added. After being heated to 80 ± 5 °C in a thermostatic water bath oscillator (SHZ-82, Qingdao, China), the sample was added into 0.5 g sodium hydrosulfite and shaken for 15 min. After cooling, the sample was centrifuged for 40 min with 3500 rounds per minute in a centrifugal machine (L530, Xiangyi Centrifuge Co., Ltd., Changsha, China). After being transferred to a 100 mL volumetric bottle, the supernatant was diluted 10 times with distilled water. The sediment in the centrifuge tube then underwent the above process twice more. An atomic absorption spectrophotometer (Z-2000, HITACHI, Tokyo, Japan) was used to measure the content of Fed. Formula (3) was used to convert the Fed content of the supernatant into that of the sample.


    Fe  2   O 3  =   C   ×   V   ×   10   ×   1.43  m   



(3)




where Fe2O3 is the free iron oxide content of the sample, C is the free iron oxide content of the supernatant, V is the constant volume, 10 is the dilution ration, 1.43 is the conversion coefficient of Fe to Fe2O3, and m is the total mass of the sample.




Soil Poorly Crystalline Iron Oxide


Following the method proposed by McKeague and Day [58], the 1.00 g 60-mesh soil was placed in conical flasks. Then, 50 mL 0.2 mol/L ammonium oxalate acid was added. After being shaken for 2 h under shade, the sample was filtered, diluted fivefold and then measured by an atomic absorption spectrophotometer (Z-2000, HITACHI, Tokyo, Japan) to obtain the content of Feo. Formula (4) was used to convert the Feo content of the supernatant into that of the sample.


    Fe  2   O 3  =   C   ×   V   ×   5   ×   1.43  m   



(4)




where Fe2O3 is the poorly crystalline iron oxide content of the sample, C is the poorly crystalline iron oxide content of the supernatant, V is the constant volume, 5 is the dilution ration, 1.43 is the conversion coefficient of Fe to Fe2O3, and m is the total mass of the sample.




Soil Crystalline Iron Oxide


The content of soil crystalline iron oxide (Fed-Feo) was calculated by difference subtraction between the content of free iron oxide and the content of poorly crystalline iron oxide.




Soil Total Clay Particle


Following the analytical procedure described by Lu and An [59], the 0.50 g 10-mesh soil was placed in a small beaker. Then, 15 mL 10% H2O2 was added. After standing for 24 h, the sample was heated to remove excess H2O2 and added into 1 mL 0.5 mol/L NaOH while cooling. After standing for another 24 h, the sample was ultrasonically shaken for 10 min and then analyzed with a laser diffraction particle analyzer (Mastersizer 3000, Marvin Instruments Ltd., Marvin, UK) to determine the particle size distribution. The content of TCL was defined by the percentage of <2 μm particles for all size fractions in the sample.






2.4. Redundancy Analysis


Redundancy analysis (RDA), an ordination method, is commonly used to explain the relationship between explanatory factors and response variables in ecological studies. It can comprehensively analyze the influence of multiple variables and is often used to effectively evaluate the influence of one set of variables on others. In the results of redundancy analysis, the axis represents the ordination of fitting values of the linear model, and the eigenvalue represents the weight of the axis. The relative contribution rate of the axis is calculated by the proportion of the eigenvalue of the axis to the total eigenvalue of all axes. However, not every axis is reasonable and effective, but the significance of each axis should be tested using Monte Carlo permutation. The results are reliable only when the Monte Carlo permutation on all axes is significant, meaning the result can explain the relationship between explanatory factors and response variables. In the ordination diagram of redundancy analysis, scatter points represent samples, and arrows represent explanatory factors and response variables. The included angle between variable arrows represents the correlation between variables. If the included angle is less than 90°, it indicates that there is a positive correlation between variables. If the included angle is greater than 90°, it indicates a negative correlation between variables. Generally, results of redundancy analysis represent the relative relationship or contribution between variables instead of the absolute relationship or contribution between variables.




2.5. Data Processing and Analysis


SPSS 23.0 and Canoco 5.0 were used to statistically analyze data, and Sigmaplot 12.5 was used to draw diagrams.





3. Results


3.1. Determining the Uniformity of the Parent Material


Analysis of the field morphology is the most direct and intuitive way to determine the uniformity of the parent material [60]. As shown in Table 2, horizons Btrb1, Btr2, and Btr3 of the buried ancient red soil had a silty loam texture, few Fe–Mn nodules and clay coatings, a blocky structure, 2.5YR hue values ranging from 6 to 7, chroma values ranging from 6 to 8, and a hard consistency under dry conditions (Table 2). This indicates that the buried ancient red soil had uniform morphological characteristics, and the characteristics were well preserved before utilization. As it had been exposed at the surface through denudation, the Quaternary ancient red soil was affected by human activities, and its structure and consistency did not change, while its color and texture changed (Table 2). Compared with the buried ancient red soil, the texture of certain topsoil or subsoil of the exposed ancient red soils after utilization changed from silty loam to silty clay or clay loam, while the hue increased to 5YR and the hue value decreased to a range of 4–6. However, these morphological differences should be attributed to pedogenesis and the uniformity of the parent material could not be directly determined. More indexes need to be combined to determine the uniformity of the parent material of the investigated Quaternary ancient red soils.



Previous studies have shown that the clay-free particle size distribution and Ti/Zr ratio are acceptable indexes for determining the uniformity of the parent material [60,61]. As shown in Figure 2, these indexes were distributed uniformly with depth. Their variation coefficients ranged from 1.43% to 15.12% within the investigated Quaternary ancient red soil profiles and from 3.75% to 9.90% between the investigated Quaternary ancient red soil profiles (Table 3). The variation coefficients of all the indexes within and between the investigated Quaternary ancient red soils were below the standard indicating that the parent material is uniform, i.e., if the variation coefficient of the determining indicator is less than 22% [62]. In addition, previous research found the red soil in the study area was mainly composed of illite, smectite, and kaolinite and distributed uniformly with depth [63,64]. This indicated the sequence had a uniform parent material.




3.2. Aggregate Composition


On the premise of determining the uniformity of the parent material of the investigated Quaternary ancient red soils, horizon Btr2 of the buried ancient red soil, which exhibited the weakest weathering and the least development, was selected as the reference basis [65] and its age was dated (Figure 3). The aggregate compositions of 0–10, 10–20, and 20–30 cm horizons of the exposed Quaternary ancient red soils under different land use patterns and horizon Btr2 of the buried ancient red soil were determined (Figure 3).



Before 91.01 ka BP, the buried ancient red soil was mainly composed of <0.25 mm aggregates, comprising 71.62% of the total aggregates. The <0.053 mm aggregate content was the highest, accounting for 48.84%. From 91.01 ka to the present, the Quaternary ancient red soil was exposed at the surface through denudation and was then affected by human activities. Compared with the buried ancient red soil, the contents of the >5, 2–5, 1–2, and 0.5–1 mm aggregates within the 0–30 cm depth region of the exposed Quaternary ancient red soils were greater after utilization, while the contents of the 0.25–0.5, 0.053–0.25, and <0.053 mm aggregates were lower. This led to a change in the aggregate composition from mainly <0.25 mm aggregates to mainly >0.25 mm aggregates. The average >0.25 mm aggregate content of the 0–30 cm depth horizon was the highest in the woodland, followed by the sparse forest grassland and the grassland, and the lowest in the cultivated land. Although the aggregate composition of the 0–30 cm depth horizon of the exposed ancient red soils after utilization exhibited a similar trend, there were differences in the aggregate compositions between them due to influences of different land use activities. Among them, the average >5 mm aggregate content of the 0–30 cm depth horizon in the sparse forest grassland was the highest, accounting for 19.29%. The average 0.5–1 mm aggregate content of the 0–30 cm depth horizon in the grassland was the highest, accounting for 19.94%. The average >5 mm aggregate content of the 0–30 cm depth horizon in the woodland was the highest, accounting for 43.70%. The average > 5 mm aggregate content of the 0–30 cm depth horizon in the cultivated land was the highest, accounting for 18.84% (Figure 3).




3.3. Aggregate Binding Agent Composition


This evolution sequence of Quaternary ancient red soil had a pH value ranging from 5.58 to 6.10, which did not indicate the presence of calcium carbonate. Furthermore, no observable CaCO3, such as pseudomycelium and calcareous concretions, was detected in red soil profiles as verified by the lime reaction test and lab data, demonstrating that profiles had already undergone intense leaching for clay and Fe–Mn eluviation and illuviation. Thus, SOM, Fed, Feo, Fed-Feo, and TCL contents were selected as indicators of the binding agents and were used to explore the aggregate binding agent compositions of the investigated Quaternary ancient red soils (Figure 4).



3.3.1. Soil Organic Matter


Before 91.01 ka BP, the Quaternary ancient red soil was buried under loess and had a low SOM content (2.08 g/kg). From 91.01 ka to the present, the Quaternary ancient red soil was exposed at the surface through denudation and then affected by different human activities. Compared with the buried ancient red soil, the SOM content of the 0–30 cm depth horizon of the exposed ancient red soils under different land use patterns was significantly higher. The SOM content of the 0–10 cm depth horizon was the highest in the woodland, followed by the cultivated land and the sparse forest grassland, and it was the lowest in the grassland, with values of 24.95, 13.27, 9.67, and 7.94 g/kg, respectively. The SOM content of the 10–20 cm depth horizon was the highest in the woodland, followed by the cultivated land and the sparse forest grassland, and it was the lowest in the grassland, with values of 15.10, 10.45, 8.88, and 6.32 g/kg, respectively. The SOM content of the 20–30 cm depth horizon was the highest in the cultivated land, followed by the woodland and the sparse forest grassland, and it was the lowest in the grassland, with values of 10.36, 9.84, 4.72, and 4.63 g/kg, respectively (Figure 4).




3.3.2. Iron Oxides in Different Forms


Free Iron Oxide


Before 91.01 ka BP, the Quaternary ancient red soil was buried under loess with a Fed content of 12.94 g/kg. From 91.01 ka to the present, the Quaternary ancient red soil was exposed at the surface through denudation and then affected by different human activities. Compared with the buried ancient red soil, the Fed content of the 0–30 cm depth horizon of the sparse forest grassland, grassland, and cultivated land was higher, while that of the woodland was lower. The Fed content of the 0–10 cm depth horizon was the highest in the sparse forest grassland, followed by the grassland and the cultivated land, and it was the lowest in the woodland, with values of 14.71, 13.94, 13.17, and 12.02 g/kg, respectively. The Fed content of the 10–20 cm depth horizon was the highest in the sparse forest grassland, followed by the cultivated land and the grassland, and it was the lowest in the woodland, with values of 15.30, 14.22, 13.76, and 12.21 g/kg, respectively. The Fed content of the 20–30 cm depth horizon was the highest in the sparse forest grassland, followed by the grassland and the cultivated land, and it was the lowest in the woodland, with values of 16.05, 14.10, 13.37, and 12.82 g/kg, respectively (Figure 4).




Poorly Crystalline Iron Oxide


Before 91.01 ka BP, the Quaternary ancient red soil was buried under loess and had a low Feo content (0.79 g/kg). From 91.01 ka to the present, the Quaternary ancient red soil was exposed at the surface through denudation and then affected by different human activities. Compared with the buried ancient red soil, the Feo contents of the 0–30 cm depth horizon of the exposed ancient red soils under different land use patterns were higher. The Feo content of the 0–10 cm depth horizon was the highest in the woodland, followed by the grassland and the cultivated land, and it was the lowest in the sparse forest grassland, with values of 2.10, 1.75, 1.52, and 1.23 g/kg, respectively. The Feo content of the 10–20 cm depth horizon was the highest in the grassland, followed by the sparse forest grassland and the cultivated land, and it was the lowest in the woodland, with values of 2.04, 1.57, 1.44, and 1.22 g/kg, respectively. The Feo content of the 20–30 cm depth horizon was the highest in the grassland, followed by the cultivated land and the woodland, and it was the lowest in the sparse forest grassland, with values of 1.50, 1.48, 1.43, and 1.19 g/kg, respectively (Figure 4).




Crystalline Iron Oxide


Before 91.01 ka BP, the Quaternary ancient red soil was buried under loess with a Fed-Feo content of 12.15 g/kg. From 91.01 ka to the present, the Quaternary ancient red soil was exposed at the surface through denudation and then affected by human activities. When compared with the buried ancient red soil, the Fed-Feo content of the 0–30 cm depth horizon of the exposed ancient red soils under different land use patterns did not reveal similar trends. The Fed-Feo contents of the 0–10 cm depth horizon in the sparse forest grassland and grassland were higher, while those of the woodland and the cultivated land were lower. The Fed-Feo content of the 0–10 cm depth horizon was the highest in the sparse forest grassland, followed by the grassland and the cultivated land, and it was the lowest in the woodland, with values of 13.47, 12.19, 11.65, and 9.92 g/kg, respectively. The Fed-Feo contents of the 10–20 cm depth horizon of the sparse forest grassland and the cultivated land were higher, while those of the grassland and the woodland were lower. The Fed-Feo content of the 10–20 cm depth horizon was the highest in the sparse forest grassland, followed by the cultivated land and the grassland, and it was the lowest in the woodland, with values of 13.73, 12.78, 11.72, and 10.99 g/kg, respectively. The Fed-Feo contents of the 20–30 cm depth horizon of the sparse forest grassland and the grassland were higher, while those of the cultivated land and the woodland were lower. The Fed-Feo content of the 20–30 cm depth horizon was the highest in the sparse forest grassland, followed by the grassland and the cultivated land, and it was the lowest in the woodland, with values of 14.86, 12.60, 11.89, and 11.39 g/kg, respectively (Figure 4).





3.3.3. Clay Particles


Before 91.01 ka BP, the Quaternary ancient red soil was buried under loess with a TCL content of 16.29%. From 91.01 ka to the present, the Quaternary ancient red soil was exposed at the surface through denudation and then affected by human activities. When compared with the buried ancient red soil, the TCL content of the 0–30 cm depth horizon of the exposed ancient red soils under different land use patterns did not reveal similar trends. The TCL contents of the 0–10 cm depth horizon of the sparse forest grassland, the woodland, and the cultivated land were higher, while that of the grassland was lower. The TCL content of the 0–10 cm depth horizon was the highest in the sparse forest grassland, followed by the cultivated land and the woodland, and it was the lowest in the grassland, with values of 16.99%, 16.62%, 16.31%, and 15.55%, respectively. The TCL contents of the 10–20 cm horizon of the exposed ancient red soils under different land use patterns were lower. It was the highest in the grassland, followed by the sparse forest grassland and the woodland, and it was the lowest in the cultivated land, with values of 16.12%, 15.31%, 14.25%, and 14.07%, respectively. The TCL content of the 20–30 cm depth horizon of the exposed ancient red soils under different land use patterns was higher. It was the highest in the sparse forest grassland, followed by the grassland and the cultivated land, and it was the lowest in the woodland, with values of 17.55%, 16.42%, 15.84%, and 15.50%, respectively (Figure 4).





3.4. Determining the Dominant Aggregate Binding Agent of the Investigated Quaternary Ancient Red Soils


To determine the dominant aggregate binding agent of the investigated Quaternary ancient red soils, RDA was carried out by selecting the buried ancient red soil, the sparse forest grassland, the grassland, and the cultivated land as samples, selecting the SOM, Fed, and TCL contents as the explanatory factors, and selecting the >5, 2–5, 1–2, 0.5–1, 0.25–0.5, 0.053–0.25, and <0.053 mm aggregate contents as the response variables (Figure 5a). The cumulative explained percentage of the first three RDA axes accounted for 100%. The Monte Carlo permutation test on all of the RDA axes reached a significant level (p < 0.05), indicating the RDA results are reliable and can explain the relationship between the aggregate compositions and aggregate binding agents of the investigated Quaternary ancient red soils. The relative contribution rate of the aggregate binding agents was the highest for SOM, followed by Fed, and that of TCL was the lowest, with values of 72.00%, 26.40%, and 1.50%, respectively (Figure 5d). Among them, SOM and Fed had significant effects on aggregate compositions (p < 0.05), while TCL did not (p > 0.05). This indicated that SOM and Fed were the dominant aggregate binding agents of the investigated Quaternary ancient red soils, while the effect of TCL was not obvious.



However, the aggregate composition of the Quaternary ancient red soils after utilization changed greatly (Figure 3), indicating that the aggregate binding process had changed. To further explore the dominant aggregate binding agent dynamics of the Quaternary ancient red soils under different land use patterns, RDA was carried out separately for the buried ancient red soil and the exposed Quaternary ancient red soils after utilization.



3.4.1. Buried Ancient Red Soil


RDA was carried out by selecting the buried ancient red soil as the sample, selecting the SOM, Fed, and TCL contents as the explanatory factors, and selecting the >5, 2–5, 1–2, 0.5–1, 0.25–0.5, 0.053–0.25, and <0.053 mm aggregate contents as the response variables (Figure 5b). The cumulative explained percentage of the first three RDA axes accounted for 100%. However, the Monte Carlo permutation test conducted on all of the RDA axes did not reach a significant level (p > 0.05). This indicated the RDA results are not reliable and cannot explain the relationship between the aggregate compositions and aggregate binding agents. SOM, Fed, and TCL played a certain role in the aggregate formation of the buried ancient red soil, but they were not the dominant binding agents.




3.4.2. Exposed Quaternary Ancient Red Soils under Different Land Use Patterns


RDA was carried out by selecting the sparse forest grassland, the grassland, the woodland, and the cultivated land as the samples, selecting the SOM, Fed, and TCL contents as the explanatory factors, and selecting the >5, 2–5, 1–2, 0.5–1, 0.25–0.5, 0.053–0.25, and <0.053 mm aggregate contents as the response variables (Figure 5c). The cumulative explained percentage of the first three RDA axes was 100%. The Monte Carlo permutation test conducted on all of the RDA axes reached a significant level (p < 0.05), indicating the RDA results are reliable and can explain the relationship between aggregate compositions and aggregate binding agents. The relative contribution rate of the aggregate binding agents was the highest for SOM, followed by Fed, and was the lowest for TCL, with values of 85.70%, 11.60%, and 2.70%, respectively (Figure 5f). Among them, SOM and Fed had significant effects on aggregate compositions (p < 0.05), while TCL did not (p > 0.05), indicating that SOM and Fed were the dominant aggregate binding agents of the exposed ancient red soils after utilization, while the effect of TCL was not obvious.



Since there were still differences between the aggregate compositions of the exposed Quaternary ancient red soils under different land use patterns (Figure 3), RDA was carried out separately by selecting the sparse forest grassland, the grassland, the woodland, and the cultivated land as the samples, selecting the SOM, Feo, and Fed-Feo contents as the explanatory factors, and selecting the >5, 2–5, 1–2, 0.5–1, 0.25–0.5, 0.053–0.25, and <0.053 mm aggregates contents as the response variables (Figure 6). The Monte Carlo permutation test conducted on all of the RDA axes of the sparse forest grassland, the woodland, and the cultivated land reached a significant level (p < 0.05), indicating the RDA results are reliable and can explain the relationship between aggregate compositions and aggregate binding agents (Figure 6a,c,d). However, that of the grassland did not reach a significant level (p < 0.05), indicating the RDA results are not reliable and cannot explain the relationship between aggregate compositions and aggregate binding agents (Figure 6b). SOM, Feo, and Fed-Feo played a certain role in the aggregate formation of the grassland, but they were not the dominant binding agents. Based on the Monte Carlo permutation test on the aggregate binding agents, Fed-Feo was the dominant aggregate binding agent of the sparse forest grassland, with a relative contribution rate of 74.20% (Figure 6e), while SOM was the dominant aggregate binding agent of the woodland and the cultivated land, with relative contribution rates of 90.50% and 86.10%, respectively (Figure 6g,h).






4. Discussion


4.1. Soil Organic Matter and Iron Oxide Dynamics of the Quaternary Ancient Red Soils under Different Land Use Patterns


To obtain reliable Quaternary red soil dynamics information, the first step is to determine its parent material uniformity. This is mainly because the soil property changes of the sequence can be attributed to pedogenesis only when the parent material of the investigated Quaternary ancient soil is uniform [65,66]. The investigated Quaternary ancient red soil had a silty loam, silty clay, or clay loam texture, few Fe–Mn nodules and clay coatings, a blocky structure, hues ranging from 2.5YR to 5YR, and a hard consistency under dry conditions (Table 2). This indicated that the evolution sequence of Quaternary ancient red soil had uniform morphological characteristics. In addition, the variation coefficients of the clay-free particle size distribution and Ti/Zr ratio within and between the investigated Quaternary ancient red soils were all below the standard (22%) [62]. What is more, researchers found the red soil in the study area was mainly composed of illite, smectite, and kaolinite and distributed uniformly with depth [63,64]. Above all, the evolution sequence provided reliable research materials for exploring the dominant aggregate binding agent dynamics of Quaternary ancient red soils under different land use patterns.



Before 91.01 ka BP, the Quaternary ancient red soil was buried under loess and had a low SOM content (2.08 g/kg), due to few disturbances and almost no importation of foreign organic matter. From 91.01 ka to the present, the Quaternary ancient red soil was exposed at the surface through denudation and then affected by different human activities. Compared with the buried ancient red soil, the SOM contents of the 0–30 cm depth horizon of the exposed ancient red soils under different land use patterns were higher due to vegetation return and fertilization [39]. Since there were differences in the vegetation types, coverage rates, and fertilizations [67,68], the average SOM content of the 0–30 cm depth horizon was highest in the woodland, followed by the cultivated land and the sparse forest grassland, and it was the lowest in the grassland, with values of 16.63, 11.36, 7.76, and 6.30 g/kg, respectively (Figure 4). This was consistent with the results of a previous study [69]. During decomposition of SOM by microorganisms, organic acids were released into the Quaternary ancient red soil, which promoted the transformation of silicate-bound iron oxides into poorly crystalline iron oxides [70]. Compared with the buried ancient red soil, the Feo contents of the 0–30 cm depth horizon of the exposed ancient red soils under different land use patterns were higher. It was the highest in the grassland, followed by the woodland and the cultivated land, and it was the lowest in the sparse forest grassland, with values of 1.77, 1.58, 1.48, and 1.33 g/kg, respectively (Figure 4). Part of the newly formed Feo in the topsoil was leached downward through absorption onto clay particles or in combination with SOM, and then deposited in the subsoil [71]. This is evidenced by the limited presence of Fe–Mn nodules in the subsoil (Table 2). Another part of the newly formed Feo was transformed into Fed-Feo [72,73]. However, SOM could reduce the oxidation rate of the iron oxides by coprecipitating with or absorbing onto the surface of reactive iron oxides [74,75], which inhibited the transformation of Feo to Fed-Feo [76,77]. In this study, significant negative correlations were found between the SOM content and the Fed-Feo content and (Fed-Feo)/Fed ratio (Figure 7). This is consistent with the results of a previous study, i.e., SOM decreased the degree of iron crystallinity [78]. As a result, compared with the buried ancient red soil, the average Fed-Feo contents of the 0–30 cm depth horizon in the woodland and the cultivated land decreased to 10.77 and 12.10 g/kg, respectively, due to relatively high SOM contents, while that in the grassland remained basically unchanged due to a relatively low SOM content. By contrast, due to dust fixation, the contents of iron oxides in different forms increased [79]. The average Fed-Feo content of the 0–30 cm depth horizon in the sparse forest grassland increased to 14.02 g/kg (Figure 4).




4.2. Soil Dominant Aggregate Binding Agent Dynamics of the Quaternary Ancient Red Soils under Different Land Use Patterns


Through RDA between the aggregate compositions and aggregate binding agents of the investigated red soils, SOM and Fed were found to be the dominant binding agents in aggregate formation, with relative contribution rates of 72.00% and 26.40%, respectively (Figure 5a,d). Similar results have been reported for red soils under long-term fertilization [80]. However, TCL did not play a significant role. This is not consistent with the results of a previous study, i.e., TCL and SOM were the dominant aggregate binding agents in gray cinnamomic soil [34]. The possible reason is that the dominant aggregates bound by TCL have poor stability [30] and easily break down under changes in the ion type in the soil solution [81]. They were easily dispersed or broken by Na+ from the loess sediments in the Quaternary ancient red soils where the deposition was synchronous with pedogenesis. Therefore, TCL may act more as bound materials rather than as a binding agent in the aggregate formation of Quaternary ancient red soils.



Furthermore, the aggregate composition of the Quaternary ancient red soil changed greatly after utilization (Figure 3), indicating the aggregate binding process changed. Before 91.01 ka BP, the red soil was buried under loess and mainly composed of <0.25 mm microaggregates, accounting for 71.62%. The aggregate formation was attributed to binding agent dynamics, such as the formation and decomposition of organic matter or the activation and crystallization of iron oxides [27,35,36]. However, in fact, aggregates of the buried ancient red soil maintained its original state and binding agents likely remained unchanged due to compaction. Hence, there was no dominant aggregate binding agent in the buried ancient red soil (Figure 5b,e). From 91.01 ka to the present, the red soil was exposed at the surface through denudation and then affected by human activities. Compared with the buried ancient red soils, the exposed red soils under different land use patterns experienced the importation of soil organic matter, weathering of silicate-bound iron oxides, and crystallization of poorly crystalline iron oxides. Under the influence of binding agent dynamics, the <0.25 mm microaggregates were bound together into >0.25 mm macroaggregates [5,22,82,83], as evidenced by the increases in the >5, 2–5, 1–2, and 0.5–1 mm aggregate content and the decreases in the 0.053–0.25 and <0.053 mm aggregate contents (Figure 3). This is consistent with conclusions of a previous study [84]. With the new aggregate formation, the dominant aggregate binding agents changed into SOM and Fed (Figure 5c,f). Generally, aggregate formation is attributed to organic matter in soils with a relatively high content of organic binding agents and a low content of inorganic binding agents [35,36]. It is also attributed to iron oxides in soils with a relatively high content of inorganic binding agents and a low content of organic binding agents [27]. Compared with the buried ancient red soil, the average SOM contents of the woodland and the cultivated land were higher due to vegetation return and fertilization [68,85], with values of 16.63 and 11.36 g/kg, respectively. This strongly inhibited the crystallization of Feo and decreased their average Fed-Feo contents to 10.77 and 12.10 g/kg, respectively. Additionally, aggregate formation was dominated by SOM (Figure 6c,d), accounting for 95.50% and 86.10%, respectively (Figure 6g,h). This is consistent with a previous study [86]. The average SOM content of the grassland only increased to 6.30 g/kg due to difficulties in decomposing horsetails by microorganisms [65]. The average Fed-Feo content remained unchanged due to the low SOM content. The organic and inorganic binding agents were all relatively low in concentration in the grassland. SOM and Fed-Feo were not the dominant aggregate binding agents (Figure 6b,f). By contrast, the average Fed-Feo content of the sparse forest grassland increased to 14.02 g/kg due to dust fixation [79]. Further, the SOM content only increased to 7.76 g/kg due to low coverage rates and limited decomposition of vegetation by microorganisms. Its inorganic binding agents were relatively high in concentration, indicating the dominant binding agent as Fed-Feo with a relative contribution of 74.20% (Figure 6a,e).



The proportions of organic and inorganic binding agents were different and, thus, the dominant binding agents involved in aggregate formation were different. Therefore, we ask the following question: What were the proportions of organic and inorganic binding agents in the Quaternary ancient red soil when they played a dominant role in aggregate formation? To systematically answer this question, the C/Fe molar ratio was used to reflect the states of the organic matter and iron oxides during aggregate formation [87]. Based on the above analysis of the importance of Fed-Feo in the aggregate formation of Quaternary ancient red soils, correlation analysis between the relative contribution rate of the binding agents and the C/(Fed-Feo) molar ratio was carried out to obtain this threshold (Figure 8). The C/(Fed-Feo) molar ratio was significantly correlated with the relative contribution rates of SOM and Fed-Feo. When the C/(Fed-Feo) molar ratio was less than 2.13, aggregate formation was mainly attributed to the activation and crystallization of iron oxides. When the C/(Fed-Feo) molar ratio was greater than 2.13, aggregate formation was mainly attributed to the formation and decomposition of organic matter, and the crystallization of Feo was strongly inhibited (Figure 8 and Figure 9).





5. Conclusions


The evolution sequence of investigated Quaternary ancient red soils had uniformity in parent materials. Before 91.01 ka BP, the buried ancient red soil was mainly composed of <0.25 mm aggregates and had no dominant binding agents in aggregate formation. From 91.01 ka BP to the present, the Quaternary ancient red soil was exposed at the surface through denudation and then affected by land use patterns. Compared with the buried ancient red soils, the contents of SOM and Feo of exposed ancient red soils under different land use patterns increased. The Fed contents of the sparse forest grassland, grassland, and cultivated land increased, while those of the woodland decreased. The Fed-Feo contents in the sparse forest grassland and grassland increased, while those of the woodland and the cultivated land decreased. Under the influence of binding agent dynamics, the <0.25 mm microaggregates were bound together into >0.25 mm macroaggregates, causing the dominant aggregate binding agents in the aggregate formation of the exposed Quaternary ancient red soils to change to SOM and Fed. When the C/(Fed-Feo) molar ratio was less than 2.13, Fed-Feo was the dominant aggregate binding agent. When the C/(Fed-Feo) molar ratio was greater than 2.13, SOM was the dominant aggregate binding agent.
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Figure 1. (a) The schematic map showing the location of the study area; (b) The schematic map showing the distribution of the sampling points in the Quaternary ancient red soils. Note: brown color represents the Quaternary ancient red soil, which is classified as Argosols according to the Chinese Soil Taxonomy [43], Alfisols according to the Soil Taxonomy [44], and Luvisols according to the World Reference Base for Soil Resources [45]; (c) Photos of the Quaternary ancient red soil profiles. Note: “b” indicates that the horizon was buried by other layers; “h” indicates that the horizon has experienced organic matter accumulation processes; “p” indicates that the horizon has been affected by cultivation; “r” indicates that the horizon has experienced oxidation–reduction processes; and “t” indicates that the horizon has experienced clay illuviation processes according to the Manual of Soil Description and Sampling [46]. 
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Figure 2. Distributions of the clay-free TSI, CSI, MSI, CSI/MSI, and Ti/Zr values of the Quaternary ancient red soils with depth under different land use patterns. Note: MC-02 represents the buried ancient red soil; CL-02 represents the sparse forest grassland; CL-03 represents the grassland; CL-04 represents the woodland; CL-05 represents the cultivated land; TSI represents the total silt; CSI represents the coarse silt; MSI represents the medium silt. 
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Figure 3. Aggregate compositions of the 0–30 cm depth horizon of the Quaternary ancient red soils under different land use patterns. Note: the different lowercase letters indicate significant differences in the aggregate contents of the same size within the same depth for the Quaternary ancient red soils under different land use patterns (p < 0.05); SAZ represents the soil aggregate size; SAC represents the soil aggregate content. 
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Figure 4. Aggregate binding agent compositions of the 0–30 cm depth horizon of the Quaternary ancient red soils under different land use patterns. Note: The different lowercase letters indicate significant differences in the same aggregate binding agent at the same depth for the Quaternary ancient red soils under different land use patterns (p < 0.05); SABAC represents the soil aggregate binding agent content. 
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Figure 5. Ordination diagram of the redundancy analysis of the relationship between the aggregate compositions and aggregate binding agents of (a) the investigated Quaternary ancient red soils, (b) the buried ancient red soils, and (c) the exposed Quaternary ancient red soils after utilization; and the relative contribution rates of the redundancy analysis of the relationship between the aggregate compositions and aggregate binding agents of (d) the investigated Quaternary ancient red soils, (e) the buried ancient red soils, and (f) the exposed Quaternary ancient red soils after utilization. SOM—soil organic matter; Fed—free iron oxide; and TCL—total clay particles. “*” indicates that the binding agent has a significant effect on the aggregate compositions (p < 0.05). 
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Figure 6. Ordination diagram of the redundancy analysis of the relationship between the aggregate compositions and aggregate binding agents of (a) the sparse forest grassland, (b) the grassland, (c) the woodland, and (d) the cultivated land; and the relative contribution rates of the redundancy analysis on the relationship between the aggregate compositions and aggregate binding agents of (e) the sparse forest grassland, (f) the grassland, (g) the woodland, and (h) the cultivated land. SOM—soil organic matter; Fed-Feo—crystalline iron oxide; and Feo—poorly crystalline iron oxide. “*” indicates that the aggregate binding agent has a significant effect on the aggregate compositions (p < 0.05). 
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Figure 7. Correlation analysis of the relationships between the (a) Fed, (b) Fed-Feo, (c) Feo, and (d) (Fed-Feo)/Fed ratio and the SOM of the Quaternary ancient red soils under different land use patterns. Note: “*” indicates that significant differences exist in the relationships between the form of iron oxide and the iron crystalline index and the soil organic matter (p < 0.05). 
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Figure 8. Correlation analysis of the relationship between the relative contribution rate and C/(Fed-Feo) molar ratio of the Quaternary ancient red soils under different land use patterns. Note: “*” indicates that significant differences exist in the relationship between the C/(Fed-Feo) ratio and the relative contribution rate (p < 0.05). 
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Figure 9. Conceptual model of the dominant aggregate binding agent dynamics of the Quaternary ancient red soils under different land use patterns. 
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Table 1. Basic information about the sampling points of the Quaternary ancient red soils.
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	Profile
	Parent Material
	Altitude (m)
	Longitude and Latitude
	Land Use Pattern





	MC-02
	loess
	261
	41°53′26″ N, 120°45′15″ E
	Buried ancient red soil



	CL-02
	loess
	264
	41°53′42″ N, 120°45′26″ E
	Sparse forest grassland



	CL-03
	loess
	269
	41°53′40″ N, 120°45′30″ E
	Grassland



	CL-04
	loess
	263
	41°53′41″ N, 120°45′29″ E
	Woodland



	CL-05
	loess
	271
	41°53′42″ N, 120°45′26″ E
	Cultivated land
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Table 2. Profile descriptions of Quaternary ancient red soils.
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Profile

	
Horizon

	
Depth (m)

	
Color (Dry)

	
Texture

	
Structure

	
Consistency (Dry)

	
Others






	
MC-02

	
Ah

	
0–19

	
2.5YR 5/6

	
Silty loam

	
Blocky

	
Loose

	
-




	
Btr1

	
19–41

	
2.5YR 5/8

	
Silty loam

	
Prismatic

	
Moderate hard

	
Few clay coatings and Fe–Mn nodules




	
Btr2

	
41–68

	
2.5YR 5/8

	
Silty loam

	
Prismatic

	
Hard

	
Few clay coatings and Fe–Mn nodules




	
Btrb1

	
68–92

	
2.5YR 6/6

	
Silty loam

	
Prismatic

	
Hard

	
Few clay coatings and Fe–Mn nodules




	
Btr2

	
92–141

	
2.5YR 7/6

	
Silty loam

	
Prismatic

	
Hard

	
Few clay coatings and Fe–Mn nodules




	
Btr3

	
141–210

	
2.5YR 6/8

	
Silty loam

	
Prismatic

	
Hard

	
Few clay coatings and Fe–Mn nodules




	
CL-02

	
Ahr

	
0–17

	
5YR 6/6

	
Silty loam

	
Blocky

	
Moderately hard

	
Few clay coatings and Fe–Mn nodules




	
Btr1

	
17–65

	
5YR 6/8

	
Silty loam

	
Prismatic

	
Hard

	
Few clay coatings and Fe–Mn nodules




	
Btr2

	
65–151

	
5YR 6/8

	
Silty loam

	
Prismatic

	
Hard

	
Few clay coatings and Fe–Mn nodules




	
Btr3

	
151–202

	
5YR 6/8

	
Silty clay

	
Prismatic

	
Hard

	
Few clay coatings and Fe–Mn nodules




	
CL-03

	
Ahr

	
0–13

	
5YR 4/6

	
Silty loam

	
Blocky

	
Moderately hard

	
Few Fe–Mn nodules




	
ABtr

	
13–51

	
2.5YR 5/8

	
Silty clay

	
Prismatic

	
Loose

	
Few clay coatings and Fe–Mn nodules




	
Btr1

	
51–95

	
5YR 5/8

	
Silty clay

	
Prismatic

	
Medium hard

	
Few clay coatings and Fe–Mn nodules




	
Btr2

	
95–160

	
5YR 6/8

	
Clay loam

	
Prismatic

	
Medium hard

	
Few clay coatings and Fe–Mn nodules




	
CL-04

	
Ah

	
0–16

	
5YR 4/3

	
Silty loam

	
Blocky

	
Loose

	
-




	
Btr1

	
16–52

	
5YR 5/8

	
Silty loam

	
Blocky

	
Moderately hard

	
Few clay coatings and Fe–Mn nodules




	
Btr2

	
52–120

	
2.5YR 5/8

	
Silty clay

	
Prismatic

	
Moderately hard

	
Few clay coatings and Fe–Mn nodules




	
CL-05

	
Apr

	
0–13

	
5YR 5/8

	
Silty loam

	
Blocky

	
Moderately hard

	
Few Fe–Mn nodules




	
Btr1

	
13–46

	
2.5YR 6/6

	
Silty loam

	
Blocky

	
Moderately hard

	
Few clay coatings and Fe–Mn nodules




	
Btr2

	
46–120

	
2.5YR 6/8

	
Silty loam

	
Blocky

	
Moderately hard

	
Few clay coatings and Fe–Mn nodules








Note: “-” indicates that no clay coatings or Fe–Mn nodules were observed.
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Table 3. Variation coefficients of clay-free TSI, CSI, MSI, CSI/MSI, and Ti/Zr of the Quaternary ancient red soils under different land use patterns.
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Profile

	
Clay-Free TSI (%)

	
Clay-Free CSI (%)

	
Clay-Free MSI (%)

	
Clay-Free CSI/MSI

	
Ti/Zr Ratio




	
Mean

	
S.D.

	
C.V.

	
Mean

	
S.D.

	
C.V.

	
Mean

	
S.D.

	
C.V.

	
Mean

	
S.D.

	
CV.

	
Mean

	
S.D.

	
C.V.






	
MC-02

	
74.32

	
3.41

	
4.58%

	
32.34

	
2.75

	
8.51%

	
16.74

	
1.11

	
6.66%

	
1.93

	
0.05

	
2.83%

	
28.01

	
1.27

	
4.52%




	
CL-02

	
74.00

	
2.11

	
2.85%

	
31.22

	
0.45

	
1.43%

	
16.18

	
0.88

	
5.41%

	
1.93

	
0.11

	
5.47%

	
24.19

	
1.83

	
7.57%




	
CL-03

	
73.10

	
2.32

	
3.18%

	
30.53

	
0.53

	
1.74%

	
16.19

	
1.21

	
7.48%

	
1.89

	
0.14

	
7.19%

	
26.25

	
1.01

	
3.86%




	
CL-04

	
70.97

	
3.53

	
4.98%

	
31.10

	
0.84

	
2.71%

	
15.40

	
1.31

	
8.53%

	
2.03

	
0.23

	
11.14%

	
26.65

	
4.03

	
15.12%




	
CL-05

	
75.27

	
2.39

	
3.18%

	
31.43

	
1.23

	
3.90%

	
16.60

	
1.22

	
7.35%

	
1.90

	
0.15

	
8.02%

	
28.93

	
2.85

	
9.84%




	
Total

	
73.53

	
2.76

	
3.75%

	
31.27

	
1.29

	
4.14%

	
16.22

	
1.09

	
6.70%

	
1.93

	
0.13

	
6.87%

	
26.62

	
2.63

	
9.90%








Note: S.D. denotes standard deviation; C.V. denotes coefficient of variation.
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