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Abstract

:

Unsaturated zones are critical for water and material exchange between groundwater and surface ecosystems. Understanding the migration patterns of soil water and salts in these zones can offer theoretical support for maintaining the equilibrium between groundwater and surface ecosystems in Northwestern China’s salinized regions. This study explores the correlation between soil particle composition and soil water and salt distribution at a test site in the lower reaches of the Shiyang River basin. It analyzes the way in which water and salt patterns vary with different soil structures over various timescales. The results indicate that lithological profiles with similar structures but varying fine particle contents exhibit distinct water–salt variation patterns. Higher fine particle content leads to increased water and total dissolved solid content, but a decreased infiltration rate. When the middle layer has the highest fine content, soil evaporation is partially inhibited. The more complex the lithologic structure, the less effective irrigation is in leaching salt. However, when the lithologic structure remains constant, fine particle content has minimal impact on salt leaching.






Keywords:


arid area; unsaturated zone; soil particle composition; soil water and salt variation; various timescales












1. Introduction


Ecosystems in the arid regions of Northwestern China heavily rely on groundwater due to limited water resources [1,2]. Nevertheless, unsustainable groundwater usage results in emerging ecological issues, including the salinization of shallow groundwater, soil salinization and desertification [3,4,5,6]. A key solution to these issues is balancing groundwater and ecosystems [7,8,9,10,11]. The unsaturated zone is an important zone for material and energy exchange between surface water, groundwater and ecological vegetation [12,13,14,15]. Surface water percolates into these zones to replenish groundwater, while groundwater enters unsaturated zones via evaporation and capillarity. Soil-stored water supports surface vegetation growth [16,17,18,19,20], making the distribution and migration of water and salt in the unsaturated zone an essential research topic. Multiple factors, including groundwater level, temperature, irrigation and vegetation, affect the water and salt distribution in unsaturated zones [21,22,23,24,25,26]. Additionally, soil structure is a crucial influencing factor. Previous research has explored the relationship between soil lithology and water and salt distribution in unsaturated zones. Soil layers significantly impact the vertical movement of water and salt in unsaturated zones [27,28,29,30], with lithological boundaries obstructing downward water movement, regardless of soil particle size [31]. As Zhao et al. [31] demonstrated, the clay layer in the layered structure acts as a semi-permeable barrier to salt movement, while water more easily passes through. Yu et al. [32] noted that unsaturated zones with homogeneous soil structures show higher cumulative rainfall infiltration than those with an upper-coarse and lower-fine layered structure, with lower infiltration rates corresponding to finer particles in the lower soil layer. Hu et al. [33] found that soil interlayer thickness and position significantly impact soil infiltration.



It can be concluded from the studies mentioned above that researchers usually classify unsaturated zone profiles based on soil lithological structures in research into soil water and salt. In most cases, this division method can provide a rational explanation for the variations in soil water and salt. However, in areas with shallow groundwater and single-lithology soils, such as the lower reaches of the Shiyang River basin, it has been found that adjacent unsaturated zone profiles exhibit similar lithological structures but different soil water and salt variation patterns. Since these profiles possess roughly identical external conditions due to close proximity, their different soil water and salt variation patterns definitely depend on the soils themselves. Furthermore, the soil particle composition serves as a basis for classifying soil lithology, given that the same lithology might exhibit different soil particle compositions [34]. Particle content variance in soils leads to significantly different soil properties [35,36], affecting water movement and solute migration [37,38]. Soils with smaller particles possess larger surface areas and, thus, have greater water-holding and adsorption capacity, albeit at a slower infiltration rate [39,40]. Moreover, the content of fine particles significantly influences soil infiltration [41,42].



Based on the previous studies, it is found that when the soil lithology structure is complex, the lithology division can accurately describe the structure of the vadose zone. However, the groundwater in the downstream part of the arid area is shallow, and the thickness of the vadose zone is small. The traditional lithology division scheme struggles to accurately describe the structure of the vadose zone and cannot explain the difference between water and salt migration in different zones, which is mainly related to the content of fine particles in different horizons. But, there is insufficient research into the influence of fine grain content and structure on water and salt changes. Therefore, relevant experiments are carried out in the test site of the lower reaches of Shiyang River, and the main research contents are the following aspects: (1) the unsaturated zone profiles with different fine grain contents and structures in the study area were selected for on-site monitoring of soil water and salt changes; (2) analyzing and comparing the soil water and salt variations between different profiles from various timescales; and (3) analyzing the relationships between soil water and salt variations and soil particle variation in different profiles.




2. Materials and Methods


2.1. Overview of the Study Area


The test site, which was positioned at the farmland–desert junction in the lower reaches of the Shiyang River basin (38°06′2.4″ N, 103°20′1.0″ E), experiences an arid climate. The annual average rainfall and evaporation are 123.60 mm and 2063.50 mm, respectively. The farmland mainly cultivates maize and helianthus annuus, while the desert vegetation primarily consists of Tamarix ramosissima, Kalidium foliatum and Phragmites australis [43]. Borehole data indicate clay dominance in soils at depths of 8–10 m below the surface. Consequently, the aquifer in the study area is divided into upper and lower layers. The phreatic water in the upper layer experiences salinization due to high evaporation, with total dissolved solid (TDS) content in the range of 6–9 g/L. In contrast, the lower layer, which is the primary freshwater exploitation layer, contains a TDS content of 0.5–2 g/L.




2.2. Test Design


The test site generally features a gentle terrain, with the annual phreatic water level varying in the range of 1.5–2.3 m. Three unsaturated zone profiles (A, C and D) at a depth of 1.5 m were selected in the farmland for monitoring, with a distance of around 50 m between each site (Figure 1). A small-scale meteorological station was available at the test site, and the precipitation and temperature variations monitored are shown in Figure 2. Soil samples were collected from each profile at depths of 10 cm, 20 cm, 40 cm, 60 cm, 90 cm, 120 cm, and 150 cm for soil particle testing via the sieving method. Soil particle sizes sieved were divided into five intervals, with the smallest sieving particle size being 0.075 mm. Given the significant impact of fine soil particles on soil water content (SWC) and soil infiltration, this study focused on comparing the content of particles with sizes less than 0.075 mm (fine particle content). Table 1, Table 2 and Table 3 present the soil particle compositions of the three profiles, which were dominated by silty soils and sands. Corresponding to the sampling depths, soil monitoring devices were installed in each unsaturated zone profile to track the real-time variations in soil water and salt from March 2021 to November 2021 at a 30-min frequency. It is noteworthy that the inherent properties of soils also include their mineral composition and chemical properties. The mineral and organic components of soils, which are hydrophilic and hydrophobic in nature, play a role in the adsorption and exchange in soil salts. However, the soil water migration in unsaturated zones is primarily driven by water potential and temperature potential, which are significantly higher than the suction or repulsion of mineral or organic components for soil water. Furthermore, Wang [44] proposed that, although soil properties affect soil infiltration, the chemical properties of soils have a minor impact on SWC. In addition, this study focused on the TDS content rather than a specific salt. Despite adsorption and exchange, salts still remained in soils or soil pore water, imposing a minor impact on the TDS content. Therefore, the mineral composition and chemical components of soils were not considered in this study.




2.3. Data Acquisition


5TE soil sensors and CR1000 dataloggers (made in METER Company, Pullman City, WA, USA) were used for in situ real-time monitoring and logging of the SWC, temperature, and electrical conductivity (EC) of soils in the unsaturated zones. Horizontal insertion of the 5TE soil sensor into the soil profiles caused no harm to the surrounding soils, hence delivering more accurate measurement results. Using a 70-megahertz oscillator, the 5TE soil sensor yielded the soil’s dielectric constant, from which the volumetric water content (VWC) could be calculated using an empirical equation. The sensor offered high measurement precision in soils with VWC less than 50%, notably in light sandy soil and loam. However, it produced high measurement errors in soils with VWCs greater than 50%, necessitating correction of the VWC data.



The dielectric constant could be used to calculate VWC given the strong correlation between them [45]. The relationship between VWC and dielectric constant is expressed as a cubic equation in the common empirical formula, which is used as the working principle of relevant monitoring devices. Therefore, VWC was calculated by constructing regression curve equations using measured VWC values and dielectric constants. The test site soils consisted of silty soils, silty sands, and fine sands, as per soil testing results. These soil types were each sampled thrice using a cutting ring, with their average dry bulk densities being calculated. The dried, pulverized and sieved soil sample was compacted into a plastic bucket. A specific amount of water was then added and evenly mixed with the soil before another compaction. A 5TE sensor measured the dielectric constant, and VWC was obtained by drying the soil sample in the bucket. This process was repeated for the soil samples with three lithologies until the regression curve equations of the dielectric constant vs. VWC were constructed for the soils of three lithologies (Figure 3).



Traditionally, soil salinity is expressed using the EC of soil saturation extract. However, this method is not ideal for long-term observation due to its complex operation and the harm caused to the initial soil samples [46,47]. The 5TE sensor facilitates in situ soil salinity monitoring by characterizing it using the bulk EC of the surrounding soil measured via a dual-electrode array. The pore water salinity of soils, which mostly directly affects vegetation growth, is challenging to extract. Commonly, the Temionic ceramic cup sampler is used for extraction, which is time-consuming and requires high SWC. Based on the Hilhorst model [48], the pore water EC (pore EC) can be estimated using the dielectric constants, and bulk EC can be measured via the 5TE sensor.


    σ p  =    ε p   σ b     ε b  −  ε 0        ( θ > 0.1 % )   



(1)






   ε p  = 80.3 − 0.37 ×  (   T  soil   − 20  )   



(2)




where σp is the pore EC (ms·cm−1), σb is the bulk EC (ms·cm−1), θ is the volumetric moisture content (%), εb is the volumetric dielectric constant and ε0 is the dielectric constant at σb = 0. The value of ε0 is 6, according to the dielectric constant value output using the 5TE sensor at σb = 0. Furthermore, εp is the dielectric constant of pore water, and Tsoil is the soil temperature (°C).



Overall, the general test process in this study was as follows: (1) three suitable profiles were selected at the test site; (2) for each profile, samples were collected, and monitoring devices were installed at the design depths; (3) the soil particle contents of the samples were determined, and the calibration tests of VWC and dielectric constant were conducted; (4) the VWC and soil EC of the soil samples were calculated using the calibration equations; (5) the variations in SWC and soil EC were analyzed using different timescales; and (6) the relationships between soil particle content and variations in soil water and salt were analyzed.





3. Results and Analysis


3.1. Distribution of VWC


(1) Distribution of annual average VWC (from March to November)



To understand the normal distribution of VWC across various soil profile horizons, we calculated the average VWC of each profile from March to November. Figure 4 illustrates that for profile A, the VWC increased with a depth up to 120 cm, whereas the VWC of profiles C and D fluctuated with a depth up to 120 cm. The VWC peaked at a depth of 120 cm for profiles A and C, displaying a notable difference from the VWC at 150 cm. For profile D, the VWC within a depth 60 cm significantly exceeded that at a depth below 90 cm, with the latter factor slowly increasing with depth.



(2) Distribution of monthly average VWC



Figure 5 depicts the fluctuations in VWC at different depths across the three profiles from March to November. Darker areas symbolize higher VWC, while denser contours that form more enclosed circles indicate more pronounced changes in VWC. The VWC of the three profiles displayed more substantial variations from May to September than during other months. Marked VWC changes transpired above depths of 120 cm, 90 cm and 70 cm in profiles A, C and D, respectively. These variations spanned three periods: the pre-irrigation period (March–April), the irrigation period (May–September), and the post-irrigation period (October–November). In the pre-irrigation period, the soils, being dry due to low water content, exhibited a gradual increase in VWC as the frozen soils thawed due to rising temperatures. During the irrigation period, the VWC surged after each irrigation treatment and then swiftly declined due to intense evaporation, showing a marked change. During the post-irrigation period, the relatively high VWC induced via irrigation rapidly decreased under intense evaporation and then significantly decelerated.



(3) Distribution of VWC during the irrigation period



The VWC of the each of the three profiles from May to September was evaluated due to its significant fluctuations during the irrigation period. The profiles underwent nine irrigations from May to September, with the irrigation time shown in Figure 6. They were simultaneously irrigated, with each irrigation lasting for one hour at a water flow of 60 m3. The VWC of the three profiles responded positively to irrigation at depths of less than 90 cm, displaying pronounced serrated fluctuations. Conversely, the VWC responded mildly to irrigation at depths greater than 120 cm due to the nearly saturated soil near the groundwater table. As shown by the VWC curves, the VWC rapidly increased and then swiftly decreased during the nine irrigations. This finding suggests that the irrigation water penetrated into the soil quickly, followed by evaporation until the next irrigation event.



During the irrigation period, the VWC at depths of less than 90 cm showed significant fluctuations, and the irrigation water infiltrated the soil in a short time. Given this fact, statistics were made for the variations in VWC within 24 h after each irrigation at depths of less than 90 cm in the soil profiles. As per Figure 7, the VWC swiftly achieved saturation after irrigation, sustained it for several hours, and then rapidly decreased as water drained under gravity. As the VWC gradually fell, the gravitational water ceased to be a factor, and the VWC slowly decreased due to evaporation. Half an hour after irrigation, the VWC exhibited an upward trend at depths of less than 40 cm in profile A, whereas this trend occurred at depths of only less than 20 cm in profiles C and D. One hour after irrigation, VWC trended upward at depths of 90 cm and 60 cm in profiles A and C, respectively, and at a depths of less than 40 cm in profile D. One and a half hours after irrigation, the VWC showed an upward trend at depths of 90 cm and 60 cm in profiles C and D, respectively. Two hours after irrigation, VWC trended upward at a depth of 90 cm in profile D. The increasing VWC at a horizon denotes the irrigation water’s infiltration into this horizon. Therefore, profile A demonstrated the fastest infiltration rate in soils at depths of less than 90 cm, followed sequentially by profiles C and D.




3.2. Distribution of Soil EC


(1) Distribution of annual average soil EC (March–November)



This study calculated the average bulk EC and pore EC of various soil profiles from March to November in Figure 8. The bulk EC was marginally different at depths of less than 60 cm in the three profiles. For profiles A and C, the bulk EC was higher at depths greater than 90 cm than at depths of less than 90 cm, reaching its maximum at 120 cm. However, more substantial differences were observed in bulk EC at depths greater than 90 cm in profile A than in profile C. For profile D, the bulk EC varied minimally at most depths, except at 120 cm, where the bulk EC was small. The pore EC curves of profiles A and D mirrored their bulk EC curves, while the pore EC curve of profile C contradicted its bulk EC curve at depths in the range of 40–90 cm. Soil Pore EC was related to both soil Bulk EC and VWC. Although profile C demonstrated low bulk EC at a depth of 60 cm, its VWC was also low, as shown in Figure 4, resulting in a high pore EC at this depth.



(2) Variations in soil EC during the irrigation period



Given that soil salts primarily move with water, this study compared the EC of the three profiles during the irrigation period. Figure 9 illustrates the bulk EC curves of this period. As per this figure, the variations in bulk EC mirrored those of VWC, showing an active response to irrigation. The bulk EC rose sharply after irrigation and then swiftly decreased, indicating significant serrated changes. For the three profiles, the bulk EC presented a mild downward trend at depths of less than 120 cm and increased slowly at a depth of 150 cm. Generally, soil salts underwent significant leaching, continuously moving downward with the irrigation water.



In cases of minor variations in VWC, both pore EC and bulk EC showed analogous changes. As depicted in Figure 6, the VWC varied significantly at depths of less than 90 cm. Consequently, the weighted averages of pore EC and bulk EC above this depth were calculated and utilized as indicators of salinity changes in shallow soils. As Figure 10 demonstrates, both pore EC and bulk EC exhibited an overall downward trend as irrigation began. After August, the bulk EC had slight variations, while soil pore EC showed an overall upward trend. Specifically, for profiles A and D, pore EC decreased rapidly after irrigation and then continuously increased until the next irrigation. This pattern resulted from the alternating effect of irrigation and evapotranspiration on shallow soils.



Regarding changes in soil salts, the soil in the study area primarily underwent salt leaching caused by irrigation and salt accumulation in surface soils under evaporation. This study performed a detailed analysis of soil EC variations at an irrigation interval (between two irrigation events). As shown in Figure 11, bulk EC and pore EC generally exhibited similar variations. One day after irrigation, salts migrated downwards with the irrigation water, decreasing the TDS content in shallow soils, and the bulk EC increased at a depth of 150 cm. Additionally, the bulk EC increased at depths of 10–20 cm in profile A, possibly due to the dissolution of surface soil salts via irrigation. The bulk EC also rose at depths of 60–120 cm in profile C and at a depth of 90 cm in profile D. This finding suggests that some salts accumulated in these horizons due to the infiltration of irrigation water. Some horizons saw an increase in bulk EC but a decrease in pore EC, such as at a depth of 20 cm in profile A and at a depth of 60 cm in profile C. Three-to-five days after irrigation, the bulk EC and pore EC of shallow soils slowly increased under strong evaporation.



Changes in pore EC induced via irrigation directly influence vegetation growth. Given that the vegetation’s taproot system is distributed at depths within 60 cm, and the three profiles share the same soil lithology of silty soils at these depths, this study calculated the weighted average of pore EC within a depth of 60 cm to determine variations in the pore EC of shallow soils. Figure 12 illustrates these variations (with pore EC before irrigation as the benchmark, and increases and decreases in pore EC expressed as positive and negative values, respectively). Less than one-to-two days after irrigation, the pore EC of shallow soils in the three profiles continuously decreased due to the infiltration of irrigation water. Three-to-four days post-irrigation, soil salinity was predominantly affected by evaporation. The pore EC of shallow soils in profiles A and D gradually increased due to evaporation, with the growth rate being higher in profile D than in profile A. This disparity is due to the low capillary water recharge and the continued concentration of shallow soil pore water under evaporation conditions in profile D. Despite the high capillary water recharge, profile A also demonstrated a continuous increase in the pore EC of shallow soils due to significant salt accumulation in surface soils. In contrast, profile C showed gently varying pore EC at the evaporation stage due to high capillary water recharge and insignificant salt accumulation in surface soils under evaporation.




3.3. Relationships between Soil Particle Structure and the Distribution of Soil Water and Salts


3.3.1. Relationship between Soil Particle Structure and the Annual Average Distribution of Soil Water and Salts


Figure 13 shows the absolute differences in VWC and fine particle contents between adjacent layers in the three profiles. The annual average VWC showed large relative differences at depths of 120–150 cm in profiles A and C and at depths of 60–90 cm in profile D. The layers at these depths correspond to the boundaries between silty soils and silty sands, as well as presenting great differences in fine particle content. Profile A consisted primarily of silty soils at depths of less than 120 cm, showing small differences in VWC at these depths, despite significant differences in fine particle content between adjacent layers. Profile D showed slightly different VWC at depths of 120–150 cm, that is, at the boundary between silty sands and fine sands. Therefore, sudden changes in VWC only occurred in the presence of lithological changes combined with significant differences in fine particle content.



Figure 14 compares the fine particle content, bulk EC and pore EC across the three profiles. Regarding fine particle content, profiles A and C ranged from 38–86%, while profile D exhibited a broader range of 8–86%. Profiles A and C displayed similar bulk EC curves. Additionally, peaks of fine particle content, bulk EC and pore EC occurred concurrently. The fine particle content of soil influenced pore EC via bulk EC and VWC. For profiles A and C, the bulk EC was higher in the deep layer than in the shallow layer, while the pore EC showed minimal differences. As shown by the comparison between layers with significantly different VWCs, the bulk EC varied markedly at depths of 120–150 cm in profile A but minimally at depths of 120–150 cm and 60–90 cm in profiles C and D, respectively. This finding indicates that fine particle content has a more pronounced impact on VWC than on bulk EC.




3.3.2. Relationship between Soil Particle Structure and the Migration of Soil Water and Salt during the Irrigation Period


As indicated by the comparison of soil lithology at depths within 90 cm, profiles A and C were dominated by silty soils, while silty soils mixed with silty sands dominated profiles D. According to the VWC variation time at different depths after irrigation (Table 4), the infiltration rates at depths of less than 90 cm in the three profiles were in the order of A > C > D. As profiles A and C shared the same lithology at depths of less than 90 cm, the differences in the infiltration rates must result from varying soil particle structures. This study compared the fine particle content at depths of less than 90 cm in profiles A and C. The comparison revealed that the fine particle content of profile A peaked at a depth of 40 cm, generally showing an arched structure, while profile C exhibited an upper-fine and lower-coarse structure, with a difference of about 15% at depths of 40–60 cm. Profiles A and C showed weighted averages of fine particle content at depths of less than 90 cm of 69.62% and 76.22%, respectively. This outcome suggests that fine particle content is a key factor influencing the infiltration rate when the soil lithology is the same, and lower fine particle content corresponds to a higher infiltration rate. Additionally, an arched fine-particle-content structure can yield a higher infiltration rate than an upper-fine and lower-coarse structure. Based on the comparison between the VWC variation times of profiles C and D, both profiles primarily showed different soil infiltration rates at depths of 60–90 cm. Furthermore, profiles C and D showed the same soil lithology and similar fine-particle-content structures (upper-fine and lower-coarse structure) at depths of less than 60 cm. However, the difference in fine grain content between 60 and 90 cm in profile D was significantly higher than that in profile C. This finding indicates that large differences in fine grain content would limit water transport.



Five days after irrigation, VWC was primarily influenced by evaporation and capillarity. A smaller VWC variation before the next irrigation indicates the higher water-holding capacity of the soil. As vegetation roots are mainly distributed at depths of less than 1 m from the surface, this study mainly focused on the VWC variations at depths of less than 90 cm in the profiles. According to Table 5, the VWC of profile A exhibited smaller variations with depth, whereas profiles C and D demonstrated larger variations. As shown by the calculated results of the weighted averages of the VWC at depths of less than 90 cm and their changing amplitudes, the water-holding capacities at depths of less than 90 cm of the profiles were in the order of A > C > D. Profiles A and C presented similar curves of fine particle content at depths greater than 90 cm. Compared to profile A, profile C exhibited higher fine particle content and higher capillary water recharge at depths of less than 90 cm. However, the VWC at depths of less than 90 cm in profile A showed a smaller decrease than that in profile C, indicating that evaporation at these depths was greater in profile C than that in profile A. Profile D, which was composed of silty soils, silty sands, and fine sands, had lower capillary water recharge to the upper soil than profiles A and C. In contrast, profiles C and D might have similar evaporation in the upper soil due to their slight difference in fine particle content at depths of less than 60 cm. Therefore, the VWC at depths of less than 90 cm in profile C showed a smaller drop than that of profile D.



Based on the above analysis, pore EC is mainly affected by VWC and bulk EC. Given that soil particle structure indirectly affects the variation in the pore EC, it is difficult to determine or characterize the relationship between them. Therefore, no further analysis was conducted on the relationship between soil particles and pore EC. Besides increasing SWC, irrigation is used to reduce soil salinity. Soil salts move downward into deep soils with irrigation water and then return to upper soil under evaporation and capillarity. Considering that the infiltration end time cannot be accurately determined, this study only compared soil salinity 15 days after irrigation with that before irrigation. According to Table 6, the bulk EC of profile A increased at a depth of 10 cm and decreased at depths of 20–120 cm, while that in profiles C and D somewhat decreased at depths of less than 90 cm and somewhat increased in deeper soil. These results reveal that irrigation had salt-leaching effects on all three profiles and profile A displayed deeper salt migration and more significant salt accumulation in surface soils. As shown by the calculated weighted averages of bulk EC at depths of less than 90 cm, profiles A and C exhibited similar decreases in the amplitudes of bulk EC, both of which were larger than the decrease seen in profile D. According to the conservation of salts, the soil salts in depths of less than 90 cm are primarily recharged by capillary water and discharged by moving downward with irrigation water. According to the soil particle structures at depths within 90 cm, the capillary water recharge of the profiles was in the order of C > A > D. Therefore, irrigation water exhibited the best salt-leaching effect on soils at depths of less than 90 cm in profile C, followed sequentially by profiles A and D.






4. Discussion


At the test site in the lower reaches of the Shiyang River basin, profiles with the same external conditions and similar lithological structures show different distributions and variations in soil water and salt. By comparing the annual mean values of volumetric water content (VWC) and electrical conductivity (EC) among the profiles, it was observed that higher soil fine grain content corresponded with elevated levels of water and salt content, which is consistent with previous findings [40]. Notably, abrupt changes in VWC only occurred when there were lithological variations combined with significant fluctuations in fine particle content; this phenomenon did not occur for soil salinity. When comparing the monthly mean curves of VWC and EC among the profiles, it was found that the variation characteristics of VWC and EC were essentially similar but differed in terms of magnitude. In Section 3.3.2, we contrasted the relationship between fine grain content and changes in water and salt across different profiles. Profiles A and C shared similar lithology but had different infiltration rates, possibly due to the lower average fine grain content of profile A compared to profile C. Previous studies have also indicated that higher soil fine grain content leads to a reduced infiltration rate [42,43]. The superior water retention observed in profile A during irrigation may be attributed to its peak fine grain content at a depth of 40 cm, which exerted a certain inhibitory effect on evaporation. Differences in infiltration became apparent between profiles C and D starting from a depth of 60 cm, likely due to a lithological change within section D spanning from 60 cm to 90 cm in depth range. Earlier research has suggested that downward movement of water is impeded when passing through lithological interfaces [30]. The leaching effect on salts exhibited similarities between profiles A and C while being superior to profile D, indicating that when lithology remains constant, differences in fine grain content have minimal impact on soil salinity variations.



The sieving method was employed for soil particle testing in the study area, using a minimum sieving particle size of 0.075 mm. This measure differs from the internationally used clay particle size of less than 0.002 mm [45]. The reason for this difference is that the soils used in this study are dominated by silty soils and sands, with clay particles featuring low content. Given that the fine soil particles all affect soil water and salt distribution, this study extended the range of minimum particle size used for comparison (less than 0.075 mm). This study, which confirms that the difference in the soil particle structure leads to different distribution and variation patterns of water and salt in soils, even in the case of the same lithology, does not yet determine the specific variation range of fine particle content that causes the differences.




5. Conclusions


This study conducted correlation tests in a test field to analyze the relationship between variations in water and salt characteristics and fine grain content within the vadose zone. Different soil particle structures result in varying irrigation requirements. Soil particle structures with low water retention may necessitate more frequent irrigation, while those with poor salt filtration may require greater quantities of water. The main research findings were the following aspects:



(1) The comparison between the VWC variations on different timescales shows that the three unsaturated zone profiles with similar soil lithological structures but different particle contents exhibit different VWC curves. These profiles also have different infiltration rates post-irrigation, with profile A showing the fastest infiltration rate, followed sequentially by profiles C and D. Furthermore, profile A has the best water-holding capacity under the same evaporation conditions.



(2) As indicated by the comparison between the variations in soil EC on different timescales, the three profiles exhibit different curves of bulk EC and pore EC. Irrigation has different salt-leaching effects on all three profiles. Specifically, profile C shows a slightly better salt-leaching effect than profile A, while profile D exhibits the poorest effect.



(3) By comparing the changes in soil water, salt and soil particle composition among the three profiles, it was observed that the distribution and migration of soil water and salt were closely associated with the structure of soil particles. In cases in which the lithology remains constant but there are variations in fine grain content, differences in soil water transport occur. Specifically, a higher proportion of fine grains leads to a lower infiltration rate. Moreover, when the middle section exhibits the highest fine grain content, evaporation is partially inhibited, and irrigation promotes deeper downward movement of soil salts. However, when the lithologic structure is similar, the change in fine grain content has the least effect on salt leaching.
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Figure 1. Location of the test site. 
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Figure 2. Variations in precipitation and temperature at the test site. 
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Figure 3. Calibration curves of volumetric water contents for soils with different lithologies. (a) Fine sand; (b) silty soil; (c) silty sand. 
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Figure 4. Curves of average VWC from March to November. 
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Figure 5. Contours showing the spatio-temporal VWC variations. (a) Profile A; (b) profile C; (c) profile D. 
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Figure 6. Curves showing the VWC variations during the irrigation period. (a) Profile A; (b) profile C; (c) profile D. 
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Figure 7. VWC variations at different depths less than 24 h after irrigation. 
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Figure 8. Curves of annual average soil EC. 
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Figure 9. Curves showing the variations in bulk EC during the irrigation period. (a) Curves of bulk EC for profile A; (b) curves of bulk EC for profile C; (c) curves of bulk EC for profile D. 
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Figure 10. Curves showing the average soil EC above a depth of 90 cm during the irrigation period. 
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Figure 11. Variations in soil EC at an irrigation interval. (a) Bulk EC of profile A; (b) Pore EC of profile A; (c) Bulk EC of profile C; (d) Pore EC of profile C; (e) Bulk EC of profile D; (f) Pore EC of profile D. 
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Figure 12. Variations in pore EC at an irrigation interval. 
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Figure 13. Differences in VWC and fine particle content between adjacent horizons. (a) Profile A; (b) profile C; (c) profile D. 
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Figure 14. Curves of soil EC and fine particle content. 
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Table 1. Soil particle composition of profile A.
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Depth (cm)

	
Particle Composition (%)

	
d: mm

	
Lithology




	
60–2

	
2–0.5

	
0.5–0.25

	
0.25–0.075

	
≤0.075






	
10

	
/

	
1.1

	
1.3

	
45.6

	
52.0

	
Silty soil




	
20

	
/

	
0.55

	
0.7

	
29.85

	
68.9

	
Silty soil




	
40

	
/

	
/

	
0.1

	
14.1

	
85.8

	
Silty soil




	
60

	
/

	
0.1

	
0.1

	
21.1

	
78.7

	
Silty soil




	
90

	
0.2

	
3.7

	
1.7

	
35.5

	
58.9

	
Silty soil




	
120

	
0.2

	
2.4

	
1.2

	
33.6

	
62.6

	
Silty soil




	
150

	
/

	
1.6

	
0.9

	
58.0

	
39.5

	
Silty sand
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Table 2. Soil particle composition of profile C.
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Depth (cm)

	
Particle Composition (%)

	
d: mm

	
Lithology




	
60–2

	
2–0.5

	
0.5–0.25

	
0.25–0.075

	
≤0.075






	
10

	
/

	
/

	
0.1

	
18.6

	
81.3

	
Silty soil




	
20

	
/

	
/

	
0.1

	
18.6

	
81.3

	
Silty soil




	
40

	
/

	
/

	
/

	
14.7

	
85.3

	
Silty soil




	
60

	
/

	
0.1

	
0.1

	
29.0

	
70.8

	
Silty soil




	
90

	
/

	
0.7

	
0.1

	
28.8

	
70.4

	
Silty soil




	
120

	
/

	
0.1

	
0.1

	
25.2

	
74.6

	
Silty soil




	
150

	
/

	
1.7

	
1.7

	
58.0

	
38.6

	
Silty sand
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Table 3. Soil particle composition of profile D.






Table 3. Soil particle composition of profile D.





	
Depth (cm)

	
Particle Composition (%)

	
d: mm

	
Lithology




	
60–2

	
2–0.5

	
0.5–0.25

	
0.25–0.075

	
≤0.075






	
10

	
/

	
/

	
0.1

	
14.0

	
85.9

	
Silty soil




	
20

	
/

	
/

	
0.1

	
14.0

	
85.9

	
Silty soil




	
40

	
/

	
/

	
/

	
21.7

	
78.3

	
Silty soil




	
60

	
/

	
0.3

	
0.3

	
34.1

	
65.3

	
Silty soil




	
90

	
/

	
1.65

	
2

	
73.15

	
23.2

	
Silty sand




	
120

	
/

	
2.2

	
2.7

	
79.6

	
15.5

	
Silty sand




	
150

	
/

	
0.1

	
0.2

	
91.4

	
8.3

	
Fine sand
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Table 4. Fine particle contents vs. VWC variation times of different profiles.
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Depth (cm)

	
A

	
C

	
D




	
Fine Particle Content (%)

	
VWC Variation Time (h)

	
Fine Particle Content (%)

	
VWC Variation Time (h)

	
Fine Particle Content (%)

	
VWC Variation Time (h)






	
10

	
52

	
0.5

	
81.3

	
0.5

	
85.9

	
0.5




	
20

	
68.9

	
0.5

	
81.3

	
0.5

	
85.9

	
0.5




	
40

	
85.8

	
0.5

	
85.3

	
1

	
78.3

	
1




	
60

	
78.7

	
1

	
70.8

	
1

	
65.3

	
1.5




	
90

	
58.9

	
1

	
70.4

	
1.5

	
30.9

	
2
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Table 5. VWC changing amplitudes of different profiles.
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Depth (cm)

	
A

	
C

	
D




	
VWC Changing Amplitude (%)

	
Weighted Average (%)

	
VWC Changing Amplitude (%)

	
Weighted Average (%)

	
VWC Changing Amplitude (%)

	
Weighted Average (%)






	
10

	
−4.78

	
−2.13

	
−2.52

	
−4.38

	
−7.70

	
−5.61




	
20

	
−3.20

	
−1.51

	
−4.24




	
40

	
−2.55

	
−2.07

	
−8.94




	
60

	
−1.98

	
−12.59

	
−4.99




	
90

	
−0.89

	
−2.74

	
−2.63




	
120

	
0.60

	

	
0.14

	

	
−0.75

	




	
150

	
0.27

	

	
1.72

	

	
−1.38
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Table 6. Bulk EC changing amplitudes of different profiles.
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Depth (cm)

	
A

	
C

	
D




	
Bulk EC Changing Amplitude (%)

	
Weighted Average

	
Bulk EC Changing Amplitude (%)

	
Weighted Average

	
Bulk EC Changing Amplitude (%)

	
Weighted Average






	
10

	
5.57

	
−10.88

	
−13.15

	
−10.91

	
−4.49

	
−9.55




	
20

	
−1.18

	
−10.19

	
−8.04




	
40

	
−9.27

	
−13.82

	
−7.42




	
60

	
−16.17

	
−23.30

	
−17.64




	
90

	
−14.41

	
−5.41

	
−5.50




	
120

	
−2.40

	

	
0.42

	

	
1.35

	




	
150

	
3.58

	

	
11.24

	

	
8.76
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