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Abstract

:

The stable isotopes (δD and δ18O) in soil water allow tracing of the flow and transportation of water in the soil. However, there are few studies on the use of soil water stable isotopes to explore the soil water in the floodplain, especially in determining the soil water source and infiltration mechanism. The Bayesian mixing model (MixSIAR) was integrated with the line conditioned excess (lc-excess) of stable isotopes (δD and δ18O) in precipitation, soil water (0–150 cm), river water, and groundwater to determinate the source and recharge mechanisms of two different soil profile types in the floodplain of the upper Yellow River in Lanzhou, China. The results showed that soil water below 80 cm was affected by river water recharge, affecting soil water content and stable isotopic composition at S1 sampling points (profile parallel to river water); this effect was not observed at S2 (profile is higher than the river water) sampling points. The isotopic compositions of the soil water sources at the two sampling points (S1: δD = −77.41‰, δ18O = −11.01‰; S2: δD = −74.02‰, δ18O = −10.56‰) were depleted more than those in the long-term amount-weighted precipitation isotopes (δD = −56.30‰, δ18O = −8.17‰). The isotope signatures of soil water sources are similar to the isotope characteristics of some high-intensity precipitation events (≥30 mm/day), indicating that soil water originates from a fraction of the total precipitation. The piston flow (60%) and the preferential flow (40%) coexist, but soil moisture and rainfall intensity will affect the sequence of the two infiltration methods. This study provides insights for understanding the hydrological process of the upper Yellow River and evaluating groundwater quality and protecting the floodplain environment.
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1. Introduction


As an important part of the water cycle system, soil water connects different hydrological components such as precipitation, surface water, and groundwater [1,2]. Soil water not only determines the water availability for agriculture, but it is also an important factor in soil fertility. It is important for better understanding the soil water transport process, for characterizing the movement of salt, carbon, nitrogen, and other substances, and for increasing the sustainable utilization of water resources [3,4]. Soil water characteristics can be easily modified due to changes in complex factors such as precipitation, evaporation, topography, and vegetation cover. Traditional methods mainly studied the characteristics of water conservancy parameters during infiltration and establish soil water movement models using these parameters. However, it was difficult to explore how the characteristics of soil water changed at different scales [5]. In hydrological research since the 1960s, stable isotope technology has been widely used in the study of water resources. Stable isotopes are very sensitive to evaporation and to precipitation infiltration [6,7], which can result in significant differences in soil water isotope composition at different soil depths. Due to the sensitivity of stable isotopes, it is suitable for describing hydrological processes in a short time [8]. This natural tracer can be used to track information that describes the soil water transport process [9,10].



Hydrologists have long assumed that water flow in the soil is dominated by piston flow (translative and soil matrix flow), where new water entering the soil mixes completely with the existing or resident water, moves deeper into the profile, and ultimately reaches the groundwater and streams. In this process, the new water replaces the old water and pushes it into the deeper layers of soil [11,12]. However, a study of δD-δ18O revealed that precipitation can quickly reach the deep soil through “fast channels” without mixing with the upper layer of old water [9,13,14,15]. This flow duality is common in the soil hydrological system. Different patterns of precipitation infiltrating into the soil result in different distribution characteristics of soil water isotopes. The transport mechanism of soil water can be described by comparing the isotope characteristics of precipitation and soil water [13,14]. Understanding the mechanism of soil water transport is essential for characterizing the hydrological processes occurring in the soil and how pollutants are transported [16,17].



Many studies have identified the duality of the flow of soil water using the hydrogen and oxygen stable isotope tracer method. For example, Gazis et al. [9] pointed out that if precipitation is in the form of piston flow, “isotopic fronts” after rainfall events with different isotopes will be formed in the soil. The degree of preferential flow depends on soil texture and drainage characteristics. Ma et al. [18] studied a small watershed in a loess hill and gully region, analyzed the stable isotopes of soil water in the unsaturated zone under different land uses during precipitation events, and found that there was a “preferential flow” phenomenon in woodland, grassland, and agricultural land. In addition, grassland and woodland significantly extended the occurrence path of “preferential flow”. Tian et al. [19] studied the stable isotopes of precipitation and soil water in the Naqu area in the central Qinghai–Tibet Plateau and found that during the process of precipitation infiltrating from the surface to the ground, the new water does not completely replace the old water in the soil. This indicates the occurrence of preferential flow, and that the deeper the soil, the more obvious this phenomenon is. Cheng et al. [20] analyzed the stable isotopes in precipitation and soil water of the main land-use types in Changwu County on the Chinese Loess Plateau and found that precipitation is mainly through piston infiltration and that preferential infiltration is not common, which is related to changes in land use. They also found that the possibility of preferential flow occurring was weakened by the deep dry soil layer formed by the negative water balance in high water consumption artificial forest and grass land. Zheng et al. [21] used the traditional method of bright blue solution to study the infiltration mechanism of precipitation in the soil in the Changwu Apple Park. They found that in the apple orchard in the Loess Plateau area where the soil is uniform and affected by mechanical farming, the piston flow is the main mechanism of precipitation infiltration to replenish the soil. Increasing the dumping method can maximize the activation of preferential paths such as macropores. Tan et al. [22] evaluated the mechanism of controlling shallow groundwater recharge in the alpine and hilly areas of the Loess Plateau. In addition to possible vertical slow percolation of soil water through the unsaturated zone, rapid groundwater recharge mechanisms have been identified as temporal preferential infiltration through sinkholes, slip surface, or landslide surface and through the interface of loess layer and palaeo-soils. In addition, many studies have quantified the double-flow mechanism in different regions. For example, Sukhija et al. [23] have quantified these flows at three sites in India with different geological settings and reported the dominance of piston flow in alluvial (100%) and sandstone (68%) aquifers, while the dominance of preferential flow is in a granite aquifer (75%). Manna et al. [24] have also quantified the contribution of piston flow (80%) and preferential flow (20%) in an upland exposed sandstone unsaturated zone from southern California. Although many studies have focused on the characteristics and migration of soil water isotopes in different regions [25,26,27,28], most of these studies focus on artificial experiments under unnatural precipitation or in drier mountainous areas, and the research method is more traditional. There is still limited research on the characteristics of stable isotopes and the mechanism of soil water migration in the floodplain. The Yellow River is the second largest river in China. Located in the land–water crisscross zone, the riparian zone is an important transition zone for the exchange of matter, energy, and information between riverine and terrestrial ecosystems, and is sensitive to changes in the water cycle [29]. Although the changes in soil water movement in the floodplain are very complex and difficult to sample, additional research in this area is essential to improve understanding and potential management practices. In this paper, the stable isotope of hydrogen and oxygen combined with the lc-excess of each water body better reveals the infiltration and replenishment mechanism of the floodplain soil water.



The objectives of this study were to: (1) analyze the characteristics and laws soil water changes on the floodplain of the Lanzhou section of the Yellow River based on soil water content and stable isotopes of soil water hydrogen and oxygen, and (2) based on hydrogen and oxygen isotopic data of various water bodies, lc-excess and the Bayesian framework were used to describe the infiltration mechanism of precipitation in soil. These findings can provide data-based theoretical support for mechanisms impacting the water cycle, for the green construction along the Yellow River, and can improve the understanding of the water cycle in other river basins and similar systems.




2. Materials and Methods


2.1. Study Area


Located in the western Loess Plateau, Lanzhou City (35°53′18″~36°33′56″ N, 103°21′04″~104°00′38″ E) (Figure 1) is in the transition zone of the eastern monsoon region, the high cold region of the Qinghai–Tibet Plateau, and the northwest arid region [30]. Lanzhou is a typical river valley city; the Yellow River runs through the city from west to east, and the southwest region has a higher altitude than the northeast. The altitude of most of the urban areas are between 1500 and 2500 m a.s.l., with beaded valley landforms alternating between canyons and basins [31]. Lanzhou is located in the temperate semi-arid continental monsoon climate zone, with an annual average temperature of 10.3 °C and an annual average precipitation of 324.9 mm, delivered mainly from July to September [31,32]. The Lanzhou section of the Yellow River is 152 km long, 45 km of which flows through urban areas. According to data from the Lanzhou Hydrological Station on the Yellow River, the annual runoff of the mainstream of the Yellow River is 337 × 108 m3, the maximum annual runoff is 511 × 108 m3, and the minimum runoff is 218 × 108 m3. There is a wide floodplain on both sides of the riverbed, which is about 0.5 to 1 km wide, and the high floodplain is about 3 to 4 m above the riverbed. The floodplain is exposed during the dry season and submerged during the flood season, and the soil is composed of coarse silt, fine sand, and very fine sand. The plants on the floodplain mainly include Salix matsudana, Tamarix ramosissima, Ulmus pumila, Phragmites australis, Typha orientalis, Chenopodium glaucum, shamrock Calamari, Calamagrostis pseudophragmites, Polygonum lapathifolium, and Kochia scoparia [32].




2.2. Sample Collection and Processing


From January to November 2019, precipitation was collected on an event basis at the meteorological station of the new campus of Northwest Normal University (Figure 1). A total of 64 daily precipitation samples were collected. Each precipitation sample was collected with a standard funnel rain gauge. In order to avoid the effect of evaporation on precipitation, water samples were collected immediately after each rainfall. The collected samples were stored in 50 mL HDPE plastic bottles, sealed with Parafilm sealing film, and then brought back to the laboratory for preservation in a freezer at −4 °C for isotope analysis. The meteorological data including local precipitation data in 2019 were obtained from the weather query website (https://tianqi.911cha.com/) accessed on 24 July 2021.



Soil samples were collected from two sites (S1 and S2) on the floodplain of the Lanzhou section of the Yellow River at different times in 2019 (Figure 1). S1 (36.09° N, 103.72° E) was near the Jinniu Street Wharf in the Anning District and S2 (36.11° N, 103.54° E) was under the Chaijiaxia Bridge in the Xigu District, Lanzhou City. The distance from S1 to the river is about 10 m, and the surface of the soil is level with the river. The distance from S2 to the river is also 10 m, but the surface layer of soil is 150 cm higher than that of the river. In order to avoid flooding during the flood season, soil samples were collected at S1 from April to June and from August to October 2019, and at S2 from May to October 2019. The sampling frequency was once a month; each sampling was completed between 08:00 and 10:00 local time in order to avoid accelerated evaporation with the increase of temperature. The soil profile from the surface layer to a depth of 150 cm was excavated to obtain soil samples from the floodplain; four soil samples were taken every other 10 cm. Each soil sample was thoroughly mixed manually, then two parts were packed in a sample bottle and sealed with Parafilm for soil water extraction and the other two parts were stored inside aluminum boxes for the determination of the soil water content. Simultaneously, river water and groundwater samples were collected in HDPE plastic bottles sealed with Parafilm and stored at the laboratory in a freezer at −4 °C for isotopic analysis. Six samples were collected for each of the two types.



The collected samples were processed and analyzed in the Stable Isotope Laboratory of the College of Geography and Environmental Science, Northwest Normal University. The detailed processing steps are:



Extraction of soil moisture. The LI-2100 automatic vacuum condensation extraction system (LI-2100, LICA, Beijing, China) was used to extract water from soil samples. The extraction efficiency of the instrument is more than 98%.



Determination of isotopes in water samples. The δ18O and δD from precipitation, river water, and extracted soil water were measured using a laser spectroscopy liquid water isotope analyzer (T-LWIA-45-EP, ABB-Los Gatos Research, Canada). The abundance of stable hydrogen and oxygen isotopes δ18O and δD in the measured water samples are expressed in thousandths relative to the Vienna standard average ocean water, V-SMOW:


  δ X = (    R  sample      R  standard     − 1 ) × 1000 ‰  



(1)




where X is either 18O or D, Rsample is the ratio of stable isotope abundance in the water sample (2H/1H or 18O/16O), and Rstandard is the ratio of stable isotope abundance in standard average ocean water (2H/1H or 18O/16O). The measurement precision is ±0.3‰ for δ18O and ±1‰ for δD, respectively.



Spectral pollution correction. Studies have shown that the extraction of plants and soil water in the vacuum distillation process may be mixed with methanol and ethanol, which will cause the measurement error from stable isotope infrared spectroscopy to exceed the accuracy of the instrument [33,34,35]. In order to eliminate pollution by methanol and ethanol, spectral analysis software from Los Gatos Research (Los Gatos Research Inc, Mountain View, CA, USA) was used to establish a calibration curve (Figure 2), and then the contaminated data were corrected [36,37].



Soil moisture content determination. The moisture content of the soil was measured using the drying method. Wet soil was weighed with an electronic balance (0.0001 g accuracy), then samples were dried to a constant weight in a constant temperature oven at 150 ± 2 °C and weighed after cooling to room temperature. The weight of the soil, aluminum box, and the soil moisture content (SWC) were calculated as follows:


  SWC =    W 1  −  W 2     W 2  −  W 0    × 100 %  



(2)




where W0 is the mass of the aluminum box (g), W1 is the mass of the aluminum box and wet soil before drying (g), and W2 is the mass of the aluminum box and dry soil after drying (g).




2.3. Data Analysis


2.3.1. Line-Conditioned Excess


The difference between δD and line-conditioned excess (lc-excess) is the degree of deviation between δD and local meteoric water line (LMWL) in water, which shows the degree of evaporation of different water bodies relative to regional atmospheric precipitation. The lc-excess can better distinguish the different isotopes in precipitation and soil water [38,39,40]. The calculation formula of lc-excess is as follows:


  lc − excess = δ D −  ( a  ×   δ 18  O  +  b )   



(3)




where a and b are the slope and intercept of the LMWL, respectively. δD and δ18O are the isotope ratios in different water bodies. The average value of lc-excess in precipitation is 0‰. Since the stable isotope fractionation of water from precipitation is affected by evaporation, the lc-excess is usually less than 0‰ [41,42].




2.3.2. Amount-Weighted Precipitation Isotopes


The amount-weighted monthly (or annual) average of 18O and D in precipitation is calculated as follows:


  δ P , mean =     ∑  i = 1  n    δ  p , i   × P P  T i        ∑  i = 1  n   P P  T i       



(4)




where    δ  p , i     is the δ18O and δD of the i-th sample, and   P P  T i    represents the precipitation corresponding to the i-th sample.




2.3.3. Quantifying Proportions of Dual Flows


The MixSIAR package [43] based on R (R Core Development Team, 2018) was used to quantify the two infiltration mechanisms. The model considers multiple sources, discrimination factors, source values, classification and continuous covariates (random, fixed, classification, nested effects), the uncertainty of prior information, and incorporates the latest results of the Bayesian mixing model.



In this study, only two end members were considered: piston flow and preferential flow. In the framework, stable isotopes in soil water (average and standard error) and precipitation (volume-weighted average and standard error) were used to represent the isotopic features of piston flow and preferential flow, respectively. Groundwater isotopes were considered independent consumers. The discrimination was set to 0 because the stable isotopes of recharging water do not change through both piston and preferential flow [44]. The run length of the Markov chain Monte Carlo (MCMC) was set to ‘long’ (chain length = 300,000; burn = 200,000; thin = 100; chains = 3). It was essential to determine that the model has converged before accepting the output of MixSIAR. We used Gelman–Rubin and Geweke diagnostic tests to determine whether the model has converged. The mean values were presented as the output of the prediction result of MixSIAR.




2.3.4. One-Way ANOVA Analysis


SPSS 16.0 was used to perform single factor analysis of variance (ANOVA) on soil precipitation δ18O in the wet and dry seasons, soil water content, soil water δ18O, and lc-excess at different times and locations, and the least significant difference method (LSD) was selected. If p ≥ 0.05, there is no significant difference between the two samples.






3. Results


3.1. Stable Isotopic Compositions of Precipitation


The precipitation in the study area in 2019 was concentrated in June and July, with precipitation of 122.6 and 117.8 mm respectively, accounting for 25.08 and 24.09% of the annual precipitation; precipitation from both months accounted for 49.17% of the annual precipitation (Figure 3b). The change in isotope from precipitation during the complete sampling period depended on the precipitation amount. The isotope signature of the whole year revealed that isotopes in the rainy season were more enriched than in the dry season (p < 0.05), showing seasonal variation (Figure 3a). This reflected the large difference in the temporal distribution of precipitation in the study area. The hydrogen and oxygen stable isotope values of 64 precipitation samples were weighed. The weighted average δD and δ18O of monthly precipitation ranged from −160.73 to −12.74‰ and −21.05 to −3.01‰, respectively; while the annual average was −56.30 ± 43.60‰ and −8.71 ± 5.26‰, respectively. The precipitation in August was the most enriched; the weighted δD and δ18O were −12.74‰ and −3.01‰, respectively. The most depleted precipitation occurred in January with the weighted δD and δ18O being −160.73 and −21.05‰, respectively (Table 1).



Based on the hydrogen and oxygen isotopes in global atmospheric precipitation, Craig [6] proposed the global meteoric water line (GMWL: δD = 8 δ18O + 10), which represents the average value of global precipitation isotopes. This value has important significance for the study of hydrogen and oxygen stable isotopes in different water bodies and can help guide their use. The local meteoric water line is calculated by the regression line between δD and δ18O in local daily precipitation (LMWL: δD = 7.54δ18O + 5.58, R2 = 0.94, p < 0.001) (Figure 4). The slope and intercept of the LMWL are both smaller than those of the GMWL, reflecting the climatic characteristics of arid and semi-arid regions with intense evaporation [6].




3.2. Stable Isotopic Compositions of Soil Water


Soil water isotope measurements showed that the vertical distribution of soil water isotopes at the two sampling points of the study area was different (p < 0.05). The isotopes from soil water in S1 varied greatly within the range of 0–100 cm, and became relatively stable below 100 cm. The soil water isotopes in S2 were relatively stable over the whole sampling range of the profile, without any obvious changes (Figure 5). The changes of δD and δ18O in the range of 0–100 cm in S1 were −98.83 to −24.56‰ and −14.78 to −3.09‰, respectively, and those of δD and δ18O in the range of 100–150 cm were −87.35 to −60.24‰ and −12.35 to −7.56‰, respectively. The δD and δ18O values from soil water in S2 were −77.78 to −14.88‰ and −11.25 to −0.70‰ in the range of 0–150 cm, respectively. Furthermore, the soil water isotopes at S2 were more enriched than at S1, and the overall variation was smaller. On the time scale, the maximum variation in the vertical distribution of soil water isotopes in S1 (δD: −98.83 to −40.73‰; δ18O: −14.78 to −4.64‰) and S2 (δD: −72.97 to −14.88‰; δ18O: −10.04 to −0.70‰) appeared in May. However, the variation of soil water isotopes at the two points in September was the smallest, S1: (δD: −74.86 to −41.72‰; δ18O: −10.63 to −5.80‰); S2: (δD: −48.71 to −32.98‰; δ18O: −6.13 to −3.70‰). In addition, at S1, the distribution of soil water isotopes was irregular at different times above 100 cm and gradually converged to one direction below 100 cm, while the vertical distribution of soil water isotopes only showed differences in time at S2.




3.3. Soil Moisture Content


According to the measured soil mass water content (Figure 6), the vertical profiles of the soil water content at S1 and S2 showed the same trend of water content increasing with the profile depth, then decreasing after a certain depth (p > 0.05). The difference was that the variation of the range of soil water content at S1 was larger and more complex, and the difference in soil water content at the same depth at different times between the two profiles was clear, and variations in soil water content with depth at the same time step were also very large. However, changes in soil water content in S2 followed a clear rule; the difference of soil water content at the same profile depth at different times was very small, and the variation of soil water content with the same profile depth at the same time was also very small. This phenomenon indicates that the response to precipitation was more obvious at S1 than at S2. The soil water content at S1 varied from 7.76 to 36.10%. The lowest water content was observed at a depth of 0 cm in April and was highest at 80 cm in September. The soil water content at S2 varied from 10.27 to 31.96%. The lowest water content was observed at a depth of 30 cm in May and was highest at 80 cm in August. The lowest water content at both sampling sites occurred at the soil surface before the rainy season, while the highest water content appeared at 80 cm after the rainy season. The high water content areas at both sites were located at depths of 80–100 cm. The soil water content at S2 at 150 cm was higher from July to October than from May to June, indicating that it may be affected by the precipitation during the rainy season.




3.4. Lc-Excess of Soil Water


Figure 7 shows the variation of the lc-excess of the water at the two sampling points. The lc-excess at S1 varied from −37.71 to 7.05‰, with an average of −2.58 ±2.69‰. The lowest lc-excess occurred in the soil surface layer (0 cm) before the rainy season; the highest lc-excess occurred at a 40 cm depth in May. The lc-excess at S2 varied from −22.64 to 1.33‰, with the average being −8.57 ± 3.73‰. The lowest lc-excess was observed at a depth of 30 cm in July, while the highest was observed at a depth of 110 cm, also in July. The range of lc-excess values was greater at S1 than at S2, but this change mainly occurred in the surface layer of the soil. When the surface layer was excluded, the change in lc-excess at S1 ranged between −13.21 and 7.05‰. With the exception of the surface layer, there was no significant difference over time in lc-excess values with depth at S1 (p > 0.05). However, at S2 a small difference in lc-excess with time was observed (p < 0.05). During the rainy season, lc-excess was found to be positive as a whole, close to 0‰, while before and after the rainy season it became negative, much lower than 0‰. The average value of soil water lc-excess at different times and for the two sampling sites was calculated according to the profile depth (Figure 7c). It was found that the lc-excess varied less at S1 than at S2 and was closer to the lc-excess value of precipitation (0‰). The lc-excess vertical profile at the two sampling sites decreased with depth as a consequence of the reduction in evaporation of soil water with depth.




3.5. Quantitative Double Flow Mechanism


The soil water at points S1 and S2 was comprehensively analyzed. The annual mean value of soil water isotopes (δD = −59.87‰, δ18O = −7.94‰), groundwater (δD = −72.10‰, δ18O = −10.60‰), and precipitation volume-weighted average (δD = −56.41‰, δ18O = −8.71‰) were used. The relative proportion of piston and preferential flows were quantified using the Bayesian stable isotope mixing model (Figure 8). Overall, piston flow account for 60% ± 26% (average ± SD), and preferential flow account for 40% ± 26%. The difference between the ratio from piston and preferential flow is statistically significant (p < 0.05), further confirming the dominance of piston flow.





4. Discussion


4.1. Comparison of Soil Water Isotope and Soil Water Content


While δD and δ18O followed the same variation laws, since the molecular weight of D is lower than that of 18O, the fractionation effect on D was stronger [5]. Therefore, the variation in δD was used to explain the soil water isotope variation with depth. Comparing the changes of soil water isotope and soil water content in S1 (Figure 5a and Figure 6a), the soil water δD within the 0–40 cm layer was found to gradually deplete while the soil water content gradually increased. This was because the soil surface layer is directly affected by evaporation. As water evaporates, the soil water δD in the surface layer became more enriched while the soil water content decreased. Evaporation weakened with depth, leading to more depleted isotope values. On the other hand, the downward infiltration of precipitation without evaporation increased the soil water content. Below 80 cm, the soil water isotope began to become enriched and changed steadily when compared with the 40–80 cm layer, while the soil water content variation at this depth was not obvious. This is similar to the conclusions of Xu et al.’s [45] study on soil slopes in Wolong subalpine dark coniferous forests. The difference is that their study shows that 0–20 cm δD is the smallest, gradually increasing with depth, and tends to be stable below 60 cm. However, this study seems to have reduced the depth by 20 cm. Ma et al. [18] discovered in the central part of the Qinghai–Tibet Plateau that the stable isotopes of hydrogen and oxygen in soil water showed a reverse S-shaped change in the soil profile. This study also found the same change trend.



In general, due to canopy interception and soil evaporation, precipitation infiltrated the soil layer below 80 cm with more difficulty. Due to the specific location of the floodplain and because the soil profile at S1 was level with the river surface, it is possible that the soil water below 80 cm was affected by river water. The average δD of river water was −73.56 ‰, and the average δD of soil water below 80 cm was −71.46 ‰ during the whole sampling period. This result supports that theory. The soil water below 80 cm was recharged by the river and the change in water content was weakened by precipitation maintaining a relatively stable state. At S2, soil water isotopes at the surface layer were the most enriched, except during June, due to evaporation. The lack of soil water isotope enrichment in June may be due to the depletion of soil water isotopes caused by precipitation shortly before sampling. The soil water content was lower from 0–20 cm, then gradually increased with depth (affected by evaporation). Below 80 cm there was a slight decrease, potentially because it is difficult for precipitation to infiltrate into deep soil layers. The results show that S2 (where the soil profile is higher than the river surface) was not affected by the river, excluding the possibility of the river supplying soil water vertically.




4.2. Determination of Soil Water Source


Observations showed that the soil water isotope variation at S1 depended on time and depth, while at S2 it was mostly time-dependent (Figure 5). In the dual isotope space, soil water isotopes of S1 and S2 are plotted closely below the LMWL (Figure 8). Because the LMWL represents the meteoric water inputs to the catchment, calculating the intersection of the SEL and LMWL can trace the isotopic characteristics of the precipitation source [46], while the intersection of SEL and LMWL can determine the isotopic composition of the initial source (Figure 9). The isotopic compositions of the initial sources of soil water at S1 and S2 were (δD = −77.41‰, δ18O = −11.01‰) and (δD = −74.02‰, δ18O = −10.56‰), respectively. These values differed slightly, and both were isotopically depleted compared to those of the long-term amount-weighted precipitation (δD = −56.30‰, δ18O = −8.17‰). When the isotopic signature of soil water sources was compared with that of precipitation, they were similar to those from high intensity precipitation events (≥30 mm/day), indicating that these events contributed to the replenishment of soil water. This phenomenon has also appeared in many previous studies [47,48,49]. Precipitation infiltration is closely related to the rainfall amount and intensity, i.e., the greater the rainfall event, the deeper the rainwater infiltration [50,51]. This could be attributed to the fact that high-intensity rainfall may activate macropores in the soil, enhancing the transfer of permeable water to the deep soil [52].



Soil water isotopes are plotted closely below the LMWL, suggesting soil water had experienced degrees of evaporation. According to this theory-based approach, the isotopic signature from shallow and deep soil water sources were identified, both of which were found to be depleted compared to the isotopic signature of long-term amount-weighted precipitation. This phenomenon can be attributed to the selective infiltration of seasonal precipitation or rainfall events [49]. Therefore, it is probable that soil water recharge came from a part of the total precipitation.




4.3. Soil Water Transport Mode: Preferential Flow and Piston Flow


The two infiltration mechanisms of soil water in floodplain were quantitatively analyzed, and it was found that the piston flow accounted for 60%, and the preferred flow accounted for 40%. Although the piston flow accounted for more, the preferential flow was also obvious, indicating that there was an obvious double infiltration mechanism of soil water in the floodplain. Therefore, we will discuss S1 and S2, respectively, in the following contents.



The soil water δD and δ18O formed by preferential flow and piston infiltration differ and form an indicative soil water profile that provides an experimental basis for the study of the law of infiltration [9]. The soil profile below 80 cm is greatly affected by the river water recharge, as analyzed above. The soil water isotope signature from depths of 0–80 cm at S1 was discussed. The average values of long-term observations of soil water at S1 (0–80 cm) (δD = −65.22‰, δ18O = −8.95‰) and S2 (0–150 cm) (δD = −51.80‰, δ18O = −8.17‰) were compared with the average isotope values of long-term weighted rainfall (δD = −56.30‰, δ18O = −8.17‰). The isotope from soil water at S1 was closer to that of precipitation (that is, the infiltrated precipitation does not mix too much with the existing soil water), indicating a more preferential flow at S1 than at S2. In addition, a dual-isotope method was used [15], which used lc-excess to identify double flows. The lc-excess method presented advantages over the simpler and more direct analysis of δD and δ18O that was able to better distinguish the isotopic difference between precipitation and soil water [39]. The long-term observed soil water lc-excess at S1 was closer to that of precipitation (0‰) than that at S2 (Figure 7c), indicating that the degree of isotope fractionation of soil water at S1 was low. This means that precipitation infiltrated the soil mainly in the form of preferential flow. The conclusion obtained by this method is consistent with the above results.



On the other hand, the precipitation with different δD and δ18O peaks in the piston flow model was retained in the soil profile during the piston flow and gradually disappeared with increasing infiltration depth. In the soil profile at S2, the isotope peak was at 60 cm in June (δD = −75.50‰, δ18O = −10.17‰), and a similar peak was observed at 110 cm in July (δD = −77.78‰, δ18O = −11.24‰). This indicates that soil water infiltrated S2 in the form of piston flow. The interval between the two samples was 20 days (from June 27th to July 17th), meaning that the infiltration rate of soil water in the piston flow model of the floodplain soil profile was about 2.5 cm/day. Mali et al. [53] used 18O isotopes to study the precipitation infiltration process in northern Slovenia by collecting precipitation and soil water at different times at different depths, and calculated the vertical velocity of precipitation infiltration to be 14–15 mm/d. In this study, the reason for the faster infiltration rate of piston flow may be due to the greater soil moisture in the floodplain. Cheng et al. [20] pointed out that when the soil moisture is high and preferential flow occurs under appropriate precipitation conditions, the soil moisture at S1 is affected by river water, while that at S2 is higher than that of the river surface and is not affected by river water, meaning that the soil moisture is less than at S1. This explains why a more preferential flow occurs at S1.



The infiltration pattern of precipitation in the soil profile at two sampling points at different times was observed. It was found that if the surface layer affected by evaporation was excluded, the soil water lc-excess at S1 was closer to the rainfall lc-excess (0 ‰) (Figure 7a) during the months with heavy rainfall (May and June). In addition, S2 manifested the preferential flow signal in precipitation infiltration during this period (May, June, and July), and the lc-excess of soil water below 80 cm was close to that of the rainfall (Figure 7b). These findings suggest that the rainfall amount was among the important causes affecting the infiltration mode of precipitation in the soil. To counter this, soil samples were collected during the early rain period. It was found that if long-term continuous rainfall (rainfall more than 50 mm) or short-term heavy rainfall (intensity > 30 mm/day) occurred before soil samples were collected, these rainfall signals appeared in the deep layer at S2 (>80 cm). The duality of flow is likely ubiquitous in any soil hydrological system [44]. Although clear piston flow signals were observed at S2, preferential flow signals also appeared when there is sufficient rainfall.




4.4. Implications for Environment on Floodplain of the Yellow River


Piston flow is the connected water, but the preferential flow is the disconnected water [54]. Consequently, the proportion of piston flow determines the degree of hydrologic connectivity in the system. The high proportion of piston flow to the total water flow suggested that there was strong connectivity between soil water, river water, and groundwater in the floodplain. Nevertheless, the identified hydrological connectivity here had important implications to water quantity in floodplain. In the process of afforesting the floodplain, some chemical fertilizers will be used, and the solutes of these fertilizers will accumulate in the soil water. This chemical solute can eventually pollute rivers and even groundwater because it can be washed into the groundwater by piston flow, causing the water quality to deteriorate underground. This contamination risk may be reduced by the existence of a preferential flow. Therefore, careful consideration should be given to hydrological connectivity or groundwater recharge mechanisms when assessing the risk of pollutants to floodplain groundwater quality.





5. Conclusions


Stable isotopes (δ2H and δ18O) of precipitation, soil water, river water, and groundwater were used to determine the replenishment process and infiltration mechanism of soil water in the floodplain of the Lanzhou section of the Yellow River. The results show that the replenishment source of soil water is mainly from high-intensity precipitation (≥30 mm/day), and the river water will replenish the deeper soil water, but it will not replenish upwards. In the study site, the piston flow (60%) and the preferred flow (40%) coexist, but soil moisture and rainfall intensity will obviously cause the sequence of the two infiltration methods. These findings are essential for improving the understanding of the water cycle in other river basins and similar systems.
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Figure 1. The geographical location of the Lanzhou section of the Yellow River and soil sampling points and the meteorological station of Northwest Normal University (NWNU). 
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Figure 2. Relationship between the lnNB and offset in δ2H and δ18O and relationship between the BB and offset in δ2H and δ18O. 
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Figure 3. Monthly precipitation and δD and δ18O of daily precipitation (a), and monthly precipitation and the proportion of monthly precipitation to total precipitation during the sampling period (b). The blue column in (a) represents the monthly precipitation, and the dashed line with circle and dashed line with triangular represent the δD and δ18O of precipitation respectively. 
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Figure 4. Dual-isotope plots precipitation. The GMWL and LMWL respectively represent the global meteoric water line (δD = 8 δ18O + 10) and the local meteoric water line (δD = 7.54δ18O + 5.58, R2 = 0.94, p < 0.001). The red star is the average of all precipitation samples during the sampling period (δD = −49.65‰, δ18O = −7.33‰). 
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Figure 5. The variation characteristics of soil water δD and δ18O at different depths in S1 (a,b) and S2 soil profiles during the sampling period (c,d). 
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Figure 6. Variation characteristics of soil water content at different depths at soil profile S1 (a) and S2 (b) during the sampling period. 
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Figure 7. (a,b) represent the lc-excess values of soil water at different soil depths at sampling points S1 (a) and S2 (b), respectively, during the sampling period. The box plot (10th, 25th, 50th, 75th, and 90th) of soil water lc-excess is shown in (c). 
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Figure 8. Isotope-based estimation of relative proportion for piston and preferential flows using the Bayesian mixing model (MixSIAR). 
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Figure 9. Dual-isotope plots precipitation, soil water, and groundwater. The brown and purple lines are the soil evaporation lines (SEL) at S1 and S2 based on soil water isotopes, (S1: δD = 5.97δ18O−11.70; S2: δD = 5.44δ18O−16.59). Red and yellow stars represent the S1 and S2 soil source water values, respectively. 
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Table 1. Monthly precipitation, the proportion of monthly precipitation in total precipitation, and weighted average of stable isotope precipitation in each month; n is the number of samples.
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	Month
	Precipitation

(mm)
	Fraction

(%)
	Weighted-δD

(‰)
	Weighted-δ18O

(‰)
	n





	January
	1.2
	0.25
	−160.73
	−21.05
	6



	February
	2.1
	0.43
	−89.14
	−8.45
	2



	March
	2.3
	0.47
	−57.98
	−8.64
	2



	April
	23.7
	4.85
	−27.55
	−4.64
	10



	May
	64.5
	13.19
	−14.47
	−3.30
	14



	June
	122.6
	25.08
	−24.77
	−8.37
	7



	July
	117.8
	24.09
	−28.93
	−5.47
	6



	August
	46.5
	9.51
	−12.74
	−3.01
	7



	September
	42.1
	8.61
	−64.39
	−10.05
	6



	October
	48.4
	9.90
	−83.34
	−14.49
	2



	November
	17.7
	3.62
	−55.27
	−8.39
	2
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