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[bookmark: OLE_LINK19][bookmark: OLE_LINK20][bookmark: OLE_LINK13][bookmark: OLE_LINK14][bookmark: OLE_LINK23][bookmark: OLE_LINK24][bookmark: OLE_LINK11][bookmark: OLE_LINK12][bookmark: OLE_LINK5][bookmark: OLE_LINK6][bookmark: _GoBack]Abstract: The source and hydrochemical makeup of a stream reflects the connectivity between rainfall, groundwater, the stream, and is reflected to water quantity and quality of the catchment. However, in a semi-arid, thick, loess covered catchment, temporal variation of stream source and event associated behaviors are lesser known. Thus, the isotopic and chemical hydrograph in a widely distributed, deep loess, semi-arid catchment of the northern Chinese Loess Plateau were characterized to determine the source and hydrochemical behaviors of the stream during intra-rainfall events. Rainfall and streamflow were sampled during six hydrologic events coupled with measurements of stream baseflow and groundwater. The deuterium isotope (2H), major ions (Cl-, SO42-, NO3-, Ca2+, K+, Mg2+, and Na+) were evaluated in water samples obtained during rainfall events. Temporal variation of 2H and Cl- measured in the groundwater and stream baseflow prior to rainfall was similar; however, the isotope compositions of the streamflow fluctuated significantly and responded quickly to rainfall events, likely due to an infiltration excess, overland dominated surface runoff during torrential rainfall events. Time source separation using 2H demonstrated greater than 72% on average, the stream composition was event water during torrential rainfall events, with the proportion increasing with rainfall intensity. Solute concentrations in the stream had loglinear relationships with stream discharge, with an outling anomaly during an intra-rainfall event on Oct. 24, 2015. Stream Cl- behaved nonconservative during rainfall events, temporal variation of Cl- indicated a flush and washout at the onset of small rainfall events, a dilution but still high concentration pattern in high discharge and old water dominated in regression flow period. This study indicated that streamflow responded to rainfall events quickly and composition was dominated by overland flow. Stream isotope and hydrochemistry controlled by infiltration excess, overland flow indicated that stored water in the thick, loess covered areas were less connected with stream runoff. Solute transport may threaten water quality in the area, requiring further analysis of the performance of the eco-restoration project.
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1. Introduction
[bookmark: OLE_LINK9][bookmark: OLE_LINK10]Our understanding of how streamflow is triggered by groundwater discharge, rainfall events or other processes is important to gain new insights of hydrological cycles (Bond et al., 2002; Tetzlaff & Soulsby, 2008; Weiler, Mcglynn, Mcguire, & Mcdonnell, 2003), and is essential to sustainable water resources management and future socio-economic development (Oki & Kanae, 2006). The source, pathway and transit time of tracers are controlled by many factors, such as: catchment size, landscape properties, initial hydrological states, and storm characteristics (Klaus & McDonnell, 2013). The interactions between these factors make each catchment different, adding difficulty to solve the indeterminate hydrograph separation problem and complicating the delineation of event and pre-event water contributions to stream flow. 
Significant differences between catchments requires us to classify catchments into broad categories and understand their dominant hydrological processes leading to event and pre-event water contribution to streamflow (McDonnell et al., 2007). A variety of hydrological systems with humid forest catchments have been studied via multicomponent hydrograph separation (Gomi et al., 2010; Howard, Bonell, Gilmour, & Cassells, 2010; Scholl et al., 2015). However, there are few reports on the stream generation mechanisms on distinct, yet widely distributed, loess-covered semi-arid catchments. These catchments cover approximately 10% of the land mass on Earth, and 5% of which is located on the Chinese Loess Plateau (Pye, 1995). 
Subsurface runoff in humid forest catchments often are primarily pre-event water (or old water), which is predominant for catchments where streamflow response to rainfall is weak (Ogunkoya & Jenkins, 1993; Turner, Macpherson, & Stokes, 1987). The mechanisms of old water or pre-event water contribution to stream flow include groundwater ridging, transitory flow, preferential flow, saturation excess overland flow, kinematic waves and surface storage releases (Buttle, 1994). In some instances, the pre-event water stored as soil pore water is displaced by new water through preferential flow, and creates a stream comprised of both old and new water when released to the stream (Barthold, Turner, Elsenbeer, & Zimmermann, 2017; McDonnell, 1990).
Research on rainfall-runoff processes in the semi-arid, loess-covered catchments are much fewer than those in humid forested catchments. Ribolzi et al. (2007) studied the stormflow generation and solutes behavior in tropical semi-arid conditions by studying both the δ18O and chemical components of the hydrograph, and found that a Horton overland flow dominated the runoff process. Meanwhile, Mul, Mutiibwa, Uhlenbrook, and Savenije (2008) found over 95% of the discharge was attributed to the subsurface runoff in a semi-arid Makanya catchment. Some research has been conducted on the Chinese Loess Plateau to study surface water and groundwater hydraulic connections, and hydrochemistry characteristics through monthly sampling water data collection (Li, Chen, Liu, & Si, 2017; Zhang, Jin, Yu, & Zhou, 2015). However, only high-temporal resolution of stream variation response to rainfall can be used to infer the shift of stream source or solutes changes at different streamflow periods. Therefore, high-resolution sampling during intra-rainfall events to evaluate changes in runoff sources and solutes is needed in a loess covered catchment. 
The deep groundwater tables in the Chinese Loess Plateau reach 20 to 300 m below the soil surface (Li & Huang, 2008), and may create a disconnection between rainfall and groundwater in a short term. However, Z. Li et al. (2017) explained that there existed a direct preferential pathway for precipitation to recharge groundwater. In some regions of the Loess Plateau, groundwater responded to precipitation inputs in a short time-frame, implying that hydrologic connections existed between the surfaces in which the precipitation encounters the groundwater system beneath it (Liu et al., 2011; Yan & Wang, 1983). Since the 1950s, engineered structure construction and land use changes have been implemented to reduce soil erosion on the Loess Plateau. Many studies focused on the hydrological responses to land use changes (Li, Liu, Zhang, & Zheng, 2009; Wei et al., 2007), but few on the stream sources, or solute transport with regard to the soil, vegetation, topography, and rainfall conditions in loess area. Previous studies have demonstrated that rainfall is more prone to fill the thin unsaturated zone, and pushes the stored water or groundwater into the stream, leading to a higher proportion of pre-event contribution and subsequently, solutes variation (Du et al., 2016; Kirchner, 2003; Laudon, Sjöblom, Buffam, Seibert, & Mörth, 2007; Sklash & Farvolden, 1979). However, studies on stream response in the thick loess unsaturated zone is lacking. 
In recent years, tracer techniques including the stable isotope and hydrochemical components have been extensively used in studying streamflow source, pathways and water residence time (Jasechko, Kirchner, Welker, & McDonnell, 2016; McDonnell & Beven, 2014; Sprenger, Leistert, Gimbel, & Weiler, 2016). The natural stable isotopes of water (2H) are considered to be conservative in nature with little or no reactivity in soil or base minerals (Klaus & McDonnell, 2013). These isotopes display distinct signatures for different water sources, seasonality during precipitation events (whether rain or snow), and fractionation due to soil water evaporation in soil pore water (Koeniger, Gaj, Beyer, & Himmelsbach, 2015). The distinct signature, when incorporated in a simple mass balance mixing model, allows us to delineate the proportions of source water. Meanwhile, solutes in a stream during stormflow events resulting from ion exchange and dissolution reactions in the subsurface, can help reveal the source and pathway of the streamflow (Chapman, Reynolds, & S. Wheater, 1983). The relationship between solute concentration and stream discharge are helpful to identify the solute pathway, transport pattern and the soil chemical weathering process (Godsey, Kirchner, & Clow, 2009; Herndon et al., 2015; Murphy, M. Hornberger, & G. Liddle, 2014). For example, the travel time distribution of rainfall in a watershed could be determined via Cl- tracer concentrations in rainfall and the stream (Benettin, Kirchner, Rinaldo, & Botter, 2015; Kirchner, Feng, & Neal, 2000). Additionally, hydrochemical ions are frequently used to infer the atmosphere, anthropogenic input, or the weathered soil contributions to the stream solutes component (Xiao, Zhang, & Jin, 2016; Zhang et al., 2015).
To address the gaps associated with streamflow and hydrochemical composition in the Loess Plateau, this study was completed to evaluate the rainfall event water and pre-event stored water contributions to the stream. To do this, solute behaviors within intra-rainfall runoff events in a semi-arid loess catchment were assessed using the stable isotope deuterium and other hydrochemical tracers in high-temporal resolution sampling periods capturing multiple intra-rainfall events. 
2. Materials and Methods
2.1 Study area
The Yuanzegou small catchment (0.58 km2) study site is located in the town of Dianzegou, Shaanxi, China (37°14N, 110°20E) (Fig. 1). The study site encompasses a typical loess hilly and gully region, with a semi-arid, temperate, continental monsoon climate. The annual precipitation amount is approximately 454 mm (according to the long average meteorological data from 1956 to 2006), 70% of which falls as rain from July to September. The average annual temperature is 9.6 °C, with the lowest month in January (-6.8 °C) and highest in July (23.8 °C).
[bookmark: OLE_LINK1][bookmark: OLE_LINK2]The main stream channel in the Yuanzegou catchment is about 1100 m in length and includes elevation changes over rugged terrain of greater than 100 m (gully angle is > 35). The loess soil depth along the catchment ranges from zero to tens of meters, mostly comprised of silty and sandy loam texture. Soil has been incised into the bedrock along the lower elevations of the terrain. The stream channel in this catchment is comprised of a mixture of soil and bedrock. Upslope forests have been planted to dwarf Jujube trees (Ziziphus jujube cv. Junzao) to enhance water and soil conservation efforts and to provide economical income for local residents. The vast majority of the area was seeded to grassland with varieties including Caragana microphylla and Artemisia vestita during the Loess Plateau Eco-restoration Project requirement which began in 1999. 
Soil physical properties, spatial distribution of soil moisture, and rooting patterns of the trees can be obtained from previous publications (Gao, Wu, Zhao, Shi, & Wang, 2011; Gao, Zhao, Wu, Brocca, & Zhang, 2016; L. Li et al., 2017). The focus on spatial and temporal variability in soil water contents within this catchment, along with Jujube tree water consumption and rooting depths in order to provide scientific based evidence of water use for future water allocations provided by Gao et al. (2011), compliments this study to further understand water use patterns associated with the eco-restoration project.
2.2 Water sampling
Water samples were collected in the study site during the rainy season between August and October, 2015 and July, 2016 (Fig. 1 and Table 1). Precipitation samples during sampling events were collected with a handmade precipitation sampling collector similar to specifications outlined by IAEA (2014), in which rainfall fell into a plastic funnel (D = 20.5 cm) and was then transported into a 2 L polyethylene bottle for storage. Rainfall samples were collected with varied sampling frequencies dependent on rainfall intensity (intervals of every half hour to two hours). A small meteorological station was located on an upland slope to record the rainfall amounts on a half-hour time interval. Streamflow water was collected at the outlet of the catchment (Fig. 1) using grab samples and an automatic water sampler ISCO 3700 (Teledyne, ISCO, INC, USA). Collection intervals for stream water, including sampling prior to the onset of rainfall, during rainfall, and post-event, varied between 0.5 and 2 h depending on the discharge rate. Concurrently, outlet discharge was measured for the stream using a continuous flow rate flume (UGT-2 Ft H-Flume, Germany) every half-hour. Groundwater was collected monthly at three locations (SP1, SP2, SP3; Fig. 1) at the loess-bedrock interface in the Yuanzegou catchment. Three natural springs found in the catchment were sampled and represent the shallow groundwater, since there are no existing groundwater sampling wells located in the area.
Runoff generation at the study site was obtained for six rainfall-runoff hydrological events (Table 1). Three scales of rainfall events were observed during sampling and are referred to as: small (events S1 and S2), moderate to heavy (M1 and M2) and torrential (L1 and L2). These six sampling dates were collected for isotopic and chemical hydrograph analysis with considerations to the amount or intensity of the rainfall event. Rainfall event information and stream discharge values for each event are shown in Table 1. 
[bookmark: OLE_LINK3][bookmark: OLE_LINK4]Water samples were collected in 100 mL polyethylene plastic bottles which had been rinsed with deionized water and dried in advance, sealed with Parafilm, and stored in a refrigerated cabinet at 4 ℃. To determine sample ion concentrations, all of the samples were filtered using 0.45-micron membrane filters and tested using an ion chromatograph (Dionex, ICS-1100, USA) for Cl- , SO42- and NO3-. A subset of samples on Oct. 24-26, 2015 (event M2) were analyzed for K+, Na+, Ca2+, Mg2+ with an ICP-AES (Thermofischer Scientific, ICAP-6300, USA) at the Institute of Water Saving Agricultural in Arid Areas of China (IWSA), Northwest A&F University. Samples reporting high dissolved salts were distilled via vacuum distillation (LICA, LI-2000, China) prior to isotopic analysis (Voltas, Lucabaugh, Chambel, & Ferrio, 2015). The stable isotopes of water (2H) were measured with an Isotopic Water Analyzer (Los Gatos Research, IWA-45EP, USA) and reported using conventional delta (δ) notation (Craig, 1961) relative to Vienna Standard Mean Ocean Water (VSMOW) (Gonfiantini, 1981). Analytical accuracy of 2H isotopic measurements were 1.0‰. 
2.3 Hydrograph separation using tracer techniques
In general, streamflow consists of a combination of event water from rainfall and pre-event water stored in the catchment, and the relationship between them can be described by a two end-members mass balance model as described by Klaus and McDonnell (2013):

                                      (1)

                                     (2)
Where Q is stream flow (L s-1); C is tracer concentration; and subscripts t, p, e stand for total, pre-event water, and event water, respectively. Then the contribution of the event water can be described by the ratio:

                                 (3)
We defined the stream baseflow prior to the onset of rainfall as the pre-event water, and rainfall as the event water in this study. Previous studies have summarized that the use of the two end-member mixing model requiring that the event and pre-event constituents being significantly different, and being constant in time and space (Sklash & Farvolden, 1979). 
Previous studies (Kubota & Tsuboyama, 2003; McDonnell, Bonell, Stewart, & Pearce, 1990) showed that isotope (2H) varied during rainfall events. To better describe rainfall inputs isotopically, successive samplings during a complete rainfall event is necessary. Our study included successive sampling of rainfall during storm events and adjusted the isotopic input accordingly using an intensity weighted method as shown by McDonnell et al. (1990):

                                       (4)                                     


Where  is rainfall intensity at real-time i (mm h-1);  is rainfall tracer isotope at real-time i measured value. This method quantifies an incremental intensity weighted average input rather than a bulk sample at the end of the rainfall event. In this paper, both real-time and incremental intensity weighted average rainfall isotopes were used as an event water input considering variation of intra-rainfall isotopes.
3. Results
3.1 The spatial and temporal variation of groundwater and base flow
δ2H values of groundwater at the three spring locations (SP1, SP2, and SP3 in Fig. 1) at the Yuanzegou catchment varied between -61.2‰ and -63.7‰, which can be considered constant over the rainy sampling period (Fig. 2), indicating a stable source of groundwater. However, the Cl- concentrations of three spring locations varied between 24.3 mg L-1 and 40.9 mg L-1 (Fig. 2), suggesting different water pathways below the unsaturated zone. 
Although tracers showed spatial variation in the spring water samples, both δ2H and Cl- concentrations fluctuated only slightly with time, with mean and standard deviation values of -63.5 ±1.1‰, 25.1 ±0.6 mg L-1 (Fig. 3, e.g. SP1), respectively. The variation of the tracer concentrations were damped as a result of mixing and dispersion processes over a long period of time through the deep unsaturated zone.
The spring water in location SP1 had similar isotope and Cl- signatures to the baseflow at the outlet of the stream (Fig. 2), indicating that the stream baseflow is likely originated from deep soil water and/or shallow groundwater. The relatively constant temporal variation of δ2H value in baseflow and spring water is conducive to separate the new precipitation and the older stored water.
3.2 Temporal variation of δ2H during rainfall and streamflow measurements in six intra-rainfall events
δ2H of rainfall changed substantially during the intra-rainfall events (Fig. 4). Generally, the isotopic signatures of all studied rainfall events were more enriched at the onset, and depleted gradually during the event period (Fig. 4). The intra-rainfall event variability varied between different rainfall events (Fig. 4). For example, δ2H of rainfall event S1 changed slightly (varied from -41‰ to -48‰), but that of large rainfall event L2 ranged between -52‰ to -125‰. Therefore, there could be tremendous variability within a rainfall event and between rainfall events. The variability may be partially explained by the rainfall amount: large rainfall events had large temporal variability within the duration of the rainfall (Figs. 4L1, 4L2), whereas small rainfall events had smaller temporal variability (Figs. 4S1, 4S2). Furthermore, rainfall intensity seemed to have a major influence on the rate of change in δ2H: higher amounts/intensities of rainfall showed more depleted isotope values regardless of the event time-stamp and whether occurrence was inter-rainfall (comparing events S1 and S2 with L1 and L2), or intra-rainfall (events S1 to L2). However, a sudden increase in rainfall intensities usually lead to a large reduction in δ2H at the beginning of a rainfall event L1, while the sudden increase in the middle of a rainfall event, would further reduce δ2H, but to a much lesser degree (Figs. 4M1, 4M2). This so called rainfall “amount effect” could help to describe the isotopic ratios of variation during intensity intervals of each rainfall event at the research site. 
There were minor variations in stream baseflow δ2H values prior to the onset of rainfall events (-64‰ to -66‰; Fig. 4). As rainfall events occur, δ2H of streamflow fluctuated corresponding to rainfall inputs, and then restored to the baseflow δ2H values shortly after the rainfall event. 
Streamflow δ2H fluctuated differently depending on the rainfall intensity and temporal variations of δ2H. For events S1, S2, M1, and M2, streamflow became more enriched gradually as runoff was likely to provide a small enriched rainfall input to the stream. Although events M1 and M2 had a large intensity, stream δ2H did not differ (-65‰ to -50‰) from that of events S1 and S2 (Fig. 4). It may be attributed to relatively smaller δ2H temporal variation and similar δ2H values at large rainfall intensity between rainfall and baseflow for events M1 and M2 (Fig. 4). For events L1 and L2, stream discharge responded to the rainfall intensity as well as cumulative rainfall. But, stream δ2H responded more strongly to rainfall intensity. A sudden increase in rainfall intensity lead to a large drop in the stream δ2H (-66‰ to -92.7‰ for event L1 and -81‰ to -96‰ for event L2). However, a large drop in rainfall intensity did not result in a large change in δ2H in rainfall, but greatly elevated the stream δ2H (from -98‰ to - 70‰ for rainfall event L1). Unlike the small and intermediate rainfalls, large rainfalls, being more depleted due to the “amount effect”, caused the streamflow isotopic values to respond  the due to difference in δ2H in the baseflow from that of the high intensity rainfalls (Figs. 4L1 and 4L2). 
3.3 Two end-members hydrological separation using 2H tracer 
To evaluate the contributions of event water and pre-event water to the total runoff, we used Eq. (3) to calculate the maximum and average contributions of event water considering both the real-time and incremental intensity weighted event water. The vegetation was primarily grassland in the study sites; therefore, the influence of canopy interception on the rainfall input could be neglected. Due to the relatively small area of the catchment, we assumed no spatial variations in rainfall inputs. Two different rainfall isotopes values were used to describe the event water contribution in the model (Fig. 4): real-time values at time i and incremental rainfall intensity weighted average values at time i using Eq. (4). 
Table 2 shows the maximum and average event water contributions of the six rainfall events to stream flow. For events M1, M2 and L1,  (e.g.  was -65.7‰, real-time  was -74.2‰ and  was -75.1‰ at time 3:00 July 9, 2016), which in turn resulted in Eq. (3) event water contributions being greater than 100% when real-time measured rainfall values were used. This can be explained via lagging of the isotopic signal of the precipitation at the stream measurement point, i.e. the rainfall isotope kept changing (increasing or decreasing), while the corresponding stream also changed but lagged behind the rainfall. Therefore, the stream  was more similar to the previous rainfall, and was not between the event water and pre-event water. Different rainfall characteristics showed different event water contributions to the stream using a 2H tracer. For events S1 and S2, the maximum and average contributions of event water were 24% to 61% and 12% to 35%, respectively. However, for the torrential rains L1 and L2, isotopic ratios demonstrated that maximum rainfall inputs to the stream were greater than 100% (stream discharge was entirely event water), and the average was 72% to 90% (Table 2), which indicated a high proportion of event water contribution to the stream. 
3.4 Solutes behavior
The concentrations of Cl- at the catchment outlet changed substantially during the rainfall events (Fig. 4). For example, Cl- decreased from 26 to 6 mg L-1 during event L1 (Fig. 4, L1). Generally, large rainfall intensities decreased Cl- concentrations in the stream and a subsequent reduction in rainfall intensity tended to restore the concentration to that of baseflow, displaying the typical “dilution effect” (Figs. 4, L1 and L2). However, for small rainfall events, Cl- concentrations increased through the event for both S1 and S2 precipitation events (for example, 23 mg L-1 at the onset and 42 mg L-1 at peak discharge during event S1).
The concentration of all measured solutes over six events demonstrated that solutes in rainfall were not the main source contribution to streamflow, as concentrations in streamflow were much greater than those in the rainfall (Figs. 4 and 5). Based on isotopic comparison the solute concentrations in streamflow were comprised from soil dissolution processes, rather than groundwater. All the measured streamflow ions in event M2 were diluted from baseflow values during peak discharge, except for K+, which showed a rainfall dilution effect on the stream hydrochemistry (Fig. 5).
The long-term chemical hydrograph for rainfall event M2 was used to determine the chemical response during rainfall events. This study demonstrated that discharge increased from 0.15 – 4.36 L s-1, while solutes such as Cl-, SO42- decreased over the same time interval, suggesting a dilution effect due to precipitation runoff influences on stream composition. Generally, the discharge at the outlet had a large coefficient of variance (cv = 1.78) compared to solutes (cv = 0.1 – 0.4) for event M2; this indicated that more solutes were released or exchanged during runoff processes. A linear regression for a log transform of solute concentration (C) and discharge (Q) in intra-rainfall event M2 was used to identify the solutes behavior (Fig. 6). The slope provided by the linear regression indicated a variation in solute concentrations with discharge. Similar to Godsey et al. (2009), Ca2+ maintained a steady concentration as the slope was -0.1 < m < 0, indicating minor influences of rainfall dilution (Table 3). However, K+ concentrations increased with discharge, while all other solutes, Cl-, SO42-, NO3- , Mg2+, and Na+ showed a dilution pattern with increasing discharge (Table 3, Fig. 6). 
4. Discussion
4.1 Flow mechanisms
The similar δ2H and Cl- compositions between groundwater and stream baseflow suggested that baseflow was dominated by groundwater that had percolated through deep soil and bedrock (Fig. 2). Both Cl- and δ2H concentrations can be modified by evaporation at the soil surface, causing soil pore water to become more concentrated with respect to anions and δ2H than the precipitation input. Additionally, ion exchange or salt dissolution can alter the chemical composition during the infiltration process, while leaving the isotopic signature of infiltrating precipitation untouched. These processes may explain why different spring locations in the catchment showed similar sources with respect to isotopic composition, but different pathways by which soil water percolated through the subsurface system based on altered hydrochemistry. 
Old (pre-event) water dominated less as the hydrograph increased based on both isotopic and hydrochemical tracers. δ2H and Cl- concentration values in the stream of events L1 and L2 were consistent with rainwater, no matter the δ2H in the stream, rainfall was more depleted or enriched than the pre-event water. Our field observations suggest that the discharge of spring water showed no signs of increasing during the intra-rainfall process. After rainfall cessation, δ2H and Cl- constituents returned to initial background conditions, which is consistent with other studies (Anderson, Dietrich, Torres, Montgomery, & Loague, 1997; Ladouche et al., 2001). This indicates that old water dominates during this recession period and is likely sourced from slow vertical infiltration that is pushing old water stored in the deep soil layers into the groundwater system, which eventually feeds the stream. 
The proportion of event water contributions increased with precipitation amount or intensity. The average contributions to the stream during torrential rainfall events was greater than 72%. At the onset of the runoff on the peak time for event L1, stream δ2H were nearly the same as rainfall, proving an evidence of overland runoff dominated at high discharge time. The flow mechanism corresponding to the rapid response of the stream to the precipitation event is likely due to infiltration excess overland flow rather than saturated overland flow at the study site based on the dry environment and the thick, loess covered characteristics in northern Loess Plateau.  
    Our study site is located in a typical loess hilly region, and soil texture is characterized by a low saturated hydraulic conductivity of the shallow soil (0  60 cm), with an average of 1.5 cm hour-1 (unpublished measured data). The area also has lesser amounts of rainfall (452 mm) and high annual potential evapotranspiration (1074 mm), causing water depletion in the surface soils. These long-term dry soil conditions with less antecedent 7-day precipitation in index Table 1 would potentially reduce the soil unsaturated conductivity and the rainfall infiltration depth (Van Genuchten, 1980).  Dissimilar to other forested catchments, the vegetation coverage at the study site is poor and when coupled with the dry soil crust at the surface, a reduction in soil infiltration capacity becomes apparent. Because of these phenomenon and an already low unsaturated hydraulic conductivity, pore space is not easily filled with precipitation, causing an infiltration excess overland flow during torrential rainfall events. Isotopically, this is consistent with the distinct isotopic variations at the onset of the streamflow response to elevated rainfall intensity. Climate conditions at our research site typically produces concentrated, heavy rainfall during the summer months (Liu et al., 2011); this greatly shortens the amount of time in which runoff is generated after the onset of rainfall (Cheng, Ma, & Cai, 2008), which has resulted in a rapid response and high proportion of event water contribution to streamflow as described by isotope tracer data. Another loess soil catchment in southwestern Germany demonstrated a low infiltration capacity and was also dominated by infiltration excess overland flow (Merz & Bárdossy, 1998). Previous research showed that saturated overland flow was more likely to occur during prolonged wet conditions with the expansion of the saturated zone (Dunne & Black, 1970; Howard et al., 2010).
Soil layers on the Chinese Loess Plateau are relatively homogeneous with few macropores, and an unsaturated zone depth can be tens of meters (Zhu, Jia, & Shao, 2018). Although the preferential flow contributed a considerable amount of the groundwater recharge through the sinkhole or fractures located at the edge of hillslopes (Z. Li et al., 2017; Tan, Wen, Rao, Bradd, & Huang, 2015; Xiang, Si, Biswas, & Li, 2018), but field observation indicated that these macropores are distributed sporadically and are insignificant compared to the whole catchment, and some macropores may have no connection with the groundwater. Due to site stratigraphy, subsurface runoff pathways are too thick and long for rainfall to utilize this as a route to the stream, but in other watersheds with shallow unsaturated zone, old water was replaced by infiltrated rainfall and dominated the runoff, then released through macropore sinkholes or soils through a fast subsurface runoff (Lakey & Krothe, 1996; Marc, Didon-Lescot, & Michael, 2001; Trček, Veselič, & Pezdič, 2006). In some sub-humid areas, elevated hydraulic heads enhance the groundwater flux to the stream channel as rainfall infiltrated into the subsurface (Sklash & Farvolden, 1979), event water fills depressions or pushes out old water from impermeable layers (Du et al., 2016). In this situation, rain water typically was not their main runoff component, but promoted the old water spilled from the soil or bedrock (Barthold et al., 2017). Due to the thick unsaturated zone at our study site and less connection between rainfall with groundwater; an increase of hydraulic potential gradients between the groundwater and stream during rainfall events are plausibly non-existent. Therefore, the contribution of old water to stream flow is less and does not respond to rainfall events.
The main flow mechanism at our site, was event water dominated. The connection between the groundwater and rainfall is intercepted by a thick loess soil, and thus the stream is composed of event water caused by infiltration excess overland flow during torrential precipitation events. Due to the rapid response of streamflow to rainfall, future work should focus on a shorter temporal scales of analysis utilizing a variety of tracers to study the hydrological processes occurring in the catchment. 
4.2 Insight into stream hydrochemical characteristics
The small rainfall-discharge events S1 and S2 portray that the Cl- concentration in the runoff slightly increased. For these scenarios, surface runoff was minimal, and rainfall was more likely to provide direct input into the stream channel. In addition, medium and large events (M1, M2, L1, and L2) showed a slight increase of Cl- concentration at the onset of streamflow. Soil Cl- concentration distributions at the surface (0 to 20 cm) in the catchment decreased from the valley (~186 mg L-1), downslope (~130 mg L-1) to the upslope (~70 mg L-1) (unpublished data) during a dry sampling day. It may be reasonable to expect that the higher Cl- concentrated soils surrounding the stream channel could provide enough salts at the onset of streamflow, due to the flush of salts deposited at the soil surface. Due to the salts wash out, most of the saline soil is more prone to be accumulated in low region (Taghizadeh-Mehrjardi, Minasny, Sarmadian, & Malone, 2014). 
The increase of Cl- concentration at the onset of streamflow can’t be attributed to the increasing contribution from groundwater with high Cl- concentration such as SP2 (Figure 2), because other ions such as SO42- did not show an increase at the onset of events S1 and S2 (decreased from 78 mg L-1 to 60 mg L-1, data not shown), despite their high concentrations in the spring water (~79 mg L-1). During high rainfall intensities that occurred during discharge, Cl- concentrations decreased to 6 mg L-1, which was still much greater than the rainfall input (Fig. 4L2). Since the study site is located in a loess hilly and gully region known for its high erosion areas (Huang & Zhang, 2004), and is commonly characterized with high dissolved salts concentrations as compared to other catchments (Xiao et al., 2016). The first enrichment and dilution at high discharge is consistent with the Horton overland flow dominated runoff research by Ribolzi et al. (2007) in a semi-arid catchment. The event water dominated stream solutes is contrasted from the research by Kirchner et al. (2000) where strongly damped stream Cl- concentrations in our study was attributed to a direct a rainfall input, rather than more pre-event water contributions. 
Using the power function (C = m, we could determine significant relationships between ion concentrations or the total ion masses with discharge flux, and predict the solutes concentrations at a certain discharge on an hourly scale in a small loessial catchment. Although there was a diluted process at high discharge period for most solutes, the total ion mass (expressed as C*Q) showed an increasing load, based on the coefficient of variance of the ion was smaller than the discharge. 
Solutes variance behaved different during the stream process. K+ exhibited a net enrichment during the streamflow process, and showed a different behavior as compared to other ions. Similar research has shown that biologically active K+ increased with increasing flow (Godsey et al., 2009; Scholl et al., 2015), which could be attributed to rapid leaching from surface soil horizons. Chemostatic (Ca2+) or positive slopes (K+) indicated that the mobilization of solutes are nearly at equilibrium and proportional to the stream discharge. NO3- concentrations is mainly influenced by  anthropogenic activity, and fast dissolution by surface runoff may threaten the stream water quality, which should be managed to limit the abuse of fertilization in the loessial area (Huang, Yang, Liu, & Li, 2016). 
4.3 Limitations of this study
It is difficult to determine real-time proportions of rainfall contribution to the streamflow. Although two methods had been used in this paper, some unreasonable results still occurred when using the two end-members (Table 2). It is also common to consider the intra-rainfall variation when using the two end-member hydrograph separation, for which the old water contribution is beyond the scope 0-100% (Kubota & Tsuboyama, 2003). 
Our research also indicates that a high-temporal sampling resolution is necessary to infer the stream source on the thick loessial covered areas, as the response of the stream to the rainfall is fast, and some solute variations are sensitive to the stream discharge (e.g. Cl-). A long, time-interval sampling or a bulk sampling at the end of rainfall may lead to a misestimate of the stream source.
Several factors, such as: sampling and measurement errors, sample variations, and hydrograph partitioning errors in the two end-members mixing model, could bring uncertainties in hydrograph separation analysis (Adams et al., 2009). The hydrograph errors are more obvious compared to the measurement errors, which can be even more prominent in areas with quick response of streamflow to rainfall when accounting for rainfall isotope variations.
5. Conclusions
Six intra-rainfall-runoff events were sampled on a semi-arid Yuanzegou catchment with sparse vegetation and deep soil layers on the Loess Plateau. Both the rainfall and stream were sampled continuously to capture hydrograph responses immediately prior to, during and after rainfall events. Multiple tracers (isotope and chemical) were used to evaluate the different responses of streamflow to event and pre-event water. The main findings are as follows:
(1) Groundwater was relatively constant in time with respect to 2H and Cl- data but demonstrated similar isotopic values and different Cl- concentrations in different locations, which indicates a similar source but a different recharge processes in a watershed scale.
(2) Event water dominated the hydrograph, while groundwater connected less with the stream during the precipitation. Average event water contributions to the stream can be greater than 72% during high intensity rainfall, and increased with the rainfall amount or intensity, which reveals an infiltration excess overland flow dominated stream response. 
(3) Surface soil plays a significant role in solute transport, and the stream solutes showed a loglinear response to discharge. Interpretations of the relationship between solutes and discharge can help us to predicate the stream solutes export in the northern loess catchment. Solutes in the streamflow dominated by an overland flow regime would be more influenced by human activity, and should be closely monitored and regulated to reduce downstream pollution.
Data Availability Statement
The data that support the findings of this study are available from the corresponding author upon reasonable request.
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Table 1. Characteristics of the six rainfall-streamflow events at the Yuanzegou catchment during 2015 and 2016.
Table 2. The maximum and average event water contribution as calculated from 2H tracer observations using two end-members.
Table 3. Slopes of regression lines fitted to C (solutes concentrations) - Q (discharge) data (lnC = a+m) indicate chemostatic, non-chemostatic, or dilution concentration-discharge patterns in an event M2.
Figure 1. Study site and sampling locations in the Yuanzegou catchment of Qingjian County, Shaanxi Province, China.
Figure 2. Variation of the δ2H and Cl- concentrations in the springs and stream baseflow.
Figure 3. The δ2H and Cl- concentration temporal variations of the groundwater spring (Fig. 1, SP1) in the Yuanzegou catchment during the rainy season from 2014 to 2016.
Figure 4. Isotopic（2H）and chemical (Cl-) hydrograph of six rainfall-streamflow events S1-M2.
Figure 5. Chemical hydrograph for event M2. 
Figure 6. Log C versus log Q relationship in event M2 for all the measured ions. 
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