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Abstract:



Understanding runoff generation and dynamics is the basis for water resource management, while water isotopic ratios are a potential tool for studying the mechanism on a large scale. In this paper, spatial variations of δ18O and δD of river water and their sources within a large region of the Tarim River were investigated. The results showed obvious spatial variations of both water isotope values along the river flow direction, and significant seasonal variation occurred within the river water isotopes. This indicated that different proportions of rain and melt water entering river water should lead to spatial variation, and for mid-stream and downstream regions, the transformation relationship between surface water and groundwater should consider less input of melt water. Furthermore, we quantitatively determine the ratio of different water sources using the stable isotope mass balance method and other stable tracer elements. Results showed the contribution of ice-snowmelt water varied from 14.97% to 40.85%, that of rain varied from 9.04% to 54.80%, and that of groundwater varied from 15.34% to 58.85%, and they also showed that baseflow is a factor connecting melt water and groundwater, which meant the Hotan River and the Yarkand River are melt water–dependent rivers, and seasonal precipitation is the main water supply source of baseflow in the Aksu River and the Kaidu River.
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1. Introduction


Water demand consistently exceeds supply in many parts of the world, especially in the arid and semi-arid regions [1,2]. As human water need is increasing worldwide, the growth of pressure on water resources and their sustainable development is in jeopardy [3,4]. The Tarim River Basin, with a size of 1.02 × 106 km2, is the largest inland river basin in Central Asia. The basin occupies about two-thirds of the total area of Xinjiang (the largest provincial administration unit of China). This northwestern arid inland region is situated far from the sea with a typical continental climate, lack of precipitation, intensive evaporation, and extremely fragile ecological environment. The Tarim is a typical braided river, forming a north-south alluvial plain with a width of more than 100 km [3]. By river erosion and stacking interactions, the riverbed is very unstable, and the river positional swing is strong. Runoff generation and dynamics are important issues for this watershed and water resource management, but the mechanism at such a large scale is unclear and site-dependent; for this reason, suitable hydrograph separation is needed for analysis of the recharge mechanism.



Nowadays, hydrograph separation methods include graphical, time-interval, and filtering methods, as well as hydrology and water balance models [5,6]. In the arid and semi-arid areas, a combination of hydrology and environmental isotope technology (18O, D) has been demonstrated to be a meritorious tool for investigating the process of water circulation [7,8]. Isotopes of particular interest for hydrological studies include the stable isotopes of water (18O, D), which are incorporated within the water molecule (H218O, HD16O) [7], and because of isotope fractionation, they show regular spatial and temporal variations with the water cycle phase changes and diffusion [9,10,11]. It is reasonable to use isotopic techniques to study the water sources and supply mechanism of surface water and groundwater [6,12,13,14,15], the evaporation of water bodies, and the mixing processes among various headwaters [16,17,18]. Isotope hydrograph separation (IHS) could provide a quantitative method to differentiate the replenishment of rivers for water resource management, especially in ungauged basins. Therefore, the isotope hydrograph separation method has been a helpful tool for providing information on the different contributions of river components. Over several decades, IHS has undergone two-component hydrograph separation (1970–1980), three-component hydrograph separation (1980–1990), and uncertainty analysis (1990s–present), and has been applied in many catchments all over the world [5].



Through a review of published papers, we found there are still opportunities for improving the understanding of groundwater isotopes: (1) quite a few studies quantified the recharge proportion via kinetic fractionation of stable isotopes in the large inland rivers of Central Asia and (2) there are several shortcomings associated with the quantitative assessment of ice-snowmelt water and baseflow for mountain-plain areas. Alpine catchments are of great importance as the origin of much of the world’s water resources [19]. However, knowledge of the significance of the mountainous hydrological cycle is still uncertain. Natural stable isotopes of hydrogen and oxygen dissolved in water are very useful to study hydrological processes and determine water sources. There are two aims of this study: (i) to investigate spatial and temporal variations of δD and δ18O of river water and their sources within the large area of the Tarim River in northwestern China; and (ii) to evaluate the ratio of different water types in the river water from a high mountain area to the downstream region. Taken altogether, we expect that the results will provide insight for water resource and watershed management in the large inland river basin and similar watersheds of Central Asia.




2. Study Area


The landforms of the Tarim River Basin include mountains (47%), plains (22%), desert (31%), and an arable land area of 1.36 × 106 km2 (Figure 1). The Aksu River, Yarkand River, and Hotan River join the Tarim River in the upper reaches, while the Kaidu River flows into the Tarim River in the lower reaches [19]. The Tarim River Basin is the largest inland river basin in China; the majority of the basin is located in Xinjiang, the largest provincial administration unit of China, and occupies about two-thirds of the total area of Xinjiang [20]. The Tarim River is about 1321 km long, from the confluence composed of the Aksu, Hotan, and Yarkand Rivers to Taitema Lake [21].


Figure 1. Map showing the locations of sampling sites along the Tarim River, including geographical features in the Xinjiang Autonomous Region.
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The Hotan River, formerly known as the Khotan, runs through the Xinjiang Uygur Autonomous Region in the southwestern Tarim Basin. It is the largest river on the northern slope of the Kunlun Mountains. The main stream, Yurungkax, comes from the northern foot of the Kunlun Mountains, while the smaller stream, the Karakax River, descends from the Karakoram Mountains. Where the Yurungkax and the Karakax converge, the Hotan River begins. The Hotan is divided into two tributaries. The eastern branch of the old Hotan River downstream has completely dried up, but the western branch of the new Hotan River runs for 806 km through the Taklimakan Desert, in the vicinity of the upstream reservoir and the Aksu and Yarkand River confluence, where the Tarim River begins.



The Yarkand River, at 996 km, is the Kashi region’s longest river, and it originates in the Karakoram Pass of the Karakoram mountains in northern Kashmir. It forms where the Laskaimu and Arcatagai Rivers flow together at the Helbalongke of Karakoram Pass. The Yarkand flows from the southwest to the northeast, running through the Kashi region, the Kirgiz Autonomous Prefecture, and the Hotan and Aksu Prefectures. The drainage area is 108,000 km2, and the irrigation areas are Taxkorgan, Yecheng, Poskam, Yarkand, Markit, and Bachu counties, as well as 10 mission fields in the Agricultural Division, giving a total land mass of 2883.78 million m2. Water from Chogori feeds the Yarkland, along with snowmelt water, spring river flood waters, and rain.



The Aksu River includes two major tributaries. The first of these is the Kumalake River (also known as the Kunmalik River), which originates in the Kyrgyzstan Tianshan glacier. The other tributary, the Tuoshigan River, has its source at the border of China and Kyrgyzstan in the southern Tianshan Mountains. These two rivers flow together in Wensu County, forming the Aksu. From this point of confluence in Wensu to the Tarim River, the Aksu measures 130 km in length and is the source of the Tarim River. During the summer flood season, the Hotan and Yarkand Rivers also flow into the Tarim River.



The Kaidu River is the third largest river in Tianshan and has its source in the Albion Mountain in Tianshan Mountains. Nearly 560 km in length, the Kaidu flows through the Yurdusi Basin at the upstream section of the river and ends at Bosten Lake. Bosten Lake is the source of the Peacock River in the southwestern area of the Yanqi Basin. The Peacock then flows into the Tarim Basin along the Tiemenguan injection.




3. Sampling and Analytical Method


3.1. Sampling


Surface water samples were collected on a seasonal basis where possible from January 2011 to July 2012 at six stations along the Tarim River system, with additional smaller surface water (e.g., rivers, lakes, springs, and streams) samples collected opportunistically in the basin on two occasions (Figure 1). Water samples including surface water, precipitation, baseflow, groundwater, and ice-snowmelt water were collected along four headstreams and the mainstream of the Tarim River Basin. In addition, water samples (500 mL) for ion concentration analysis were collected in glass bottles that were sealed immediately after collection and stored at −18 °C. Prior to analysis, samples were transferred into a refrigerator at 4 °C to thaw gradually so that evaporation did not occur. The elevation, temperature, latitude, and longitude were recorded at the time of sample collection.



Precipitation: The precipitation was sampled (by event) both in the mountain region and oasis region from January 2011 to July 2012.



River: A total of 268 samples of river water were collected at sites of interest, and 35 samples were collected at hydrological stations.



Baseflow: A total of 24 baseflow samples were collected during December to the following February (the period for calculating baseflow index), and the rainy season (from June to September).



Groundwater: A sample from 42 wells was collected during each different season.



Ice-snowmelt water: At the tongue of mountains, 13 samples of ice-snowmelt water were collected underneath the snow pack.




3.2. Measurement


Samples were later analyzed in the State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences.



δ18O and δD analysis: The Los Gatos Research analyzer was used to perform the measurement and analysis of isotopic ratios of liquid water samples. In order to avoid the memory effect that continuous measurement caused with respect to the next sample test, the same sample was continuously measured six times, and the first two results were ignored. The accuracy of the measurements was 0.1‰ for δ18O and 0.3‰ for δD. All δ18O and δD values are expressed as related to the Vienna Standard Mean Ocean Water (V SMOW) in ‰. The final results are expressed by the value relative to SMOW:
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Deuterium excess (d-excess) calculation: The d-excess was defined by Dansgaard in order to highlight the isotopic variability that is not driven by equilibrium fractionation, which, otherwise, for the isotopic values encountered here, leads to a linear relationship between δ18O and δD with a global mean slope of 8 [22].
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3.3. Baseflow Index Calculation


The baseflow index (BFI) is one of the most important low flow indexes; it is construed as a long-term ratio of baseflow volume to total streamflow volume, and BFI is influenced by a number of climatic factors and underlying conditions [23]. BFI is presented as a ratio of the baseflow volume divided by the total streamflow volume for a specific time period, and it can be expressed as:
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(4)




where t1 and t2 are starting and ending time points, respectively. In our study area, snowfall is accumulated from December to February and it supplies baseflow during the spring snowmelt season [20].




3.4. Hydrograph Separation


Two- and three-component isotope hydrograph segmentations were adopted to calculate the ratio of different sources of supply in the Tarim River Basin; the three-component method was used to quantify water sources of headstreams, and the two-component method was used for the interaction calculation of the mid-stream and downstream. In the Tarim River mountain watersheds, the river water is composed of ice-snowmelt water, local precipitation, and groundwater; in the middle stream and downstream, the groundwater originates only from ice-snowmelt and local precipitation without baseflow into this area, so the runoff can be separated into the two components of groundwater and the full precipitation mixture. Both the two- and three-component methods can be described as a uniform equation [5]:
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where Qt is the total runoff discharge, Qm is the discharge of component m, and [image: there is no content] is the tracer j incorporated into component m. The [image: there is no content] should be the constant during the calculation period, such as a rainfall-runoff process, and it should be different between each component. At least another one of the tracers should be chosen as a reference for the isotope hydrograph separation, such as a kind of isotope. A steady-state model adequately represents watershed conditions.





4. Results


4.1. Characteristics of Discharge and Baseflow


Discharge in four headstreams, the midstream, and downstream of the Tarim River have increased during the last 50 years [19], and discharge in the headstreams increased more than that in the midstream and downstream. Nevertheless, the baseflow index shows an opposite result. Baseflow is the kind of flow that has more relevance with groundwater by discharge, but is not very sensitive to precipitation. Studies have demonstrated that baseflow has a strong correlation with climate, so the baseflow index is an important factor linking ice-snowmelt water and groundwater recharge. We compared the four headstreams (the Hotan River, Yarkand River, Aksu River, and Kaidu River), the midstream and downstream of the Tarim River, and both discharge and baseflow have an apparent seasonal pattern. The peaks of the Hotan River, Aksu River, Kaidu River occur in July, while that of Yarkand River and the downstream occur in August, and that of the midstream occurs in both July and August. The month during which the baseflow index begins to increase differs: April for Hotan River and Yarkand River, March for Aksu River, the midstream and downstream, and a stable recharge index is observed throughout the whole year for Kaidu River. The midstream and downstream have a large amount of baseflow recharge during the whole year, with smooth trends. Only the Hotan River, Yarkand River, midstream, and downstream present a lower baseflow index after the maximum. The unique baseflow mechanism in the Tarim River Basin due to these particular hydrological characteristics is presented as sensitive to climatic change (Figure 2).


Figure 2. Monthly variations of runoff and baseflow index in the Tarim River Basin. Data for runoff is from last 30 years and data for baseflow index is from 1972 to 2007.



[image: Water 08 00286 g002 1024]






Box plots of both discharge and baseflow index values clearly displayed the spatial variations among all the headstreams (Figure 3). The spatial variations of the discharge and baseflow index values should be caused by spatial variations of water sources and different contributions of the water types. The relationship between the total runoff and baseflow index is quite different. An explanation for the Kaidu River’s unique phenomenon is that the amount of baseflow in the Kaidu River that is increased by the increasing glacial meltwater could be explained as being the result of a warm, wet climate effect. The Kaidu River is primarily recharged by spring snowmelt and precipitation, and the amount of spring (March–May) runoff and summer (June–August) runoff together accounts for 62% of the yearly river runoff. In the following, we will use isotope hydrograph separation to check the reasons after an analysis of the recharge relationship among different water types.


Figure 3. Box plots of spatial variations for runoff and BFI. Data sites were in the Hotan, Yarkand, Aksu, and Kaidu Rivers. The box plot has lines at the lower quartile, median, and upper quartile values. The whiskers of the box are lines extending from each end of the box to show the extent of the rest of the data. The outliers of the box are data with values beyond the ends of the whiskers.
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4.2. Characteristics of Water Isotopes


The relationship between river water and the global meteoric water line (GMWL) and the local meteoric water line (LMWL) was displayed by bivariate plots of δ18O and δD (Figure 4). The δ18O and δD composition of all water components from the Tarim River Region from 2012 to 2014 (Figure 4 and Table 1) shows that the isotopic composition for almost all waters lies on or close to the GMWL and LMWL. Considering the local climatic conditions could affect the LMWL, comparing the different water samples with the LMWL is an essential way to test these water sources and their isotopic fractionation for regional hydrology investigation [24].


Figure 4. Water components’ relationship displayed by the bivariate plot of δD versus δ18O in Tarim River Basin, with river water, precipitation, ice-snowmelt water and groundwater relative to global meteoric water line (GMWL) [25] and local meteoric water line (LMWL) [26]. The isotopic composition of the surface water is plotted on a local evaporation line (LEL). Surface water lines of the four headstreams were fitted.
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Table 1. Isotopic data from water samples collected in the four headstreams, the middle stream and downstream from 2012 to 2014, analyzed at the State Key Laboratory of Desert and Oasis Ecology, Xinjiang Institute of Ecology and Geography, Chinese Academy of Sciences.







	
Sampling Region

	
Water Type

	
No.

	
δ18O (‰ V-SMOW)

	
δD (‰ V-SMOW)

	
D-excess




	
Max

	
Min

	
Mean

	
Max

	
Min

	
Mean

	
Mean






	
Hotan River

	
Ice-snowmelt

	
46

	
−10.44

	
−10.11

	
−10.72

	
−70.35

	
−68.52

	
−69.14

	
16.62




	
Precipitation

	
−6.29

	
−2.41

	
−2.55

	
−45.88

	
−30.28

	
−25.65

	
−5.25




	
River water

	
−49.21

	
−6.37

	
−6.64

	
−53.24

	
−41.05

	
−48.30

	
4.82




	
Groundwater

	
−10.70

	
−7.58

	
−9.70

	
−72.48

	
−59.72

	
−66.79

	
10.81




	
Yarkand River

	
Ice-snowmelt

	
32

	
−19.12

	
−11.02

	
−11.19

	
−140.25

	
−70.56

	
−72.20

	
17.32




	
Precipitation

	
−8.52

	
−4.62

	
−4.80

	
−45.27

	
−35.17

	
−38.80

	
−0.40




	
River water

	
−12.10

	
−7.67

	
−8.78

	
−80.68

	
−58.28

	
−59.82

	
10.45




	
Groundwater

	
−9.29

	
−6.15

	
−7.54

	
−66.36

	
−53.98

	
−53.08

	
7.24




	
Aksu River

	
Ice-snowmelt

	
45

	
−18.50

	
−10.23

	
−11.17

	
−147.91

	
−70.24

	
−72.72

	
16.67




	
Precipitation

	
−8.57

	
−4.85

	
−5.19

	
−45.64

	
−28.80

	
−29.06

	
12.45




	
River water

	
−8.66

	
−7.01

	
−7.85

	
−51.90

	
−50.48

	
−57.04

	
5.80




	
Groundwater

	
−10.12

	
−7.87

	
−9.94

	
−64.36

	
−58.45

	
−64.66

	
14.83




	
Kaidu River

	
Ice-snowmelt

	
68

	
−16.50

	
−10.23

	
−11.17

	
−119.30

	
−74.13

	
−73.61

	
15.78




	
Precipitation

	
−4.79

	
−3.70

	
−3.98

	
−48.70

	
−46.44

	
−51.25

	
−19.42




	
River water

	
−10.76

	
−5.49

	
−7.52

	
−68.90

	
−46.23

	
−57.40

	
2.78




	
Groundwater

	
−11.37

	
−7.75

	
−10.58

	
−72.72

	
−58.12

	
−66.08

	
18.58




	
Middle Stream

	
Precipitation

	
15

	
−10.11

	
−4.83

	
−6.61

	
−61.19

	
−28.64

	
−47.72

	
5.20




	
River water

	
−13.94

	
−8.52

	
−9.53

	
−97.96

	
−59.22

	
−65.24

	
10.96




	
Groundwater

	
−10.64

	
−5.82

	
−8.26

	
−69.15

	
−51.22

	
−60.49

	
5.55




	
Downstream

	
Precipitation

	
18

	
−6.29

	
−3.65

	
−3.87

	
−45.88

	
−19.20

	
−29.06

	
1.87




	
River water

	
−10.78

	
−5.73

	
−7.78

	
−73.06

	
−56.19

	
−57.04

	
5.21




	
Groundwater

	
−8.02

	
−5.75

	
−7.21

	
−61.56

	
−51.40

	
−50.82

	
6.90










According to the spatial distribution of δ18O and δD from river water, most of the river water sample points were located above the GMWL and LMWL (δD = 8δ18O + 10 and δD = 7.1δ18O + 0.6), although some of them more closely approached the two meteoric water lines. An interesting feature of water isotopes in the Kaidu River is that several surface water sample measurements lie far above the LMWL (Figure 4), which indicates some of the Kaidu River water samples are significantly different from other streams with respect to their water isotope values. It is not common to find surface water or groundwater that lies far above the line, and this may suggest that the occurrence of moisture recycling caused by vapor originated from closed desert basins. Most points of the other streams overlapped, which displayed similarity in the composition of water sources. Isotopes of the river vary with large values during the dry season, and most of them are more enriched than groundwater and ice-melt water. The fitting line of the river water samples during the wet season was (δD = 6.2δ18O − 2.8), which was different from the river water line during the dry season (δD = 3.8δ18O − 30.0). This showed that the river water source during the wet season was different from that during the dry season. For sampling time during the rainy season, it is possible for precipitation to participate in the recharging component. Groundwater samples plotted among the river water samples and were close to the river water line, which indicated that similarity existed among these water samples. As groundwater (δD = 4.1δ18O − 27.3) comes from infiltrated precipitation and ice-melt water recharge, its isotopes are just between these two sources. Because the baseflow (δD = 5.7δ18O − 16.0) has similar isotopes and total dissolved solids (TDS) as the precipitation and ice-melt water, it should not have experienced evaporation.



The isotopic ratios of precipitation in July or August are the most enriched, while the ratios of ice-melt water are the most depleted, and the ratios of the river lie among those of precipitation, ice-melt water, and groundwater (recharge points). Therefore, we can conclude that headstreams are composed of precipitation, ice-melt water, and groundwater, and the recharging ratio of groundwater changes gradually towards the downstream according to human activities. The impact of human activities in the Tarim River region includes deforestation of desert riparian forest, grassland damage due to digging herbs, damming the upstream (which results in a dramatic drop in groundwater levels), excessive reclamation, high salt farmland drainage into the river, as well as roads, dams, and other engineering measures. Using the average TDS and δ18O of groundwater, ice-snowmelt water, and precipitation as the three parameters, each ratio of the components that contribute to the river water could be calculated based on Equations (5) and (6).



The spatial results of the δ18O values showed that there was a significant difference between the four headstreams (Figure 5), with isotopic values in the river water ranging from −13.94‰ to −3.6‰. Compared with precipitation δ18O, which presents a large difference in value, the range of river isotopes is quite small. The Kaidu River shows an apparently enriched trend along the river flow direction, and it has a more depleted value in its mountain and oasis region, which indicates the recharge sources are probably ice-snowmelt water and precipitation with less evaporation. The other three headstreams have a similar isotope value in the mountain region, while the Aksu River has a more depleted water isotopic ratio in its oasis region. Along with the mainstream flow direction, the evaporation effect has a considerable influence on the surface water.


Figure 5. The spatial variations of river water δ18O in Hotan River, Yarkand River, Aksu River and Kaidu River (Tarim River Basin) according to mass balance. Large variation of climatic conditions and human activities.
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Deuterium excess (d-excess) is defined as d-excess = δD − 8δ18O by Dansgaard [22]. On the global scale, the d-excess values are about 10 for meteoric water [27]. Figure 6 show the variations in the d-excess of waters collected along the Tarim River during the investigation period. There is a marked elevation of variation in the d-excess values. The precipitation isotopic composition becomes enriched when clouds rain out but declines along the slope of a mountain. The annual mean value of the d-excess of stream waters from the upstream region is higher than that of stream waters from the lower region. This may be induced by different fractions of water component inputs in the stream flow. The concentration of heavy isotopes decreases after the clouds rise to a high altitude, which creates an altitude effect. The precipitation contains relatively low values of d-excess, the groundwater contains relatively intermediate values of d-excess, and the ice-snowmelt water contains relatively high values of d-excess. The results show the d-excess of waters from upper streams is higher than that of meteoric water but lower than that of ice-snowmelt water. This pattern of variability in the d-excess may be explained by the attenuation of the recharge signal of precipitation and ice-snowmelt water during the evaporation process. This result indicates that there is an inverse correlation between the d-excess value and the values of δ18O and δD for the water samples collected; Figure 6 shows the spatial variation of the d-excess decreases with altitude. The water isotope has a negative correlation with altitude and a positive correlation with temperature. The four headstreams have a humid climate, low evaporation rate and high d-excess, but as temperatures rise, evaporation intensity becomes strong and the d-excess will increase. There are two main reasons why the d-excess fluctuated along the river flow direction: one is the difference in water vapor sources, another is the dams along the basin that lead to increased evaporation, isotopic enrichment, and finally changes in the d-excess. The d-excess features can be explained by the lower input of ice-snowmelt water. Because the midstream and downstream far from the mountain region have a more complicated recharge effect, the transformation relationship between the surface and the groundwater is studied to determine the contributing rates of each water type to the river water.


Figure 6. Time series of discharge (solid line, m3/s) in the whole Tarim River at the hydrological stations, and fluctuations of δ18O (circles, ‰) and d-excess (triangles, ‰) sampled from the deep river water (at least 30 cm below the surface of the water) near the wells.
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4.3. Hydrograph Separation


Based on Equations (5) and (6), the contributions of rain, meltwater, and groundwater were computed with the hydrograph separation analysis. The contribution of ice-snowmelt water varied from 14% to 40%, and that of rain varied from 9% to 54% within different sub-watersheds. As shown in Table 2, there are considerable variations of ice-snowmelt water percentage among different watersheds, in virtue of the uneven distribution of glacier and precipitation amounts. The groundwater percentage of the Hotan River is 58.85%, which is higher than the little ice-snowmelt water. The previous months had high air temperatures; therefore, more ice-snowmelt infiltrated into the baseflow, delaying its discharge into the river. Conversely, the Yarkand River, which also originates from the Kunlun Mountains, has abundant ice-snowmelt, with similar air temperature, so the average percentage, i.e., 40.85% of runoff, is recharged by ice-snowmelt in the wet season. Using Equations (5) and (6), the calculated results of the percentage of surface water recharge to groundwater for the middle reaches of the Tarim River are shown in Table 2. It can be seen from the table that there was a marked increase for the fraction from 69.58% to 92.45% for the downstream. Some watersheds along the Tarim River were continuously pumped out into an impermeable canal for irrigation, which resulted in the decrease of infiltration from river water into groundwater and even transformed the interaction between surface water and groundwater. Here, we only study the average recharge percentage.



Table 2. The mean concentration of tracers in different water types and the fraction of water sources discharged to river runoff.







	
Sampling Region

	
River Water

	
Rainfall

	
Groundwater

	
Ice-Snowmelt Water

	
Estimated Fractions (%)




	
(δ18O, ‰)

	
(δ18O, ‰)

	
(δ18O, ‰)

	
(δ18O, ‰)

	
Rainfall

	
Groundwater

	
Ice-Snowmelt Water






	
Hotan River

	
−6.64

	
−2.55

	
−9.70

	
−10.72

	
26.18

	
58.85

	
14.97




	
Yarkand River

	
−8.78

	
−4.80

	
−7.54

	
−11.19

	
9.04

	
50.10

	
40.85




	
Aksu River

	
−7.85

	
−5.19

	
−9.94

	
−11.17

	
54.80

	
20.59

	
24.61




	
Kaidu River

	
−7.52

	
−3.98

	
−10.58

	
−11.17

	
49.91

	
15.34

	
34.75




	
Middle Stream

	
−9.53

	
−6.61

	
−8.26

	
−17.91

	
/

	
−69.58

	
/




	
Downstream

	
−7.78

	
−3.87

	
−7.21

	
−19.49

	
/

	
−92.45

	
/








Notes: Input parameters: Precipitation TDS = 9.3 [28]; Aksu River: ice-snowmelt water TDS = 155.0 [29]; Groundwater: Hotan River TDS = 489.0, Yarkand River TDS = 456.0, Aksu River TDS = 568.0, Kaidu River TDS = 552.0; River water: Hotan River TDS = 222.0, Yarkand River TDS = 289.0, Aksu River TDS = 213.0, Kaidu River TDS = 222.0.










5. Discussion


5.1. Reasons for Spatial and Temporal Variations of δD and δ18O


In general, altitude effects, different water sources that rivers receive, and isotope fractionation caused by evaporation could be possible reasons for spatial and temporal variations in δD and δ18O.



For the rainy season, the role of rain as a water source was not ignored. Precipitation in Xinjiang also exhibits significant seasonal differences, with most precipitation occurring during the summer months. About 80% of the groundwater in the basin is recharged from the surface water [19]. Groundwater sampled in the wet season has a similar location as it recharges baseflow. Ice-snowmelt water with high deuterium excess recharging the baseflow also contributes to this feature. The baseflow thus does not only supply the river’s runoff during the rainless season but also recharges groundwater during the wet season [22].



In the mountains, the higher altitude areas receive 60% from ice-snowmelt water and groundwater (which mainly come from the conversion of baseflow), and the southern border mountains receive 50%–70%. About 98% of the Tarim River’s runoff is received from four headstreams in the upper mountain areas. Groundwater in the mountains is mainly recharged by precipitation in summer and autumn because of the seasonal precipitation pattern, and thus exhibits the feature of moisture recycling. In contrast, the plain areas have more uniform precipitation distribution throughout all four seasons, with spring or summer receiving slightly more. The plains in the middle and downstream regions of the basin receive less than 150 mm annual precipitation, and are mainly the diffusion and consumption areas, and generate little surface runoff [3].



Generally, the surface water sampled in the midstream and downstream regions should fall below the GMWL and LMWL. The opposite result occurred because samples that lie above the MWL received recharge from ice-snowmelt water that infiltrated rapidly through the highly permeable zone before significant loss by evaporation. For the water samples that fell above the LMWL (Figure 4), evaporation played an unimportant role in the fractionation of water isotopes. Take Kaidu River as an example; the spatial distribution of rain was imbalanced in the whole watershed, among which Kaidu River had relatively more precipitation, which was also proven by the largest contribution of rain (Table 2). This indicated that Kaidu River was affected slightly by the rain, and this river has the heaviest isotopes among these tributaries, resulting in high isotopic changes after flowing downstream of Tarim River (Figure 5). Therefore, altitude effects could be due to different isotope values; consequently, there was an obvious altitude effect along the river flow direction.




5.2. The Sensitivity of Glacier Rivers to Climate Change


In alpine catchments, the change of melted water in the total runoff is a direct response of water resources to climate change [30,31]. Therefore, calculating how much ice-snowmelt water there is in the total runoff can evaluate the effect of climate change.



There are 46,377 glaciers in China, covering a combined area of 59,425 km2 [32]. Based on this estimate, about one-third of China’s glaciers will disappear by 2050. However, the trend towards increasing precipitation in the mountains will offset the melting trend of glaciers to a certain extent. The northern slopes of the Tianshan water system have also changed. During the past several decades, the baseflow of Kaidu River has increased, while the baseflow index has begun to decrease gradually [19]. These changes in glaciers have a major impact on water resources. The runoff recharge proportions from glaciers will increase significantly in the short term, which will have a positive effect on water resources and the ecological environment. However, the accelerating melting rate will reduce the water resources over a longer period, which will then bring severe challenges to this region.



For Hotan River and Yarkand River, the groundwater contribution rates are more than 50% of the total runoff (Table 2). The important role that baseflow plays between ice-snowmelt water and groundwater before the mountain mouth should not be ignored. In addition, there is a large gap in elevation between the mountains and basins, which leads to flooding of low-altitude areas. Analysis of climate change in the Tarim River Basin over the past 50 years shows that the temperature and precipitation of the basin experienced a jump-point in the mid-1980s. It is predicted that if temperature rises by 1 °C, precipitation will increase by 10%, and the glacial runoff in Xinjiang will increase by 7.8%–12%. At the same time, glaciers will shrink by 4.3% [32]. Therefore, even if temperatures and precipitation both increase, the melting trend of glaciers cannot be completely offset.



Floods often occur in the Tarim Basin area, especially in the Tianshan and Kunlun Mountains [22]. The melt season also leads to the changing structure of water source recharge; the Hotan River, the Yarkand River, the midstream and downstream all exhibited a sudden decrease in BFI (Figure 2), which may be considered an impact of the increased flood frequency of rain-fed rivers on the baseflow rate. The mountains are experiencing increased warming, whereas humidity is rising in the plain region. Warming in the mountains will increase the probability of snow floods. However, the Tarim River, which is China’s largest inland river, experienced downstream water reduction from 13.5 × 108 m3 in the 1950s to the current 2.84 × 108 m3. The fragile ecological environment and limited available water supply in the desert areas heighten the conflict between the ecological utilization of water resources and the economy [33]. Nonetheless, in this battle, the ecological use of water should be of greater concern, as the sustainability of water resources is the key element in social and economic development.





6. Conclusions


In this paper, we implemented a stable isotope mass balance method to study isotopic characterization of the Tarim River Basin and to quantify the recharge proportion between water bodies of typical regions. Seasonality in the isotopic composition of river water was evident, where water in the dry season was further affected by processes such as the recycling of water vapor and secondary evaporation. The mountain area was recharged with snowmelt and precipitation, with the isotopic composition largely dependent on elevation. Groundwaters in the mid-stream and downstream regions were recharged by surface water directly. The contribution of ice-snowmelt water varied from 14.97% to 40.85%, and that of rain varied from 9.04% to 54.80%, while that of groundwater varied from 15.34% to 58.85%. Ice-snowmelt water was still the main contributor to the baseflow, so the Hotan River and the Yarkand River are melt water-dependent rivers. Seasonal precipitation is the main supplying water source of baseflow in the Aksu River and the Kaidu River. The importance of ice-snowmelt in runoff is determined by climate sensitivity, and a warming and drying climate may impose significant changes in the hydrology of the Tarim River basin, which may then influence the reasonable utilization of limited water resources in the future.
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