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Abstract Natural tracers can be used in arid regions to
gain an understanding of streamflow generation and sea-
sonal streamflow sources; their application can support
water resources management, water quality studies, and
assessments of the impacts of climate change. In this study,
we identified hydrological processes in different seasons
based on the chemical and isotopic compositions of the
Urumgi River. Stable isotope (‘*0 and D) ratios and major
ion concentrations were measured on a monthly basis at six
sites along the Urumqi River from December 2011 to
October 2012. Most waters (groundwater, precipitation,
glacier, meltwater, and river water) of the Urumgqi River
basin are the Ca—HCOj; water type. In the slow flow period,
the ionic composition of the river water reflects weathering
and dissolution of dolomite and gypsum. Water—rock in-
teractions control the hydrochemical processes during the
slow flow period, while the hydrochemical characteristics
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of river water in the quick flow period are controlled by
precipitation, glacier water, and groundwater. The seasonal
variation in river 8'%0 and 8D values at different sites was
similar to that of water entering the headwaters of the
Urumgi River basin. The isotopic composition of pre-
cipitation was evaluated to obtain information on the ef-
fects of subcloud evaporation and moisture recycling on
the formation and isotopic composition of precipitation in
arid climatic conditions. We identified five different peri-
ods in streamflow using water chemistry and isotopic
composition.

Keywords Hydrochemical - 8'%0 and 3D - River water -
Streamflow component

Introduction

River basins are generally areas of high population density
because of the favorable living conditions, such as the
availability of fertile soils, and water for irrigation, indus-
trial manufacture, and domestic use. Rivers also provide an
efficient means of transportation. River runoff is the main
source of water for agricultural, industrial, and domestic
use (Vega et al. 1998; Kattan 2012), particularly in inland
areas. In arid regions, rivers play a particularly important
role in supporting industry and human life (Shen and Chen
2010). River systems in arid, inland areas therefore deserve
careful management. To gain an understanding of the water
cycle in river basins, and to permit robust assessment of the
impacts of environmental and climatic changes on the
continental water cycle, the isotopic and chemical com-
position of rivers (especially inland rivers) should be
monitored. To date, however, little research has been car-
ried out on integrated hydrological processes in arid,
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alpine, cold regions. Further, few have used a combined
isotopic and hydrochemical approach to examine variation
in hydrological processes across different landscape
segments.

In most situations, stable isotopes and geochemical
water tracers can provide valuable information and data on
instream hydrological processes, especially through studies
of water pathways, connectivity, transport of water and
pollutants, and the transit time of water (Maloszewski and
Zuber 1982; Vitvar and Balderer 1997; Kendall and Coplen
2001; Kattan 2008). Indeed, other researchers have con-
firmed the value of using isotopic composition information
for estimating the mean residence time and storage prop-
erties of surface water (Maloszewski et al. 1992, 2002;
Vitvar et al. 2002; Frederickson and Criss 1999). Changes
in the isotopic and hydrochemical composition of rivers
can be used to characterize the effects of snowmelt events,
to trace pathways of water flow in small basins (Jin et al.
2012), and to derive quantitative estimates of components
of river flow through hydrograph separation (Dincer et al.
1970; Sklash et al. 1976; Uhlenbrook et al. 2002). Tem-
poral and spatial variations in river water isotope compo-
sitions provide useful information on mixing of different
water bodies, the effects of inputs from tributaries, and the
role of dams and lakes (Payne et al. 1979); they can also
provide a robust evaluation of the influence of terrain,
fracture types, and evaporation under dry climates (Aly
et al. 1993).

A large number of isotopic and hydrochemical studies
have been carried out in large rivers worldwide (Fontes
and Gonfiantini 1968; Salati et al. 1979; Simpson and
Herczeg 1991; Frederickson and Criss 1999; Winston and
Criss 2003; Kendall and Coplen 2001; Martinelli et al.
2004; Sun et al. 2014). To date, however, there have been
few hydrochemical and isotopic investigations in the
Urumgqi River system. Because this river is an important
surface water resource in the region, we decided to carry
out a detailed study of its hydrochemical and isotopic
composition so as to (1) obtain a better understanding of
the hydrological and geochemical characteristics of this
river, and (2) gain a general insight into hydrological
processes in the rivers in the Tianshan Mountains. In this
present study, we assessed glacier, precipitation, snow-
melt, groundwater, and surface water from different alti-
tudes using both isotopic and hydrochemical tracers
through an entire year. The specific objectives of the study
were as follows: (1) to identify the factors that controlled
the chemical composition of the different water types; (2)
to investigate the isotopic properties of precipitation
processes in different seasons; (3) to investigate temporal
and spatial variation in the isotopic values of river water;
and (4) to examine hydrological processes through dif-
ferent seasons.
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Study area and materials
Study area

There are many rivers on the northern slopes of the Tianshan
Mountains. These rivers are the main source of water for
regional cities, and they support the continued economic
development of the region. Of these rivers, we chose the
Urumgi River basin as our case study. This basin (between
86°45'-87°56'E and 43°00'-44°07'N) is in the middle part of
the northern flank of the Tianshan Mountains (Fig. 1) and is
about 175 km from Urumgji, the capital city of the Xinjiang
Uygur Autonomous Region, China. The basin is more than
200 km long from north to south and is between 25 and
50 km wide from east to west. The source of the Urumqi
River is Urumgqi River Glacier no. 1, a northeast-facing
valley glacier. The annual precipitation in the mountainous
headwater regions is between 400 and 500 mm, and the
annual average temperature across the whole basin is ap-
proximately 4 °C. The focus of this study was the area above
the Ying Xiongqiao hydrological station. This station is at an
elevation of 1,867 m and controls a drainage area of
924 km?. The average annual precipitation at the gauging
station is 526 mm. The average annual discharge for the
period from 1958 until the present is 7.02 m> s_l, and the
annual average discharge depth is 240 mm. The drainage
basin includes 124 glaciers that have a combined area of
38 km? and account for 4.1 % of the drainage area. The
forested area extends from an elevation of 1,500 m to
2,900 m and is dominated by Betula and Picea species. The
alpine zone above 2,900 m consists of mountain meadow
communities, bare rocks, and glacial deposits. The perma-
nent snow line is at approximately 4,000 m, and the lower
limit of permafrost is 3,000 m (Wilhams et al. 1995).

Sampling collection

Seven sampling campaigns were carried out in the study
area from December 2011 to December 2012. Water
samples were collected on a monthly basis from six sites
distributed along the Urumqi River. In addition to the long-
term monitoring data, water samples were collected at the
Ying Xionggiao hydrological station from December 2011
to December 2012. Precipitation samples were also col-
lected at this station during events from December 2011 to
November 2012. Eight groundwater samples were col-
lected from the Urumgqi River basin, and five glacier
samples and four snowmelt samples were collected from
Glacier no. 1.

Water samples for isotope analysis were collected in
5-mL glass vials. Each vial was washed three times before
sampling and sealed immediately with Parafilm to prevent
evaporation. Water samples (500 mL) for ion
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Fig. 1 Location map of the
Urumgqi River basin and water
sampling locations referred to in
this paper
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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. Other related variables, such as air tem-
perature and humidity, were measured at meteorological
stations in the basin over the period of sample collection.

Laboratory analyses

The 3'®0 and 3D values in the river water samples, glacier
water, groundwater, and precipitation samples were mea-
sured at the State Key Laboratory of Desert and Oasis
Ecology, Xinjiang Institute of Ecology and Geography,
Chinese Academy of Sciences. All the samples were
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analyzed by a Liquid Water Isotope Analyzer (Model
DLT-100; Los Gatos Research Inc.) in January 2012. The
precision levels for 380 and 8D were 0.1 %o and 0.3 %o,
respectively. Results were reported relative to the Vienna
Standard Mean Ocean Water (V-SMOW). To avoid the
memory effect associated with continuous-flow methods,
each sample was analyzed six times, and the first two
values were discarded. This software determines the 5'*0
and 6D values by calculating the differences between the
known and measured values for standard water samples.
Extremely accurate measurements of the isotopic ratios can
be achieved when these corrections are applied.

Major ions (Ca**, Mg*", Nat, K%, CI-, SO,*,
HCO;~, and CO5%7) were determined on water samples at
the State Key Laboratory of Desert and Oasis Ecology,
Xinjiang Institute of Ecology and Geography, Chinese
Academy of Sciences. Samples were filtered through a
0.45-pum Millipore membrane and then were analyzed by a
dual-column high-performance liquid chromatography
system (HPLC; model Dionex CD20), the analytical error
of which was less than 1 mg/L. The water temperature, pH,
electrical conductivity (EC), and the total alkalinity values
of all water samples were measured in the field at the time
of sampling.

Results and discussion

Hydrochemical characteristics of different waters
in the Urumgqi River basin

Hydrochemical characteristics of groundwater

Groundwater samples were collected at eight sites in the
Urumgqi River basin (Fig. 1). The concentrations of major
dissolved solutes in groundwater ranged from 128 to
245 mg/L (Table 1), and solute concentrations decreased
slightly with distance along the Urumgqi River. The pH of
groundwater ranged from 7.0 to 7.9, indicating that
groundwater was slightly alkaline. The EC values de-
creased from 341 puS/cm in the recharge area to 52 puS/cm
in the discharge area. The solute contents (mg/L) of the
groundwater samples decreased in the order: HCO;z;™
> Ca’t > S0,°” > ClI” > Mg*" > Na" > K™ > CO;*".
Hydrochemical types are generally in distinct zones, and
cation and anion concentrations are described within de-
fined composition categories. In this study, the dominant
anion species of the water gradually changed from HCO;™
to SO,*~ and then to CI~ with distance from the recharge
zone (Toth 1999; Wang 2014). Evaluation of the Piper
diagram in Fig. 2a shows that the groundwater is the Ca—
HCOj; type. The total dissolved solids (TDS) concentra-
tions in groundwater samples were <500 mg/L. HCO;™
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and SO4>~ were the major anions, and Ca*" and Mg>"
were the major cations in the groundwater.

High calcium concentrations in the Urumgqi River basin
were derived from calcium-rich minerals such as feldspars,
pyroxenes, and amphiboles. The major source of magne-
sium (Mg ") in groundwater was ion exchange of minerals
in rocks and soils via water. Water—rock interaction pro-
cesses, such as mineral weathering and cation exchange,
can be identified through cation concentrations and ratios
(Han et al. 2009). Factor analysis showed that C1~ and Na™
were the main controls on hydrochemical processes in this
study.

Hydrochemical properties of precipitation

Twenty-four samples of precipitation were analyzed for
their hydrochemical properties (Table 2). The concentra-
tions of major dissolved solutes in precipitation ranged
from 33 to 219 mg/L, orders of magnitude smaller than in
groundwater (128-245 mg/L) (Table 1). Maximum solute
concentrations in precipitation were observed from April to
June, the period when dust storms occurred frequently in
the region. Minimum concentrations were observed during
the winter season (October—February). Concentrations re-
mained relatively steady throughout the remaining months.

The pH in precipitation ranged from 5.99 to 7.36, which
indicates that the precipitation was generally neutral to
slightly acidic. The EC values decreased from 387 pS/cm
in May to 49 pS/cm in January, reflecting the progressive
washout of aerosol spray. The solute contents of pre-
cipitation samples decreased in the order: HCO;™ >
Ca’" > ClI” > SO > K" > Na™ > Mg*" > COs>". Ca*"
was the major cation, and HCO;~ was the major anion in
precipitation. The fact that the Ca*™ content is higher than
that of Na* may reflect continental atmospheric pollution
derived from desertic aerosols, atmospheric dust, and/or
industrial pollution. Previous studies (Gaye 1990; Diaw
et al. 2012) have reported that high Ca®" in precipitation
derived mainly from desertic aerosols in the form of car-
bonate particles. The position of data points in the Piper
diagram indicates that precipitation in the Urumgqi River
basin is the Ca—HCO; type (Fig. 2c¢). Factor analysis re-
sults indicated that Nat, HCO;~, and Cl~ were the main
controls on chemical processes in precipitation.

Hydrochemical characteristics of glacier and snowmelt

Glacier and snowmelt water were collected at Glacier no. 1
during 2012. The chemical composition of the glacier
samples was higher in summer. The mean pH values of the
glacier and snowmelt were 7.17 and 6.83, respectively,
which indicates that the glacier and snowmelt water are
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Table 1 Hydrochemical data of groundwater samples collected from the Urumgqi River during 2011-2012

Aliitude  *H (%0) 'O D-excess EC PH CI° S0/ Ca"  K' Mg>*  Nat  HCO;~ TDS
(o) (o) (us/cm) (mg/h  (mg/h)  (mg/)  (mg/H)  (mg/)  (mg/H) (mg/H)  (mg/D)
2460  —55.12 926 1896 341.00 790 277 461 6416 130 703 708 12296  245.00
2220 —5445 893 1699 156.00 740  2.70 470 6500 110 690  7.00  121.00  238.00
2,121 —5350 —8.80 16.90 61.00 700 190 3540 3640 090 420 370 84.40  129.30
2,115 =5350 —9.00 1850 5500 750 200 3890 3880 090 420 330 7880 132.00
2,113 -5380 —890 1740 5200 750 190 3610 3680 090 430 350 81.30  128.50
2,081 —5580  —9.00  16.20 5700 750 3.00 3890 4360 120 490  6.00 99.70  153.60
1,961 —53.40 —8.60 1540 69.00 750 230 4390 4160 080 450  4.10 83.20  143.50
1922 5460 —8.60 1420 7200 700 250 4400 4200 100 460 440 85.00  149.00

generally neutral to slightly acidic. In this study, the EC
ranged from 50 to 191.8 puS/cm in the glacier and from
17.1 to 28.1 puS/cm in snowmelt water (Table 2); the lower
values in snowmelt water indicate lower mineralization.
The chemical content of the glacier was higher than that of
snowmelt. Ca>* was the major cation, while HCO3~ was
the major anion, in glacier and snowmelt water, respec-
tively. The solute contents of the glacier and snowmelt
samples decreased in the order: HCO;~ > Ca’' >
S0, > ClI” > Na" > K" > Mg*" > CO;*". Factor
analysis results showed that Ca®" and Na™ controlled the
hydrochemical processes in snow and glacier meltwater.
The positions of the glacier and snowmelt water data points
in the Piper diagram (Fig. 2c) indicate that both waters
were the Ca—HCO3 type.

Hydrochemical characteristics of river water

River water samples were collected in seven sampling
events at six sites along the course of the Urumgqi River
(Fig. 1). The quality of Urumgqi River water was generally
fresh (36 < TDS < 352 mg/L). The dissolved ion con-
centrations of the Urumgqi River water were generally less
than those in other rivers in arid (about 440 mg/L) and
semiarid zones (about 370 mg/L) (Fig. 3), but were higher
than the global average (about 81 mg/L) (Meybeck 1979).
The chemical composition (magnesium, potassium, and
bicarbonate concentrations) of the Urumgqi River was
somewhat comparable with that of other semiarid zone
rivers; with the exception of calcium, the average chemical
composition of the Urumgqi River was lower than that of
arid zone rivers.

To gain a better understanding of hydrochemical pro-
cesses in the Urumgqi River, we defined the streamflow into
two periods: low flow (from November to April) and quick
flow (from May to early October). Physicochemical in-
formation for samples collected in these two periods (e.g.,
pH, EC, major anions and cations) is presented in Table 2.
The mean pH values for the low flow and quick flow

periods were 8.25 and 7.10, respectively, and indicate that
the river water is generally slightly alkaline. pH values
(Fig. 4b) showed a slight increase from March until May,
followed by a decrease from May to November. The in-
crease in pH in spring reflects the introduction of large
amounts of dissolved CO,, released from melting river ice
and snow (Wilhams et al. 1995). The decrease in pH was
generally the result of oxidation of organic matter in river
water (controlled by temperature and precipitation), and
further liberation of HCO; ™~ and H" species (Kattan 2012).
Therefore, the strong correlation between pH and CO,
partial pressure values and the weaker correlation between
pH and bicarbonate concentrations demonstrate that ther-
modynamic conditions control the distribution of carbon
species types in natural water.

EC ranged from 18 to 774 puS/cm and had a mean value
of 318 uS/cm in low flow (Table 2); in quick flow, EC
ranged from 138 to 335 uS/cm and had a mean value of
240 pS/cm. The mean TDS value decreased from 222 mg/
L in the low flow period to 198 mg/L in the quick flow
period, reflecting the progressive dilution of river water by
meltwater and precipitation. The solute contents of slow
flow samples decreased in the order: HCO;~ > Ca’* >
S0, > ClI” > Na" > Mg*" > K" > CO5*"; quick flow
samples had a similar trend. Ca®* was the major cation,
and HCO;™~ was the major anion in river water. Variations
in EC values and HCOj;™ concentrations were mostly
similar throughout 2012, with small fluctuations at sites 5
and 6, and more pronounced variations at sites 1 and 2.
During the slow flow period (February to April), salinity
levels, EC values, and partial major ion concentrations
increased in the upstream region because of snowmelt
water that contained large amounts of salt. The salt in the
meltwater exacerbated salinization by infiltrating into the
groundwater and river water. The flushing of accumulated
soil salts and mobilization of saline groundwater into the
riverbed is known as the “drainage return flow” effect
(Simpson and Herczeg 1991). Minimum EC values were
observed in May. EC values and HCO;™ concentrations
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Fig. 2 a Piper map of groundwater at different altitude along the
Urumgqi River course during the period 2011-2012. b Piper map for
slow flow water and quick flow water. ¢ Piper map for precipitation,

fluctuated widely at site 3 throughout 2012, especially in
the melting season, indicating that river recharge from
seasonal snowmelt mainly occurred at this site (at an alti-
tude of 2,400 m). A small group of samples collected from
site 2 in October 2012 did not mix with the other samples
because of their higher CI~ and SO, content (Fig. 2).
The SO42_ concentrations increased from site 1 to site 2
and were slightly higher than those in baseflow (the main
source of site 2) before the snowmelt (main source for site
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1). The sulfate and chlorate originated from dissolution of
small amounts of gypsum from gypsum intercalations in
the metapelitic terrains of the aquifer.

Tonic deltas, ionic ratios, and saturation indices were
used to identify the hydrogeochemical processes in the
Urumgqi River. The geochemical evolution of the river
water was evaluated from the Piper diagram (Fig. 2b). The
hydrochemical types in this area were classified into two
major groups that represented slow flow and quick flow.
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Table 2 Hydrochemical data of surface water samples collected from the Urumgqi River during 2011-2012
’H (%) %0 D-excess EC PH CI- S0~ ca*’t Kt Mg>*  Nat  HCO;~ TDS
%) (%) (us/cm) (mg/H) (mg) (mgh) (mgh) (mgh) (mgh) (mgh) (mgh)
Slow flow
Site no. 1
11.12.05 —-50.32 —8.09 14.40 62.00 7.83 0.15 1.38 26.36  1.06 2.71 1.82 46.78  125.00
12.03.09 —44.03 —7.30 14.40 58.00 8.79 0.32 1.14 20.15 0.52 1.31 0.01 23.03  128.00
12.03.29 —57.64 —9.05 14.73 18.00  9.68 0.32 0.68 471 0.32 0.11 0.10 11.91 36.00
12.05.07 —59.42 —8.97 12.36
Site no. 2
11.12.05 —55.87 -9.10 16.90 134.00
12.03.09 —57.62 —9.45 18.01 285.00 7.71 2.23 5.09 53.98 1.61 6.36 5.35 108.18  216.00
12.03.29 —56.44 —8.98 15.40 288.00  8.11 721 5943 5234 184 6.11 9.04 53.35  204.00
12.05.07 —58.22 —8.92 13.13 257.00 8.19 529 5538 4637 1.62 5.38 5.69 4143  170.00
Site no. 3
11.12.05 —56.41 —9.47 19.38 162.00
12.03.09 —61.59 —10.03 18.68 77400 794 1281 34.07 131.48 4.08 31.36 12.56 93.90 324.00
12.03.29 —56.95 —8.73 12.92 448.00 8.47 1040 7227 82.50 2.16 14.18 8.07 82.35  352.00
12.05.07 —59.00 —8.73 10.86
Site no. 4
11.12.05  —57.69 —-9.26 16.37 112.00
12.03.09 —58.58 —9.26 15.54 354.00 7.83 2.98 6.82 63.16 1.37 8.01 11.87 11492  300.00
12.03.29 —57.26 —8.87 13.70 335.00 8.27 6.34  62.26 59.64 154 7.36 11.90 60.60  224.00
12.05.07 —59.87 —941 15.44 300.00 8.40 443 58.64 53.14 1.61 6.47 9.02 49.72  200.00
Site no. 5
11.12.05 —58.09 -9.09 14.63 261.00
12.03.09 —57.45 —8.77 12.69 411.00 7.87 3.58 8.75 66.37 143 11.20  20.28 127.83  304.00
12.03.29 —55.09 —17.95 8.54 317.00  8.60 5.06 57.05 59.71 147 6.48 9.37 61.11  220.00
12.05.07 —59.67 —9.38 15.35 310.00 8.10 432  57.67 55.87 134 6.20 8.68 58.01 195.00
Site no. 6
11.12.05 —56.24 —8.85 14.58 198.00
12.03.09 —56.12 —8.95 15.45 407.00  8.06 3.38 9.00 65.80 1.57 10.73  17.12 12697  268.00
12.03.29 —55.11 —8.41 12.14 411.00 8.31 10.61  78.07 67.15 1.76 10.51  20.96 72.51  248.00
12.05.07 —57.64 —8.87 13.30 380.00 8.16 741  67.30 62.86 233 9.24 15.18 73.03  255.00
Quick flow
Site no. 1
12.07.02 —67.47 —10.51 16.64 138.30  7.07 2.74 2534 25.81 1.65 2.86 1.92 71.85  135.00
12.08.25 —59.31 —9.42 16.07 191.80  7.03 2.29  40.59 4095 1.53 4.19 3.27 54.85  155.90
12.10.08 —57.20 —-9.29 17.12 267.50  6.57 45.08 4.15 40.19 1.28 5.09 3.79 7225  182.10
Site no. 2
12.07.02 —65.53 —10.52 18.66 145.10  7.32 329  27.70 2644  2.60 2.95 2.11 71.85  140.00
12.08.25 —59.37 —9.44 16.17 196.70  7.10 2.69 4385 3645 1.30 3.44 2.02 56.09  160.00
12.10.08 —57.00 —9.12 15.96 269.50  6.52 44.23 4.60 3939 135 491 4.86 9.00  109.50
Site no. 3
12.07.02 —63.48 —10.28 18.74 176.50  7.67 2.60 31.20 3392 1.64 3.54 3.35 88.61  200.00
12.08.25 —59.86 —9.45 15.78 233.00 7.30 274 4323 41.01 1.22 4.16 3.61 82.27  197.00
12.10.08 —57.66 —-9.32 16.87 312.00 6.57 48.03 4.66 4774 1.15 5.35 6.75 99.26  223.50
Site no. 4
12.07.02 —62.99 —10.00 17.00 17470 7.59 2.64  28.10 3491 1.23 3.21 3.55 95.79  200.00
12.08.25 —59.63 —9.42 15.74 231.00 7.29 271 4315 4091 1.11 4.57 1.87 76.70  196.00
12.10.08 —58.14 —9.27 16.01 326.50 6.63 53.06 4.33 4779 1.24 6.34 7.73 97.30  228.50
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Table 2 continued

’H (%) %0 D-excess EC PH CI- S0~ ca®t Kt Mg>*  Nat  HCO;~ TDS
(%0) (%0) (us/cm) (mg/H) (mg/!) (mgl) (mg/) @mgl) (@mgl) (mgl) (mg/)
Site no. 5
12.07.02 —6322  —9.69 1433 26400 7.53 445 4268 4438 1.76 6.84 1278 13172 255.00
12.08.25 —59.61  —9.42 1575 26000 745 4.02 43.67 4288 1.13 474 646  93.82  226.00
12.10.08 —5747  —9.11 1542 33500 647 5042 436  48.13 141 6.61 9.66 10526  236.50
Site no. 6
12.07.02 —6222  —925 11.81  201.00 7.69 3.5 3129 4045 1.59 436 549 10298  250.00
12.08.25 —59.67 —9.43 1578  263.00 746 370 4232 4358 1.24 512 547 8938  228.00
12.10.08 —57.88  —9.25 16.10 33650 6.62 4874  5.08 48.46 1.38 675 10.12 10696  238.00
Glacier
12.03.29 —-6020 —9.84 18.52 64.00 7.66 264 281 256 046 0.13 1.17 1036 44.00
12.05.08 —66.40 —10.60 18.40 5090 821 1.89  0.77 9.01 028 082  6.07 852  31.90
12.07.02 —63.79 —10.13 17.28 96.10 679 590 12.73 15.64  6.44 123 032  77.83  195.00
12.08.25 —60.10  —9.65 17.06 19180 7.03 229 4059 4095 1.53 419 327 5485 15590
12.10.08 —5874 —9.44 16.74 83.80 6.14 422 1.42 1036 0.59 0.71 140 3451 54.50
Meltwater
12.05.08 —65.84 —10.34 16.86 17.10 674 173 1.69 267 022 035 001 2395 65.00
12.07.02 —164.16 —21.64 8.99 1590 6.80  1.20 1.56 262 0.14 033 003 3353 60.00
12.08.25 —61.00 —10.00 19.00 28.10 6.84 226 349 444  0.63 058 004 3353 95.00
12.10.08 —68.11 —10.68 17.35 2750 692 097 352 441  0.50 059 006 3233 75.00
Precipitation
2012.01.19 —261.10 —36.18  28.38 4990 7.08 167  4.388 6.51 0.46 041 041 3592 75.00
2012.02.01 —251.99 —33.87 18.97 73.10 694  1.81 5.97 9.62 0.82 0.53 047  49.09 85.00
2012.02.21 —193.67 —25.76 12.40 4090 694 353 1.98 596 0.27 028  0.04 3832  70.00
2012.02.22 —176.78 —23.84 13.95 2530 694 076 233 329 023 029 015 2994  60.00
2012.03.20 —172.47 —22.69 9.07 80.60 643 335 11.37 1122 0.63 078  0.89 2874 180.00
2012.04.09 —126.89 —17.75 15.07 8260 651 298 11.98 10.86  0.60 076 085 3592  210.00
2012.04.17  —28.09 —635  22.68 7540 622 277 1177 1123 0.69 080  0.93 17.96  170.00
2012.05.10 —21.83  —491 17.49 72.00 611 3.63 878 12.47  0.46 0.92 113 21.55 75.00
2012.05.25 —46.03 —7.23 11.83  387.10 661 574 3039 3454 153 136  1.87  71.85 215.00
2012.06.03  —75.24 —10.03 497 13250 670 295 21.01 19.67 137 0.96 138  61.07  190.00
2012.06.04 —5497 7172 680 12450 7.12  1.62 992 20.09 1.30 1.15 155  89.81  205.00
2012.06.06 -7.70 —0.85 —0.88 11490 736 162  7.13 22.00 0.98 124 052 79.03  190.00
2012.07.13  —2691  —4.27 7.24 7440 734 159 724 1441 045 043 003 5269 170.00
2012.07.19  —4841  —7.34 10.28 5470  6.00 576 1.78 6.48 0.23 025 041 1734 33.80
2012.07.22  —36.72  —4.95 2.87 8160 6.16  3.50 1.89 279 1.27 027 047 3298 4420
2012.07.31  —69.39 —620 —19.79 14280 647 6.84 1.68 3.88  3.06 031 089 5259  70.60
2012.08.04 -0.17 —=0.01 —0.08 7640 6.19  3.39 1.88 6.00 0.76 027 030  28.11 41.90
2012.08.05 —6643 —8.00 —243 13470 6.07 1547 334 11.63 127 0.55 1.02 4143 75.20
2012.08.09 —4631 —6.28 394 21200 641 2167 530 1521 3.58 110 282 6370 11422
2012.08.16  —36.77  —5.88 1029 14580 6.12 9.19 543 1149 138 058 073  60.13 90.60
2012.09.17  —3535 =220 —17.75 4960 599  1.82 162  46.03 255 230 248 1847  76.60
2012.09.09 12.63 392 —18.76  203.00 640 3198 631 40.89 141 517 592 632  99.00
2012.10.19 —16125 —19.59 —449 13800 640 49.81 11.49 376 045 014 0.16 6358 130.10
2012.11.20 —17026 —2023  —8.45 6920 6.05 2.86 1.99 9.40 0.40 022 026  27.09  43.60

@ Springer



Environ Earth Sci (2015) 74:1521-1537

1529

Fig. 3 Comparison of 300 - .
dissolved ions concentration in b
waters of Urumgqi River, global I
average, semiarid average, and = 250 " g
arid zone average (Meybeck CE” "
1979) =1 N .

S 200+ r

g ;

£ 150 —=—Global average N !

=} N - ! 4

e — «— Arid zone average \

[=] . . 19\

x -o- - Semi-arid zone average o,

® 1004 L[=-—Urumg

=

2

8] AN

o 504 o ’

A \‘ 7
- NI -
0 T g L T 5 T M T 5 T g T 1
Ca2+ Mg2+ Na+ K+ HCO3- Cl- S042- TDS
Fig. 4 Variations of water EC 300 —'—g;gg;gg
(), pH (b), and HCO;~ T —=— 12/05/08
(c) values at six stations along A —e— 12/07/04
600 —=— 12/08/25

the Urumgqi River course during
the period 2011-2012

—e—12/10/08

200 4
0 v T v T v T v T v 1
site No.1 site No.2 site No.3 site No.4 site No.5 site No.6
10 -
9 J
| -
S 84 ——
4/ "
7 -
I
6 v T T - T v T v 1
site No.1 site No.2 site No.3 site No.4 site No.5 site No.6
250 -
;T 200-.
£ 150-
.O” 100 4 / E—— -
,%’; / I
50 // .
0 v T T v T v T v 1
site No.1 site No.2 site No.3 site No.4 site No.5 site No.6

The first group was mainly comprised of the slow water
samples dominated by bicarbonate, and the positions of the
data points in the Piper diagram indicated the Ca—HCO;
water type. This type of water originates from a natural
process whereby carbon dioxide is dissolved from the at-
mosphere and from the soil horizon and then causes
breakdown of carbonate minerals, such as calcite (CaCOs).

The positions of the data points of the second group in the
Piper diagram indicated the Ca-HCO;-SO, water type.
This type of water mostly occurred in the quick flow pe-
riod, but also occurred at some downstream sites during the
slow flow period, reflecting progressive dilution of low
ionic concentrations during high recharge periods in the
Urumgqi River. In particular, site 2 and site 6 have the Ca—
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HCO5-SO, water type. The water type of the Urumgqi
River changed from Ca-HCO; to Ca-HCO3;-SO, from
August to October.

The slow flow water type is similar to snowmelt and
groundwater. In the slow flow period, the water chemistry
in the upstream reaches of the Urumgqi River was influ-
enced by drained land and small tributaries mainly com-
posed of carbonate rocks. An abundance of carbonate rocks
in the Neogene substratum outcrop close to the river caused
the TDS of river water to increase from approximately
164.9 mg/L at site 2 to 313 mg/L at site 3. This sharp
increase also reflected extensive evapotranspiration and
dissolution of evaporatic rocks (anhydrite and gypsum).
The samples points for the quick flow period in the Piper
diagram are close to those of groundwater, precipitation,
and glacier water (Fig. 2), indicating that the river is
recharged by precipitation, glacier water, and groundwater
during quick flow. The relationship between TDS and §'*0
(Fig. 12) further indicates that the river hydrochemical
properties in the quick flow period are influenced by pre-
cipitation, glacier water, river water, and groundwater.

Stable isotope composition of precipitation

Stable and radioactive natural isotopes are useful in hy-
drological research, especially in studies of meteoric water,
surface water, and groundwater. The most common isotopes
are hydrogen and oxygen, both of which are crucial in the
water cycle. The concentration ratio of stable isotopes
varies depending on the water source and natural processes,
such as evaporation and condensation. The isotopic com-
position of meteoric water has been extensively monitored
on most continents at regional and global scales (Gat 1996).
Spatial and temporal changes in the isotopic composition of
atmospheric waters has been used to characterize the be-
havior of water resources in terms of recharge origin, re-
plenishment rate, evaporation, mixing processes and
interconnections between aquifers (Gat 1996; Kendall and
Coplen 2001), and in predictions of climatic variations.

Local meteoric water line (LMWL)

Figure 5 shows the relationship between the §'%0 and 8D
values of precipitation from the Ying Xionggiao station,
located by the Urumgqi River. There is a significant linear
correlation (R? = 0.98) between 820 and 8D; the equation
of the least-squares regression line fits all the sample points
and is represented by:

8D = 7.098'%0 — 1.76, N = 76.

Both the slope (7.09) and the intercept (—1.76 %o) of the
linear regression line show the isotopic characteristics of
precipitation in the arid region, which are similar to both
the Global Meteoric Water Line (GMWL) (Dansgaard
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Fig. 5 Relationship between 8'80 and 8D values in precipitation
from Ying Xionggqiao stations along the Urumgqi River course during
the period 2011-2012

1964) and the regional Meteoric Water Line for the Urumqi
River (Pang et al. 2011). There are three distinct groups of
isotopic data for the GMWL: The first group comprises
data points with high 8'®0 values and plots below the
GMWL; the second group has medium 3'%0 and 8D values
and fits the GMWL; and the third one has lower 5'%0 and
dD values that plot above the GMWL and are located in the
lower left part of Fig. 5. The data points above the GMWL
with high deuterium excess (D-excess) values represent
mainly winter precipitation in conditions of low tem-
perature and low absolute moisture content of the air. The
data from the second group mainly represent spring and
autumn precipitation, while the data from the first group
below the GMWL mainly represent the summer. The iso-
topic enrichment was caused by high temperature and
subcloud evaporation.

Oxygen-18 and deuterium temperature effect

Atmospheric vapor is not only the carrier of 8'*0; variation
in atmospheric vapor influences and causes variation in the
5'®0 values in the water cycle. Atmospheric circulation,
because of its water content and transport ability, has a
strong influence on atmospheric vapor. Rowley and Gar-
zione (2007) found that independent moisture sources had
different isotopic compositions, temperature, and relative
humidity characteristics at different altitudes. Therefore, it
is useful to know the isotopic concentrations at different
temperatures and altitudes in water cycle research. Data for
the events for which continuous samples were collected at
the Ying Xiongqiao station are presented in Fig. 6. There is
a significant linear correlation between 3'%0 value and
temperature (Fig. 6). The equation of the least-squares re-
gression line is shown as:
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3'%0 = 0.888T — 14.247, R* = 0.79, N = 76.

As the temperature increased, the 5'%0 value also ap-
peared to increase. There was a contrasting trend, however,
in the D-excess value. When the temperature was below
0 °C, the D-excess value was high (above 10 %o0). When
the temperature was above 5 °C, the D-excess value ap-
peared to decrease as the temperature increased. This
analysis demonstrates that the D-excess value can help to
unravel the interactions between subcloud evaporation and
moisture recycling and that it can help to determine the
relative contribution of these processes to precipitation
formation in arid climatic conditions.

Pang et al. (2011) found that isotopic temperature had
an influence on the fundamental processes in northwest
China. These processes include equilibrium isotope frac-
tionation that cause adiabatic rise of clouds during winter
in mountainous regions, subcloud evaporation, and recy-
cling of moisture from the ground (soil and surface wa-
ter). The existence of these processes has been further
proved by this study. Data points for the events that were
sampled at the Ying Xiongqiao station fall into three
distinct groups. Samples in the first group (basically
snow) are related to low temperatures, below 5 °C. The
second group relates to temperatures between 5 and
12 °C, and the third group relates to higher temperatures
(between 12 and 18 °C). The first group showed a clear
temperature effect. Other researchers (Gat 1996; Pang
et al. 2011) have proved the existence of a linear rela-
tionship between &'®*0 and temperature points with
adiabatic cooling of rising air masses in mountainous ar-
eas. The near-constant 8'%0 values of the second group
suggest that the enrichment of 8'%0 caused by the tem-
perature effect is compensated for by recycling of
evaporated moisture with accordingly lower 8'%0 values

(Froehlich et al. 2008; Pang et al. 2011). The third group,
with generally higher 3'®0 and lower D-excess values at
Ying Xionggiao, seems to indicate that the isotopic en-
richment due to subcloud evaporation overcompensates
for the isotopic depletion caused by moisture recycling.

Stable isotope composition of the Urumqi River

The mean isotopic composition (3'%0 and 8D) of water
samples collected from six stations in the Urumqi River
through the study period are presented in Table 3, together
with the D-excess values.

Temporal and spatial variations in river water

Figure 7 shows the temporal variation in the 8'*0 and 8D
concentrations at the six stations from 2011 to 2012. There
was obvious seasonal variation in the 8'%0 value, with a
minimum value observed (—10.52 %o) in June or July and a
maximum value observed (—7.30 to 7.95 %o) in March or
April. The 3'®0 of river water increased in autumn and
remained almost constant during the river’s freezing peri-
od. The decrease in the 3'®0 values of river water in June
and July correspond with an increasing trend in discharge
from glacial meltwater (extremely low 8'%0 value
—9.76 %o) and alpine precipitation (Pang et al. 2011). The
increasing trend in the 8'80 value in autumn is mainly
explained by the recession of glacial meltwater and an
increase in groundwater discharge. The runoff from au-
tumn precipitation with a high 8'®*0 value was considered
to be an important factor in this increasing trend. The
maximum value observed in March reflects melting of river
ice and geocryology, as the water of river ice and
geocryology has a high 5'®0 value (—7.30 %o).
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Table 3 Mean isotopic compositions of water samples collected from the Urumqi River at six sites during 2011-2012

Site no. Location Altitude  3'%0 (%o V-SMOW) 3D (%o V-SMOW) D-excess (%o V-SMOW)
() Max Min Mean Max Min Mean Max Min Mean
1 43°06.848'N, 2,630 —7.304 —10.514 —8.948 —44.026 —67471 —56.484 12362 17.122 15.104
87°00.621'E
2 43°07.147'N, 2,510 —-8.919 —10.524 —9.362 —55.870 —65.534 —58.579 13.130 18.659 16.318
87°03.101'E
3 43°08.063'N, 2,406 —8.733 —10.277 —9.431 —56.407 —63.477 -—59.277 10.864 19381 16.175
87°04.695'E
4 43°12.319'N, 2,145 —8.870 —9.999 —-9.356 —57.261 —62.987 —59.166 13.703 17.002 15.685
87°06.774'E
5 43°20.598'N, 1,904 —7.954 —9.694 —9.059 —55.090 —63.217 —58.656  15.753 8.545 13.817
87°12.192’E
6 43°22.065'N, 1,867 —8.406 —9.953 —9.100 —55.112 —63.218 —57.982 12.139 16.096 14.822
87°12.172'E
Glacier 43°06.966'N, 3,743 —9.435 —10.134 —9.764 —58.74 —63.79 —60.71 18.524 16.739  17.399
86°48.981'E
Meltwater  43°06.965'N, 3,700 —9.66 —10.682 —10.121 —58.19 —65.837 —62.872 8.992 19.125 18.094
86°48.980'E
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Fig. 7 Spatial and seasonal variations of the average of 8'30 and 8D values along the different sites of the Urumgi River between 2011 and 2012

There was a decreasing trend in the isotopic composition
from site 1 to site 3. However, there was an increasing
trend from site 3 to site 6 (~0.31 and ~1.34 %o for 5'%0
and 6D, respectively). The average isotopic composition of
site 3 was the lowest during the study period. In the spring,
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the isotopic content concentration of site 1 was higher than
at the other sampling sites. In the autumn, all of the sites
showed similar isotopic concentrations. This demonstrates
that there is seasonal variation in the sources of water
supply to the Urumgqi River. The isotopic concentration of
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river water reached a stable state in autumn when
groundwater discharge became the main source to the river.

Seasonal variation of meltwater and glacier water

Seasonal variations in the 3'%0 and 8D average values of
meltwater and glacier in the Urumqi River from 2011 to
2012 are shown in Fig. 8. Minimum values for meltwater
(6180 and 6D are —22.00 and —160.00 %o, respectively)
were observed in late March. However, there was no sig-
nificant change in isotopic concentrations of meltwater in
other seasons. The low 8'®0 and 3D values of meltwater in
late March can be explained by the melting of new snow;
as the temperature increased to above 0 °C (Fig. 10), new
snow (with lower isotope value) increasingly melted. The
isotope value of the glacier was stable, which indicates that
seasonal environmental changes had a negligible influence
on the isotopic component of the glacier (see Fig. 8).

The relationship of 5'°0 and 6D

The relationship between the 8'0 and 8D of all water
samples collected from the Urumgqi River during the study
period are shown in Fig. 9. All water sample points were
above the GMWL. The higher D-excess values (Table 3)
and low 8'®0 values at all the stations of the Urumgqji River
are probably due to local orographic (mountainous)

Fig. 8 Plot of the seasonal
variation in 8'%0 and 8D for 4
glacier and alpine melt during
the period 2011-2012

5180,%o0)

conditions. A similar dependence of the D-excess on the
orographic situation was found in the Austrian Alps (Kat-
tan 2012), where the D-excess values of mountain and
valley precipitation differed significantly because of re-e-
vaporation processes (higher D-excess values on the
mountains, lower D-excess values in the valleys). The
water sample points fit a least-squares regression line,
represented by the following equation:

8D = 5.495180 — 7.69, R> = 0.84, N = 47.

The 8'®0 and 8D correlation has a slope of 5.49 and
intercept of —7.69, which is very different than the
GMWL.

Hydrological processes in the Urumgqi River

Changes in the stable oxygen and hydrogen (8'%0 and 8D)
isotopic signatures and hydrochemistry of a watershed’s
water are commonly used to identify hydrological source
areas and flowpaths in watersheds (Burns 2002). In addi-
tion, the relationships between solute concentrations and
changes in streamflow can also provide important infor-
mation on hydrological pathways. Different periods may
show different chemical and isotopic responses to hydro-
logical events. Sometimes rainfall passes rapidly through
watersheds and provides the major portion of streamflow
(Matsui et al. 1976). Watersheds store water, and snowmelt
recharges the watershed from above, so during the melt
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season and storms, increasing discharge comes from old or
pre-event water (Neal and Rosier. 1990).

Isotopic time-series partitioning of streamflow components

The long-term isotopic patterns of the Urumgqi River at the
Ying Xionggiao station are shown in Fig. 11. There were
four obvious changes during the study period. The first one
occurred on March 10. When the temperature was above
0 °C (Fig. 10), the old snow (with higher isotope values
because of evaporation) and river ice with higher 5'*0 and
dD content began to melt. The second was observed in
April 25 and was mainly caused by runoff from the pre-
cipitation and glacier with a lower 8'%0 and 8D content.
The isotopic characteristics of river water collected from
the second period were similar to those of precipitation and
the glacier (Fig. 9), which indicates that precipitation and
glacier melt are important sources for the Urumgi River.
The third significant change in stable isotope ratios oc-
curred on August 5. The inflow from tributaries does not
come from precipitation and the glacier, so groundwater
became the main water supply for the Urumqi River at this
point. The last significant change was observed on October
5 and was caused by snowmelt and strong evaporation. The
3'®0 and 8D values of snow cover in the Urumgi River
were very low (—36.18 and —267.10 %o, respectively), so
decreases in the 3'®0 and 8D values of river water in
March and April correspond to an increase in discharge
because of snowmelt water runoff. There was another
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snowmelt season from October to the end of November.
Higher surface temperatures with strong evaporation
caused the snow to melt rapidly; because it had been
subject to intense evaporation, the runoff from this later
snowmelt exhibited higher isotopic values.

Partitioning of streamflow components in the Urumgqi River

Hydrological processes in different seasons can be recog-
nized from the isotopic and hydrogeochemical data. The
isotopic concentrations fluctuated during the spring river-
ice melting season (Fig. 11). The isotopic composition was
extremely enriched in both 5'%0 and 0D, because old snow
that had undergone strong evaporation began to melt. The
chemical characterization of river water was similar to that
of snowmelt water during this period (Fig. 2), which
indicates that the main sources of river water were melt-
water and groundwater.

From mid-April to early August, the main season for
precipitation (Fig. 10), 8'®0 and 8D values were low be-
cause of glacier meltwater and precipitation. The main
sources of surface runoff to the headwaters of the Urumgqi
River basin were alpine precipitation and glacier meltwater
from April to August, the period of highest runoff
(Fig. 10a). Runoff from precipitation and glacier meltwater
were highest at this time because of heavy rainfall and high
temperatures. This is consistent with the fact that the iso-
topic characterization of river water is similar to that of
precipitation and glacier melt (Fig. 9). The relationship
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Fig. 12 a Relations of TDS-8'%0 of slow flow water, meltwater, and groundwater. b Relations of TDS-5"%0 of quick flow water, meltwater,

groundwater, precipitation, and glacier

between TDS and 8'%0 (Fig. 12) shows that, during the
period of quick flow, river discharge is mainly from pre-
cipitation, glacier meltwater, and groundwater. As global
climate change continues, variations in precipitation in the
headwaters will have a strong influence on the water re-
sources of the Urumgqi River basin.

Conclusions

Monitoring of temporal and spatial variations in the che-
mical and isotopic compositions at six sites in the Urumgqi
River water from 2011 to 2012 have so far led to the fol-
lowing major conclusions:

The average chemical composition of Urumqi River
water is higher than the average for the world’s rivers and
lower than that in rivers in semiarid and arid zones. The
Urumgqi River waters are weakly alkaline, and the pH of the
river water showed a decreasing trend. Most waters from
the Urumgqi River are the Ca—HCOj3 water type. In the slow
flow period, the ionic composition of the river water is
mainly from weathering and dissolution of both dolomite
and gypsum. Water-rock interactions are the most impor-
tant hydrochemical process during the slow flow period,
while in the quick flow period, river hydrochemistry is
controlled by precipitation, glacier, and groundwater.

The isotopic temperature effects in the Urumqi River
basin are based on fundamental processes. These processes
include the equilibrium isotope fractionation during
adiabatic rise of clouds during winter in mountainous ter-
rain, subcloud evaporation, and recycling of moisture from
the soil and surface water.

@ Springer

The seasonal variation in the 5'®0 and 8D values at
different river sites is similar to that in water entering the
headwaters of the Urumgqi River basin. Higher D-excess
values throughout the year in the Urumgi River basin
suggest that water is constantly recycled in arid inland
areas of northwestern China. We examined the hydro-
logical processes in different seasons using both isotopic
and hydrochemical tracers and found that there are five
distinct periods in the Urumgqi River. Surface runoff was
recharged by snowmelt and glacier melt from March to
mid-April. Snowmelt also occurred in late autumn. Surface
runoff was recharged mainly by precipitation and glacier
melt from June to mid-August, while baseflow (as spring
water) was the main supply of surface runoff in winter,
mostly with a lower runoff amount. The streamflow com-
ponent in the early autumn was similar to that of the
summer.
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