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Abstract: Studying spatial and temporal 
characteristics of regional groundwater recharge will 
guide the scientific management and sustainable 
development of regional water resources. This study 
investigated stable isotopes (δ18O and δ2H) of 
precipitation, groundwater, river water and lake water 
during 2019-2020 in Qinghai Lake Basin to reveal the 
spatial and temporal characteristics of groundwater 
recharge. The local meteoric water line was simulated 
using ordinary least squares regression (δ2H = 7.80 
δ18O +10.60). The local evaporation lines of the river 
water, lake water and groundwater were simulated as 
δ2H = 6.21 δ18O - 0.72, δ2H = 5.73 δ18O - 3.60 and δ2H 
= 6.59 δ18O + 1.76, respectively. The δ2H and δ18O of 
river water and groundwater were in more depleted 
values due to the recharge by precipitation at high 
altitudes or precipitation effects, and the δ2H and δ18O 
of the lake water were in more enriched values 
because of evaporation. The relationship between the 

δ2H and δ18O of groundwater and river water was not 
significantly different, indicating a strong 
hydrological connection between the groundwater 
and river water surrounding Qinghai Lake. 
Additionally, the maximum values of δ18O and the 
minimum values of lc-excess of groundwater in most 
regions were both in August, and the minimum values 
of δ18O and the maximum values of lc-excess of 
groundwater in most regions were both in October. 
Therefore, the groundwater was recharged by soil 
water with strong evaporation in August and 
recharged by precipitation at high altitudes in October. 
The recharge rate of groundwater was relatively fast 
in areas with large slopes and large hydraulic 
gradients (e.g., south of Qinghai Lake), and in areas 
with strong hydrological connections between the 
groundwater and river water (e.g., the Buha River 
Valley). Those results can provide data support for 
protection and utilization of water resources in 
Qinghai Lake Basin, and provide reference for 
groundwater research in closed lake basins on the 
Qinghai-Tibet Plateau. 
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1    Introduction  

Groundwater is a crucial freshwater resource 
worldwide; accounts for 96% of the earth's unfrozen 
fresh water resources; and provides 36%, 42%, and 24% 
of the world's drinking water, irrigation water, and 
industrial water (Shiklomanov and Rodda 2003; 
WWAP 2015; Lee et al. 2019). More than 50% of the 
global population relies on groundwater for drinking 
water, and 2.5 billion of these individuals depend 
entirely on groundwater for their daily water use 
(Upton et al. 2019). However, groundwater resources 
have deteriorated and have been depleted because of 
climate change, population growth, urban expansion, 
irrigation water and groundwater pollution (Edmunds 
et al. 2006; Werner et al. 2013; Zaidi et al. 2015; Feike 
et al. 2017; Jia et al. 2019; Sellerino et al. 2019). The 
United Nations predicts that by 2025, 1.7 billion 
people will live with water shortages and two-thirds of 
them will live without clean water (UN 2015). 
Continuous exploitation of groundwater leads to 
severe environmental and ecological problems, such 
as ground subsidence, aquifer unwatering, salt water 
intrusion, and ecological degeneration (Edmunds 
2009; Gleeson et al. 2012; Goldin 2016; Cuthbert et al. 
2019). Therefore, the storage and quality of 
groundwater must be considered and protected to 
ensure its sustainable use by humans and ecosystems 
(EC 2000; EC 2006; Rotiroti et al. 2019). The 
research results on spatial and temporal 
characteristics of groundwater recharge are the basis 
for the exploitation and protection of groundwater 
resources. Therefore, studying spatial and temporal 
characteristics of regional groundwater recharge will 
guide the scientific management and sustainable 
development of regional water resources (Chang & 
Wang 2010; Van Loon et al. 2016). 

Hydrogen and oxygen stable isotopes (2H/1H and 
18O/16O), components of water molecules, are natural 
tracers (Clark & Fritz 1997; Kendall & McDonnell 
1998; McDonnell & Beven 2014). δ2H and δ18O are 
widely used in climatology, hydrology, ecology, and 
oceanography (Augustin et al. 2004; O'Driscoll et al. 
2005; Levin et al. 2009; Klaus & McDonnell 2013; 
Thompson et al. 2013). Stable isotopes (δ2H and δ18O) 

in groundwater mainly depend on groundwater 
recharge sources, and the difference and 
spatiotemporal variation in the isotope composition 
of different recharge sources are the basis for solving 
the problem of groundwater recharge sources using 
environmental isotope methods (Clark & Fritz 1997; 
Gu et al. 2011).  

Qinghai Lake Basin is not only a key area for 
social and economic development (e.g., eco-tourism 
and grassland animal husbandry in Qinghai Province), 
but also an influential water body for maintaining 
ecological security in the northeast of Qinghai-Tibet 
Plateau. They also play an irreplaceable role in water 
conservation, climate regulation, and habitat 
provision (Cui & Li 2015; Gong et al. 2017). Qinghai 
Lake Basin is in the transition zone between the East 
Asian monsoon humid zone and the inland arid zone, 
which is extremely sensitive to global climate change 
(Li et al. 2018). Furthermore, Qinghai Lake Basin is 
an ideal area for studying global climate change and 
uplift processes, as well as the water cycle and eco-
hydrological processes in the Tibetan Plateau, because 
of its sensitivity to global climate change and the 
closed nature of its basin. Studies that have 
investigated the geochemistry and water cycle of the 
Qinghai Lake Basin focus mainly on paleoclimate and 
environmental changes, lake evolution and its 
response to climate change, sources of precipitation, 
characteristics of river runoff, and groundwater 
quality (Cui & Li 2015; Fu et al. 2016; Tang et al. 2018; 
Li et al. 2021). However, there have been few detailed 
studies on the temporal and spatial characteristics of 
groundwater recharge around lakes. In the seasonal 
permafrost region, increasing temperatures lead to 
permafrost ablation and weaken the blocking effect of 
permafrost on groundwater runoff infiltration, which 
further deepens the underground runoff path and 
increases the infiltration amount of ice and 
permafrost melt water and the amount of surface 
water input to downstream areas (Ge et al. 2011; 
Frampton et al. 2013; Wellman et al. 2013). Therefore, 
studying the temporal and spatial characteristics of 
groundwater will improve the understanding of the 
regional hydrological cycle and its response to climate 
change in alpine regions. 

In this study, hydrogen and oxygen stable isotope 
samples from precipitation, groundwater, river water 
and lake water in Qinghai Lake Basin were tested and 
analyzed to (1) characterize the hydrogen and oxygen 
isotope composition from precipitation, groundwater, 
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river water, and lake water and (2) to reveal the 
spatial and temporal characteristics of groundwater 
recharge by comparing the stable isotope 
characteristics of groundwater (52 sites), river water 
(15 sites), and lake water (21 sites) in April, July, 
August, October 2019 and January 2020 surrounding 
the Qinghai Lake. 

2    Study Area 

Qinghai Lake lies in a closed basin with an area 
of 29661 km2 (36°15'–38°20'N, 97°50'– 101°20'E) on 
the Qinghai-Tibet Plateau (Fig. 1). Qinghai Lake Basin 
lies in a critical transitional zone between the Asian 
summer monsoon-controlled (humid) and westerlies-
influenced (arid) areas of Asia (Li et al. 2018). The 
area and water surface altitude of Qinghai Lake are 
4425 km2 and 3195.82 m above sea level (m.a.s.l.), 
respectively. The average annual air temperature and 
precipitation are -0.1°C and 357 mm, respectively (Cui 
& Li 2015). The study area has a temperate 

continental semiarid climate on the Qinghai-Tibet 
Plateau. The annual temperature and precipitation 
changes in Gangcha were 0.04°C yr-1 and 1.56 mm yr-1 
from 1970 to 2016, respectively (Tang et al. 2018). 
Annual precipitation changed by 8.13 mm yr-1 from 
2005 to 2016 (Tang et al. 2018). Li et al. (2018) 
divided three freeze and thaw periods based on the 
temperature of the soil at a depth of 5 cm: freezing 
period (1 Jan. – 11 Apr. 2014), thawing season (11 Apr. 
– 30 Oct. 2014), and the post-freezing period (31 Oct. 
– 31 Dec. 2014). The three largest rivers of Qinghai 
Lake Basin are the Buha, Shaliu, and Haergai Rivers, 
which account for 75% of the surface water inflow into 
Qinghai Lake (Zhang et al. 2022).  

In the basin, mountains account for 
approximately 68.6% of the land area, and the valley 
and plain account for approximately 31.4% of the land 
area. Pre-Quaternary strata are mainly distributed in 
mountainous areas, and Quaternary loose deposits 
are mainly distributed in the piedmont, 
intermountain, and valley plains. The Mesozoic, 
Cenozoic, Paleozoic, and Late Proterozoic are mosaic 

 
Fig. 1 Location of Qinghai Lake Basin and sampling sites. 
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distributions in the basin. The characteristics of 
groundwater in mountain areas, piedmont alluvial 
plains and lakeshore plains are the recharge zone, 
runoff infiltration zone and underground runoff 
discharge zone, respectively. The groundwater 
aquifers in the basin are primarily alluvial, carbonate, 
intrusive rock, and clastic rock aquifers, 
corresponding to Quaternary deposits, late Paleozoic 
marine limestone and sandstones, Triassic granite, 
and Silurian sandstone and schist, respectively (Cui & 
Li 2014). Bedrock fissure water was mostly 
distributed in the fracture and residual layers. The 
average depth of groundwater ranges from 4 to 7 m in 
the vicinity of Qinghai Lake, where the groundwater 
depths are the shallowest in sparsely populated areas 
(Xiao et al. 2012). 

3    Data Source and Methods 

Precipitation samples were collected during 
every precipitation event from March 2018 to 
February 2020 (261 samples of rainwater) at the 
meteorological bureau of Gangcha (3301.5 m a.s.l.), 
Qinghai Province, China (Fig. 1). Groundwater, river 
water, and lake water samples were collected from 52, 
15, and 21 sites in April, July, August, and October 
2019 and January 2020 (Fig. 1). A total of 425 water 
samples were collected, of which there are 259 
groundwater samples, 73 river water samples, and 93 
lake water samples. Groundwater samples were 
collected after the water conductivity stabilized after 
3-5 min of well pumping. River water samples were 
collected 20 cm below the flowing water surface, and 
lake water samples were collected 50 cm below the 
lake water surface. The water samples were filtered 
using 0.45 μm nylon filters and stored in 30 mL high-
density polyethylene bottles for isotopic analyses. All 
samples were sealed with PARAFILM and stored in 
refrigerators (4°C). 

Stable isotopes were analyzed using a Los Gatos 
Research (IWA-45-EP) isotopic water analyzer. The 
measurement accuracy of the δ2H and δ18O content as 
per mill (‰) deviations from the international 
standard Vienna Standard Mean Ocean Water (V-
SMOW) were ± 0.5‰ and ± 0.2‰, respectively. The 
water level and temperature of the groundwater were 
acquired using a water level logger-titanium (ONSET 
HOBO). The precipitation amount weighted least 
squares regression (PWLSR) equation was defined 

(Hughes & Crawford 2012). Deuterium excess (D-
excess) was defined by Dansgaard (1964) as a second-
order stable isotope parameter measured in meteoric 
water to understand the source of precipitation and 
the evolution of moisture during transport (Bershaw 
2018). Line-conditioned excess (lc-excess) was 
defined by Landwehr and Coplen (2004) and can be 
used to distinguish fractionation hydrologic processes 
(Dansgaard 1964; Evaristo et al. 2015). Water that 
undergoes fractionation by evaporation has a negative 
lc-excess (Landwehr & Coplen 2004; Sprenger 2016).  

4    Results and Discussion 

4.1 Composition of stable isotopes in 
precipitation 

Stable isotopes (δ2H and δ18O) in precipitation 
are influential tracers used to evaluate the 
hydrological cycle (Clark & Frita 1997; Cui & Li 2015; 
Jung et al. 2022). The content of δ2H and δ18O in 
precipitation ranged from -192.19‰ to 36.32‰ (with 
an average of -53.86‰) and -25.18‰ to 4.71‰ (with 
an average of -8.26‰), respectively (Fig. 2). The local 
meteoric water line (LMWL) was simulated using 
ordinary least squares regression (δ2H = 7.80 δ18O 
+10.60 (R2 = 0.967, N = 261)) (Fig. 2). Local 
precipitation is predominantly derived from the 
westerly circulation from September through May and 
the East Asian monsoon from June to August (Cui et 
al. 2021). The slope of the LMWL (7.80) was similar 
to the slopes that have been observed for meteoric 
water lines in Lasa (7.90; Tian et al. 2001) and 
western China (7.56; Huang et al. 2008) and was 

 
Fig. 2 Relationship between δ2H and δ18O in 
precipitation of Qinghai Lake Basin (GMWL: Global 
meteoric water line; LMWL-OLSR and LMWL-PWLSR: 
Local meteoric water line by Ordinary least squares 
regression and Local meteoric water line by Precipitation 
amount weighted least squares regression). 
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lower than that of the global meteoric water line 
(GMWL: δ2H = 8.00 δ18O + 10.00; Craig 1961). This 
result indicates that the precipitation processes in the 
basin are affected by below-cloud secondary 
evaporation (Liu et al. 2008; Gui et al. 2019) because 
humidity in the inland arid area is low, and raindrops 
undergo evaporation as they fall, causing isotope 
fractionation and thus a decrease in the LMWL slope 
(Araguas-Araguas et al. 1998; Cui & Li 2015; Zhang & 
Wang 2016).  

The value of δ18O was negatively correlated with 
precipitation, whereas the D-excess was significantly 
positively correlated with precipitation (p < 0.01) (Fig. 
3). Therefore, raindrops in small rainfall events are 
more susceptible to secondary sub-cloud evaporation 
(Hughes & Crawford 2012). The LMWL (δ2H = 8.01 
δ18O +10.60 (R2 = 0.979, N = 261)) was simulated 
using an equation for a PWLSR (Fig. 2). The slope of 
the LMWL (8.01) was higher than that of the GMWL 
(8.00) because of the altitudinal effects of 
precipitation and low temperatures in the basin 
(Dotsika et al. 2010; Hughes & Crawford 2012; Cui & 
Li 2015).  

4.2 Stable isotopes compositions of surface 
water and groundwater 

The contents of δ2H and δ18O in the river water 
ranged from -69.36‰ to -28.32‰ (with an average of 
-50.08‰) and -10.91‰ to -3.70‰ (with an average 

of -7.95‰), respectively (Fig. 4 and Fig. 5). δ2H and 
δ18O were within the isotope ranges measured in the 
local precipitation samples (Fig. 4). Most of the 
isotope points in the river water were close to the 
LMWL. The local evaporation line (LEL) of the river 
water was simulated as δ2H = 6.21 δ18O - 0.72 (Fig. 4), 
where the slope of LEL (6.21) was lower than that of 
the LMWL (7.80) and LEL of groundwater (6.59) (Fig. 
4). These results are indicating that the river was 
primarily recharged by local precipitation that 
underwent varying degrees of evaporation before 
infiltration into the ground (Dotsika et al. 2010; Cui et 
al. 2014; Li et al. 2021). The slope of the LEL depends 
on the conditions (e.g., relative humidity, temperature, 
ambient vapor isotopic composition, mixing at the 
water–air interface, and thermodynamic activity 
[salinity] of water) (Gonfiantini et al. 2018). The 
stable isotopes (δ2H and δ18O) in the different rivers 
differed (Fig. 5) because of the influence of recharge 
sources, runoff, and anthropogenic factors (Li et al. 
2018). Slopes of the LEL of different rivers were 
ranked as follows: Quanji River (8.01) > Shaliu River 
(6.86) > Heima River (6.30) > Buha River (6.24) > 
Daotang River (5.77) > Ganzi River (5.64) > Haergai 
River (5.28) (Fig. 5). The contents of δ2H and δ18O of 

  

 
Fig. 3 Relationships between δ18O, D-excess of rain 
water samples and precipitation. 

 
Fig. 4 Characteristics of stable isotope composition of 
groundwater samples in Qinghai Lake Basin (LMWL: 
Local meteoric water line; G-LEL: Local evaporation line 
of groundwater; R-LEL: Local evaporation line of river; 
L-LEL: Local evaporation line of lake). 

 

Fig. 5 Characteristics of stable isotope composition of 
river water samples in Qinghai Lake Basin. 
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the Buha, Shaliu, and Heima Rivers were relatively 
low, mainly due to the high recharge altitude, large 
runoff, and weak evaporation. The contents of δ2H 
and δ18O of the Ganzi and Daotang Rivers were 
relatively high, mainly due to low recharge altitude, 
small runoff, and strong evaporation. The contents of 
δ2H and δ18O of the Haergai River were relatively low, 
but the evaporation was strong, possibly because the 
high altitude of the recharge source reduces isotope 
contents. Additionally, the widened river of the lower 
reaches, diversion irrigation, and decreased runoff 
intensify evaporation. The contents of δ2H and δ18O of 
Quanji River were relatively high, but evaporation was 
weak. This may be because the recharge altitude of 
the recharge source was relatively low, which led to 
the relatively high isotope contents. Moreover, the 
river channel was reconstructed to protect the 
migration and reproduction of carp, resulting in 
increased runoff and weakened evaporation. 

The contents of δ2H and δ18O for Qinghai Lake 
ranged from -26.31‰ to 3.82‰ (with an average of -
1.76‰) and -4.02‰ to 1.50‰ (with an average of 
0.32‰), respectively (Fig. 6). The contents of δ2H 
and δ18O in Haiyan were relatively high, and the δ2H 
and δ18O in Erhai were relatively low (Fig. 6). Slopes 
of the LEL of lakes surrounding Qinghai Lake were 
ranked as Erhai (6.24) > Qinghai Lake (5.75) > Gahai 
(3.84) > Haiyanwan (2.59) (Fig. 6). In Gahai and 
Haiyanwan, the lakes are relatively independent and 
have no surface runoff inflow, which results in 
relatively strong evaporation and enrichment of stable 
isotopes (Cui et al. 2016). 

The contents of δ2H and δ18O of groundwater 
ranged from -65.34‰ to -36.96‰ (with an average of 
-50.06‰) and -10.06‰ to -5.84‰ (with an average 

of -7.86‰), respectively (Fig. 4). Most isotope 
contents of the groundwater were close to the LMWL 
(Fig. 4). The LEL of groundwater was simulated as 
δ2H = 6.59 δ18O + 1.76 (Fig. 4), where the slope of LEL 
(6.59) was lower than that of the LMWL (7.80) (Fig. 
4), indicating that the groundwater was affected by 
the evaporation of soil water flows (Dotsika et al. 
2010). The ranges of δ2H and δ18O of river water and 
groundwater were relatively close, with no significant 
differences (Fig. 4), indicating that their recharge 
sources were mainly from precipitation. This result 
also indicated a strong hydrological connection 
between the groundwater and river water 
surrounding Qinghai Lake. The slopes of the LEL of 
groundwater at different times were ranked as follows: 
April (7.18), January (6.89), July (6.81), October 
(6.43), and August (5.74). 

4.3 Variations in water level and temperature 
of groundwater 

The burial depth of the water table ranged from 1 
to 16.7 m (with an average of 4.38 m). The depth 
range was similar to that reported in the literature 
(LZBCAS 1994; Xiao et al. 2013; Li et al. 2021). 
because the burial depth of the water table is 
influenced by geomorphology, topography, 
groundwater aquifers, and fault characteristics (Jin et 
al. 2009; Xiao et al. 2012), the burial depth of the 
water table around the lake was relatively shallow east 
of Qinghai Lake and south of Qinghai Lake, and 
relatively deep north of Qinghai Lake and west of 
Qinghai Lake. The difference in the hydraulic gradient 
between the groundwater level and the level of water 
in Qinghai Lake was calculated for each sampling site. 
The values obtained ranged from -0.06‰ to 13.47‰. 
The hydraulic gradient in the south of Qinghai Lake 
was relatively large, indicating that the potential flow 
energy was also relatively large (Boyraz & 
Kazezyilmaz-Alhan 2021). 

The groundwater temperature showed an 
upward trend during the thawing period and a 
downward trend in freezing period (Fig. 7). The high- 
and low-water periods of groundwater were observed 
in May and March in Gangcha, respectively (Fig. 7a). 
The high water period of groundwater occurred before 
the rainy season, but there was an increase in the 
water level of groundwater in the rainy season and 
November. The high- and low-water periods of 
groundwater were observed in July and January, 

 
Fig. 6 Characteristics of stable isotope composition of 
lake water samples in Qinghai Lake Basin (Q-LEL, H-
LEL, E-LEL and G-LEL: Local evaporation line of 
Qinghai Lake, Haiyanwan Lake, Erhai Lake and Gahai 
Lake). 
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respectively, in the Buha River (Fig. 7b, 7c). 
Additionally, the high-water period of the 
groundwater was consistent with that of the rainy 
season. The high- and low-water periods of 
groundwater were observed in September and 
February in southern Qinghai Lake (Jiangxigou and 
Heima River), respectively (Fig. 7d, 7e). The high- and 
low-water periods of groundwater was observed in 
November and July, respectively, in Erhai (Fig. 7f). 
The high-water period was after the rainy season, and 
the characteristics of the temperature and water level 
were similar in this region; thus, this may have been 
recharged from bedrock fissure water. According to 
Fig. 7, most of the groundwater high-water period 
occurred during the freezing period. Groundwater 
exploitation should also be controlled during the 

freezing period to protect groundwater resources, 
stabilize the ecological environment, and prevent 
brackish water invasion. 

4.4 Recharge source of groundwater 

Investigating of spatial variability can provide 
basic information and identify locally significant 
parameters that affect isotopic distributions (Dotsika 
et al. 2010). To analyze the spatial characteristics, we 
divided the areas of interest surrounding Qinghai 
Lake into eight regions: north of Qinghai Lake (G50-
G5, G37-G41), Gahai (G6-G7), Haiyanwan (G8), Erhai 
(G9-G11), south of Qinghai Lake (G12-G20), west of 
Qinghai Lake (G21-G27), Buha River (G28-G36), and 
Shaliu River (G42-G46) (Fig. 1 and Fig. 8). 

The contents of δ2H and δ18O of groundwater in 
the Buha River were higher than those in the river 
water (Fig. 8a) because surface runoff has relatively 
strong evaporation (Liu et al. 2022). The contents of 
δ2H and δ18O of the groundwater decreased gradually 
from January to July and increased gradually from July 
to October. However, the isotope contents of river 
water were the smallest in April and the largest in 
August. Additionally, the fluctuation trend of the 
groundwater level was consistent with that of the river 
water level and runoff in the Buha River. Therefore, 
there is a close hydraulic connection between 
groundwater and river water, but with the change in 
the runoff, there may be a more complex interaction 
between groundwater and river water. The mean 
contents of δ18O in different regions were ranked as 
follows: Shaliu River > north of lake > west of lake > 
Buha River > south of lake > Haiyanwan > Gahai > 
Erhai. The months with the maximum and minimum 
contents of δ18O in most regions were August and 
October, respectively. According to the literature, the 
content of δ18O in precipitation decreases with 
elevation, owing to altitude effects (Dotsika et al. 2010; 
Cui & Li 2015). Therefore, groundwater was mainly 
recharged by soil water with strong evaporation in 
August and recharged by precipitation at high altitudes 
in October. The slopes of the LEL of groundwater in 
different regions were ranked as follows: Erhai (6.69) > 
south of the lake (6.35) > Buha River (5.71) > north of 
the lake (5.01) > west of the lake (4.85) > Shaliu River 
(3.70) > Haiyanwan (3.09) > Gahai (1.40) (Table 1). 
The groundwater recharge altitude was ascertained 
using the altitude effect of oxygen isotopes in 
precipitation (Cui et al. 2014; Li et al. 2021). The 

Fig. 7 Characteristics of water depth, groundwater 
temperature and precipitation in Qinghai Lake Basin (a. 
Gangcha; b. Tianjun; c. Niaodao; d. Heima River; e. 
Jiangxigou; f. Erhai; g. Haiyanwan; h. Gahai). 
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recharge altitude of groundwater in 
Buha River, Shaliu River, north of lake, 
south of lake, west of lake, Erhai, Gahai 
and Haiyanwan was 3462.11, 3627.88, 
3987.44, 3447.42, 3450.37, 4700.95, 
3589.49, and 4135.46 m above sea level 
(m a.s.l.), respectively (Table 1).  

4.5 Evaporative fractionation of 
groundwater 

Stable isotopes of water 
molecules are often used to identify 
water sources and evaporative 
fractionation (Farrick & Branfireun 
2015; Zhao et al. 2018). Lc-excess can 
be used to determine the degree of 
evaporative fractionation of 
groundwater during runoff recharge 
in hydrological processes (Evaristo et 
al. 2015). The contents of lc-excess of 
groundwater ranged from -10.23‰ to 
10.41‰, with an average of 0.64‰ 
(Fig. 9). The mean contents of lc-
excess of groundwater in different 
months were ranked as follows: 
October > January > April > July > 
August. The mean content of lc-excess 
of groundwater was the smallest in 
August, indicating that evaporation 
was the most intense in August. The 
contents of lc-excess of groundwater 
in G1-G3, G7-G13, G32, G37, G38, 
G45, G46, and G52 negatively 
deviated in August than in other 
months (Fig. 9), indicating that it was 
subjected to strong evaporation in 
August. The lc-excess of groundwater 
in G11-G23 deviated more positively 
in October than in other months (Fig. 
9), this may be affected by 
precipitation effects. The contents of 
lc-excess of groundwater in G8, G9 
and G37 were negative in different seasons (Fig. 9), 
indicating that it experienced strong evaporation 
throughout the year or recharge from the lower 
altitude of precipitation. 

The mean contents of lc-excess of groundwater in 
the Buha River, Shaliu River, north of lake, south of 
lake, west of lake, Erhai and Haiyanwan were 1.95‰, 

1.30‰, -0.89‰, 2.21‰, 1.62‰, 0.80‰ and -5.70‰, 
respectively. The mean contents of lc-excess of 
groundwater in the north of the lake were negative 
year-round, and the minimum occurred in August, 
indicating that groundwater was relatively strongly 
affected by evaporation, especially in August. The 
mean contents of lc-excess of groundwater in the 

 
Fig. 8 Contents of δ2H and δ18O of groundwater in regions around Qinghai 
Lake (a. Buha River; b. Shaliu River; c. North of lake; d. South of lake; e. 
West of lake; f. Erhai; g. Gahai; h. Haiyanwan). 
 
Table 1 Evaporation line, initial δ18O, and recharge altitude of 
groundwater in Qinghai Lake Basin 

Regions Evaporation line 
Initial  
δ18O  
(%) 

Recharge 
altitude  
(m) 

Buha River δ2H = 5.71 δ18O - 4.68 -8.66  3462.11 
Shaliu River δ2H = 3.70 δ18O - 16.20 -7.29  3627.88 
North of lake δ2H = 5.01 δ18O - 11.04 -8.76  3987.44 
South of lake δ2H = 6.35 δ18O + 0.78 -8.70  3447.42 
West of lake δ2H = 4.85 δ18O - 10.90 -8.27  3450.37 
Erhai δ2H = 6.69 δ18O - 0.15 -11.65  4700.95 
Gahai δ2H = 1.40 δ18O -50.71 -9.98  3589.49 
Haiyanwan δ2H = 3.09 δ18O - 35.28 -10.27  4135.46
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south of the lake were positive year-round, indicating 
that groundwater has relatively weak evaporation or 
recharge from precipitation at high altitudes. This 
result also showed that groundwater was mainly 
affected by evaporation in Haiyanwan and north of 
the lake and was mainly affected by recharge altitude 
in the Shaliu River, west of the lake, Buha River, and 
south of the lake. Water surface slope is crucial to 
hydrological processes (Boyraz & Kazezyilmaz-Alhan 
2021). Therefore, the recharge rate of groundwater is 
relatively high in areas with large slopes and hydraulic 
gradients (e.g., south of Qinghai Lake) and in areas 
with strong hydrological connections between 
groundwater and river water (e.g., the Buha River 
Valley) (Li et al. 2021). Additionally, the groundwater 
recharge rate was relatively slow in areas with 
relatively flat terrain and without large surface runoff 
(e.g., east and north of Qinghai Lake). 

5    Conclusion 

In this study, the characteristics of δ2H and δ18O in 
precipitation, groundwater, river water and lake water 
in the hydrological process were analyzed and 
discussed based on 686 water samples from Qinghai 
Lake, the spatial and temporal characteristics of 
groundwater recharge were determined by comparing 
the characteristics of δ2H and δ18O in different water 
bodies, and suggestions on the utilization of 
groundwater resources were proposed based on the 
groundwater level. The exploitation of groundwater 
should be controlled in freezing period. The LMWL 
(δ2H = 7.80 δ18O +10.60 and δ2H = 8.01 δ18O +10.60) 
were simulated using ordinary least squares regression 
(OLSR) and PWLSR, respectively. The contents of δ2H 
and δ18O increased from January to June and 
decreased from June to December. The slope of the 
LEL of the lake (5.73) was lower than that of the 
LMWL, LEL of the river (6.21), and LEL of 
groundwater (6.59). The mean contents of δ18O in 
different regions were ranked as follows: Shaliu River > 
north of lake > west of lake > Buha River > south of 
lake > Haiyanwan > Gahai > Erhai. The slope of the 
groundwater LEL at different times was ranked as 
April (7.18), January (6.89), July (6.81), October (6.43), 

and August (5.74). Slopes of the LEL of groundwater in 
different regions were ranked as follows: Erhai (6.69) > 
south of Lake (6.35) > Buha River (5.71) > north of 
Lake (5.01) > west of Lake (4.85) > Shaliu River (3.70) > 
Haiyanwan (3.09) > Gahai (1.40). It was also found 
that the recharge by permafrost melt water and 
bedrock fissure water and the interaction of surface 
water with groundwater can affect the fluctuation of 
groundwater level, but determining the specific 
mechanism requires further research. 

Acknowledgments 

This work was funded by the National Natural 
Science Foundation of China (41730854, 41877157, 
42177236).

References

Ala-aho P, Welker JM, Bailey H, et al. (2021) Arctic snow 
isotope hydrology: A comparative snow-water vapor study. 

Atmos 12(2): 150.  
https://doi.org/10.3390/atmos12020150 

 
Fig. 9 Characteristics of lc-excess of groundwater 
around Qinghai Lake. 



J. Mt. Sci. (2022) 19(9): 2611-2621 

 2620

Araguas-Araguas L, Froehlich K, Rozanski K (1998) Stable 
isotope composition of precipitation over southeast Asia. J 
Geophys Res-Atmos 103(D22): 28721-28742.  
https://doi.org/ 10.1029/98JD02582 

Augustin L, Barbante C, Barnes PRF, et al. (2004) Eight glacial 
cycles from an Antarctic ice core. Nature 429(6992): 623-628. 
https://doi.org/ 10.1038/nature02599 

Boyraz U, Kazezyilmaz-Alhan CM (2021) An analytical solution 
for groundwater flow incorporating the effect of water bodies 
with sloping surfaces. Hydrol Sci J-J Sci Hydrol 66(7): 1211-
1221.  
https://doi.org/ 10.1080/02626667.2021.1925675 

Chang J, Wang GX (2010) Major ions chemistry of groundwater 
in the arid region of Zhangye Basin, northwestern China. 
Environ Earth Sci 61(3): 539-547.  
https://doi.org/ 10.1007/s12665-009-0364-2 

Clark ID, Frjtz P (1997) Environmental isotopes in hydrogeology. 
New York: Lewis Publishers. 

Craig H (1961) Principles of stable isotope distribution. Science 
133(3467): 1833-1834.  

Cui BL, Li XY (2014) Characteristics of stable isotope and 
hydrochemistry of the groundwater around Qinghai Lake, NE 
Qinghai-Tibet Plateau, China. Environ Earth Sci 71(3): 1159-
1167.  
https://doi.org/ 10.1007/s12665-013-2520-y 

Cui BL, Li XY (2015) Stable isotopes reveal sources of 
precipitation in the Qinghai Lake Basin of northeastern 
Tibetan Plateau. Sci Total Environ 527: 26-37. 
https://doi.org/ 10.1016/j.scitotenv.2015.04.105 

Cui BL, Li XY, Wei XH (2016) Isotope and hydrochemistry 
reveal evolutionary processes of lake water in Qinghai Lake. J 
Gt Lakes Res 42(3): 580-587.  
https://doi.org/ 10.1016/j.jglr.2016.02.007 

Cui BL, Li DS, Jiang BF, et al. (2021) Stable isotopes and 
chloride ion of precipitation events in the northeastern 
Tibetan Plateau, China. J Mt Sci 18(4): 834-846. 
https://doi.org/ 10.1007/s11629-020-6574-5 

Cuthbert MO, Gleeson T, Moosdorf N, et al. (2019) Global 
patterns and dynamics of climate-groundwater interactions. 
Nat Clim Chang 9(2): 137-141.  
https://doi.org/ 10.1038/s41558-018-0386-4 

Dansgaard W (1964) Stable isotopes in precipitation. Tellus 
16(4): 436-468.  
https://doi.org/10.1111/j.2153-3490.1964.tb00181.x 

Dotsika E, Lykoudis S, Poutoukis D (2010) Spatial distribution 
of the isotopic composition of precipitation and spring water 
in Greece. Glob Planet Change 71(3-4): 141-149. 
https://doi.org/ 10.1016/j.gloplacha.2009.10.007 

European Parliament and of the Council (2000) Water 
Framework Directive 2000/60/EC. Directive of the European 
Parliament and Council establishing the Framework 
Community of Actions in the Area of Water Policy.  
http://eur-
lex.europa.eu/LexUriServ/LexUriServ.do?uri=CELEX:32000
L0060:en:NOT (Accessed on 15 March 2021) 

European Parliament and of the Council (2006) Groundwater 
Directive 2006/118/EC. Directive of the European Parliament 
and Council on the Protection of Groundwater against 
Pollution and Deterioration. 
http://data.europa.eu/eli/dir/2006/118/oj (Accessed on 15 
March 2021) 

Edmunds WM (2009) Geochemistry’s vital contribution to 
solving water resource problems. Appl Geochem 24(6): 1058-
1073.  
https://doi.org/ 10.1016/j.apgeochem.2009.02.021 

Edmunds WM, Ma JZ, Aeschbach-Hertig W, et al. (2006) 
Groundwater recharge history and hydrogeochemical 
evolution in the Minqin Basin, North West China. Appl 
Geochem 21(12): 2148-2170.  
https://doi.org/ 10.1016/j.apgeochem.2006.07.016 

Evaristo J, Jasechko S, McDonnell JJ (2015) Global separation 
of plant transpiration from groundwater and streamflow. 

Nature 525(7567): 91-94.  
https://doi.org/ 10.1038/nature14983 

Farrick KK, Branfireun BA (2015) Flowpaths, source water 
contributions and water residence times in a Mexican tropical 
dry forest catchment. J Hydrol 529: 854-864.  
https://doi.org/ 10.1016/j.jhydrol.2015.08.059 

Feike T, Khor LY, Mamitimin Y, et al. (2017) Determinants of 
cotton farmers' irrigation water management in arid 
Northwestern China. Agric Water Manage 187: 1-10. 
https://doi.org/ 10.1016/j.agwat.2017.03.012 

Frampton A, Painter SL, Destouni G (2013) Permafrost 
degradation and subsurface-flow changes caused by surface 
warming trends. Hydrogeol J 21(1): 271-280.  
https://doi.org/ 10.1007/s10040-012-0938-z 

Fu CF, Bloemendal J, Qiang XK, et al. (2016) Identification of 
Greigite in the Pliocene sediments of Qinghai Lake and its 
geological significance. Acta Geol Sin-Engl Ed 90(6): 2261-
2262.  
https://doi.org/ 10.1111/1755-6724.13036 

Ge SM, Mckenzie J, Voss C, et al. (2011) Exchange of 
groundwater and surface-water mediated by permafrost 
response to seasonal and long term air temperature variation. 
Geophys Res Lett 38(14): 3138-3142.  
https://doi.org/ 10.1029/2011GL047911 

Gleeson T, Wada Y, Bierkens MFP, et al. (2012) Water balance 
of global aquifers revealed by groundwater footprint. Nature 
488(7410): 197-200.  
https://doi.org/ 10.1038/nature11295 

Goldin T (2016) Groundwater: India’s drought below ground. 
Nat Geosci 9(2): 98.  
https://doi.org/ 10.1038/ngeo2648 

Gonfiantini R, Wassenaar LI, Araguas-Araguas L, et al. (2018) A 
unified Craig-Gordon isotope model of stable hydrogen and 
oxygen isotope fractionation during fresh or saltwater 
evaporation. Geochim Cosmochim Acta 235: 224-236. 
https://doi.org/ 10.1016/j.gca.2018.05.020 

Gong J, Li JY, Yang JX, et al. (2017) Land use and land cover 
change in the Qinghai Lake region of the Tibetan Plateau and 
its impact on ecosystem services. Int J Environ Res Public 
Health 14(7): 818.  
https://doi.org/ 10.3390/ijerph14070818 

Gu WZ, Pang ZH, Wang QJ, et al. (2011) Isotope Hydrology. 
Science Press, Beijing. (in Chinese) 

Gui J, Li ZS, Feng Q, et al. (2019) Space-time characteristics and 
environmental significance of the stable isotopes in 
precipitation in the Gulang River Basin. Environ Sci 40(1): 
149-156. (in Chinese)  
https://doi.org/ 10.13227/j.hjkx.201804040 

He S, Wu JH (2019) Hydrogeochemical characteristics, 
groundwater quality, and health risks from hexavalent 
chromium and nitrate in groundwater of Huanhe formation 
in Wuqi County, Northwest China. Expos Health 11(2): 125-
137.  
https://doi.org/ 10.1007/s12403-018-0289-7 

Huang TM, Nie ZQ, Yuan LJ (2008) Temperature and 
geographical effects of hydrogen and oxygen isotopes in 
precipitation in west of China. J Arid Land Resour Environ 
22(8): 76-81. (in Chinese)  

Hughes CE, Crawford J (2012) A new precipitation weighted 
method for determining the meteoric water line for 
hydrological applications demonstrated using Australian and 
global GNIP data. J Hydrol 464: 344-351.  
https://doi.org/ 10.1016/j.jhydrol.2012.07.029 

Jia XY, O’Connor D, Hou DY, et al. (2019) Groundwater 
depletion and contamination: Spatial distribution of 
groundwater resources sustainability in China. Sci Total 
Environ 672: 551-562.  
https://doi.org/ 10.1016/j.scitotenv.2019.03.457 

Jin ZD, Yu JM, Wang SM, et al. (2009) Constraints on water 
chemistry by chemical weathering in the Lake Qinghai 
catchment, northeastern Tibetan Plateau (China): Clues from 
Sr and its isotopic geochemistry. Hydrogeol J 17(8): 2037-



J. Mt. Sci. (2022) 19(9): 2611-2621 

 2621

2048.  
https://doi.org/ 10.1007/s10040-009-0480-9 

Jung YY, Shin WJ, Seo KH, et al. (2022) Spatial distributions of 
oxygen and hydrogen isotopes in multi-level groundwater 
across South Korea: A case study of mountainous regions. Sci 
Total Environ 812: 151428.  
https://doi.org/ 10.1016/j.scitotenv.2021.151428 

Kendall C, McDonnell JJ (1998) Isotope Tracers in Catchment 
Hydrology, pp. 839, Elsevier, Amsterdam.  

Klaus J, McDonnell JJ (2013) Hydrograph separation using 
stable isotopes: Review and evaluation. J Hydrol 505: 47-64. 
https://doi.org/ 10.1016/j.jhydrol.2013.09.006 

Landwehr JM, Coplen TB (2004) Line-conditioned excess: A 
new method for characterizing stable hydrogen and oxygen 
isotope ratios in hydrologic systems. International conference 
on isotopes in environmental studies. IAEA, Vienna. 
http://dx.doi.org/10.8/S 

Lee E, Jayakumar R, Shrestha S, et al. (2019) Assessment of 
transboundary aquifer resources in Asia: Status and progress 
towards sustainable groundwater management. J Hydrol: 
Regional Studies 20: 103-115.  
https://doi.org/ 10.1016/j.ejrh.2018.01.004 

Levin NE, Zipser EJ, Cerling TE, (2009) Isotopic composition of 
waters from Ethiopia and Kenya: insights into moisture 
sources for eastern Africa. J Geophys Res-Atmos 114: D23306.  
https://doi.org/ 10.1029/2009JD012166 

Li DS, Cui BL, Wang Y, et al. (2021) Source and quality of 
groundwater surrounding the Qinghai Lake, NE Qinghai-
Tibet Plateau. Groundwater 59(2): 245-255.  
https://doi.org/ 10.1111/gwat.13042 

Li XY, Yang XF, Ma YJ, et al. (2018) Qinghai Lake Basin Critical 
Zone Observatory on the Qinghai-Tibet Plateau. Vadose Zone 
J 17(1): 1-11.  
https://doi.org/ 10.2136/vzj2018.04.0069 

Liu et al, Yu KK, Zhao YQ, et al. (2022) Impacts of climatic 
variation and human activity on runoff in Western China. 
Sustainability 14(2): 942.  
https://doi.org/ 10.3390/su14020942 

Liu JR, Song XF, Yuan GF, et al. (2008) Characteristics of δ18O 
in precipitation over Northwest China and its water vapor 
sources. Acta Geographica Sinica 63(1): 12-22. (in Chinese) 
https://doi.org/ 

LZBCAS (Lanzhou Branch of Chinese Academy of Sciences) 
(1994) Evolution of Recent Environment in Qinghai Lake and 
Its Prediction. Science Press, Beijing. (in Chinese)  

McDonnell JJ, Beven K (2014) Debates-The future of 
hydrological sciences: A (common) path forward? A call to 
action aimed at understanding velocities, celerities and 
residence time distributions of the headwater hydrograph. 
Water Resour Res 50(6): 5342-5350.  
https://doi.org/ 10.1002/2014WR015714 

O’Driscoll MA, DeWalle DR, McGuire KJ, et al. (2005) Seasonal 
O-18 variations and groundwater recharge for three landscape 
types in central Pennsylvania, USA. J Hydrol 303(1–4): 108-
124.  
https://doi.org/ 10.1016/j.jhydrol.2004.08.020 

Rotiroti M, Bonomi T, Sacchi E, et al. (2019) The effects of 
irrigation on groundwater quality and quantity in a human-
modified hydro-system: The Oglio River basin, Po Plain, 
northern Italy. Sci Total Environ 672: 342-356. 
https://doi.org/ 10.1016/j.scitotenv.2019.03.427 

Sellerino M, Forte G, Ducci D (2019) Identification of the 
natural background levels in the Phlaegrean fields 
groundwater body (Southern Italy). J Geochem Explor 200: 
181-192.  
https://doi.org/ 10.1016/j.gexplo.2019.02.007 

Shiklomanov IA, Rodda JC (2003) World Water Resources at 
the Beginning of the 21st Century. Cambridge University 
Press, Cambridge. 

http://catdir.loc.gov/catdir/samples/cam034/2002031201.p
df (Accessed on 22 April 2021) 

Sprenger M, Leistert H, Gimbel K, et al. (2016) Illuminating 
hydrological processes at the soil-vegetation-atmosphere 
interface with water stable isotopes. Rev Geophys 54(3): 674-
704.  
https://doi.org/ 10.1002/2015RG000515 

Tang LY, Duan XF, Kong FJ, et al. (2018) Influences of climate 
change on area variation of Qinghai Lake on Qinghai-Tibetan 
Plateau since 1980s. Sci Rep 8: 7331.  
https://doi.org/ 10.1038/s41598-018-25683-3 

Thompson LG, Mosley-Thompson E, Davis ME, et al. (2013) 
Annually resolved ice core records of tropical climate 
variability over the past similar to 1800 Years. Science 
340(6135): 945-950.  
https://doi.org/ 10.1126/science.1234210 

Tian LD, Yao TD, Sun WZ, et al. (2001) Relationship between 
delta D and delta O-18 in precipitation on north and south of 
the Tibetan Plateau and moisture recycling. Sci China Ser D-
Earth Sci 44(9): 789-796.  
https://doi.org/ 10.1007/BF02907091 

UN (United Nations) (2015) The Millennium Development 
Goals Report 2015. 
https://www.un.org/en/development/desa/publications/md
g-report-2015.html (Accessed on 11 February 2021) 

Upton KA, Bulter AP, Jackson CR, et al. (2019) Modelling 
boreholes in complex heterogeneous aquifers. Environ Modell 
Softw 118: 48-60.  
https://doi.org/ 10.1016/j.envsoft.2019.03.018 

Van Loon AF, Gleeson T, Clark J, et al. (2016) Drought in the 
Anthropocene. Nat Geosci 9(2): 89-91.  
https://doi.org/ 10.1038/ngeo2646 

Wellman TP, Voss CI, Walvoord MA (2013) Impacts of climate, 
lake size, and supra-and sub-permafrost groundwater flow on 
lake-talik evolution, Yukon Flats, Alaska (USA). Hydrogeol J 
21(1): 281-298.  
https://doi.org/ 10.1007/s10040-012-0941-4 

Werner AD, Bakker M, Post VEA, et al. (2013) Seawater 
intrusion processes, investigation and management: recent 
advances and future challenges. Adv Water Resour 51: 3–26. 
https://doi.org/ 10.1016/j.advwatres.2012.03.004 

WWAP (2015) The United Nations World Water Development 
Report 2015: Water for a Sustainable World. UNESCO, Paris.  

Xiao J, Jin ZD, Zhang F (2013) Geochemical and isotopic 
characteristics of shallow groundwater within the Lake 
Qinghai catchment, NE Tibetan Plateau. Quat Int 313: 62-73. 
https://doi.org/ 10.1016/j.quaint.2013.05.033 

Xiao J, Jin ZD, Zhang F, et al. (2012) Solute geochemistry and 
its sources of the groundwaters in the Qinghai Lake 
catchment, NW China. J Asian Earth Sci 52: 21-30. 
https://doi.org/ 10.1016/j.jseaes.2012.02.006 

Zaidi FK, Nazzal Y, Ahmed I, et al. (2015) Identification of 
potential artificial groundwater recharge zones in 
Northwestern Saudi Arabia using GIS and Boolean logic. J Afr 
Earth Sci 111: 156-169.  
https://doi.org/ 10.1016/j.jafrearsci.2015.07.008 

Zhang MJ, Wang SJ (2016) A review of precipitation isotope 
studies in China: Basic pattern and hydrological process. J 
Geogr Sci 26(7): 921-938.  
https://doi.org/ 10.1007/s11442-016-1307-y 

Zhao LJ, Eastoe CJ, Liu XH, et al. (2018) Origin and residence 
time of groundwater based on stable and radioactive isotopes 
in the Heihe River Basin, northwestern China. J Hydrol-Reg 
Stud 18: 31-49.  
https://doi.org/ 10.1016/j.ejrh.2018.05.002 

Zhang P, Pei XZ, Cao CY, et al. (2022) A novel tracer technique 
to quantify the lithogenic input flux of trace elements to 
Qinghai Lake. Front Earth Sci 10: 866314. 
https://doi.org/10.3389/feart.2022.866314 

 


	Title
	Abstract
	1 Introduction
	2 Study Area
	3 Data Source and Methods
	4 Results and Discussion
	4.1 Composition of stable isotopes inprecipitation
	4.2 Stable isotopes compositions of surfacewater and groundwater
	4.3 Variations in water level and temperatureof groundwater
	4.4 Recharge source of groundwater
	4.5 Evaporative fractionation ofgroundwater

	5 Conclusion
	Acknowledgments
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.01667
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.03333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 2400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (sRGB IEC61966-2.1)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<


    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>



    /HUN <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 6.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200036002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 6.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>


    /SKY <>

    /SUO <>
    /SVE <>
    /TUR <>

    /DEU <>
    /ENU <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200036002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


