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Abstract

Hydrogen and oxygen stable isotopes in water bodies serve as important tracers
for characterizing water transport and transformation, providing a diagnostic
basis for investigating regional hydrological cycle processes. Employing stable
isotope techniques, this study analyzes the hydrogen and oxygen isotopic compo-
sition characteristics of different water bodies on the southern slope of the Qilian
Mountains and explores their influencing factors. The results demonstrate that:
(1) The hydrogen and oxygen stable isotopic characteristics differ among various
water bodies on the southern slope of the Qilian Mountains, with precipitation
exhibiting a greater range of stable isotopic variation than river water, ground-
water, and glacier meltwater; (2) The stable isotope data points for river water
and groundwater are closely clustered, indicating strong hydraulic connectivity
between the two; (3) The evaporation line equations for glacier meltwater, river
water, and groundwater in the study area are y=6.331x+1.756 (n=8, R2=0.98),
y=4.467x-11.716 (n=75, R2=0.80), and y=4.889x-7.481 (n=19, R2=0.76), re-
spectively; all water bodies exhibit good linear relationships between their hy-
drogen and oxygen stable isotopic values, and the relationship between recharge
sources of river water and groundwater is relatively complex; (4) Environmental
effects on hydrogen and oxygen stable isotopes in glacier meltwater, river wa-
ter, and groundwater are not significant, whereas precipitation shows relatively
pronounced altitude, latitude, and continental effects.
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Abstract

Hydrogen and oxygen stable isotopes in water bodies serve as important indica-
tors for characterizing water migration and transformation processes, providing
a basis for investigating regional hydrological cycle mechanisms. Based on stable
isotope techniques, this study analyzes the hydrogen and oxygen isotopic com-
positions of different water bodies on the southern slope of the Qilian Mountains
and explores their influencing factors. The results indicate that: (1) The hydro-
gen and oxygen stable isotope characteristics differ among various water bodies
on the southern slope of the Qilian Mountains, with precipitation showing a
larger fluctuation range in stable isotope values than river water, groundwater,
and glacier meltwater. (2) The stable isotope relationship points for river water
and groundwater are closely positioned, indicating strong hydraulic connectiv-
ity between the two. (3) The evaporation line equation for glacier meltwater
in the study area is =6.331 =4.467 =4.889 =0.98 =0.76 =0.80. All water bod-
ies exhibit good linear relationships between their hydrogen and oxygen stable
isotope values, though the relationship between river water and groundwater is
relatively complex. (4) The environmental effects of hydrogen and oxygen stable
isotopes in glacier meltwater, river water, and groundwater are not significant,
whereas precipitation shows clear elevation, latitude, and continental effects.

Keywords: water body; hydrogen and oxygen stable isotopes; influencing fac-
tors; southern slope of the Qilian Mountains

1 Study Area and Methods
1.1 Study Area Overview

The Qilian Mountains, located in the northeastern Tibetan Plateau, consti-
tute an important ecological security barrier in the arid regions of northwestern
China and serve as a critical water source area for the Yellow River basin. In
recent years, with the establishment of the Qilian Mountain National Park pilot
and increasing recognition of its ecological value, isotopic hydrology research
focusing on the Qilian Mountains in the inland arid and semi-arid regions of
northwestern China has attracted considerable scholarly attention. Studies on
stable isotopes and hydrochemistry across the entire Qilian Mountains have
gradually increased. However, due to differences in natural geographical envi-
ronments and water vapor sources between the northern and southern slopes,
the hydrological cycle processes also exhibit significant variations. The south-
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ern slope of the Qilian Mountains serves as the source region for inland water
systems such as the Heihe River, Tuole River, and Qinghai Lake, as well as
the Yellow River basin’ s exorheic system. Currently, isotopic research on wa-
ter bodies in this region primarily focuses on watershed-scale hydrological units
of precipitation, river water, and groundwater, concentrating on characteristics
of precipitation hydrogen and oxygen stable isotopes and water vapor sources,
transformation between different water bodies, groundwater dating, and hydro-
chemical characteristics.

Accordingly, this paper analyzes the hydrogen and oxygen isotopic character-
istics and influencing factors of precipitation, glacier meltwater, surface water,
and groundwater on the southern slope of the Qilian Mountains to understand
the interconnections between different water bodies and provide a basis for ra-
tional water resource utilization and water cycle processes.

The southern slope of the Qilian Mountains is located in the northeastern part
of Qinghai Province, with geographical coordinates of 98°08 13 -102°38 16 E
and 37°03 17 -39°05 56 N [Figure 1: see original paper]. The region features a
continental climate with an average annual temperature of -5.9°C and annual
precipitation ranging from 300-400 mm. Solar radiation is intense, relative
humidity is low, and evaporation is strong. The terrain is predominantly moun-
tainous, with elevations between 2,400-5,235 m. Water storage is primarily in
the form of glaciers, which generate the Qilian Mountains river system. The
main rivers include the Heihe River and Datong River. The Qilian Mountains
represent the source region for both the Heihe and Datong Rivers, with a the-
oretical hydropower reserve of 23.228x107{6}$ kW. The Heihe River divides
into eastern and western branches, with the eastern branch serving as the main
stream. The upper reaches further split into eastern and western tributaries:
the eastern tributary (Babao River) originates from Jinyangling (175 km long),
while the western tributary (Yeniugou River) originates from the eastern slope of
the Qilian Mountains main peak (100 km long). These two tributaries converge
at Huangzangsi in Qilian County before exiting the mountains at Yingluoxia.
The Tuole River, a first-order tributary of the Heihe River, originates from the
southern slope of Tuole Mountain (110.8 km long). The Datong River, a first-
order tributary of the Huangshui River system of the Yellow River, originates
from Togele Nanshan in Tianjun County.

1.2 Sample Collection

Based on the topography, geomorphology, and river distribution characteristics
of the southern slope of the Qilian Mountains, combined with field investigations,
we collected a total of 116 water samples from precipitation, glacier meltwater,
river water, and groundwater during July-August 2018. The collection included
6 ice and glacier meltwater samples, 47 river water samples, 17 precipitation
samples (with precipitation >2 mm), 46 groundwater samples, and spring water
samples. Precipitation was collected using self-made rain gauges; ice samples
were collected from the surface layer (0-10 cm) at the terminus of the Bayi
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Glacier; glacier meltwater was collected from glacier ablation areas in the upper
Heihe River; river water was sampled from the middle sections of rivers with
relatively fast flow rates, 10-60 m from the banks; groundwater was collected
from drinking water wells in residents’ homes; and spring water was collected
from mountain-front springs. All samples were collected in pre-rinsed 60 mL
polyethylene bottles, sealed with Parafilm membrane to prevent fractionation.
A handheld GPS was used to record sampling point elevations and coordinates,
along with sample numbers and water temperature data. All samples were
refrigerated at 4°C until analysis.

1.3 Data Processing

The determination of hydrogen and oxygen stable isotopes in precipitation,
glacier meltwater, surface water, and groundwater samples was conducted at the
Qinghai Provincial Key Laboratory of Physical Geography and Environmental
Processes. All water samples were filtered through 0.22 m filters and analyzed
using an IWA-35EP liquid water isotope analyzer produced by Los Gatos Re-
search, USA. Results are expressed as per mil (%o) relative to Vienna Standard
Mean Ocean Water (VSMOW), with measurement precisions of $+%$0.5%o for
0D and $£$0.1%o for 6'80. Statistical analysis was performed using SPSS soft-
ware, and charts were produced using Origin and ArcGIS software.

2 Results and Analysis
2.1 Analysis of the Local Meteoric Water Line

The regional meteoric water line can characterize the fractionation rate of precip-
itation in a region. Numerous observational studies based on different periods
and sampling points have shown that atmospheric precipitation line equations
in the Qilian Mountains region consistently exhibit slopes less than 8, with
precipitation isotope relationship points significantly deviating from the Global
Meteoric Water Line (GMWL) and located to its lower right, reflecting that at-
mospheric precipitation in this region is generally affected by evaporation. The
atmospheric precipitation line represents a statistical average model reflecting
local precipitation patterns, and its accurate simulation requires long-term, high-
frequency observations. However, due to the limited number of precipitation
sampling points and short sampling period in this study, and after comprehen-
sive consideration of observation duration, scope, and frequency, we adopted
the Qilian Mountains atmospheric precipitation line proposed by Sun Congjian
et al. [6D = 7.776'¥0 + 13.03 (R? = 0.99)] as the local meteoric water line,
supplemented by measured precipitation data to discuss isotopic composition
characteristics.

During the sampling period, 17 precipitation samples were collected, with 6'30
and dD values ranging from -14.63%o to -2.12%0 and -102.65%0 to -16.33%o,
respectively, with mean values of -7.70%0 and -46.99%o. The d-excess value
ranged from 4.84%o to 21.29%o, with a mean of 14.61%o¢. As shown in [Figure
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2: see original paper], most precipitation isotope relationship points are located
to the lower right of the local meteoric water line, with a precipitation line
slope (k = 6.46) significantly smaller than that of the local meteoric water line,
indicating that water bodies on the southern slope of the Qilian Mountains
experience intense evaporation fractionation during summer.

2.2 Hydrogen and Oxygen Stable Isotope Characteristics of Glacier
Meltwater

In the hydrogen and oxygen stable isotopic composition of ice, ice samples
showed §'80 and 6D values of -8.60%0 and -50.15%o, respectively, with a d-
excess of 18.69%o. Glacier meltwater exhibited §'%0 and dD values ranging
from -11.42%0 to -5.98%0 and -69.31%o to -34.21%o, respectively, with mean
values of -8.88%0 and -50.87%o, and a d-excess of 20.13%o. As shown in [Figure
3: see original paper], ice sample isotopic values are located to the lower right
of the meteoric water line, indicating intense ice surface melting during summer
and the generation of surface runoff. The isotopic values of glacier meltwater
are close to and located on the local meteoric water line, suggesting that glacier
meltwater originates from atmospheric precipitation.

In the arid and semi-arid region of the southern Qilian Mountains, intense so-
lar radiation during summer causes significant glacier surface ablation (forming
shallow surface flows with large air contact areas during the melting process).
Combined with strong evaporation in the region, the ablated glacier water ex-
periences evaporation that causes light isotopes to escape into the atmosphere,
leaving heavy isotopes enriched in the remaining water. Additionally, due to
low air humidity and rapid evaporation, the d-excess values of glacier meltwater
in this region are relatively high, with values concentrated between 15%¢ and
25%o.

2.3 Hydrogen and Oxygen Stable Isotope Characteristics of River
Water

River water sampling points on the southern slope of the Qilian Mountains
were concentrated in the upper reaches of the Heihe River main stream, Tuole
River, and Datong River. Hydrogen and oxygen isotope values showed relatively
small variations, with maximum values of -5.98%o for 6'80 and -34.21%o for 6D,
minimum values of -11.42%o and -69.31%q, respectively, and mean values of -
8.88%0 and -50.87%0. The d-excess ranged from 15.23%0 to 25.98%0, with a
mean of 20.13%o.

Comparing the average hydrogen and oxygen stable isotope values from the up-
per reaches of three watersheds on the southern slope of the Qilian Mountains,
the order from most depleted to most enriched was: Heihe River < Tuole River
< Datong River, with minimal difference between the Heihe and Tuole Rivers.
The Heihe River upstream region had a mean §'80 value of -8.60%o, represent-
ing relatively depleted isotopic values. In a river system, multiple tributaries
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converge, and different geographical factors in each sub-watershed affect the hy-
drogen and oxygen isotopic composition of these tributaries, thereby influencing
isotopic variation in the main stream. Therefore, the convergence of tributaries
affected by different geographical elements results in spatial differences in river
water stable isotope values.

In the upper Heihe River on the southern slope of the Qilian Mountains, we
collected 6 samples from the western tributary (Yeniugou River), 7 samples
from the eastern tributary (Babao River), and 34 tributary samples. Among
these, the main stream samples from both eastern and western branches totaled
13 groups. In the hydrogen and oxygen stable isotopic composition of main
stream and tributary water, the mean values for main stream and tributary
were -8.60%o and -8.88%o for 6180, respectively, and -50.15%0 and -50.87%o for
6D, respectively. Clearly, the main stream isotopic composition is more en-
riched than that of tributaries. As shown in [Figure 4: see original paper], the
southeastern, southern, and northwestern areas represent high-value zones for
river water hydrogen and oxygen isotopes, while the northern area represents a
low-value zone. The high-value zones are located in high-altitude mountainous
areas, while low-value zones are mainly in lower river reaches. This likely occurs
because many rivers on the southern slope of the Qilian Mountains are initially
recharged by glacier meltwater or precipitation from high-altitude mountainous
areas. During downstream flow, river water interacts with relatively depleted
groundwater, causing river water hydrogen and oxygen isotope values to de-
crease. This creates a pattern of higher stable isotope values in high-altitude
areas and lower values in low-altitude areas, demonstrating spatial distribution
differences in river water stable isotope values due to different recharge sources.

2.4 Hydrogen and Oxygen Stable Isotope Characteristics of Ground-
water

In the hydrogen and oxygen isotopic composition of groundwater, 680 and 6D
values ranged from -11.42%o to -5.98%0 and -69.31%o to -34.21%o, respectively,
with mean values of -8.88%¢ and -50.87%0. The d-excess ranged from 15.23%0
to 25.98%0, with a mean of 20.13%o0. As shown in [Figure 5: see original paper],
groundwater hydrogen and oxygen isotope values are close to the local meteoric
water line, located to its upper left, indicating that groundwater is recharged
by precipitation.

In the hydrogen and oxygen isotopic composition, hot spring water shows more
depleted values than well water, and the isotopic composition differs significantly
between wells. Hot spring water exhibits “depleted 6'80 values,” likely because
precipitation infiltrates and migrates downward through the crust, undergoing
isotopic exchange with surrounding rocks during deep circulation. Additionally,
geothermal warming effects may enhance isotopic fractionation. Spring water,
being exposed at the surface, is susceptible to evaporation fractionation, showing
water depletion phenomena. Well water, retained underground with minimal
external environmental influence, may show hydrogen and oxygen isotopic dif-
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ferences due to human activities or the altitude effect of groundwater isotopes.
Groundwater d-excess values range from 15.23%¢ to 25.98%0, with an average
of 20.13%0. Precipitation in the arid northwest region occurs mainly in summer
and autumn, when water vapor recycling is relatively pronounced. Evaporation
from soil, vegetation, and rivers participates in the water cycle process, making
groundwater recycling characteristics evident.

3 Discussion

3.1 Analysis of Hydrogen and Oxygen Stable Isotope Characteristics
in Different Water Bodies

In the stable isotopic composition of all water bodies on the southern slope of the
Qilian Mountains, 680 values range from -14.63%o to -2.12%o, with a variation
amplitude of 12.51%o, a mean of -8.60%o, and a standard deviation of 2.69%o. 6D
values range from -102.65%o to -16.33%q, with a variation amplitude of 86.32%q,
a standard deviation of 10.62%o, and a mean of -49.34%o. The d-excess value
ranges from 4.84%o to 25.98%0, with a mean of 18.48%0. As mentioned above,
the stable isotopic range of precipitation is consistent with this, indicating that
precipitation has a larger fluctuation range in stable isotope values than river
water, groundwater, and glacier meltwater.

Comparison shows that glacier meltwater has higher §'¥0 and 6D values than
river water and groundwater, while its d-excess is lower than that of river water
and groundwater. The d-excess ranges of river water and groundwater overlap.
One-way ANOVA shows that the d-excess values of glacier meltwater, river wa-
ter, and groundwater all pass the homogeneity of variance test, with significant
differences between water bodies (P < 0.05). Duncan’ s multiple comparison
test shows no significant difference in hydrogen and oxygen isotope values be-
tween river water and groundwater, with similar ranges and obvious correlation,
indicating strong hydraulic connectivity.

As shown in , the enrichment degree of hydrogen and oxygen isotopes in dif-
ferent water bodies is evident. The Duncan test results show that river water
and groundwater have no significant differences (same letters), while glacier
meltwater differs significantly from both (different letters) at P < 0.05.

3.2 Analysis of Evaporation Line Characteristics

Affected by environmental and climatic conditions, evaporation intensity varies
across different regions, resulting in different water body evaporation lines.
Based on the 680 and §D values of glacier meltwater, river water, and ground-
water on the southern slope of the Qilian Mountains, the overall evaporation
trend line was fitted as: y = 4.491. Simultaneously, linear regression was per-
formed on each water body separately to obtain evaporation trend line equa-
tions:

« Glacier meltwater: y = 6.331 + 1.756 (R2 = 0.98)
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 River water: y = 4.467 - 11.716 (R? = 0.80)
o Groundwater: y = 4.889 - 7.481 (R? = 0.76)

As shown in [Figure 6: see original paper|, all water bodies in the study area
exhibit good linear relationships between their hydrogen and oxygen isotope
values. The slopes and intercepts of the evaporation trend lines for glacier
meltwater, river water, and groundwater are all significantly smaller than the
local meteoric water line slope, because the southern Qilian Mountains region
has high altitude and intense solar radiation, causing strong evaporation from
forests, shrubs, and grasslands. Local water vapor recycling significantly influ-
ences isotopic evolution, causing most water body 680 and §D values to deviate
from the meteoric water line, with river water and groundwater showing greater
deviation than glacier meltwater. By comparing the slopes of different water
body evaporation lines, river water shows the greatest evaporation intensity,
likely because the Qilian Mountains serve as river source areas with long flow
paths. As open water bodies, rivers experience relatively strong evaporation.

3.3 Environmental Effects on Hydrogen and Oxygen Stable Isotope
Composition

Hydrogen and oxygen isotope values (6'¥0 and §D) exhibit different distribu-
tion characteristics due to variations in altitude, temperature, and distance from
oceans, i.e., environmental effects of stable isotopes. Therefore, analyzing cor-
relations between water body 6'%0 and 6D values and environmental factors
such as altitude, water temperature, and geographic coordinates can clarify the
elevation, continental, latitude, and temperature effects for each water body on
the southern slope of the Qilian Mountains.

As shown in , the elevation, continental, latitude, and temperature effects of
glacier meltwater, river water, and groundwater are all insignificant, indicating
complex water sources and frequent internal water vapor recycling activities
in the study area. However, precipitation 680 and éD values show significant
negative correlations with altitude and latitude. The linear regression equations
are:

o 180 vs. altitude: y = -0.004x + 32.42 (R* = 0.74)
o 6D vs. altitude: y = -0.033x + 36.63 (R? = 0.58)

o 8180 vs. latitude: y = -0.220x + 4.44 (R* = 0.78)
o 0D vs. latitude: y = -0.61x + 4.44 (R? = 0.74)

Precipitation also shows high correlations with longitude, indicating that pre-
cipitation hydrogen and oxygen stable isotopes have elevation, latitude, and
continental effects. The elevation effect means that higher altitudes have lower
temperatures and more depleted isotopes. While temperature effects mainly
occur in mid- and high-latitude regions, they are also significant in continen-
tal interiors, indicating that the elevation effect in the southern Qilian Moun-
tains is closely related to atmospheric temperature. The latitude effect may be
attributed to decreasing temperature and precipitation totals with increasing
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latitude, combined with intense internal recycling during summer that depletes
precipitation isotope values. Additionally, the study area extends northwest-
ward, with the southeastern part being closer to the ocean and first affected by
warm, moist air from the Western Pacific and Indian Oceans, resulting in higher
isotope values—this represents the continental effect of precipitation stable iso-
topes.

In summary, analysis of correlations between different water bodies’ stable iso-
tope values and environmental factors shows that precipitation hydrogen and
oxygen stable isotope values are significantly affected by altitude, latitude, and
longitude, with altitude being the primary factor. Glacier meltwater shows
relatively high correlations with latitude and altitude, which are the main fac-
tors affecting its isotopic values, while temperature has minimal influence. River
water hydrogen and oxygen stable isotope values show weak correlations with in-
dividual environmental factors, likely because river water has multiple recharge
sources with complex isotopic compositions. Factors influencing its stable iso-
tope values are often comprehensive rather than singular. Similarly, groundwa-
ter has diverse recharge sources, and its stable isotope values are also affected
by multiple environmental factors, reflecting the diversity and complexity of its
recharge—this will be further investigated in subsequent research.

4 Conclusions

(1) Different water bodies exhibit distinct hydrogen and oxygen stable isotopic
composition characteristics. Summer water bodies on the southern slope of
the Qilian Mountains experience intense evaporation fractionation. Com-
pared with glacier meltwater, ice shows the most enriched hydrogen and
oxygen isotopic composition, though both originate from atmospheric pre-
cipitation. The mean hydrogen and oxygen isotope values of river water fol-
low the order: Heihe River < Tuole River < Datong River. Recharge from
different water sources is the main reason for spatial differences in stable
isotope values of Heihe River water. In groundwater hydrogen and oxygen
isotopic composition, hot spring water is more depleted than well water,
and significant differences exist in isotopic composition among wells.

(2) In the stable isotopic composition of water bodies on the southern slope
of the Qilian Mountains, d-excess values are relatively large, and precipi-
tation shows a larger fluctuation range in stable isotope values than other
water bodies. Glacier meltwater, river water, and groundwater show signif-
icant differences in enrichment degree. Duncan’ s multiple comparison test
indicates no significant difference in stable isotope values between river wa-
ter and groundwater, with similar ranges, obvious correlation, and strong
hydraulic connectivity.

(3) The evaporation line equation for glacier meltwater in the study area is
y = 6.331 + 1.756 (R? = 0.98), for river water is y = 4.467 - 11.716
(R% = 0.80), and for groundwater is y = 4.889 - 7.481 (R? = 0.76). All
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water bodies show good linear relationships between their hydrogen and
oxygen isotope values. Water body §'80 and 6D values mostly deviate
from the atmospheric precipitation line, with river water and groundwater
showing greater deviation than glacier meltwater, indicating more complex
recharge sources.

(4) The environmental effects of hydrogen and oxygen stable isotopes in
glacier meltwater, river water, and groundwater are not significant,
whereas precipitation shows obvious elevation, latitude, and continental
effects.
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