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Abstract: As an important hydrological ecosystem component, the glacier basin has great significance
for climate and environment, and it is also linked to regional water sustainability. In this paper, the
sampling and isotope analysis of glacial ice, ice-melt water, river water (river midstream and river
downstream), groundwater (spring), and precipitation were carried out in a hydrological year of the
Mingyong Glacier basin, which is located at the Meili Snow Mountains, Southeastern Tibetan Plateau.
At the same time, the hydrograph separation of the recharge sources of the lower mountain pass
is studied. The results show that the range of 6D, 5180, and d-excess (deuterium excess) in natural
water bodies are significantly different, and the precipitation is the most obvious. The high values of
8D and §'80 in the water samples all appeared in spring and summer, and the low values appeared
in autumn and winter, while glacial ice showed opposite trends. Meanwhile, the local meteoric
water line (LMWL) of the Mingyong Glacier basin is 8D = 8.046'80 + 13.06. The End-Member
Mixing Analysis (EMMA) was adopted to determine the sources proportion of river water (river
downstream) according to the 8D, 5180, and d-excess ratio relationships. The results showed that
the proportion of ice-melt water, groundwater, and precipitation in the ablation period was 80.6%,
17.2%, and 2.2% as well as 19.2%, 73.1%, and 7.7% in the accumulation period, respectively. Ice-melt
water has a higher conversion recharge rate to groundwater and indirectly recharges river water,
especially in nonmonsoon seasons. In other words, the main recharge source of river water in the
lower reaches of the Mingyong Glacier basin during the ablation period is ice-melt water. In the
accumulation period, the main recharge source of river water in the lower reaches of the Mingyong
Glacier basin is groundwater, while nearly half of the recharge of groundwater comes from ice-melt
water. Therefore, regardless of the ablation period or the accumulation period, ice-melt water is
sustainable and important to this region.

Keywords: isotope; hydrograph separation; End-Member Mixing Analysis; Mingyong Glacier basin

1. Introduction

The Sixth Assessment Report of IPCC indicates that the continuous rise of global
temperature will accelerate the renewal rate of the earth’s water cycle, the instability of
precipitation in the globally affected monsoon climate regions will be greatly increased, and
the intensity of drought and flood events will be increased [1]. Global warming reduces
the extent of snow cover and ice, and the global average sea level rises. Precipitation has
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increased globally in the middle and high latitudes, while precipitation uncertainty has
also increased in some regions [2]. Under the background of increasing climate change in
the future, the interaction and relationship between multiple types of droughts will become
more complex, and the resulting enhanced instability and complexity of global climate
system will further affect the water cycle process [3].

Being the link between atmospheric precipitation, surface water, groundwater, and
ecological water, the change of water cycle profoundly affects the structure and evolution
of global water resources and ecological environment system. The interaction between
the water cycle and the atmosphere of the spatial-temporal scale evolution affects the
community development and production activities [4]. The terrestrial water cycle is par-
ticularly responsive to climate change [5]. With the intensification of global warming, the
study of water cycle has become an important part of the feedback chain of ecological
environment. The land water cycle is a giant system with complex mechanisms, which has
a wide range of development and evolution processes [6]. The climate system is a nonlinear
system, which is affected by other subsystems at the same time, thus forming its important
evolutionary process. Climate change and water cycle affect the spatial-temporal distribu-
tion of water vapor’s transportation and migration through the global scale atmospheric
circulation movement of long time series, thus affecting human production and life. Under
the intensification of the greenhouse effect the forms of ice caps and glaciers in the Arctic
and Antarctic are undergoing drastic phase changes at an extremely fast rate. As a result,
the return period of extreme weather events such as sea level rise, droughts, and floods
has been shortened. With the deepening of research, people have realized that climate
change is affecting the global water resources and that it has a huge impact on ecological
and economic and social development and human destiny.

The cryosphere is an important component of the climate system, which consists
of continental ice sheets, mountain glaciers, snow, frozen soil, sea ice, river ice, lake ice,
and so on [7]. Glaciers, as a vital part of the cryosphere, not only affect the alternating
evolution of global glacial periods and interglacial periods, but also play an important role
in recording the atmospheric deposition under the background of climate warming [8].
The alpine glacier is one of the important river recharge sources, and plays a crucial role in
indicating climate change and water resources distribution in arid areas and even global [9].
The world’s major glacier resources are developed in the Arctic and Antarctic continents
and the alpine region, such as the Tibetan Plateau, while the continent internal climate is
generally arid. In these arid areas, meltwater from glaciers and snow cover is also used as
local agricultural production and living water resources, and its importance is self-evident.

Hydrograph separation is an important method to study the different water com-
ponent sources and their corresponding proportions in river basins, and it is of great
significance for understanding the runoff production process and global climate change
in alpine basins [10]. Different water bodies in the water circulation system have their
own characteristic isotopic composition due to different origin, that is, the enrichment of
different heavy isotopes of hydrogen (D) and oxygen ('0). In nature, the concentrations of
deuterium and heavy oxygen are measured as a deviation from the standard, set equal to
zero, and estimated as a ratio of (8) in %o [11]. In the meantime, Klaus et al. critically re-
viewed the contributions to new field knowledge gained by isotope hydrograph separation
applications [12]. The isotopic characteristics and hydrograph separation of different water
bodies have been studied extensively in China, but there are relatively few studies in the
cryosphere. Therefore, the study of hydrograph separation and tracing in glacier basins is
of great significance for climate change and hydrological security.

Southwest China is a core region under the dual influence of South Asian/Indian
monsoons and East Asian monsoons. The water vapor source of precipitation and its
influencing factors are quite complicated. Some empirical studies have been carried out
on the water vapor sources and different characteristics of hydrogen and oxygen stable
isotopes in the southwest monsoon region, and relatively rich research results have been
obtained [13]. The Meili Snow Mountains are located in the Hengduan Mountains, the
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southeast margin of the Tibetan Plateau, which has the largest topographic fluctuation in
China. The vertical climate zone of dry and hot valley in this area develops, with complex
ecological conditions and obvious climate spatial differentiation. The study of this region
is conducive to revealing the glacier change characteristics and the hydrological cycle
significance in the southeast of the Tibetan Plateau. The glacier water resources in the Meili
Snow Mountains area will continue to shrink under the background of global warming
and the general decrease of precipitation [14]. Compared with other regions of the Asian
continent, the elevation change of the glacier surface in the Meili Snow Mountains is the
most obvious [15]. The Mingyong River is an important tributary of the upper reaches of
Lancang River. The ice-melt water of the Mingyong Glacier in the upper reaches plays
an important role in groundwater recharge [16]. At the time of the first glacier inventory,
the terminal elevation of the Mingyong Glacier was as low as about 2700 m, which is the
lowest glacier in the Hengduan Mountains, and also the largest and longest temperate
glacier in Yunnan Province [17]. According to the survey and measurement in July 2022,
the glacier retreated strongly with the terminus about 2830 m under the influence of climate
warming. It can be seen that the Mingyong Glacier changes in the Meili Snow Mountains
have a significant response to climate warming. At present, there are more qualitative
descriptions of surface observations and climate changes in this area, but there are relatively
few studies on the quantitative characteristics of runoff components in glacier basins in
this area. Therefore, it is very important to carry out research on hydrograph separation
in this area. At the same time, ice-melt water, as an important climate feature, reflects
not only the change of climate characteristics on a single scale, but also the multi-scale
environmental coupling effect, and its research significance is even far greater than that
of large and medium-sized rivers in common inland basins. So, what are the scientific
questions researchers are trying to figure out? (i) Under the background of global warming,
how does the content of stable isotopes of hydrogen and oxygen in the natural water
body of the Mingyong Glacier basin in the Meili Snow Mountains change? (ii) What is
the relationship between the recharge sources of the runoff from the lower reaches of the
Mingyong Glacier basin in the Meili Snow Mountains? These questions are worthy of an
in-depth study.

2. Study Area

The Meili Snow Mountains (Figure 1) have a location of 98.30°-98.52° E, 28.16°-28.53° N,
a north-south transverse length of 30 km, a width of 500 m, and an area of 960 km?.
Their main mountain range is located in the northwest of Deqin County, Diging Tibetan
Autonomous Prefecture, Yunnan Province. The main peak, Mount Kawakarpo, with an
altitude of 6740 m, is the highest peak in Yunnan Province and is an important part of the
Hengduan Mountains on the southeast margin of the Tibetan Plateau. The Meili Snow
Mountains are located in the transition zone between the western alpine mountains and the
subtropical monsoon regions. Due to the development of vertical climate height difference,
the climate characteristics are both continental and subtropical, but the influence of latitude
is not obvious in general, and the temperature changes relatively large with the increase of
altitude. The climate in this region is inclined to the cold temperate zone and the alpine
monsoon climate. From 1993 to 2010, under the influence of global warming, the Mingyong
Glacier in the Meili Snow Mountains retreated by about 262.26 m [18].

The Meili Snow Mountains are one of the most biodiversity-rich mountain ranges in
Yunnan and China, and temperate regions of the world, and it is one of the key biodiversity
reserves in China [19]. In the 1990s, when a joint Chinese and Japanese mountaineering
team was climbing Kawakarpo, the highest peak of the Meili Snow Mountains, 17 members
of the team were killed in an avalanche halfway up the mountain. Local authorities have
since banned climbing this mountain. The most recent avalanche occurred in 2019, and the
phenological camera near the end of the Mingyong Glacier captured another avalanche
event near the Mingyong Glacier in the Meili Snow Mountains, which showed instability
of the structure and avalanche accumulation of the temperate glacier [20].
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Figure 1. Location of the sampling sites and the geographical feature of the Mingyong Glacier basin
(data from the geospatial data cloud: http://www.gscloud.cn (accessed on 3 August 2023)). The
number with black solid circle refers to meteorological station: ® = Deqin Meteorological Station. GI
(glacial ice); MW (ice-melt water); MS (river midstream); DS (river downstream); SW (spring water);

PT (precipitation).

The Mingyong Glacier (98.46° E, 28.27 © N) originates from the Meili Snow Mountains
and is one of the lowest glaciers in the Hengduan Mountains, Southeastern Tibetan Plateau.
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The Mingyong Glacier is a rare low-latitude and low-altitude temperate glacier in the world.
It has a length of 11.7 km, with an average width of 500 m, covering an area of 13 km?,
annual melting water of 232 million cubic meters, and is the headwater of the Mingyong
River, a tributary of Lancang River. The Mingyong Glacier moves very fast, and it is the
fastest glacier in the Hengduan Mountains [21]. The scope of the Mingyong Glacier basin is
shown in Figure 2. However, now, under the influence of climate warming, the ice tongue
area of the Mingyong Glacier is constantly retreating. As this area belongs to the alpine
climate, the temperature here is low throughout the year (Figure 3). The dry and wet
seasons are distinct here and the vertical climate changes significantly.

98°42'E 98°48'E

28°30'N+ r28°30'N

28924'N

._ Sampling sites

98°42'F, 98°48'F,

Figure 2. The Mingyong Glacier basin (data from the geospatial data cloud: http://www.gscloud.cn
(accessed on 3 August 2023)).
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Figure 3. The monthly precipitation amount and mean temperature in Deqin Meteorological Station
(data from the China National Meteorological Sciences Data Center: http://data.cma.cn (accessed on
18 October 2023)).
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3. Data Sources and Methods
3.1. Field Sampling

Based on investigations and early research results of the Mingyong Glacier, factors
such as surface topography, rock, soil, and vegetation distribution of the glacier were
comprehensively considered, and reasonable monitoring and sampling points were con-
structed in the Mingyong Glacier basin. Glacial ice was collected at the ablation zone of the
Mingyong Glacier (near the GI point in Figure 1, latitude and longitude: 28.45° N, 98.76° E,
altitude: 2840 m); ice-melt water was collected from non-glacial areas (near the MW point
in Figure 1, latitude and longitude: 28.45° N, 98.76° E, altitude: 2821 m); river water (river
midstream) was collected in the middle reaches of the Mingyong River (near the MS point
in Figure 1, latitude and longitude: 28.46° N, 98.77° E, altitude: 2556 m); river water (river
downstream) was collected in the lower reaches of the Mingyong River (near the DS point
in Figure 1, latitude and longitude: 28.46° N, 98.80° E, altitude: 2245 m); groundwater was
collected at the underground spring in the middle reaches of the Mingyong River (near
the SW point in Figure 1, latitude and longitude: 28.46° N, 98.78° E, altitude: 2443 m);
precipitation was collected at Mingyong Village (near the PT point in Figure 1, latitude and
longitude: 28.47° N, 98.79° E, altitude: 2323 m, fixed sampling point). The precipitation
collector was placed on the roof of 4 m by using the rain measuring cylinder. After col-
lecting the precipitation, it was placed into the sampling bottle immediately for sealing.
Precipitation collector collects both liquid and solid precipitation. After collecting the solid
sample (snow and hail), it was melted at room temperature in a self-sealing low-density
polyethylene bag and then sealed into a high-density polyethylene bottle. Precipitation
events encountered in the usual sampling process were collected in the basin in real time.
At the same time, hand-held GPS positioning of each sampling point was carried out to
accurately determine the longitude and latitude position and elevation of each sampling
point. All sampling bottles were made of sterile polyethylene plastic bottles. If non-sterile
sampling bottles are used, the polyethylene bottles should be soaked in deionized water
in the laboratory in advance. During the sampling process, the polyethylene bottles were
cleaned with natural water 3-5 times before water samples were taken. All liquid natural
water bodies (ice-melt water, precipitation, groundwater, river water, and so on) were
collected with a 60-mL narrow-mouth sampling bottle, and solid natural water bodies such
as glacial ice or snow were collected with a 500-mL wide-mouth sampling bottle. Two
bottles of the same type of sample were collected, one for the determination of hydrogen
and oxygen stable isotopes and other parameters and one for reserve. When sampling river
water, the sampling bottle is as deep as possible into the water body to ensure that the river
water body is fully mixed and to avoid the water surface evaporation caused by isotope
fractionation. The collected samples were frozen in time and sent for testing and analysis.
In this study, continuous sampling was conducted over a hydrological year, from 7 August
2021 to 7 August 2022. A total of 244 samples were finally obtained, including 25 glacial
ice samples, 45 ice-melt water samples, 54 river water samples in the middle reaches of
the Mingyong River, 55 river water samples in the lower reaches of the Mingyong River,
54 groundwater samples, and 11 precipitation samples (of which 1 sample was the precipi-
tation sample at the end of the Mingyong Glacier, and the rest comprised the precipitation
sample at Mingyong Village), as shown in Table 1. The sampling site in this study was
based on convention, and the reason why glacial ice was taken from the solid area at the
end of the ice tongue was for safety considerations and easy access. Ice-melt water was
obtained from the melting parts of the ice tongue. The sampling site of river water (river
midstream) was set according to the midstream position. The same was true with regard
to river water (river downstream) sampling. Due to sampling conditions and financial
constraints, it was not possible to drill deeper wells for groundwater, so the sampling site
of groundwater was set up at the location of natural gusher flows between the middle
and lower reaches. Moreover, the precipitation sampling site was set up in the Mingyong
Village due to its limited sampling conditions. The above settings of sampling sites were
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considered reasonable by researchers. The data of the Deqin Meteorological Station are
from the National Meteorological Science Data Center of China: http://data.cma.cn.

3.2. Sample Analysis

The samples were mailed to the State Key Laboratory of Cryospheric Science, North-
west Institute of Eco-Environment and Resources, Chinese Academy of Sciences, for testing
and analysis. The State Key Laboratory of Cryospheric Science is based on the Cold and
Arid Regions Environmental and Engineering Research Institute of the Chinese Academy
of Sciences. It was 1 of the 27 state key laboratories approved by the Ministry of Science
and Technology in 2007. Therefore, the experimental test and analysis in the State Key
Laboratory of Cryospheric Science can ensure the accuracy and scientific results in time.
The isotope analysis instrument used was the DLT-100 liquid water isotope analyzer pro-
duced by LGR Company in the United States, with a test accuracy of D/H < 0.60 %o and
180 /160 < 0.20%0. The DLT-100 liquid water isotope analyzer is a commonly used instru-
ment for liquid water isotope analysis, so it was chosen. Among them, there are 4 LGR
standard samples according to the Vienna Standard Mean Ocean Water, which are LGR1
(8D = —154.48%0, 6180 = —19.68%0), LGR2 (6D = —117.15%0, 880 = —15.60%0), LGR3E
(8D = —79.24%0, 5180 = —10.93%0), and LGR4A (8D = —51.21%o, 8'80 = —7.76%o). The
significant digit of the measured data conforms to the significant digit rule of the stable
isotope analysis results, and the test values used in the final calculation were proofread.
The ratio of §D and 8'80 is expressed as the thousandth difference with respect to the
Vienna Standard Mean Ocean Water (V-SMOW) and is calculated as follows, where the
mean analytical error of 580 is +-0.1%. and the mean analytical error of 5D is £0.5%o.
The results were linearly corrected and time-corrected using two international standards,
V-SMOW and GISP or SLAP, and one laboratory work standard. The final results were
expressed as V-SMOW. Typically, the delta value is less than —100, which means that the
heavy isotope of the sample being measured is more depleted. On the contrary, the more
positive the measured value, the more enriched the heavy isotope. The expression formula
is as follows:

(180/160)
18 - sample o
5 Osumple - (180/16O)V75MOW - 1] X 1000 /)o (1)
(D/H)sam le
D = | —=— 2P 1] x 1000%0 2
1) sample (D/H)V,SMOW x 1000% ( )
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Table 1. Water Isotopes in the Mingyong Glacier basin.
Gl e i pow- s
(n=25) (n =15 e g n=58) n=11)
Month T(¢O) P(mm) RH (%) s(‘zo()) (5%]3 Exg;ss 5(;0()) (5%3 EXS;SS 6(;:0()) (6%]3 Exg;ss 6(:0()) (‘S%B EXS;SS é(:zo()) &3 Exiess 5(‘:0()) (8%]3 Exlci;ss
(%o) (%o) (%0) (%0) (%0) (%0)
?O‘;%' 14.20 13260 8050  —1420 9564 1796  —1520 —10292 1868  —1511  —10233 1855  —1487 —10234 1662  —1366 —9378 1550  —11.37  —8436 6.60
ZS(E 12.10 47.40 7780  —1357 —9435 1421  -1551 —10634 1774  —1540 10634 1686  —1528 -10561 1663  —1333  —9428 1236
;3;% 9.70 27.60 73.30 —13.71 —95.73 13.95 —15.43 —106.43 17.01 —15.24  —-105.52 16.40 —15.11 —104.52 16.36 —13.28 —93.36 12.88 -2223  —164.55 13.29
%‘;‘1’ 2.20 7.50 6380  —1346 —9262 1506  —14.08 —9949 1315  —1423 —10010 1374  —1427 —9929 1487  —1313  —92.84 1220
%‘;Cl' 0.10 6.70 60.60  —1205 -8561 1079  —1321  —9418 1150  —1408 —9943 1321  -1417 -99.09 1427  —1311 -9326 1162  —1152 7448  17.68
2]8;2' —2.60 8.80 6250  —12.68 —8583 1561  —13.63 —9295 1609  —1431 —9938 1510  —1426 —99.07 1501  —1334 -93.65 1307  —1409 —89.80 2292
ZFOQZZ —3.30 41.50 66.30 —13.98 —98.19 13.65 —13.84 -97.19 13.53 —13.04 —92.64 11.68 —7.14 —39.57 17.55
gg;; 4.50 20.10 58.80 —13.75 —92.55 17.45 —12.66 —86.72 14.56 —13.66 —92.95 16.33 —13.75 -92.91 17.09 —13.24 —92.30 13.62 —2.36 —8.26 10.62
?sz’;‘ 5.00 16710  79.00  —1347  —9209 1567  —1272 —87.07 1469  —1267 —8628 1508  —1265 —8627 1493  —1267 —8839 1297 —654  —43.03 9.29
%;)2, 10.10 64.10 74.80 —14.47  —100.85 14.91 —12.84 —87.28 15.44 -12.37 —86.17 12.79 —12.90 —87.40 15.80 -12.79 —89.48 12.84
2](1)1;2 13.00 14500 7930  —1381 9557 1491  —1368 —9231 1713  —1343 9126 1618  —1284 —8996 1276  —1248 —8891 1093
Jul 14.30 121.80 7430  —14.09 9748 1524  —1438 9875 1629  —1443  —9821 1723  —1441 9737 1791  —1193  —87.30 8.14 —-1504 —12341  —3.09

2022
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3.3. Research Method

The End-Member Mixing Analysis (EMMA), proposed by Christophersen et al. [22],
is a common method used to determine the proportion of component sources in each water
body. The method is based on the law of conservation of mass. Similarly, according to
convention, the composition of the water body is generally ice-melt water, groundwater,
and precipitation. Therefore, these three subjects are taken as research objects. In this
study, the three end-member mixing model (also known as the three-source isotope hy-
drograph separation model) was used to calculate the composition ratio of ice-melt water,
precipitation, and groundwater in the runoff of the lower reaches of the Mingyong River.
Deuterium excess (d-excess) was proposed by Dansgaard, whose expression equation is
d-excess = 8D — 85'80 [23]. There are significant spatiotemporal differences in d-excess
and 580 concentrations in different water bodies [16]. Therefore, the two can be used
as tracers to separate the isotope runoff of three water sources, and the basic equation is
as follows:

Qr=0Q¢+Qp+Q; 3)
Q1dr = Qgbg + Qpdy + Qi6; 4)
QG = Qgcg + Qpcp + QG (G))

Groundwater is the first end member; precipitation is the second end member; ice-melt
water is the third end member; § and C are two different tracers; t is the runoff water body;
and Qg, Qp, and Q; are the end members of groundwater, precipitation, and ice-melt water
recharge sources, respectively. Qg, Qp, and Q; can be calculated with the following formula:

Qg (6 —6)/ (6; —=0,) — (Ci —C¢) / (Ci —Cp)

O~ (G —C/ (G —Cp) = (6 — )/ (61 —3y) ©
Qp _ (6 =)/ (6 —d) — (Ci —Ci)/(Ci —Cy) .
Qr (Cp —Ci)/(Ci —Cg) = (6p — i)/ (8 — )

Qi (%,2)

Qt_l (Qt+Qt (8)

4. Results
4.1. Variation Characteristics of Stable Isotopes for Different Water Bodies

The range of stable isotopes in various natural water bodies is as follows. Among
them, the glacial ice isotopes vary from —78.79 %o to —103.48%. for 6D and from —10.69 %o
to —15.71%. for §180. The ice-melt water isotopes vary from —86.12%. to —114.71%o for
D and from —11.22%. to —16.81%o for 5'0. The river (river midstream) isotopes vary
from —83.60%o to —112.41%o for 5D and from —11.47 %o to —16.40%o for 5'30. The river
(river downstream) isotopes vary from —84.62%o to —111.48%o for 8D and from —11.42 %o
to —16.27%o for 5!80. The groundwater isotopes vary from —76.62%o to —98.81%o for 5D
and from —7.92%o to —14.49%, for '80. The precipitation isotopes vary from 14.64 %o to
—164.55%o for 8D and from —0.10%o to —22.23%o for §'80. It is also found that the average
values of stable isotopes follow the order of precipitation (—68.15%o for 6D, —10.10%. for
§180), groundwater (—91.70%. for 8D, —13.01%. for §'80), glacial ice (—94.41%. for 8D,
—13.70%o for 6180), river water (river downstream, —96.86 %o for 6D, —14.06 %o for 6180),
ice-melt water (—97.00%o for 6D, —14.11%. for 5'80), and river water (river midstream,
—97.32%o for 8D, —14.11%. for 5'80).

Similarly, the range of deuterium excess in various natural water bodies is as follows.
The glacial ice deuterium excess varies from 23.61%o to 6.73%.. The ice-melt water deu-
terium excess varies from 24.83 %o to 2.67 %.. The river (river midstream) deuterium excess
varies from 24.45%o to 8.20%.. The river (river downstream) deuterium excess varies from
25.17 %o to 4.11%o.. The groundwater deuterium excess varies from 22.17%o to —13.25%o.
The precipitation deuterium excess varies from 22.90%o to —3.06%.. The average values
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of deuterium excess follow the order of ice-melt water (15.84 %), river water (river down-
stream, 15.60%o), river water (river midstream, 15.57 %o ), glacial ice (15.15%o), precipitation
(12.64%o), and groundwater (12.35 %o).

According to the above isotopic content in each water body, the average values of
stable isotopes follow the order of precipitation, groundwater, glacial ice, river water (river
downstream), ice-melt water, and river water (river midstream). While the average values
of deuterium excess follow the order of ice-melt water, river water (river downstream),
river water (river midstream), glacial ice, precipitation, and groundwater. The ranges and
average values of stable isotopes and d-excess of ice-melt water, river water (river mid-
stream), and river water (river downstream) are close. The average values of stable isotopes
between glacial ice and groundwater are close, and the average values of deuterium excess
of precipitation are close to groundwater.

Figures 4-9 show that the high values of §D and §'30 of ice-melt water, river wa-
ter (river midstream), river water (river downstream), groundwater, and precipitation
generally occur from March to August, that is, spring and summer, while the low values
generally occur from September to the following February, that is, autumn and winter. The
occurrence time of high and low values of §D and §'80 in glacial ice is opposite to that of
five other types of water samples. The highest values of §D and §'80 of glacial ice occur
around December in winter, and the lowest values occur around May in spring. At the
same time, the 5D and §'80 of the six water samples showed the same change trend at the
time node.
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Figure 4. The range of 5D (a), $'80, and d-excess (b) in glacial ice from 7 August 2021 to 7 August 2022.
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Figure 9. The range of 5D (a), 5'80, and d-excess (b) in precipitation from 7 August 2021 to 7
August 2022.

4.2. Water Line

The local meteoric water line (LMWL) in the Mingyong Glacier basin is 5D = 8.045'80 +
13.06, R? = 0.98, n = 11. There are some differences in the slope and intercept of the meteoric
water line in different regions, as well as in the global meteoric water line (GMWL), which
is related to the distinctive natural ecological environment of water vapor sources in
different places and the specific environmental conditions during the migration of rain
cloud droplets. The slope of the local meteoric water line in the Mingyong Glacier basin is
very close to that of the global meteoric water line (GMWL): §D = 85'80 + 10. The larger
intercept indicates that the non-equilibrium dynamic evaporation fractionation effect may
be higher in the Mingyong Glacier basin, which has important environmental significance.
At the same time, the precipitation source in this region is relatively stable and less affected
by other environmental factors. Friedman points out that the evaporation of raindrops can
cause the meteoric water line to have a slope below 8 due to atmospheric conditions [24].
High temperature and strong evaporation lead to high heavy isotope enrichment and low
slope in liquid precipitation. From the perspective of the LMWL slope of the Mingyong
Glacier basin, it is very similar to the slope of global meteoric water line and greater
than 8, indicating that evaporation in this area is weaker than the inland arid areas. The
Mingyong Glacier basin is located in the inland alpine area, and the steam source is far
away compared to the coastal area; moreover, the temperature difference between winter,
spring, summer, and autumn is not obvious, that is, the annual temperature difference is
small [16], indicating that the environment in this area is humid and the evaporation under
clouds is not strong. The LMWL intercept of the Mingyong Glacier basin is 13.06, which
is larger than the global meteoric water line intercept, indicating that there are multiple
sources of water vapor in the study area. This is consistent with the fact that the water
vapor sources and influencing factors of precipitation in southwest China are quite complex,
including the South China Sea, the Bay of Bengal, the Indian Ocean, the Arabian Sea, and
trans-equatorial airflow [13]. The formation and evolution process of precipitation isotopes
in inland alpine mountains is complicated, and its differences cannot be viewed alone. For
comparison, Figure 10a displays the precipitation in the fitting of the sample line (called
LMWL) and the global meteoric water line. Figure 10b displays the Mingyong River’s
runoff components of a scatter diagram; it shows that precipitation, groundwater, ice-melt
water, and river water (river downstream) are mainly concentrated in the oval circle, and
most of the precipitation scatter is not there. This suggests that clustering bodies of water
together creates a fairly strong connection. In short, in this region, only ice meltwater
and groundwater have strong clustering with the river water (river downstream), while
precipitation is far away, indicating that it contributes little to the composition of river
water (river downstream).
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Figure 10. The local meteoric water line (a) and scatter diagram (b) of the relationship between 5D
and 80 of runoff components in the Mingyong Glacier basin.

4.3. Hydrograph Separation of Mingyong River

Because the concentration of d-excess and §'30 is significantly different in space and
time, d-excess and §'80 are used as tracers to separate the recharge components of the
lower reaches of the Mingyong River in the Mingyong Glacier basin. As shown in Figure 11,
ice-melt water (mean value) is taken as the first end member, groundwater (mean value) as
the second end member, and precipitation (mean value) as the third end member through a
whole hydrological year. Combined with the isotopic change characteristics data of each
water body and the end member diagram, it is concluded that the main recharge source of
the lower reaches of the Mingyong River in the Mingyong Glacier basin is ice-melt water,
with the order being as follows: ice-melt water, groundwater, and precipitation.
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Figure 11. End member diagram of §'80 and d-excess for the whole year.

The whole year is further divided into ablation period and accumulation period for
specific separation calculation, in which the main ablation period is from June to September,
and the accumulation period is from October to the following May. The division is based
on the calculation result of mass accumulation balance of Glacier No. 1 of White Water
River Glacier at the Yulong Snow Mountain near the study area [25]. The Mingyong Glacier
is a typical temperate glacier, which is still in motion during the accumulation period,
and the ablation amount at the end of the accumulation period is not zero. Therefore,
three end-member hydrograph separation is adopted during the ablation period and
accumulation period. In the final calculation formula derived from Formulas (3)-(5), 5180
and d-excess are used as tracers. The results show that the recharge rates of ice-melt water,
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groundwater, and precipitation to the lower reaches of the Mingyong River are 80.6%, 17.2%,
and 2.2%, respectively. According to field research, the lower reaches of the Mingyong River
should comprise a mixed water body of ice-melt water, groundwater, and precipitation.
Therefore, this study intersects the river water (river downstream) line in the accumulation
period with the ice-melt water line, groundwater line, and LMWL to obtain three end
members, respectively, as follows: the end member of ice-melt water is 5180 = —14.10%0 and
§D = —97.24%o, the end member of groundwater is §'80 = —13.74%0 and §D = —94.74 %o,
and the end member of precipitation is §'80 = —14.79%, and §D = —102.14%o. Based on
the above end members, the end member of d-excess is obtained. Similarly, with the
end member values of §'80 and d-excess as tracers during the accumulation period, the
recharge rates of ice-melt water, groundwater, and precipitation to the lower reaches of
the Mingyong River are 19.2%, 73.1%, and 7.7%, respectively. The results of hydrograph
separation of the lower reaches of the Mingyong River during the ablation period and
accumulation period above are shown in Figure 12.
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Figure 12. End member diagrams of ablation period (a) and accumulation period (b).

5. Discussion

From the location of the Mingyong Glacier basin, this area is affected by the East Asian
monsoon in the Pacific Northwest and the South Asian/Indian monsoon in the Bay of
Bengal, Indian Ocean. Additionally, the temperature effect is not so obvious compared
with the arid area in the mainland. The interaction of heavy isotopes due to the water
vapor migration path in this region is more complex. The ice coverage of the outer edge
of the Mingyong Glacier is most obviously affected by the temperature change, which
is influenced by the refreezing process in winter and the melting process in summer.
Therefore, it can be inferred that the variation range of groundwater isotopes is more stable
than that of ice-melt water and precipitation, and it can be basically seen that the global
temperature rise caused by climate change is greatly affected. Ice-melt water is at the
interface of condensation and refreezing, so hybrid power is strong, and isotope variation
is large [16]. For the months with high and low values of §D and §'80, the isotope values
show a phenomenon of continuous enrichment or depletion with time, which reflects
the difference of precipitation formation process in different seasons to some extent. In
addition to glacier ice, high values of 8D and §'30 of ice-melt water, river water (river
midstream), river water (river downstream), groundwater, and precipitation all appear in
the period from March to August, that is, spring and summer. Low values are present in
the period from September to the following February, namely autumn and winter. The
high and low values of 5D and §'80 of glacial ice appear in opposite months to the other
five water samples, the highest values of 5D and §'80 of glacial ice appear in December
in winter, and the lowest values appear in May in spring. This is because the specific
physical and chemical properties of solid glacial ice will have a certain impact on the
month of the occurrence of high and low values of stable isotopes of hydrogen and oxygen.
The high values of hydrogen and oxygen stable isotopes of ice-melt water, river water
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(river midstream), river water (river downstream), and groundwater appeared in similar
months, while the high values of hydrogen and oxygen stable isotopes of precipitation
appeared in March, which may be due to the error caused by the arid climate and small
sample size of precipitation collection points. It can be seen that under the influence of
temperature, heavy isotopes are generally enriched in spring and summer, and are depleted
in autumn and winter. The d-excess defined by Dansgaard can be used to indicate the
climate characteristics of the source of water vapor [23]. In this study, the overall change
of d-excess tends to be stable, and the month in which the high and low values appear is
not obvious to follow. In recent years, new studies have pointed out that the judgment
of the climate characteristics of water vapor sources is limited only by a single d-excess
characterization, indicating that the d-excess in water vapor is not a single but complex
climate characterization, so we should not discuss it too much.

Pearson’s correlation analysis was used to study the correlation between isotopes
of water samples and temperature, precipitation, and relative humidity. It was found
that the correlation coefficients between the monthly average 5'80 values of glacial ice,
ice-melt water, river water (river midstream), river water (river downstream), groundwater,
precipitation, and the monthly average temperature values of Deqin Meteorological Station
are as follows: —0.79 (showing a significant level at 0.01 level), —0.51, —0.19, —0.14,
0.28, and —0.35. Correspondingly, the correlation coefficients with the monthly value of
precipitation are —0.50, 0.01, 0.28, 0.42, 0.50, and 0.13. Similarly, the correlation coefficients
with the monthly value of relative humidity are —0.61 (significant level at 0.05 level), —0.41,
—0.02, 0.08, 0.25, and —0.28. The correlation coefficients between the monthly average
dD values of glacial ice, ice-melt water, river water (river midstream), river water (river
downstream), groundwater, precipitation, and the monthly average temperature values of
Deqin Meteorological Station are as follows: —0.84 (significant level at 0.01 level), —0.38,
—0.03, —0.04, 0.36, and —0.48. The corresponding correlation coefficients with precipitation
monthly value are —0.45, 0.14, 0.43, 0.45, 0.68 (significant level at 0.05 level), and 0.01.
Further, the corresponding correlation coefficients with the monthly relative humidity
are —0.65 (significant level at 0.05 level), —0.27, 0.10, 0.11, 0.39, and —0.37, respectively.
The correlation coefficients between the monthly average of d-excess of glacial ice, ice-
melt water, river water (river midstream), river water (river downstream), groundwater,
precipitation, and the monthly average temperature of Deqin Meteorological Station are
as follows: 0.27, 0.72 (significant level at 0.05 level), 0.67 (significant level at 0.05 level),
0.48, —0.10, and —0.86 (significant level at 0.01 level). The corresponding correlation
coefficients with precipitation monthly value are as follows: 0.37, 0.45, 0.45, —0.01, —0.11,
and —0.71 (significant level at 0.05). The corresponding correlation coefficients with the
monthly relative humidity are 0.22, 0.71 (significant level at 0.05), 0.48, 0.10, 0.02, and
—0.60, respectively.

At the same time, by setting up the control group in the middle and lower reaches
of the river (Mingyong Village is located between the middle and lower reaches of the
Mingyong River), this study explored the possible effects of human activities in the village
on various water isotopes. From figures above, the river (river midstream) isotopes vary
from —83.60%o0 to —112.41%o for 6D, and from —11.47%. to —16.40%. for §180. The river
(river downstream) isotopes vary from —84.62%o0 to —111.48%. for 6D and from —11.42%.
to —16.27%. for 5'80. The average values of stable isotopes between river water (river
midstream, —97.32%o for 5D, —14.11%. for 5'80) and river water (river downstream,
—96.86%o for 6D, —14.06%o for 5'80) are similar. The difference is not obvious, which
indicates that the natural environment of the water body in this region is good and that the
influence of human activity pollution is relatively small. If human activities have unstable
effects on regional natural environment elements and if large pollutants are produced
into water bodies, this may affect the evaporation fractionation effect of isotopes to a
certain extent.

The length of the Mingyong River measured using ArcGIS is about 7.1 km. The
Mingyong Glacier basin is surrounded by mountains on three sides. According to the
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observations during the sampling period, the temperature near the ice surface during the
ablation period in this area is quite high and can reach 29 °C. Due to the small basin area,
there is a large amount of glacier loss during the summer ablation period. In addition,
the glacier basin here has the characteristics of large river drop, short river length, and
strong kinetic energy. Therefore, it takes a short time for ice-melt water from the upper
end of glacier to reach the sampling point in the lower reaches of the Mingyong River.
The particularity of natural geographical environment in the Mingyong Glacier basin
inevitably determines the particularity of its recharge source. According to the calculation
results of the ablation period, the recharge ratio of ice-melt water to the downstream
mountain pass exceeds 80%, indicating that the recharge source of the river water (river
downstream) during the ablation period is mainly the ice-melt water from the ice tongue
of the Mingyong Glacier. According to the calculation results during the accumulation
period, groundwater is the main recharge source, and its recharge ratio exceeds 70%, which
conforms to the recharge law of inland river source. Surface runoff increases in the wet
season, the river supplies groundwater, and the river level decreases in the dry season, and
then groundwater supplies the river. According to the observation during the sampling
period, the groundwater in the Mingyong Glacier basin does not show a great difference
in season, that is, the groundwater in the Mingyong Glacier basin appears to cause an
outcrop all year round, which may be related to the large elevation drop in the basin and
the obvious effect of underground water pressure discharge. According to the research
results of Kong et al., the annual groundwater recharge in the Mingyong Glacier basin
comes from ice-melt water (46%) and precipitation recharge (54%). In the nonmonsoon
seasons (November to the following May), groundwater recharge comes from ice-melt
water (46%) and precipitation recharge (41%) [16]. That is, during the nonmonsoon seasons,
nearly half of the ice-melt water and precipitation recharge the groundwater. According
to the results of this paper, groundwater recharges the lower reaches of the Mingyong
River in this season. In other words, most of the ice-melt water in the accumulation period
does not flow to the downstream mountain pass but is transformed into groundwater
during the flow process, and then recharges to the river water (river downstream) through
groundwater. Therefore, ice-melt water is very important as it is the recharge source of
river water (river downstream) in the accumulation period.

6. Conclusions

Based on field sampling and experimental data, the spatiotemporal variations of stable
isotopes of hydrogen and oxygen in six different water bodies in the Mingyong Glacier
basin were analyzed. Furthermore, d-excess and 580 were used as tracers to analyze the
recharge components of the downstream mountain pass of the basin. The main conclusions
are as follows:

(1) The analysis results of isotopic variations in different water bodies are as follows. In
addition to the significant differences in precipitation isotopes, the isotopes variation
characteristics of other waters tend to be stable. On the spatial scale, the annual aver-
age values of D and §'80 in each water body are in the following order: precipitation,
groundwater, glacial ice, river water (river downstream), ice-melt water, and river
water (river midstream). The annual average values of d-excess in each water body
are in the following order: ice-melt water, river water (river downstream), river water
(river midstream), glacial ice, precipitation, and groundwater. The variation ranges
and annual average values of 8D, 5180, and d-excess of ice-melt water, river water
(river midstream), and river water (river downstream) are close to each other. The
annual average values of 5D and 5'80 between glacial ice and groundwater are close
to one another, and the annual average values of d-excess of precipitation are close to
those of groundwater. In terms of time, except for glacial ice, the highest values of 6D
and 5'80 in the other five water samples appear in spring and summer, and the lowest
values appear in autumn and winter. The difference is that high and low values of
8D and 5'80 in glacial ice are opposite to the other water samples. In addition, the
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local meteoric water line of the Mingyong Glacier basin was obtained, namely LMWL:
5D = 8.045'%0 + 13.06.

(2) The results of hydrograph separation show that the recharge rates of ice-melt water,
groundwater, and precipitation to the lower reaches of the Mingyong River in the
ablation period are 80.6%, 17.2%, and 2.2%, and in the accumulation period, they
are 19.2%, 73.1%, and 7.7%, respectively. At the same time, the ice-melt water in the
accumulation period has a high recharge rate to groundwater, and groundwater is
mostly recharged to the river water (river downstream). Therefore, ice-melt water
in this area, as an important basin water resource, should be rationally planned and
utilized to make an important contribution to regional sustainable development.
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