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Abstract: This study investigates precipitation, snow, groundwater, glaciers and frozen soil in
different landscape zones using isotopic and hydrogeochemical tracers. The aim of this study is to
identify temporal and spatial variations, as well as hydrological processes in the alpine cold region.
The results show that there was no significant difference in water chemical characteristics of various
waterbodies, and no obvious temporal variation, but exhibited spatial variation. In the wet season,
various waterbodies are enriched in oxygen δ18O and deuterium δD due to a temperature effect.
Precipitation and the temperature decrease during the dry season, which cannot easily be affected by
secondary evaporation. The d-excess (deuterium excess) of various waterbodies was greater than
10‰. There are no altitude effects during wet and dry seasons because the recharged water resources
are different in the wet and dry seasons. It is influenced by the freezing-thawing process of glacier
snow and frozen soil. The river water is recharged by thawed frozen soil water and precipitation in
the wet season, but glacier snow meltwater with negative δ18O and δD is less (14–18%). In the dry
season, glacier snow meltwater and groundwater are the dominant source of the river water, and
thawed frozen soil water is less (10–15%).
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1. Introduction

The combined study of environmental isotopes and hydrogeochemical tracers in water has
become a powerful and promising tool for conducting hydrological research in recent years. Isotopic
tracers can provide data and information on the origin of runoff processes and components [1–7].
It can be used to study the water cycle and origin of atmospheric condensates [8–13]. In addition,
stable isotopes have been used to identify runoff pathways, contribution of runoff component and
residence times [14–18].

Numerous investigators have studied the variable of deuterium D and oxygen 18O in atmospheric
moisture to determine short- and long-term climatic variations in different geographic areas [19–23].
Harvey and Welker (2000) found isotopic differences between summer and winter precipitation.
An important issue that can be addressed by the isotopic analysis of precipitation involves the primary
and secondary processes that control the evaporation-condensation. [24–28]. Yoshimura et al. (2003)
used a isotope model to quantitatively analyze short-term δ18O and δD variability. It is important
to study isotope monitoring, to understand the hydrology of different landscape zones, to identify
human impacts on rivers, to identify impacts of climate change on runoff, and to structure hydrological
models [29–37].
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There is a diversity of vertical vegetation zones in the Mafengou River basin [38]. However, there
is less research on spatial and temporal variation in isotopic composition of various waterbodies on
the different landscape zones in the alpine cold region. This study investigated precipitation, snow,
surface water, groundwater, frozen soil water and glaciers on the different landscape zones, using both
isotopic and hydrogeochemical tracers. The objectives of this paper are as follows: (1) to characterize
spatial and temporal variations of the isotopic composition of various waterbodies in each of the
landscape zones; (2) to investigate the recharged water sources and proportions of river water, and;
(3) to identify spatial and temporal variations and reasons of hydrological processes on the landscape
zone scale in the alpine cold region.

2. Area Description

2.1. Site Description

The Mafengou River basin is located in the alpine cold region of the Qilian mountainous area in
China, with latitudes 38◦12′14′′~38◦16′23′′ N, and longitudes 99◦50′37′′~99◦53′54′′ E. The catchment
area is 23 km2. The altitude ranges from 2960 m to 4820 m, spanning 1860 m. The mean annual
precipitation ranges from 400 to 700 mm. Flood season is late in the Mafengou River Basin, and
precipitation mainly occurs during the summer season. Spring flood and summer flood seasons are
in succession.

In March and April, the surface soil melting process water is weak. Surface soils refreeze due
to freezing temperatures at night. In May, melting water from snow and glaciers were the dominant
source of runoff. After June, frozen soil, glaciers and snow gradually melt as the temperature increases.
In July and August, precipitation achieves a maximum, although the melting of seasonal glaciers
and snow decreases, the frozen soil melting increases. After mid-September, melting water gradually
decreases. Precipitation shifts gradually to a solid state, and the river drops quickly. From October
to February of the next year, the temperature decreases rapidly, precipitation is in the form of snow.
Surface water and frozen soil freeze.

2.2. Hydrogeological Background

The study site is an area with strong tectonic structures. The lithology is dominated by
Paleozoic-Mesozoic and Cenozoic sandstone, conglomerate, shale, limestone and slate, which
have degenerated to different degrees [3,9,39]. There is abundant bedrock fissure water, which is
characterized by metamorphic and clastic rock dating from the Paleozoic to the Cenozoic [3,9,40].
Pore-fissure water occurs mainly in the Late Paleozoic to Cenozoic strata. Permian-Jurassic pore-fissure
water is mainly found in high mountainous areas [41]. Glacial meltwater, seasonal snowmelt,
precipitation and bedrock fissure water contribute to this runoff throughout the mountainous area.

3. Material and Methods

3.1. Sample Collection

Samples of precipitation (N = 48), surface water (N = 176), snow (N = 20), frozen soil (N = 144),
glacier (N = 20) and groundwater (N = 60) were collected and sealed from 2008 to 2013 in the Mafengou
River basin. Temperature, EC (conductivity) and pH of groundwater and surface water were measured
with YSI-63 conductivity meter in the field. The samples were preserved at 4 ◦C. Frozen soil, glacier
and snow were refrigerated at −20 ◦C. The sampling sites are shown in Figure 1.
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Figure 1. Location of the sampling sites in the study area.

3.2. Laboratory Analyses

Soil water was extracted by cryogenic vacuum distillation. Water samples were filtered through
0.45 µm Millipore membrane for major element analyses. Water samples were filtered through 0.2 µm
Millipore membrane for analyses of δ18O and δD. δ18O was analyzed by a Euro-PyrOH elemental
analyzer at a temperature of 1300 ◦C, and δD was analyzed at a temperature of 1030 ◦C in the Chinese
Academy of Sciences. The analytical precision of δ18O determinations was ±0.2‰, and that of δD
± 1‰. Isotopic elements were expressed as δ-per million (‰) relative to the Vienna Standard Mean
Ocean Water, according to the follow equation:

δ18O(
0

00
) =

(18O/16O)sample − (18O/16O)SMOW

(18O/16O)SMOW
× 1000,

δD(
0

00
) =

(D/H)sample − (D/H)SMOW

(D/H)SMOW
× 1000

Ca2+, K+, Na+ and Mg2+ were analyzed by atomic absorption spectrometry (PE-2380), water samples
were acidified by HCl before Ca2+ and Mg2+ were analyzed. SO4

2−, NO3
−, Cl−and F− were analyzed

by ion chromatography (Dionex-100). HCO3
− concentrations were determined by titration on site or

within 24 h after collection, which were acidified by HCl. The analytical precision was less than ±3%.

4. Results and Discussion

4.1. Temporal and Spatial Variations of Chemical Characteristics

The water migration path can be roughly inferred by the spatial distribution trend of EC. There was
not a significant difference in the water chemical characteristics of various waterbodies, without obvious
seasonal variation, but an obvious hydration credits zone existed. The pH value of most water samples
ranges from 8.26 to 9.37. The values of EC of water samples range from 29.1 to 2448 µS/cm. The highest
EC values are recorded in the alpine meadow grassland zone (2448 µS/cm) and alpine cold desert zone
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(2005 µS/cm), which are affected by water-rock interactions. The lowest EC values (29.1 µS/cm) are
measured in precipitation. The EC values of glacier snow ranges from 196 to 204 µS/cm. The EC values
of runoff in the alpine cold desert zone are close to that of glacier snow, which exist as the hydraulic
relationship of recharge and discharge. The EC values of the marsh meadow zone is 483.6 µS/cm.
The EC value of spring water in the alpine shrub zone was 190.3 µS/cm. The EC of river water in the
upper reaches is 421–444 µS/cm, 452–463 µS/cm in the middle reaches, and 465.5–493.2 µS/cm in the
lower reaches. From the catchment area to the lower reaches, the EC values of river water are increasing,
which showed that it is recharged by different mixture water along the path, besides spring water.

The PHREEQC interactive model is used to simulate the chemical reaction and transferring
process [42,43]. Data are entered through a series of keyword data blocks. The most important results
of speciation calculations are saturation indices for minerals, which indicate whether a mineral should
dissolve or precipitate. The saturation index is calculated, and the results are showed in Table 1. The result
show that spring water in the alpine shrub zone (S-09-1) is SI(aragonite) > 0, SI(calcite) > 0, SI(dolomite) > 0,
suggesting that aragonite, calcite and dolomite are supersaturated, they are precipitation. SI(anhydrite) < 0,
SI(gypsum) < 0, SI(fluorite) < 0, SI(salt) < 0, suggesting that they are low saturation. Anhydrite, gypsum,
fluorite and salt are dissolved, and they are rich in carbonate and their PH is alkaline. The saturated
index of spring in the lower reaches (SP-09-6) is similar to that of the alpine shrub zone, indicating that
it is affected by the mixture of different waterbodies. The saturation index of the other groundwater
is SI(anhydrite) < 0, SI(gypsum) < 0, SI(aragonite) < 0, SI(calcite) < 0, SI(dolomite) < 0, SI(fluorite) < 0, SI(salt) < 0,
indicating anhydrite, gypsum, aragonite, dolomite, fluorite and salt are low saturation, they are solution.

Table 1. Saturation indices on water samples from the aquifers in the study area.

Sampling Site Location Area SI(anhydrite) SI(aragonite) SI(calcite) CO2(g) SI(dolomite) SI(fluorite) SI(gypsum) SI(salt)

G-09-06 Glacier snow −3.57 −0.81 −0.66 −1.82 −1.89 −3.84 −3.35 −11.00

C-09-1 Alpine cold desert −2.96 −1.11 −0.97 −1.92 −1.95 −3.90 −2.74 −10.47

S-09-1 Alpine shrub −2.96 0.31 0.47 −3.93 0.55 −3.56 −2.70 −10.48

SP-09-6 Spring lower −1.94 0.70 0.86 −3.42 1.47 −3.08 −1.69 −9.07

Inverse modeling calculates the geochemical reactions that account for the change in chemical
composition of water along a flow path. PHREEQC can accord the water chemistry deduction of the
water flow path. The water-rock reaction of groundwater flow can be determined. Which water-rock
reaction has occurred for a water chemistry system, the quantity of mixed aqueous solution for each
component, and the transfer amount of gases and minerals in the evolution process can be calculated.
The PHREEQC model was used to inverse simulate the hydrogeochemical system in the study area.
The saturation index of CaCO3 gradually decreased from the alpine cold desert zone to the alpine shrub
zone. Calcite and aragonite are precipitation. The saturation index of gypsum and anhydrite gradually
increased with lixiviation action. CaMg(CO3)2 did not obviously exist, and the salt showed lixiviation
action. The hydrogeochemical process of the path (G-09-06→S-09-1) includes dissolved dolomite, calcite,
aragonite and rock salt, runoff from the glacier snow zone flow to the alpine shrub zone. The path
(G-09-06→C-09-1) is from the glacier snow zone to the alpine cold desert zone, indicating dissolved
anhydrite, dolomite, gypsum and salt, but calcite is precipitation. The hydrological path (C-09-1→S-09-1)
refers to the runoff from the alpine cold desert zone to the alpine shrub zone, indicating that calcite and
fluorite and rock salt are dissolved, which is the main hydrogeochemical process. From the mass balance
simulation results, it was shown that calcite precipitation was the main process (Table 2).

Table 2. Calculated results of mass transfer along different flow paths in the study area.

Flow Path Anhydrite Aragonite Calcite Dolomite Fluorite Gypsum Salt

G-09-06→S-09-1 2.281 × 10−5 2.165 × 10−4 3.646 × 10−5 1.375 × 10−5

G-09-06→C-09-1 8.116 × 10−5 −3.574 × 10−4 3.506 × 10−4 9.243 × 10−5 7.936 × 10−6

C-09-1→S-09-1 3.297 × 10−4 6.359 × 10−7 9.089 × 10−6
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4.2. Altitude Variations of Hydrological Processes in the Study Area

During the wet season, there are no obvious altitude effects for surface water in different landscape
zones and different altitude. Surface water in alpine cold desert zone is mainly recharged by thawed
frozen soil water, glacier snow meltwater and precipitation, but surface water in the alpine shrub zone
is recharged by the spring, precipitation and thawed frozen soil water. The isotopic composition of
surface water in the marsh meadow zone and mountain grassland zone are enriched due to the repeated
freeze-thaw cycle of frozen soil. Therefore the differences in the isotopic composition of surface water
in various landscape zones were large, and there are no altitude effects. As Figure 2 shows, there are no
obvious altitude effects among various frozen soils during the wet season. The isotopic composition
of frozen soil is controlled only by temperature, but not altitude. River water mix the glacier snow
meltwater with lower isotopic levels, leading to an isotopic composition that is relatively negative.
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Figure 2. Altitude effects of oxygen δ18O for various waterbodies in different landscape zones in the
wet and dry season.

Compared with wet season, some differences appeared in the isotopic components of various
waterbodies, but do not show a good correlation with elevation in the dry season. There are no obvious
altitude effects among the various landscape zones. This is because the river water is recharged by
thawed frozen soil water and glacier snow meltwater, and thawed frozen soil water and glacier snow
melts water infiltrated and turned into groundwater [3,9,38]. Therefore, the altitude effect cannot be
applied to determine the recharged level of groundwater or river water in the Mafengou River Basin.

4.3. Temporal and Spatial Variations of Runoff Process

During the wet season, δ18O of river water in the lower reaches ranges from −8.15‰ to
−8.04‰, and δD range from −46.67‰ to −45.24‰, respectively. As the Figure 3 shown [9,38],
the isotopic composition of river water is low compared with that of precipitation, and ranges between
precipitation and meltwater, which indicated that river water is recharged by precipitation and
meltwater. The isotopic composition of river water was low due to recharge by glacier snow meltwater
and thawed frozen soil. It is revealed that river water is recharged by thawed frozen soil, glacier snow
meltwater and precipitation in the wet season [3,9,38]. During the dry season, in river water in the
lower reaches, δ18O ranges from −8.91‰ to −8.84‰, and δD ranges from −52.46‰ to −51.72‰,
respectively, between groundwater and meltwater, which indicates that river water is recharged by
groundwater and meltwater. Precipitation and various waterbodies exhibit seasonal effects.

Temporal variations in δD and δ18O of various waterbodies has significant temperature effect
(Figure 3, Table 3). There are several reasons for this seasonal variation: (1) in the wet season,
precipitation mainly occurs from July to September, during which high temperatures occur. Higher
temperatures lead to isotope fractionation effects caused by evaporation during the precipitation
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process. Therefore, various waterbodies are enriched in δ18O and δD even though rainfall is heavy
during the wet season. (2) In the dry season, water vapor comes from the evaporation of local
waterbodies and the temperature is low. Therefore, less secondary evaporation and water vapor
exchange occur during the precipitation process, leading to negative in δ18O and δD. As the seasons
move into autumn and winter, precipitation and temperature decrease, and precipitation is in the
solid state in the cold season and evaporation is weak, leading to negative in δ18O and δD.
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Deuterium excess (d = δD− 8δ18O) is a valuable indicator of isotope hydrology and hydrological geology,
which can be used as an indicator in the research on hydrological processes, water-rock interaction, and the
dynamics of groundwater. It can be applied to study different waterbodies, besides precipitation [44–46].

The d-excess value of precipitation ranges from 12‰ to 23‰ (Figures 4 and 5). The difference is due
to the climate and the complexity of moisture sources in the alpine cold mountainous region (Figure 4).
The d-excess value of surface water is high due to re-evaporation. The d-excess value of underground
runoff in the alpine cold desert zone are similar to those of glacier and snow, which is recharged by
glacier snow meltwater. The d-excess of groundwater varies from 18.9‰ to 19.6‰, and are close to those
of frozen soil, which suggests that groundwater mainly is recharged by thawed frozen soil water zone.
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In the wet season, the d-excess value of surface runoff in the mountain grassland zone and marsh
meadow zone are significantly different from that of various waterbodies in other landscape zones, and
also greatly different from that of glacier and snow, indicating that they have differently recharged water
resources (Figure 4). The d-excess value of surface runoff in the marsh meadow zone varies from 6.98‰
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to 8.9‰, which is close to those of frozen soil. It reveals the characteristics of recharged by thawed frozen
soil water. The d-excess value of outlet river water in the wet season is obviously different from that of in
dry season, which indicates that the recharge water source is different in different periods.

In the dry season, Figure 4 shows that underground runoff in the alpine cold desert zone, glacier and
snow have a very close hydraulic connection. The d-excess value of groundwater in the alpine shrub zone
varied from 19.8‰ to 21.5‰, and are close to those of frozen soil in the freezing layer, which suggests
that groundwater in the alpine shrub zone is recharged by thawed frozen soil water, snow and glacier.

During the dry season, the d-excess value of surface water in the mountain grassland zone and
marsh meadow zone are significantly different from various waterbodies in other landscape zones,
indicating that they have differently recharged water resource (Figure 4). The d-excess values of
various waterbodies in the wet season and dry season are generally higher than the global average
value (10‰), which suggests that various waterbodies are not directly recharged by precipitation.
The d-excess value gradually decreases from the recharged region to the drainage region, with the
infiltration and migration of the water.

Table 3. Result of the isotopic analysis for various samples in the wet and dry season in the study area.

Landscape Zones Samples Type NO (420)
Wet Season Dry Season

δ18O (‰) δD (‰) δ18O (‰) δD (‰)

Glacier snow
Surface water 36 −9.69 ± 0.73 −67.03 ± 4.6 −16.03 ± 0.8 −78.14 ± 1.11

Glacier 20 −12.82 ± 0.51 −82.34 ± 3.1 −17.30 ± 1.02 −99.34 ± 3.3
Snow 20 −17.13 ± 1.21 −107.3 ± 2.86 −19.60 ± 1.62 −113.42 ± 8.5

Alpine cold desert

Surface water 36 −7.20 ± 1.2 −39.86 ± 5.2 −9.47 ± 1.8 −57.56 ± 3.7
Groundwater 24 −11.95 ± 0.18 −80.23 ± 2.8 −12.15 ± 0.23 −81.64 ± 1.9

Frozen soil (surface) 24 −10.45 ± 2.2 −72.82 ± 2.1 −11.36 ± 1.74 −76.12 ± 1.2
Frozen soil (deep) 24 −11.64 ± 0.42 −80.71 ± 2.3 −11.43 ± 0.74 −80.19 ± 2.4

Marsh meadow
Surface water 36 −4.75 ± 0.21 −30.37 ± 1.4 −6.82 ± 0.21 −32.44 ± 2.16

Frozen soil (surface) 24 −4.96 ± 0.41 −31.56 ± 1.3 −6.71 ± 0.34 −36.71 ± 0.21
Frozen soil (deep) 24 −5.38 ± 1.2 −33.68 ± 0.4 −7.49 ± 0.67 −43.07 ± 1.3

Alpine shrub Surface water 32 −6.84 ± 0.32 −35.62 ± 0.8 −7.83 ± 0.24 −37.89 ± 2.46
Groundwater 36 −8.19 ± 0.56 −44.23 ± 1.3 −9.47 ± 0.47 60.58 ± 1.12

Alpine grassland
Surface water 36 −5.54 ± 0.11 −27.33 ± 0.7 −6.39 ± 0.21 −30.17 ± 1.82

Frozen soil (surface) 24 −6.02 ± 0.81 −34.53 ± 2.2 −6.47 ± 0.23 −37.67 ± 1.11
Frozen soil (deep) 24 −7.80 ± 0.84 −44.43 ± 0.9 −7.91 ± 0.11 −39.25 ± 1.73

4.4. Variations of the Contributions of Runoff

There is a significant difference in the value of δ18O and d between glacier, snow, frozen soil,
surface water and groundwater in the different landscape zones (Table 3). As shown in Figure 5,
various waterbodies in each landscape zone are located within the triangle that spanned the three
end-members of glacier snow meltwater, thawed frozen soil and precipitation, which suggests that
the runoff is a mixture of the three end-members in the wet season [9,38]. They are close to the line
of precipitation and thawed frozen soils, indicating that thawed frozen soil water and precipitation
are the main water source. Figure 5 explains the three end-members are groundwater, glacier snow
meltwater and thawed frozen soil water in the dry season. Various waterbodies in each landscape
zone are also located within the triangle that spanned the three end-members, which indicates that
the runoff was a mixture of water. However, it is close to the line of groundwater and glacier snow
meltwater, which is recharged by glacier snow meltwater and groundwater.
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The conservative elements Cl− and 18O tend to act conservatively, which do not participate in
chemical reactions, which are frequently used as a tracer along flow paths due to their lack of reactivity
and input sources in the subsurface environment (Figure 6). The results show that runoff is recharged
by thawed frozen soil water, glacier snow meltwater and precipitation during the wet seasons in
the Mafengou River basin. The contribution of precipitation is 27–35%, glacier snow meltwater is
14–18%, and thawed frozen soil water is about 48–53% of total stream runoff. In the dry seasons,
runoff is recharged by thawed frozen soil water about 10–15%, glacier snow meltwater about 17–25%,
and groundwater about 62–68%. The largest component of total stream runoff is groundwater [9,38].
The runoff is mainly recharged by groundwater. The freezing-thawing process of seasonally frozen
soil is an important process of hydrological processes.
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5. Conclusions

The following conclusions can be drawn from this study:

i. There is not a significant difference in the water chemical characteristics of various waterbodies.
There is no obvious seasonal variation, but obvious hydration credits zone existed. Various
waterbodies are relatively negative in δ18O and δD in the dry season, but enriched in δ18O and
δD in wet season, which exhibits seasonal variation. In the wet season, higher temperatures lead
to isotope fractionation effects caused by evaporation, and secondary evaporation easily occurs
during the wet season, leading to enrichment in δ18O and δD. In the dry season, the temperature
is low, and water vapor comes from the evaporation of local waterbodies. Precipitation is in the
solid state in the cold season and evaporation is weak. Therefore, the isotope value is low, leading
to negative in δ18O and δD.

ii. The difference of d-excess value in the alpine cold mountainous region reflects the complexity of
moisture sources and the extreme climate. The d-excess values of various waterbodies in the each
of the landscape zones are higher than the global average value (10‰) due to the high altitude,
strong solar radiation and strong evaporation in the Mafengou River basin. It is strongly affected
by the local climate and environment, and leads to high d-excess.

iii. The isotopic components of precipitation exhibits altitude effects. The δ18O and δD values are
decreased with increased altitude. However, there are no obvious altitude effects among surface
water during the wet and dry season. This is because it is not only recharged by precipitation,
but also by meltwater of glacier, snow and frozen soil. The transformations of groundwater and
surface water lead to the change of isotopic composition. Therefore, homogenization effects are
the controlling factor of the change of isotopic components of various waterbodies. Therefore
elevation effects cannot be applied to determine the recharged level of groundwater or river
water in the Mafengou River Basin.

iv. The river water is mainly recharged by thawed frozen soil water and precipitation in the wet
season, but glacier snow meltwater with negative in δ18O and δD is relatively less (14~18%).
In the dry season, glacier snow meltwater and groundwater are the dominant source of the outlet
river water, but thawed frozen soil water is relatively less (10~15%).
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