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Abstract: Snowmelt water in spring is an important source of soil water, which is critical to supporting
crop growth. Quantifying the contribution of snowmelt water to soil water and its dynamic changes
is essential for evaluating soil moisture and allocating agricultural water resources. In this paper,
through controlled outdoor experiments, different snow depths and soil depth gradients were set;
and snow, precipitation, and soil samples were collected regularly. To analyze the contribution
of snowmelt water to soil water and its dynamic changes, the MAT-253 stable isotope ratio mass
spectrometer was adopted for hydrogen and oxygen isotope analyses. The results showed that the
snowmelt water for snow depths of 10 cm, 30 cm, and 50 cm all contributed to the 0-30 cm soil layer.
The contribution increased with soil depth, contributing 8.13%, 8.55%, and 11.24%, respectively. The
contribution of the snow cover at the same depth to the soil moisture at different depths also varied,
i.e., the contribution increased with increasing soil depth. The snowmelt water retention time at
depths of 10 cm, 30 cm, and 50 cm was inconsistent, i.e., it was the longest at 0-10 cm (average of
69 days), followed by 20-30 cm (average of 59 days), and the shortest at 10-20 cm (average of 54 days).
The greater the snow depth, the shorter the retention time of the snowmelt water in the different soil
layers. For surface soil, the contribution of the snowmelt water at greater depths was significantly
different; while for deep soil, the contribution was more sensitive to the snow depth. Regardless
of snow depth, soil contributions at different depths were significantly different. Precipitation also
affected the contribution of the snowmelt water to the soil water, exhibiting different effects at
different depths.
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1. Introduction

The issue of water resources has been a major topic in China and globally [1]. As a
special source of water resources, snowmelt water plays an increasingly important role [2].
Northeastern China, the region with the largest snow accumulation among the three
major snow regions in China, generates a huge amount of snowmelt water in spring [3].
Northeastern China is an important grain production area, and its food security remains
a concern [4]. The soil moisture during spring sowing affects the development of the
seedlings and grain yield [5]. In recent years, frequent spring droughts have reduced
grain production in this region [6,7]. Since snowmelt water is the main source of spring
soil water in northeastern China, exploring its contribution to soil water and its dynamic
changes regarding soil water provides important guidance for soil moisture assessment
and agricultural water resource allocation [8,9]. However, few related studies have been
conducted on these topics.

Hydrogen and oxygen stable isotopes of water are natural trackers, which are widely
used in hydrological tracking. Due to the stability of chemical properties and their con-
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sistent behavior with water migration, the stable isotopes of D and 80 have become
important indicators that can represent the information of hydrological processes. They
are used to quantitatively evaluate water evaporation and connectivity and conversion
rates between different water bodies in a watershed [10,11] and to determine the contri-
bution of different recharge sources in mixed water bodies [12-18]. Isotopic tracers can
also help assess runoff sources on annual and seasonal time scales [19-21], estimate the
contribution of glacial snowmelt water and frozen soil water to runoff [22], determine
the importance of snowmelt to groundwater recharge [23], and evaluate the hydrological
processes controlling lake water balance [24]. In addition, isotope tracers have also been
applied in qualitative and quantitative identification and source diagnosis of water saliniza-
tion, showing good application value [25-27]. In terms of using an isotope tracer to study
the interaction between groundwater and surface water, Dincer et al. used environmental
isotope technology to conduct tracer experiments in small mountainous basins in northern
Czechoslovakia [28]. They showed that groundwater often affects snowmelt runoff in
humid to sub humid areas. Fritz et al. and Sklash studied the environmental isotopes of
eight watersheds with different hydrogeology in Canada and found that there were a large
number of groundwater components in rainstorm and snowmelt runoff [29,30]. Gui et al.
conducted stable isotope tracing on 202 samples of precipitation, permafrost water, river
water, groundwater and soil water in the Qinghai Tibet Plateau from 2013 to 2014 [31]. It
was found that the river water in the Anyuan River Basin in the northeast of the Qinghai
Tibet Plateau mainly comes from precipitation and permafrost water, of which the average
contribution rates of permafrost water and precipitation to the river water in the basin are
24% and 76%, respectively. Based on the study of stable isotopes, the changes of stable
isotopes in different water areas during the year show that the transformation modes of
surface water and groundwater are different [32].

The quantitative analysis of the contribution of different water sources to mixed
water is often carried out by EMMA (End member mixing analysis model). Based on
the tracer test data and the law of mass conservation, Sklash et al. proposed a method
to determine the source proportion of mixed water, which is called EMMA [33]. Hooper
et al. and Hooper introduced the EMMA based on chemical isotopes to analyze the
composition of water [34,35]. Since then, EMMA has been widely used. Different scholars
often use two-dimensional EMMA and three-component EMMA to analyze the effect of
potential water sources on water flow, quantify the contribution of potential sources and
the interaction between different water bodies. For example, stable isotopes are used to
determine the water source of precipitation [36-38], river water [39], glacier melt water [40],
lake water [41], groundwater [42,43], and explore the impact of surface water or other
water sources on groundwater. Chen et al. and Li et al. further proposed that hydrogen
and oxygen stable isotopes are the most commonly used two-component hydrographic
separation tracers [44,45]. Therefore, using stable isotopes of hydrogen and oxygen from
different sources and using EMMA, the in situ and contribution rate of mixed water can
be calculated.

Soil water can be easily changed by various factors, such as precipitation, evaporation,
topography, surface temperature, wind speed, biological absorption, and utilization [46],
making it difficult to grasp the changes in the amount of soil water and the spatial dis-
tribution with time at different scales [47]. Several existing studies have investigated the
quantity and physicochemical properties of soil water [48]. For example, Zhang et al. [49]
analyzed the stable hydrogen and oxygen isotopes of soil water in the water source area of
the Yuanyang terraces and reported that the isotope values had large fluctuation ranges
in the surface soil profile and the fluctuation range of 580 decreased with increasing soil
depth (without quantitative analysis). Wu et al. used stable hydrogen and oxygen isotope
analyses to measure the isotopic distribution characteristics of soil water and condensate
water under the membrane [50]. Results showed that 180 was enriched in condensation
water and its enrichment was much larger than that in surface soil which resulted from
evaporation. In the Zhongliang Mountain in the Beibei District of Chongging City, Wu et al.
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used stable isotope analysis to study temporal and spatial variation characteristics of the
hydrogen and oxygen isotopes of soil water in the 0-15 cm and 15-45 cm soil profiles under
different land use patterns [51]. The results indicated that precipitation is the main source
of the soil water supply in this area. The seasonal variations of 5D and §'80 of the soil water
are significant in different months of the rainy season, but there is no significant difference
in the soil water 6D and §'80 under different land use patterns. By studying the seasonal
variations in the oxygen isotopes of the soil water at two locations in Washington state,
Robertson et al. showed that from summer to winter, the isotopic values of the shallow
soil water were higher than those of the deep soil water; while the isotopic values of the
shallow and deep soil water were similar during the snow melting period in spring [52].

At present, few quantitative studies have been conducted on the contribution of
snowmelt water to soil water in China and abroad. Most previous studies focused on
qualitative description and analysis. For this type of research, the existing method is mainly
to determine the amount of soil water and its energy state through experiments, such
as monitoring the soil water content in the field and calculating the soil water flux. For
example, based on snow cover test, Fu et al. suggested that during the snow melting period,
the infiltration of snowmelt water inhibited a steady increase in soil temperature, and the
water content increased suddenly [53]. The soil water content gradually increased with
increasing snow depth [54]. By analyzing the relationship between the snow cover and
soil moisture in northern China, Lu et al. proposed that snow cover caused the uniform
fluctuations in the soil water content of each layer over time, which signified the time-
lagged effect of soil water infiltration. They reported that snow cover was conducive to
maintaining the stability of the soil water content and to increasing soil water content [55].
Liang concluded that winter snow cover on farmland is significantly correlated with
soil water content in spring [56]. MoZny reported that the duration and thickness of the
snow cover significantly affected the soil water content in the late growth stage [57]. The
limitations of the above studies were that they only measured the macroscopic changes in
the soil moisture, but failed to reveal the contribution of the snow cover to the soil water
content. As a result, they did not determine its specific source and destination [58]. In
1953, Dansgaard studied the 80 characteristics of atmospheric precipitation [59]. After
this, the geochemical method based on stable hydrogen and oxygen isotopes gradually
became standard in related water research, which opened up new opportunities for gaining
an in-depth understanding of soil water migration and transformation mechanisms [60].
Briefly, the geochemical method utilizes the indicative function of the stable hydrogen and
oxygen isotopes of water molecules [60,61] to investigate the migration of the soil water by
tracking the migration of stable isotopes; ultimately, the pattern of the soil water migration
can be studied at different spatial scales [62]. Gazis et al. used the changes in the isotopic
values in different soil layers to obtain information about the water migration in the soil
and analyzed the properties, sources, and consumption and migration patterns of soil
water at the microscopic level [63].

Previous studies on the isotopes of soil water mostly concentrated on the qualitative
description and the distribution characteristics, which can be affected by the extraction
technique. The research on isotopes in soil water mostly focuses on qualitative description
and distribution characteristics, and due to the influence of extraction technology, the
overall research progress is still relatively slow. Studies on the quantitative analysis of soil
water quantities are still very rare. Therefore, based on controlled outdoor experiments, in
this study, the quantitative relationship between the contribution of the snowmelt water to
the soil water in spring was explored. The results of this study will provide a quantitative
basis for a scientific understanding of the impact of snow melt water on soil moisture, and
provide a scientific basis for studying the effects of snow cover changes.
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2. Materials and Methods
2.1. Experimental Site

The experimental site was located in Yichun City, Heilongjiang Province, China.
Heilongjiang Province is in the highest latitude region in China. It has cold temperate
and temperate continental monsoon climates with a long and cold winter. The terrain
is generally high in the northwest, north, and southeast and low in the northeast and
southwest. Its topography consists of mountains, mesas, plains, and water bodies. The
average annual snowfall was 31 mm from 1961 to 2015, with a maximum of 71 mm [64].
Yichun City is located in the Xiaoxing’anling Mountains. Eighty percent of the local terrain
is mountainous, and 5% is water, 5% is grassland, and 10% is field. Overall, the terrain is
high in the northwest and low in the southeast. The terrain is steep in the south, gentle in
the middle, and flat in the north. The average altitude is 600 m. It has a mid-temperate
continental humid monsoon climate. The climate is cold and dry and is controlled by the
polar continental air mass in winter. It is affected by the subtropical marine air mass in
summer, and the precipitation is concentrated in this season. With abundant rainfall and
a long sunshine duration, the climate is hot and humid and is suitable for crop growth
(despite occasional cold damage). During spring and autumn, the weather can vary.
The spring is windy with little precipitation and is prone to droughts. The autumn is
characterized by rapid cooling, frequent dry frosts, and cold damage. The annual average
temperature is 0.6 °C, the annual precipitation is 610.5 mm, and the annual sunshine
duration is 2196.0 h. Dark brown soil is the main soil type in Heilongjiang Province, and
the soil in Yichun City is also predominantly dark brown soil. Therefore, an experimental
site with dark brown soil was selected (Figure 1).

129°00°F 130°00°E 131°00°E

(a) 115:+8618346755531

Mobile number:+8618346755531

Figure 1. The test area. (a) The location of experiment quadrats; (b) The quadrats before experiment;
(c) The quadrats during experiment.

2.2. Meteorological Conditions during the Experimental Period

The trial was conducted from October 2019 to June 2020. After the snowfall in Novem-
ber 2019, the snowpack test was completed, and the sampling was from March to June 2020.
The temperature and precipitation on the precipitation days at Wuying Station during the
sampling period are shown in Figure 2. According to the observation records, a total of
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24 precipitation events occurred during the sampling period, of which the first four were
snowfall, the fifth (17 April 2020) was sleet, and the other 19 were rainfall events. The
highest precipitation occurred on 27 May, with a rainfall of 45.5 mm; and the lowest rainfall
events (0.1) mm occurred on 26 March, 17 April, and 22 April. The first snowfall event
recorded during the experiment occurred on March 12, when 10 cm of snow had melted
(11 March). Thus, except for this snow day, the average temperature on all of the other
days was above 0 °C. The highest temperature was 17.6 °C on 13 May, and the lowest
temperature was —6.9 °C on 13 March.

1o

Precipitation/mm

Temperature/°C

Sampling Date

Figure 2. The change of temperature and precipitation amount in Wuying during the time of
the experiment.

2.3. Experimental Design

Design of the experimental site: The experimental quadrat was designed as a square,
with each side measuring 3 m. After the first snow cover of 30 cm, the method of manual
removal and filling was used to control the three quadrats with snow thicknesses of 10 cm,
30 cm, and 50 cm. The same method was used to make three replicas for each snow depth.
Three quadrats without snow cover in the same area were prepared as control quadrats.
If there was any new snowfall throughout the winter, plastic was used to keep the snow
from falling on these experimental plots. However, if there was a decrease in the snow
thickness, snow was added to maintain the snow thickness in the plots with snow. To
facilitate sampling and exclude the influence of the surrounding snow on the snow in
the quadrats, as well as the influence of the surrounding snowmelt water on the soil, a
50 cm plastic diaphragm was vertically buried around each quadrat in advance, and a
one-meter-wide access was left around the quadrat (Table 1).

Sampling: Before the snow began to melt, soil samples were collected from three depth
intervals (0-10 cm, 10-20 cm, and 20-30 ¢cm) using a soil drill. These samples were used
as a baseline to measure the initial isotope values of the soil water. After the snow had
completely melted in each experimental quadrat, soil samples were collected from the three
depth intervals (0-10 cm, 10-20 cm, and 20-30 cm) using a soil drill. Soil samples were
acquired every three days. The soil samples were stored in whirl-pak sterile sampling bags,
sealed, and stored in a refrigerator. A total of 243 soil samples were collected. In addition,
snow samples were collected from the 10 cm, 30 cm, and 50 cm quadrats before the snow
melted. These samples were stored in whirl-pak sterile sampling bags, sealed, and stored
in a refrigerator. During the experiment, a sample of each precipitation event was collected
using a J10622 rain gauge. After each collection, the sample was stored in a sterile water
sample bag, sealed, and stored in a refrigerator. The samples were transferred to the Harbin
Normal University for laboratory analysis.
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Table 1. The diagram of the experiment.

Contents Equipment

Experiment time

Experiment area

Sampling depth of soil

Sampling time

Sampling method

Sample preprocessing

Isotope determination

November 2019-June 2020

Four sample plots were selected and subjected to four
treatments of bare ground, snow thickness 10 cm, snow
thickness 30 cm, and snow thickness 50 cm, and repeated
three times. A 50 cm plastic membrane was embedded
vertically around each test plot, and a one-meter-wide
passage was left around the plot.

0-10 cm, 10-20 ¢cm, 20-30 cm Earth drill
Once every three days after the snow cover had totally

melted on every plot

The soil samples taken out were stored in whirl-pak sterile

sampling bags, sealed and stored in the refrigerator. A total

of 243 soil samples were collected.

We used the J10622 rain gauge to collect each precipitation

sample, put it into a sterile water sample bag after each -
collection, sealed it and stored it in the refrigerator.

We collected snow samples, store them in whirl-pak sterile

sampling bags, sealed them, and stored them in the

refrigerator.

Treatment of soil samples: The soil samples were subjected

to vacuum condensation water extraction with a vacuum

distillation device. The extracted soil water was filtered

through a 0.45 pm organic filter membrane and placed in a 2

mL injection bottle for storage in a sealed and refrigerated

manner.

Treatment of snow samples and precipitation samples: The

snow melt water and precipitation were filtered with a 0.45

pum organic filter membrane, and then placed ina 2 mL

injection bottle, sealed and refrigerated.

Needle washing of sample, reduction reaction in elemental

analyzer EA, mass spectrometer to measure and compare

Artificially piled up

Sampling: Before the snow began to melt, soil samples were collected from three depth
intervals (0-10 cm, 10-20 cm, and 20-30 ¢cm) using a soil drill. These samples were used
as a baseline to measure the initial isotope values of the soil water. After the snow had
completely melted in each experimental quadrat, soil samples were collected from the three
depth intervals (0-10 cm, 10-20 cm, and 20-30 cm) using a soil drill. Soil samples were
acquired every other day. The soil samples were stored in whirl-pak sterile sampling bags,
sealed, and stored in a refrigerator. A total of 243 soil samples were collected. In addition,
snow samples were collected from the 10 cm, 30 cm, and 50 cm quadrats before the snow
melted. These samples were stored in whirl-pak sterile sampling bags, sealed, and stored
in a refrigerator. During the experiment, a sample of each precipitation event was collected
using a J10622 rain gauge. After each collection, the sample was stored in a sterile water
sample bag, sealed, and stored in a refrigerator. The samples were transferred to the Harbin
Normal University for laboratory analysis.

According to the experimental records, the snow began to melt on 2 March, and the
snow depth gradually decreased. When the snow depth was 0 cm, the first soil sample
was collected. On 8 March, the 10 cm snow depth had completely melted. Due to the low
temperature, the snowmelt water could not infiltrate into the deep soil. For the purposes of
our experiment, only the 0-10 cm soil layer samples were collected, and samples were also
collected at the corresponding soil depth from the control plots. On 11 March, the 30 cm
snow depth plots had completely melted, and on 18 March, the 50 cm snow depth had
completely melted. On the day when each snow depth plot melted, 0-10 cm soil samples
were taken from the plots with different snow depths. From 8 April onward, soil samples
were collected at depths of 0-10 cm and 10-20 cm; and from April 14 onward, soil samples
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were collected at depths of 0-10 cm, 1020 cm, and 20-30 cm. These samples were collected
every three days. Soil samples were brought back to the laboratory for water extraction
using a two-hour vacuum extraction process, and the average value was measured three
times using a MAT-253 stable isotope ratio mass spectrometer.

2.4. Determination of Hydrogen and Oxygen Isotopes
2.4.1. Isotope Calculation Method and Measurement Standard

Stable isotopes make up the majority of Earth (for example '2C, 10), and some of
them are not abundant, such as the content of hydrogen and oxygen isotopes referred to
in this paper. Therefore, in practice, the relative measurement method is often used to
compare the ratio of a heavy isotope to a light isotope in the sample to be tested (Sa) Rs,
with the ratio of a standard material (St) Rg;. The comparison result is called the ¢ value of
the sample, i.e., the difference between the isotope ratio of the sample and the isotope ratio
of the standard material. The calculation formula is

Rs, 0
0= (R_& - 1> X 1000® 1)

The § value is related to the standard material used. Thus, it is necessary to select a
suitable standard material for isotopic analysis, and in the comparison of different samples,
the same measurement standard must be used to yield a reliable result. In this study, the
international standard sample, the Vienna Standard Mean Ocean Water (VSMOW), was
selected as the standard; and its hydrogen and oxygen isotope values are dDyspow = 0%o
and 8'®0ysyvow = 0%o, respectively.

2.4.2. Sample Treatment and Analysis

(1) Preparation of soil samples (left picture in Figure 3): After samples were transported
to the laboratory, it was necessary to pretreat the soil samples. A vacuum extraction device
was used to perform the vacuum condensation and water extraction from the collected
soils. The extracted water was filtered through a 0.45 um organic filter membrane, placed
in a 2 mL injection bottle, sealed, and refrigerated.

(@) (b)

Figure 3. The pictures in the experiment process. (a) Moisture extraction equipment; (b) Isotope
analysis equipment.

(2) Preparation of snow samples and precipitation samples: The snowmelt water and
precipitation samples were filtered through a 0.45 pm organic filter membrane, placed in a
2 mL injection bottle, sealed, and refrigerated.

(3) Isotope analysis: The sample was placed on the automatic sampling tray, and the
automatic liquid sampler washed the needle in the sample three times according to the
set procedure. On the fourth time, 0.1 pL of sample was extracted, and the sample was
reduced in the elemental analyzer to produce H; and CO. After completing the reduction
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reaction, a mixture of gases (of the reference gas (H; and CO in the cylinder), the H, and
CO was generated, and the carrier gas (high-purity helium)) was introduced into the mass
spectrometer through the ConFlo-IV Universal Interface. The mass spectrometer measured
and calculated the 5D and 8'®0 values. The obtained 8D and §'80 values were determined
relative to VSMOW. During sample analysis, the test spectrum and real-time data were
monitored to ensure normal and stable operation of the instrument. The instruments and
equipment used are shown in Figure 3b. The instrument error was 1%o (H), 0.4%. (O).

2.5. Binary Mixing Model

In this study, the isotope binary mixing model was used to calculate the contribution
of the snowmelt water to the soil water. The calculation formulas are as follows:

f1 X 5D1 +f2 X 5D2 = 6D (2)
fi+fHh=1
and
f; x 8180, + £, x 5180, = §180 )
f1+46H =1

3D and 680 are the integrated isotope values; 6Dy and 6D; (for H) and 5180 and
8180, (for O) are the water isotope values of the different sources, such as the different soil
layers or different water sources; and f; and f; are the proportions of the different sources,
that is, the contributions of the different sources to the integrated results.

Calculation Example

(1) Contribution of the snowmelt water to soil water before precipitation. We take
the 0-10 cm soil depth interval with a 10 cm snow depth on 8 March as an example. It is
known that before the snow melted, the hydrogen and oxygen isotopes of the snow were
8D = —76.62%0 and §'80 = —23.54%, respectively; the hydrogen and oxygen isotopes of
the 0-10 cm soil water were 8D = —128.44% and §'80 = —16.67 %o, respectively; and the
hydrogen and oxygen isotopes of the 0~10 cm soil water were §D = —39.92%, and §'80 =
—17.43%o, respectively. Assuming that the contribution of the original soil water to the soil
water after the snow melted is x1, and the contribution of the snowmelt water to the soil
water after the snow melted is x;, the simultaneous equations for the hydrogen isotopes
are as follows:

{ 128.44x; + 76.62xp = 39.92 @)
xX1+x =1

By solving these equations, we obtained x; = 0.7617, x, = 0.2383. Thus, the contribution
of snowmelt water to soil water was 23.83%.
Similarly, we can establish the simultaneous equations for the oxygen isotopes:
16.67x;1 + 23.54xp; = 17.43
ot (5)
1+x=1

By solving these equations, we obtained x; = 0.8773, x, = 0.1227. That is, the contribu-
tion of snowmelt water to soil water was 12.27%.

In summary, the contribution of snowmelt water to soil water on 8 March was 12.27-23.83%,
with an average of 18.05%.

(2) Contribution of snowmelt water to soil water after precipitation. The calculation
method for the contribution of the snowmelt water to the soil water after precipitation uses
the hydrogen and oxygen isotopes of soil water before precipitation and the precipitation
hydrogen and oxygen isotopes to obtain the soil water isotope value after precipitation.
After removing the influence of the precipitation, the upper and lower limits of the contri-
bution value can be obtained by multiplying the change in the soil itself by the contribution
value. We take the soil layer depth interval of 10 cm with a 10 cm snow depth on 18 March
as an example. It is known that the hydrogen and oxygen isotopes of the soil before the
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precipitation were §D = —124.63%. and 5'80 = —15.35%o, respectively; the hydrogen and
oxygen isotopes of the precipitation were §D = —136.43 and 5'80 = —18.59%o, respectively;
and the hydrogen and oxygen isotopes of the 0-10 cm soil interval after the precipitation
were 8D = —128.38%. and 8'80 = —15.50%s, respectively. We assume that the contribution
of the soil water before the precipitation to the soil water after the precipitation is x;, and
the contribution of the precipitation to soil water after precipitation is x,. The simultaneous
equations for the hydrogen isotopes are as follows:

124.63x7 + 136.43x, = 128.38
X1 +x2=1

(6)

By solving these equations, we obtained x; = 0.6819, x, = 0.3181. That is, the contribu-
tion of the original soil water to the soil water after precipitation was 68.19%.
Similarly, the simultaneous equations for the oxygen isotopes are as follows:
15.35x1 4 18.59x, = 15.50
o @)
1+x =1

By solving these equations, we obtained x; = 0.9528, x; = 0.0472, i.e., the contribution
of the original soil water to the soil water after precipitation was 95.28%.

According to Equation (4), the contribution of the snowmelt water based on the
hydrogen isotopes of the original soil water was 23.83%. Therefore, after the precipitation
on 18 March, the contribution of the snowmelt water to the soil water calculated based on
the hydrogen isotopes was 0.6819 x 0.2383 = 0.1625. The contribution of the snowmelt
water calculated based on the oxygen isotopes was 12.27%. Thus, after the precipitation
on 18 March, the contribution of the snowmelt water to the soil water calculated based
on the oxygen isotopes was 0.9528 x 0.1227 = 0.1169. In summary, the contribution of the
snowmelt water to the soil water on March 18 after the precipitation was 11.69-16.25%, with
an average of 13.97%. The calculation method for the contribution range of the snowmelt
water on other days is the same as the example provided above.

3. Results
3.1. Distribution Characteristics of Isotopes of Snowmelt Water, Soil Water, and Precipitation

The hydrogen and oxygen isotopes of snowmelt water and soil water are presented in
Table 2. The oxygen isotope values for the 10 cm, 30 cm, and 50 cm snow depth plots are
quite similar. However, their deuterium values fluctuate more widely than their oxygen
isotope values. For the snow depths of, 10 cm, 30 cm, and 50 cm, the deuterium values were
—176.62%0, —169.99 %0, and —172.61 %o, respectively; and the oxygen isotope values were
—23.54%0, —23.77 %0, and —24.15%o, respectively. For the soil depth intervals of 0-10 cm,
10-20 cm, and 20-30 cm, the deuterium values were —128.44 %o, —99.22 %o, and —94.40 %o,
respectively; and the oxygen isotope values were —16.57%o0, —12.49%., and —11.43 %o,
respectively. With an average of 13.97%, the standard deviation is 3.22%. The standard
deviation is more than 10% of the original value, indicating that the change is less stable. It
can be seen that with the increase of soil depth, the hydrogen and oxygen isotope values
show a gradual increase. It shows that with the increase of soil depth, the isotopes in
the bare soil water before melting snow gradually enrich, and the hydrogen and oxygen
isotopes have a good consistency change. It is consistent with the change law of hydrogen
and oxygen isotopes.

The hydrogen and oxygen isotope values fluctuated greatly in previous precipitation
events. The hydrogen isotope values fluctuated between —176.91%o and —24.79 %o, with
an average of —90.62%0; and the oxygen isotope values fluctuated between —23.97 %o
and —3.30%o, with an average of —12.50%.. The hydrogen isotope values of the snowfall
were generally low, fluctuating between —176.91%0 and —161.99%., with an average of
—146.55%o; while the hydrogen isotope values of the rainfall were mostly concentrated
above —100%o, with an average of —79.97%.. The oxygen isotope values of the snowfall
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ranged between —23.61%o. and —21.79%., with an average of —19.39%.. The oxygen isotope
values of the rainfall were mostly concentrated above —15%., with an average of —11.14%o.
These value ranges reflect the influence of the precipitation in the different phases on the
isotope values.

Table 2. The characteristics of the isotopes of the different types of water before the snow melted (%o).

Snowmelt Water Soil Water Precipitation
Isotope
P 10 cm 30 cm 50 cm 0-10 cm 10-20cm  20-30 cm Average Average
Rainfall Snowfall
5D —176.62 —169.99 —172.61 —128.44 —99.22 —94.40 —79.97 %0 —146.55 %0
5180 —23.54 —23.77 —24.15 —16.57 —12.49 —11.43 —11.14 %0 —19.39 %0

3.2. Distribution Characteristics of Isotopes of Soil under Different Snow Depths

Table 3 shows the distribution of the soil water’s isotopes in the 0 cm, 10 cm, 30 cm, and
50 cm snow depth plots at different soil depths. From the average distribution, in the 0 cm,
10 cm, 30 cm, and 50 cm snow cover plots and the 0-30 cm soil layer, the $D contents were
—82.12%0, —88.18 %0, —88.38 %0, and —87.69 %o, respectively; and the 5180 contents were
—9.89%0, —11.12%0, —11.34%o0, and —11.20%., respectively. Large fluctuations occurred in
the 0~10 cm soil layer; while in the 10-20 cm and 20-30 cm layers, the D and §'80 values
basically increased with increasing snow depth.

Table 3. Distribution of the isotope values of the soil for different snow depths (%o).

Snow Depth Isotope 0-10 cm 10-20 cm 20-30 cm Average
§D ~92.93 ~79.28 —74.14 —82.12
Bare land 5180 ~10.66 —9.77 —925 —9.89

§D ~102.69 ~83.22 —78.64 ~88.18

10 cm 5180 1257 ~10.60 ~10.20 ~11.12

§D ~99.54 ~85.71 ~79.88 ~88.38

30 em 5180 1251 ~11.03 1048 —11.34

§D ~96.04 ~86.28 ~80.75 ~87.69

50 em §180 ~11.95 ~11.10 ~10.54 ~11.20

Figures 4-6 show the changes in the soil water’s isotopes in the 0 cm, 10 cm, 30 cm,
and 50 cm snow depth plots at different soil depths. Overall, the changes in the isotopes of
the soil water under different snow depths with time were quite consistent. Specifically,
for the soil under each snow depth, the 8D and 580 values gradually increased with time.
After reaching a peak in the later period, they decreased rapidly. For the different snow
depths, the §D and §'80 values of the different soil layers exhibited similar characteristics.
Significant fluctuations occurred in the 0-10 cm soil layer, while the fluctuations in the
10-20 cm and 20-30 cm layers were relatively small, indicating that the strong influence of
precipitation was limited to the soil water in the surface layer since the soil layers below
10 cm were not directly in contact with the atmosphere. This influence was weakened by
the upper soil layer, and the deeper layers were relatively stable.

Variance analysis was used to further analyze the differences in the isotope values of
each soil layer, and the results are presented in Tables 4 and 5. Table 4 shows that for the
different snow depth and the same soil layer, the soil water’s isotope values of the 50 cm
snow depth plot and the other snow depth plots were significantly different (p < 0.05), and
there was no significant difference between the other three snow depth plots (0, 10, and
30 cm). For the different snow depths, the soil water’s isotope values in the 0-10 cm soil
layer were greatly affected by precipitation. As the snowmelt completion time increased,
the difference between the soil water’s isotopes and the atmospheric precipitation’s isotopes
gradually decreased. However, as the soil depth increased, the influence of the atmospheric
precipitation on the soil water’s isotopes was weakened or delayed. The distributions and
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trends of the deuterium and oxygen isotopes were highly consistent. Table 5 shows that
there was a significant difference between the 20-30 cm layer and the other two layers
(p < 0.05); while there was no difference in the soil water’s isotope values between the
0-10 cm and 10-20 cm layers.
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Figure 4. The change with time of 8D and §'80 in soil water of different snow depth in 0~10 cm soil
depth. (a) The change of 5D (b) The change of 5'30.
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Table 4. Differences in the isotope values of the soil water in the same soil layer for different
snow depths.

Soil Layer o =0.05 a=0.01
Snow Cover 0-10 cm 10-20 cm 20-30 cm 0-10 cm 10-20 cm 20-30 cm
0 cm —10.66 2 —9.772 —9.254 —10.66 A —9.774A —9254
10 cm —12572 —10.602 —10.202 —12574 —10.604 —-10204
30 cm —12512 —11.032 —10.482 —12514 —11.034 —10.48 4
50 cm —11.95°b —11.10° —1054b —11.954 —11.104 —1054 4

Letters represent differences between groups. With the same letter represent no difference between groups,
otherwise, there is a difference.

Table 5. Differences in the isotope values of the soil water in the different soil layers for the

same depth.
Snow Cover « =0.05 o« =0.01
Soil Layer 10 cm 30 cm 50 cm 10 cm 30 cm 50 cm
0-10 cm —12572 —12512 —11.952 —12574 —12514 —11.954
10-20 cm —10.602 —11.032 —11.102 —10.60 A —11.034 —11.104
20-30 cm —10.20°b —10.48"° —1054°b —10.204 —10.48 A —1054 4

Letters represent differences between groups. With the same letter represent no difference between groups,
otherwise, there is a difference.

3.3. Characteristics of the Contributions of Snow Cover to Soil Water
3.3.1. Distribution Characteristics of Contributions of Different Snow Depths to Soil Water

Results (Table 6) show that the different snow depths contributed to the soil moisture
at soil depths of 0-30 cm. On average, the contributions of the 10 cm, 30 cm, and 50 cm
snow depths to the soil moisture were 8.13%, 8.55%, and 11.24%, respectively, i.e., the
greater the snow depth, the greater the contribution to the soil moisture. The contributions
of the 10 cm, 30 cm, and 50 cm snow depths to the soil moisture in the different soil layers
were also different, i.e., the greater the snow depth, the greater the contribution. Taking the
0-10 cm soil layer as an example, the contributions of the 10 cm, 30 cm, and 50 cm snow
depths were 9.14%, 9.25%, and 15.87%, respectively. The same characteristics were also
found for the 10-20 cm and 20-30 cm soil layers.

3.3.2. Change Characteristics of Contributions of Different Snow Depths to Soil Water

Figure 7 shows the curves of the contributions of the snow depths to the different soil
layers with time. The retention times of the contributions of the different snow depths in
the 0-30 cm soil layer were basically the same, and the retention times of the contributions
of the 10 cm, 30 cm, and 50 cm snow depths in the 0-30 cm soil layer were 61 d, 62 d, and
62 d, respectively. Nevertheless, the retention times of the contributions of the different
snow depths in the different soil layers were inconsistent. The retention time in the 0-10 cm
soil layer was the longest (average of 69 d), followed by that in the 20-30 cm soil layer
(average of 59 d), and that in the 10-20 cm soil layer was the shortest (average of 54 d).

Table 6. Contributions (%) and their retention times(d) of the different snow depths to the soil water.

Soil Layer 0-10 cm 10-20 cm 20-30 cm
Snow Cover Duration Contribution Duration Contribution Duration Contribution
10 cm 71 9.14 51 8.82 67 6.43
30 cm 71 9.25 55 9.23 62 7.17
50 cm 64 15.87 55 10.32 48 7.53
Average 69 11.42 54 9.46 59 7.04
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Figure 7. Contribution of snowmelt water to soil water at 10 cm soil layer (a), 30 cm soil layer (b),
50 cm soil layer (c).

Figure 7 shows that the contributions of the different snow depths to the different soil
layers exhibited a nearly linear trend with time (equations are shown in Table 7). The water
contributions of the different snow depths in the different soil layers decreased significantly
with time, and their rates of decrease did not exhibit obvious regularity. For the 0-10 cm,
10-20 cm, and 20-30 cm soil layers, the average contributions of the snow to the soil water
were —0.33%/d, —0.37%/d, and —0.26%/d, respectively.

Table 7. Simulation equation of the dynamic process of the contribution of the snow depth to the soil
water in the different soil layers.

Snow Cover

Soil Layer 0-10 cm 10-20 cm 20-30 cm
. y = —0.251x + 16.803 ** y = —0.392x + 17.952 ** y = —0.213x + 13.028 **

R2 = 0.995 R? = 0.961 R2 =0.987
30 em y = —0.233x + 15.064 ** y = —0.346x + 18.817 ** y = —0.306x + 13.468 **

R2 = 0.994 R2=1.00 R2 =0.982
50 em y = —0.505x + 29.022 ** y = —0.346x + 18.817 ** y = —0.217x + 14.660 **

RZ =0.994 R2 =0.995 R2 =0.999

** means significance at 0.01 levels.

The dynamic distribution of the contributions and the variance analysis are presented
in Table 8. The results indicate that the contributions of the different snow depths to the soil
water in a given soil layer were significantly different. Specifically, the contributions of the
10 cm and 30 cm snowmelt water to the 0-10 cm soil layer were not significantly different,
whereas the contribution of the 50 cm snowmelt water was significantly larger than that
of the 10 cm and 30 cm snowmelt water. For the 10-20 cm and 20-30 cm soil layers, the
contributions of the 10 cm, 30 cm, and 50 cm snowmelt water were significantly different,
indicating that the water content of the deep soil was more sensitive to the snow depth.
Table 8 also shows that for the same snow depth, the contributions to the different soil
layers were also significantly different. Specifically, the contribution of the 10 cm snowmelt
water to the 0-10 cm soil layer was significantly different than those to the 10-20 cm and
20-30 cm soil layers; while the contributions to the 10-20 cm and 20-30 c¢m soil layers were
not significantly different. The contributions of the 30 cm and 50 cm snow depths to the
0-10 cm, 10-20 cm, and 20-30 cm soil layers were significantly different. That is, when the
snow depth reached a certain depth, the contributions to the different depth soil layers
were different, and the contribution increased with increasing soil depth.
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Table 8. Analysis of variance of the contribution of the snow cover to the soil water (x= 0.05).

Soil Layer Snow Cover
0-10 cm 10-20 cm 20-30 cm . 10 cm 20 cm 30 cm
Snow Cover Soil Layer
10 cm 79324 7.1562 5.9734 0-10 cm 79322 6.374 2 10.309 2
30 cm 6.3742 7.794 b 5.303 P 10-20 cm 7.156 b 7.794 P 6.548 P
50 cm 10.309 P 6.548 € 7.014 ¢ 20-30 cm 5.973b 5.303 ¢ 7.014 ¢

Letters represent differences between groups. With the same letter represent no difference between groups,
otherwise, there is a difference.

3.4. Simulation of the Contributions of Snowmelt Water and Precipitation to Soil Moisture

The contribution of the snowmelt water to the soil water is affected by the snow depth
and precipitation. To reveal the general pattern of the contributions of the snow depth and
precipitation to the soil water, a relationship between the three was determined. By taking
the soil layer’s depth and the average snowmelt water contribution to the three layers
under each snow depth as y, the snow depth as x; and the precipitation as xp, multiple
regression equations were formulated. The standardized coefficients of the equations are
listed in Table 9.

Table 9. Standardized coefficients of contribution equation for each soil layer.

Soil Layer X1 X2 R?
0-10 cm 0.331 —0.702 0.461 **
10-20 cm 0.106 -0.751 0.596 **
20-30 cm 0.201 —0.801 0.661 **

Three-layer average 0.148 —0.656 0.435 **

** means significance at 0.01 levels.

The above equations passed the significance test (p < 0.01). According to the equations,
for the 0-10 cm soil layer, the contribution of the precipitation to the soil water decreased
by about 0.702% for every 1 mm increase in precipitation, while the contribution of the
snowmelt water to the soil water increased by about 0.331% for every 1 mm increase in
snow depth. For the 10-20 cm soil layer, the contribution of the precipitation to the soil
water decreased by 0.751% for every 1 mm increase in precipitation, while the contribution
of the snowmelt water to the soil water increased by 0.106% for every 1 mm increase in the
snow depth. For the 20-30 cm soil layer, the contribution of the precipitation to the soil
water decreased by 0.801% for every 1 mm increase in precipitation, while the contribution
of the snowmelt water to the soil water increased by 0.201% for every 1 mm increase in
the snow depth. For the average depths of the three soil layers, the contribution of the
precipitation to the soil water decreased by 0.656% for every 1 mm increase in precipitation,
while the contribution of the snowmelt water to the soil water increased by 0.148% for
every 1 mm increase in the snow depth.

4. Discussion

(1) In this study, outdoor experiments were conducted on the typical soil type in
northeastern China, and the influence of the snow cover on the soil water content was in-
vestigated. Using the unique advantages of hydrogen and oxygen isotopes, the contribution
of the snowmelt water to the surface soil water in the spring and its dynamic changes were
quantitatively analyzed. The results offer guidance for preventing the adverse effects of
spring droughts on agricultural production and provide a scientific basis and information
for agricultural irrigation and agricultural water resource allocation.

(2) For some test results in this paper, compare them with the existing research. From
July 2000 to May 2001, Robertson et al. selected two sampling sites in Cle Elum and
Ellensburg with different precipitations on the eastern slope of the Cascade Mountains in
Washington State, and analyzed the seasonal variation of oxygen isotopes in soil water.
Among them, the annual precipitation of the Cle Elum sampling point is 564 mm, which
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is similar to the annual precipitation of 610.5 mm in the study area of this paper [52]. The
study found that the oxygen isotope in the 10 cm soil of Cle Elum during the spring snow
melting was —10.775, and in this paper it was —10.868, which means they are basically
the same. The difference lies in the soil texture and ambient temperature. Cle Elum is
sandy loam soil, and the soil in this study area is dark brown soil; the annual average
temperature of Cle Elum is 8.1 °C, and the annual average temperature of this study area is
0.6 °C. Therefore, regarding the influence of different soil textures and environments on
soil isotope content and changes, it remains to be further explored in the future to obtain a
more accurate and widely credible law. At the same time, it also reminds us that expanding
the spatial scale of the study, selecting different soil types for experiments, and deepening
the contribution of snow cover to the soil water are tasks that need further research in the
future. At the same time, the sampling of deep soil can be increased further to study the
contribution of snow melt water to deep soil water.

(3) There are also some conclusions about the dynamic characteristics of the stable
isotope composition of hydrogen and oxygen in soil water. Ding et al. believed that the
strong evaporation in arid regions led to the enrichment of heavy isotopes in soil water [65].
Jin et al. proposed to study the characteristics of soil water movement with the help of
stable isotopes. The results showed that the influence of recharge water sources gradually
weakened with the extension of time [1]. The results of this study show that with the
increase of soil depth in spring, the average value of isotopes increases gradually, and the
fluctuation of time change gradually decreases. The contribution rate and influence time of
snow melt water to soil water have dynamic changes. Characteristically, the contribution
of snowmelt water at the same depth decreased with the deepening of soil depth and the
duration shortened. There are few studies on the contribution of snow melt water to soil
water that are similar to this paper.

(4) The experimental design and sampling process in this study can be improved. The
soil water of the soil in this study was probably affected by animal, plant, and microbial
activities, which could not be separated and calculated temporarily, and this probably
affected our results. The soil depth investigated in the experiments was not sufficient. By
only obtaining soil samples from depths of 0-30 cm, the understanding of the specific
penetration of the snowmelt water into the soil and its changes under different snow depths
was not comprehensive. In addition, our findings were based on the type of soil in the
experimental site, i.e., brown loam soil. Further studies should explore and demonstrate
whether the contributions of the snowmelt water to other soil types and their dynamic
changes are consistent. In addition, the melting time of the snow at different depths should
be similar. When the 10 cm snow cover was fully melted, the contributions of the 30 cm
and 50 cm snow covers to the soil water could not be evaluated because they were not
completely melted. However, at this time, the contributions of the 30 cm and 50 cm snow
covers to the soil water had already occurred. The contributions of the snow meltwater at
different snow depths could only be compared after the 50 cm snow cover had completely
melted, thus the contribution of the snowmelt water to the soil water could not be clarified.
During the test, artificial snow accumulation was used for plots of different depths of
snow to keep the snow density basically the same, but the uneven snow density during
the artificial snow accumulation process would also affect the test results. In view of these
limitations, the above problems and experimental results should be revised under more
rigorous and controllable experimental conditions in the future.

(5) The stable isotopic composition of water is considered as the “fingerprint” of water,
which records a large number of environmental information comprehensively reflecting
the geochemical process of each system and connecting the characteristics of components
in each link [66,67]. It plays an increasingly important role in the study of water cycle
processes such as water source, migration and mixing. The most significant process of
isotopic fractionation in nature mainly occurs in the evaporation condensation process of
the transformation of liquid water and gaseous water. The isotopic fractionation effect is
the internal cause of isotopic abundance distribution between gaseous water and liquid



Water 2022, 14, 1368

16 of 19

water [68,69]. The experimental results of Ma Hongyun et al. showed that free air has a
gradually increasing inhibitory effect on the enrichment process of evaporated water. In
the process of evaporation, heavy water molecules such as HDO and H,'#0 tend to enrich
into liquid water; light water molecules such as H,'°O tend to enrich in gaseous water,
which makes the abundance of heavy isotopes in evaporation residual water continue to
increase [70]. Ma Hongyun et al. also proposed that air relative humidity is negatively
correlated with the enrichment of hydrogen and oxygen stable isotopes in evaporated
residual water. The greater the air humidity, the more unfavorable it is for the enrichment
of body weight isotopes in residual water [71]. Therefore, we can also speculate that the
factors unfavorable to evaporation will also lead to the enrichment of body weight isotopes
of residual water. For example, the weaker the solar radiation and the stronger the pollution
in the air, the weaker the evaporation of the water body will be. Therefore, the body weight
isotope of residual water will be enriched, which will eventually affect the judgment of the
water source and the contribution rate. At the same time, the black carbon pollution on
the snow surface will reduce the albedo of the snow surface, increase the temperature of
the snow surface, increase the evaporation of the snow surface, and reduce the isotopic
enrichment of residual water. These are the next research issues.

5. Conclusions

(1) The oxygen isotope values in the snow at depths of 10 cm, 30 cm, and 50 cm have
little difference. With the increase in soil depth, the hydrogen and oxygen isotope values
show a gradual increase, and the isotopes in the soil water of the bare land are gradually
enriched before the snow melts. The hydrogen and oxygen isotope values in snowfall
and rainfall are quite different, and precipitation in different phases has a very significant
impact on the isotope values.

(2) The different snow depths made different contributions to the soil moisture in the
0-30 cm soil layer. On average, the contributions of the 10 cm, 30 cm, and 50 cm snow
depths to the soil moisture were 8.13%, 8.55%, and 11.24%, respectively. The contributions
of the 10 cm, 30 cm, and 50 cm snow depths to the soil moisture at different soil depths
were also different, i.e., the greater the snow depth, the greater the contribution. The
retention time of the contribution to the 0-10 cm soil layer was the longest (average of
69 d), followed by that of the 20-30 cm soil layer (average of 59 d), while that of the 10-20
cm soil layer was the shortest (average of 54 d). The contributions of the different snow
depths to the different soil layers decreased nearly linearly with time. The decay rates
of the contributions to the 0-10 cm, 10-20 cm, and 20-30 cm soil layers were —0.33%/d,
—0.37%/d, and —0.26%/d, respectively.

(3) The smaller the snow depth is, the more surface soil is mainly affected, while as
the snow depth increases, it has a significant effect on the deep soil. Specifically, for 10 cm
of snow water, it significantly affects the 0-10 cm soil layer; and when the snow cover is
greater than 30 cm, it can affect the 20-30 cm soil layer.

(4) For every 1 mm increase in snow depth, the contribution rate of snowmelt water to
soil water at different depths increases, while for every 1 mm increase in precipitation, the
contribution rate to soil water at different depths decreases.
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