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Stable Isotopes and Chloride Applied as Soil Water Tracers for

Phreatic Evaporation Experiment
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Abstract: A phreatic water evaporation experiment, without rainfall influence, was designed to study the
mechanisms of soil water movement through groundwater recharge to the unsaturated zone. Soil moisture
content, chloride concentration, and 8D and 8O values of soil water were measured. Results show that with
decreasing soil moisture content, the chloride concentration of leachate (p,(Cl) ) in the capillary water layer
decreases, whereas the p,( Cl) value of the hanging and film water layers above the capillary water layer
increases. With the combined 8D and 80 values, the soil water in the hanging and film water layers is
influenced by evaporation, although a dry sand layer of 39 cm exists above the wet sand layer. The highest
evaporation rate and the largest salt accumulation occur at a depth of about 39 cm in columns d, e, and f
(Six polyvinyl chloride columns were assigned as column a, b, ¢, d, e, and f). We deduce that soil water
migrates in the form of liquid water above the capillary water layer. In the experiment, a part of phreatic
water consumed is used for the movement of soil water, whereas the other part is lost to evaporation. Soil

water could continue migrating upward with prolonged experiment duration.
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1 Introduction

Soil water, as a dissolved nutrient and reservoir
for plants, plays an important role in the hydrologic
cycle. Soil water can be naturally recharged by several
sources, such as local precipitation, surface water,
and groundwater. Soil water is a link between local
precipitation and groundwater. Thus, water movement
in the unsaturated zone, which is strongly related to
hydrological conditions, must be elucidated' '™

Migration of soil water is very important in water
sciences research. In the past, the research was mainly
concentrated in the aspects of soil moisture content and

water utilization*™

tLG_g,

, migration of soil water and
sal , soil water hydrodynamics and numerical
simulation model ( The soil water movement model
was established using hydraulic parameter, such as
Kostiakov model, Philip model, Green-Ampt model,
Hydrus-1D, Hydrus-2D model, FEFLOW model,

SUTRA model etc.) """ /et al., which are studies of
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physics characteristics of soil water. However, in some
arid and semi-arid areas, due to the low soil moisture
content, the study of traditional hydrological method is
inapplicable. With the continuous development of
isotope hydrology, isotope tracer method has been
widely used in eco-hydrology. Hydrogen and oxygen
isotopes are as natural tracers to study the infiltration,
evaporation and transpiration of soil water. According
to the date of hydrogen and oxygen isotopes in soil
water, the information of soil water movement can be
obtained, and the mechanism of soil hydrological
process is revealed. Due to the weak diffusion of
chemical solutes in the unsaturated zone, it helps to
preserve the geochemical information associated with

the supply source of soil water''®’

. Especially because
of the high solubility and stability of chloride ions, it
is an ideal natural tracer. At present, hydrogen-oxygen
isotope tracer technique''”"**' and chlorine ion tracing
method' >/ are widely used in the research of soil
water migration at home and abroad.

Soil water is related to phreatic water. Water in
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the phreatic zone migrates into soil pores by capillary
force, thereby recharging soil water. In arid and semi-
arid regions, phreatic water is the main source of
water consumed by natural vegetation. Phreatic
evaporation is a process that water migrates from the
phreatic zone to the unsaturated zone and then to air
through soil evaporation and crop transpiration.
Numerous studies have explored the characteristics and
mechanism of phreatic evaporation. Cheng Xianjun
studied phreatic evaporation with and without the
effect of crop growth'”’. Anne et al.'* demonstrated
the weak influence of soil characteristics on phreatic
evaporation flux in arid regions. Hu Shunjun et al.'*”
established models for calculating the amount of
phreatic evaporation on Tamarix-vegetated land. Sun

28-30]

et al.! studied the effects of soil texture and

groundwater burial depth on phreatic evaporation. Li et

a1, [31-32]

conducted a condensation experiment in a
coved canopy; they revealed the continued phreatic
evaporation in the Dunhuang Mogao Grottoes with a
depth of groundwater table more than 200 m and
proposed the evaporation mechanism of soil water.
Hydrogen-oxygen isotope tracer technique was also
used in the research of phreatic evaporation. Yu et
al.'* studied the recharge sources of soil water by D
and O stable isotopes, it was concluded that soil
water below 130 cm was recharged by evaporation of
phreatic water in middle reaches of Heihe river. Li et
al."* ™! proposed that phreatic water was the main

source of soil water in extremely arid deserts through

the analysis of hydrogen and oxygen isotopes.
Phreatic evaporation considerably affects water in
the unsaturated zone. Nevertheless, numerous studies
have investigated the distribution and migration law of
soil water. In the present study, a phreatic evaporation
experiment is designed, with phreatic water as the
only recharge source for soil water. The movement law
of soil water is studied through the distribution of
chloride concentration, as well as 8D and 60 values
of soil water in different profiles. This study provides a
basis for research on soil water movement
mechanisms in arid and semi-arid areas with minimal

precipitation.
2 Experiment

2.1 Materials and Methods

These experiments were carried out in Hohai
University. All columns were performed with sand,
and its grading curve is shown in Fig.1. Six polyvinyl
chloride columns of @104 mm X 1 200 mm were
assigned as column a, b, ¢, d, e, and f according to
the sequence of the sampling. The six soil columns are
parallel. There is a difference in the time of the
experience of evaporation. The base (100 mm height)
of the column was packed with gravel to simulate the
saturated zone. Above the gravel layer, it was packed
with homogeneous air-dried sand soil. The two parts
were separated by geotechnical fabric.
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Fig.1 Distribution of sand particle

Prior to filling, sand soil was air dried for 48 h,
sifted using an iron screen (2 mm aperture ), and

then well-mixed. One plastic bottle of initially dried
sand was sealed up to determine the initial chloride

. 80 .
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content. The average dry density of the sand column
was 1. 57 g/cm’. The phreatic water level was
maintained by a water supply device of about 100 mm
depth connected to a soil column. A vegetable oil
layer of about 3 mm thick was placed on the water
surface in the water supply device to avoid
evaporation. The schematic of the experimental setup
is shown in Fig.2. Tap water with —59.4%. of 6D and

—8.42%0 of 60 was stored and sealed.
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Fig.2 Scheme of the experimental setup
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During the experiment, soil water in the six
columns did not rise to the soil surface. The first
sample of each column was obtained at the maximum
height reached by soil water. A dry sand layer of 39—
65 cm thickness was placed on top of the moist sand.
For columns a, b and c, the sampling interval is
10 cm basically. In upper parts of columns d, e and
f, the sampling interval is 5 cm, but 10 cm in lower
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parts. In this experiment, phreatic water was the only
recharge source for soil water, and the effect of
rainfall was neglected. Table 1 shows the basic
information regarding the six columns with regard to
sampling time, sampling number, duration, and
cumulative volume of water added. Temperature and
relative humidity indoors were determined by a
The
December 21, and the end time was November 25 of

the next year, which lasted 339 d.

thermohygrograph. experiment began on

Table 1 Basic information on the six profiles

Cumulative volume Height of

Date of  Sampling  Duration .
Columns . of added water  soil water
sampling numbers (d) .
(mL) rise (cm)
a 03.05 5 74 2 030 45
b 06.21 7 182 2 050 63
c 06.21 7 182 2 050 63
d 11.14 9 328 2 250 71-74
e 11.14 9 328 2 240 71-74
f 11.25 9 339 2 260 71-74

As shown in Table 1, the increase in additional
water is only 20 mL from March 5 to June 21, which
shows a very low evaporation rate. The evaporation
rate of phreatic water is related to relative humidity.
Thus, the values for relative humidity on the surface
of columns d, e, and f are decreased by silica gel
from October by about 17%. During the whole
experiment, temperature and relative humidity were
recorded and the results are shown in Figs.3 and 4,

respectively.
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Fig.3 Daily mean temperature during the experiment
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Fig.4 Daily mean relative humidity at the surface of columns during the experiment

2.2 Measurements of Chloride and Isotopic
Compositions

Moisture content was analyzed by oven-drying
method with an analytical precision higher than 1%.
The soil sample was oven dried for 8 h at 105 C to
analyze the chloride content of soil water. Afterward,
100 g of the dried sample was mixed with 100 mL of
deionized water. The mixture was allowed to equilibrate
for 48 h under periodical stirring to completely dissolve
soluble salts on the particle surface. After equilibration,
the leachate was filtered through a 0.45 pm membrane.
Leachate samples were analyzed by ion chromatography
(ICS-2000) with a detection precision of 0.000 1 mg/L
at the State Key Laboratory of Hydrology, Water
Hohai
University. The original chloride concentration of soil

Resources and Hydraulic Engineering,
water can be calculated through the concentration of
the leachate and the moisture content. Based on the
mass conservation of chloride ion:

P (Cl) xm x6=my xp, (Cl)
(ch
concentration in soil water (mg/L), m, refers to the

(1)
where p_, refers to the original chloride
mass of dry sand (g), 6 is the moisture content by
weight, m, is the mass of the added deionized water
(g), and p,(Cl) refers to the chloride concentration
of the leachate (mg/L).

In the experiment, dry sand and deionized water
each weighed 100 g. Hence, p_,(Cl) can be
calculated by Eq.(2) as follows:
my X p; (C1)/m_ p; (Cl)
p. (C) = 0 i (2)

Before calculating the p_ (Cl) value, the chloride

content of the initial sand must first be excluded. For
the initial sand, the chloride content of the leachate
pa(Cl) is 0.516 3 mg/L. Consequently, Eq. (2)
becomes:

() -p, (Cl
(LD (D

Stable isotope analysis was conducted at the State

Key Laboratory of Hydrology, Water Resources and
Hydraulic Engineering, Hohai University. Soil water
was extracted by vacuum distillation at 100 C for
120 min. The hydrogen and oxygen isotopes were
reported in delta (&) notation as permil (%o)
differences relative to the V-SMOW ( Vienna standard
mean ocean water) international standard.

3 Results and Discussion
3.1 Vertical Moisture Content Profiles

that
gradually decreases upward from the groundwater table.

Previous study showed moisture  content
Within the same depth, moisture content increases with
prolonged experiment time, but the increasing rate is
decreasing. Data on moisture content from the six
columns are shown as a function of depth (Fig.5).
High moisture content was observed below 90 cm,
there was gravity water outflow in the process of
stratified sampling. Errors in the moisture content by
drying method of the samples are expected below
90 cm, for example, column b and c. Hence, moisture
content below 90 cm is not discussed in our analysis.
Fig.5 also shows that the rising height of capillary
water and the moisture content at the same depth
evidently increase from column a to columns b and c.
The moisture content at each depth in columns d, e,
and f exhibits small differences and exceeds that of
column b. This finding shows that moisture content is
in a steady state in the later experiment. Soil pores are
various kinds of holes in the soil with different sizes
and different shapes. Capillary water rapidly rises in

1] The
.91 .
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increase in moisture content within the same depth
reflects the gradual filling of water of the smaller pores
until they are occupied.

Moisture content
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Fig.5 Vertical moisture content profiles

3.2 Vertical Chloride Content Profiles

Rod"”' considered that the moisture content
above the groundwater table gradually decreases
upwards, the soil section with a gradient of moisture
content from saturated to minimum water holding
capacity is referred as the active layer of capillary
water. In this layer, soil water is designated as the
capillary supporting water and holds water pressure

contact with groundwater. The minimum water
holding capacity of sand soil is 3% - 5%. Uniform
loose sand was used in the experiment, and the
minimum water holding capacity was set as 0. 03.
From the distribution of moisture content in columns
d, e, and f, the active layer thickness of capillary
water is about 45 cm. The moisture content and
chloride concentration of the leachates p,( Cl) in every
column are shown as a function of depth in Fig. 6.
Moisture content and p,( Cl) show the same variation
at moisture contents higher than 0.03. This moisture
content corresponds to the hanging water and film
water layers above the active layer of capillary water,
which has no water pressure contact with the capillary

water "

Generally, the hanging water and film
water are maintained by sorptive ability. In Fig. 6,
near the maximum height of sampling, moisture
contents are lower than 0.03, which is the minimum
water holding capacity. Opposite variations in
moisture content and p,( Cl) in the hanging water and
film water layers are observed at moisture contents
lower than 0.03. Above the active layer of capillary
water, the moisture content decreases upwards, but

p;(Cl) gradually increases.
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Fig.6 Distribution of moisture content and p,(Cl) value in each column
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p;(Cl) reflects cumulative chloride content in a
specific quality of soil. The cumulative chloride is
induced by the evaporation of soil water. In soil water
evaporation, water is lost and chloride is preserved.
The high p,(Cl) value shows that much water is
present toward the upper layers, particularly in the
hanging water and film water layers, thereby
reflecting the influence of evaporation on soil water
combined with the lower water content.

p.,(Cl) values of samples at different depths can
be calculated by Eq.(3). Data on p_(Cl) from the

six columns are shown in Fig.7.

Chloride of soil water(mg/L)

500 1 000 1500 2000 2500
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Fig.7 Chloride concentration of soil water in six
columns

The p,,(Cl) values in the active layer of the
capillary water are lower and almost stable (15 -
38 mg/L), with a mean value at 25 mg/L, which is
close to the chloride concentration of phreatic water
(26 mg/L ). With prolonged experimental duration,
the p_ (Cl) values of the samples above the active
layer continuously increase. In particular, the chloride
concentration of the first samples p_, (Cl) in the six
columns lies ranges from 212 mg/L to 2 189 mg/L,
which exceeds that of phreatic water. As columns d,
e, and f are not completely parallel, the p_, (Cl)
values from the three columns differ, as shown in Fig.
7. Nevertheless, soil water above the active layer of
capillary water is apparently influenced by
evaporation. Soil water at about 39 cm exhibits the
strongest evaporation, although a dry sand layer of
about 39 cm thickness is present above the moist sand.
During evaporation, water vapor is lost and chloride
accumulates in soil water. From the study of water
and salt transport rule in tight sand soil, soil water
does not rise to the soil surface but the soil water
above active layer of capillary water remains affected
by evaporation. From Table 1, the phreatic water

recharge amount of column b is 20 mL higher than

that of column a, whereas the height of soil water rise
is 18 cm higher. Between columns d and b, the
increase in amount of phreatic water recharge is
200 mL, but the increase in the height of soil water is
only about 9 cm. These findings reveal the presence of
Part of the
consumption of phreatic water is used to increase the

evaporation in sand soil profiles.
height of soil water rise, and the other part is lost to
soil water evaporation. In this study, the total duration
of experimentation is 339 d, and the moist sand layer
appears at a depth of 36 -39 cm. Soil water may
continue to rise if the duration of experimentation is
extended.
3.3 Vertical 6D and 6" 0 Profiles

Data on 8D and 8O values of soil water from the
six columns are shown as a function of depth in Fig.8.
The plots show a similar trend between 8D and §"0.
All columns display the lowest isotopic values at the
bottom, particularly at depths of 80—110 cm, where
isotopic values minimally differ. At depths higher than
80 cm, soil water is constantly enriched in heavy
isotopes. Soil water is affected by evaporation from
the distribution of 8D and "0 values, which coincides
with the analysis of chloride content. Near the top of
moist sand layers in columns d, e, and f, 8D and §"°0
values exhibit different changes. In column d, the 6D
value varies to the negative direction, whereas 80
varies to the positive direction near the top of moisture
sand layers. The top layer of column d is under low
relative humidity ; soil water in this
strongly
! found that isotope fractionation existed in the

therefore ,
position is
[38

influenced by evaporation.
Craig
process of water evaporation, and the dynamic effect
had an effect on the evaporation and fractionation,
and its influence depended mainly on the relative
®I The top
layer of column d is under low relative humidity;

humidity of the surrounding environment'

therefore, soil water at this position is strongly
influenced by evaporation and kinetic fractionation
plays a significant role in isotopic fractionation. The
8D and 6"0 values of soil water exhibit inconsistent
changes near the top of the moist sand layers in
column d because hydrogen and oxygen isotopes
exhibit different degrees of responsiveness to kinetic
fractionation. The 8D and 80O values show the same
pattern in column e but decrease toward the surface
above the maximum isotope value. This observation is
due to diffusion of water vapor at the top of the

“! According Barnes and Allison' ', as a

.03 .
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significant evaporation occurs in the zone, the soil
profile can be divided into two parts; an upper
profile, in which water movement is through vapor

diffusion, and the lower profile, in which liquid
transport is significant"*'!. The isotopic value variations
in column f are similar to those in column d.
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Fig.8 Distribution of 6D and 60 values of soil water in each column

If the variations of temperature and relative
humidity against time are ignored, soil water in
columns a, b, and c show the same evaporation
conditions. The evaporation trend line (L1) for soil
water in columns a, b, and c is shown in Fig.9 (the
trend line is based on 60 and 8D values) , which has
an equation of 8D = 2.347 2 x §"0 - 40.563 and a
high correlation coefficient (R* = 0.916 1). L1 has
smaller slope (2.347 2), which indicates that the
relative humidity in these columns is low. Soil water
at depths of 80—110 cm in column f is more enriched
in heavy isotopes than the soil water at the same depth
in the other columns. This phenomenon shows that
phreatic water may be influenced by evaporation
before recharging soil water. In columns d and e, the
kinetic fractionation factor plays a great role in
determining the relationship between 80 and 8D

values of soil water above 45 cm. Thus, the

.94 .

evaporation trend line L2 is based on 8"™0 and 8D
values from soil water in columns d and e, with a
lower slope (1.912 7) and high correlation coefficient
(R* =0.965 8). The slope of L2 is lower than that of
L1, which is consistent with the relative humidity.
From Fig.9, the isotopic data of phreatic water is on
line L1, but not on line L2. As the evaporation front
moves further into the soil profile, the relative
importance of the kinetic effect increases because of
the development of a superficial dry layer where
diffusive transport of water vapor dominates, leading
to a reduction in the slope of the 8D and 8“0
relationship'**'. From Fig. 8, liquid transport is
significant in columns a, b, and c; thus, the isotopic
data of phreatic water is on line L1. In columns d and
e, the 80 and 8D values of soil water above 45 cm
are determined by water vapor; hence, the isotopic
data of phreatic water is not on line L2.
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Fig.9 Plot of 60 vs. 6D for soil water

Generally, the capillary water is maintained by
the capillary force in soil pores. In this experiment,
the distributions of water and salt in the hanging and
film water layers differ from those in the active layer
After being
evaporation, the film water is also enriched in heavy

of capillary water. influenced by

isotopes.
4 Conclusions

1) In the active layer of the capillary water, the
chloride concentration of the leachate p,(Cl) directly
varied with moisture content. However, in the
hanging water and film water layers, the p,( Cl) value
varied inversely with moisture content. A loss of
evaporation from soil water and the presence of salt
accumulation in the dry sand layer of about 39 cm
above the moist sand layer were both observed.

2) 8D and 6"0 profiles showed that soil water
enrichment with heavy isotopes constantly increased
as the depths increased up to 80 cm. Soil water was
also demonstrated to be influenced by evaporation.

3)In the experiment, part of the consumption of
phreatic water was used to increase the height of soil
water rise, whereas another part was lost to
evaporation from the sand profile. Above the active
layer of capillary water, soil water moved upward in
the form of liquid water. Soil water could
continuously rise with prolonged experiment duration.

In addition, there are the following deficiencies
of the experiment in this paper, (DIn the process of
evaporation, soil surface moisture was reduced, but
the evaporation process of actual environment was not
simulated ; @The change of capillary water rise height
and soil moisture content in soil column was not

monitored in real time, the soil column structure was

destroyed in the collection of soil water and there was
gravity water outflow in lower part of the soil column.
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