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Abstract: Saline conditions govern soil behavior during evaporation, thereby affecting the water
budget in semi-arid regions. This research examined the effects of saline pore fluid on soil behavior
during evaporation. The results indicated volumetric reductions of about 5% for silty sand and about
15% for lean clay. The evaporative flux for silty sand decreased from 26 mg/m?s to 22 mg/m?-s in
Stage II, remained at a constant flux in Stage I1I, and decreased to 13 mg/m?-s in Stage IV. The air entry
and residual suction values were found to be 5 kPa and 100 kPa, respectively, and the total suction of
about 5000 kPa merged with matric suction near the Stage II/Stage Il boundary. The swell-shrink
curve (SSC) was J-shaped with the only void ratio decrease in Stage II. In contrast, the evaporative
flux for lean clay decreased from 30 mg/m?-s to 15 mg/m?-s in Stage II, to 10 mg/m?-s in Stage III,
and then to 5 mg/m?-s in Stage IV. The air entry and residual suction values were 5 kPa and 2000 kPa,
respectively, and the total suction during Stage II and Stage III ranged from 1000 kPa to 6000 kPa,
with an average value of 3500 kPa. The SSC showed a major void ratio decrease in Stage II, marginal
decrease in Stage I1I, and no decrease in Stage IV. Under high demand, the evaporative flux for silty
sand was constant at 180 mg/m?-s in Stage Il and decreased to 50 mg/m?s in Stage IV, whereas it
decreased for the lean clay from 230 mg/m?-s to 145 mg/m?-s in Stage II, to 95 mg/m?-s in Stage III,
and then to 25 mg/ mZs in Stage IV. For both soils, the total water loss was found to be six times
higher than that under low demand.
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1. Introduction

Agricultural farmlands in the semi-arid climate zones of the Canadian prairies are
challenged by a scarcity of water [1]. In southern Saskatchewan, an irrigation system based
on a surface water reservoir is being planned to operate during regular weather. However,
users will have to rely on groundwater in drought years when the water levels are low in
the reservoir [2]. Both of these water sources are characterized by elevated concentrations
of dissolved solids owing to the salt-rich mineralogy in several stratigraphic units of the
regional Phanerozoic basin [3]. Additionally, the use of fertilizers gradually increases the
salt concentration in the soil. The interaction of saline water with the soil raises serious
concerns with respect to evaporation, especially during the summer farming season. Actual
evaporation (AE) involves multiple stages of desaturation through the soil pores within
a profile due to decreasing exposure to the atmosphere [4]. Previous studies on AE have
generally focused on land-atmosphere interactions [5] and material properties [6] and do
not explore the effect of pore fluid on soil behavior [7]. This is especially true in regards
to the determination of water retention [8], the associated shrinkage in clays [9], and the
correlation of these properties with the process of evaporation. To ensure sustainable
agricultural practices, there is a need to explore the influence of pore fluid salinity on
evaporative losses in soils.

Evaporative flux from soil is defined as the water mass passing through the surface
area per unit time [10]. The determination of actual evaporation from an exposed soil
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surface is quite complex. Field studies require a long time commitment and only capture
local atmospheric conditions; for example, the lysimeter testing performed over 22 years
in Saskatchewan, Canada [11]. Likewise, such studies need extensive instrumentation
as indicated by the real-time monitoring of flux boundary conditions in Singapore [12].
Laboratory testing can circumnavigate spatiotemporal variations and can generate data
under control conditions [13]. This helps to avoid the pitfalls of site-specific correlations
while enabling a comprehensive understanding of the influencing parameters at the soil-
atmosphere interface.

From a conceptual viewpoint and starting at initially saturated conditions, soils usually
exhibit the following distinct evaporation rates during drying [14]: Stage I, highest rate as
the surface is covered with a water film to facilitate potential evaporation (PE) [15]; Stage II,
decreasing rate when air begins to enter the relatively large soil pores to activate capillary
flow [16]; Stage III, constant rate since the pore network steadily provides water to the
surface [17]; Stage IV, decreasing rate when the pore system is partially blocked due to
entrapped air [18]; and Stage V, decreasing rate as vapor transport becomes dominant [19].
These stages exist under low atmospheric demand, that is, PE < 5 mm/day (58 mg/m?-s) [6].
Under higher atmospheric demand, such as during the summer, Stage III becomes absent
because of the high exchange of vapor between the atmosphere and the evaporating
surface [20].

Evaporation studies on inert soils at high salinity (initially saturated with NaCl solu-
tion) indicate that the main phenomenon is salt precipitation: reduced evaporative fluxes
due to the development of a salt crust and a high salinity zone above the evaporating
front [21]; correlation of the end of Stage III evaporation with the highest rate of crust
formation [22]; and correlation of temperature and humidity with crustal growth [7]. In
contrast, clays interact with the NaCl solution to affect soil behavior during evaporation.
For example, reduction in the shrinkage limit at high salinity and increased osmotic suction
in kaolinite due to a thinner diffuse double layer and enhanced inter-particle attraction,
respectively [23]; increased aggregation of clay platelets due to high colloid—electrolyte
interactions in bentonite [24]; excessive time requirement (up to five days) to desaturate
a natural expansive soil through oven-drying because salt precipitation narrowed the
pore sizes to entrap water [25]; and correlation of osmotic volume change to the rate of
migration of dissolved salt through a smectite-rich clay [26]. To date, there is no research
that investigates the influence of pore fluid salinity on the desaturation-shrinkage behavior
of soils during the entire evaporation process.

The main objective of this research was to investigate the effect of saline pore fluid
on soil behavior during evaporation. Evaporative fluxes from inert and active soils were
determined under low atmospheric demand to correlate with water retention and soil
shrinkage as well as under high atmospheric demand to mimic regional climatic conditions
during summer.

2. Research Methodology

Representative soils were retrieved from southern Saskatchewan and included an inert
silty sand from Avonlea [27] and an active lean clay from Belle Plaine [28]. The silty sand
primarily comprised quartz and feldspar [29], whereas the lean clay had 44% clay minerals
such as interstratified corrensite and illite [30]. According to Suchan and Azam [14], the
silty sand is poorly graded, with 19% of material finer than 0.075 mm, whereas the lean
clay is well-graded with 62% of material finer than 0.075 mm. Material properties (Table 1)
were determined using a highly saline solution [31]. The stock solution was prepared by
mixing 5500 mg of NaCl with 1 L of distilled water at room temperature (20 °C) for 30 min.
For both soil types, the adsorption and retention capabilities slightly decreased at high
salinity due to a reduction in double-layer thickness [32].
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Table 1. Summary of material properties.

Silty Sand Lean Clay
Material Property ASTM *
Water ** Saline Water * Saline

Pore Fluid

Dissolved NaCl (ppm) <10 5500 <10 5500

Fluid Density at 20 °C 0.998 1.002 0.998 1.002
(g-cm )
Soil

Liquid Limit, w; (%) D4318-17el 27 24 32 29

Plastic Limit, wy (%) D4318-17el 25 23 18 16

Shrinkage Limit, ws (%) [24] - - 14 13

* American Society for Testing and Materials. ** Data from Suchan and Azam [14].

Low-demand evaporation tests were conducted under ambient laboratory atmosphere
using saturated samples. A mortar and pestle were used to break down the soil and the
moisture was removed by oven drying at 110 °C for 24 h. The sample cup (18.6 cm? internal
volume) was evenly filled with 24 g of soil and 9.5 g of saline solution was added to achieve
saturated conditions (gravimetric water content w ~ 40% and volumetric water content
6 ~ 50%) [14]. Following 12 h of homogenization in a sealed container, the sample surface
was smoothed to the rim height to eliminate possible swelling. Thereafter, the sample was
alternatively placed in an enclosure over a high-precision scale (A&D Apollo GX-603A) to
measure mass (at 4 h intervals for up to 16 h and thereafter at 8 h intervals for up to 72 h)
and in the controlled photogrammetry system (CPS) for 25 min to determine dimensions
of width, height, surface area, and total volume [33]. In contrast, the high demand tests
were conducted in the Bench-scale Atmospheric Simulator (BAS2), in which summer day
conditions of the Canadian prairies [34] were simulated by controlling the velocity, pressure,
temperature and relative humidity of air, solar irradiation, and the temperature of soil [35].
For this purpose, unsaturated samples were prepared by adding 6.7 g of solution to achieve
27% w and 50% 0 [14].

Table 2 summarizes the measured atmospheric and surface parameters. The low-
demand tests collected more than 9400 data points at 30 s intervals. The air velocity at
the soil surface was found to be less than 0.1 m/s because the mass balance had glass
side-protectors and a partially covered roof to preclude cross winds. Likewise, the air
pressure and relative humidity were measured next to the mass balance and recorded
values of about 95 kPa and 28 + 4%, respectively. The controlled air temperature registered
21 °C. The test samples were mostly kept under dark conditions, except during the 25 min
CPS photo sessions, to ensure negligible values for both incoming and outgoing shortwave
energy fluxes.

Table 2. Summary of measured atmospheric and surface parameters.

Silty Sand Lean Clay
Parameter Unit Symbol Low High Low High
Demand Demand Demand Demand

Data Point Count n 9410 2161 10,404 2161
Air Velocity m/s v <0.1 1.3 <0.1 1.3
Air Pressure Pa eq 94,752 93,760 94,762 95,055
Relative o
Humidity %o hur 32.0 55.5 23.5 55.2
Air Temperature °C Taur 19.9 19.0 21.5 19.0
(SB(L”W"‘VQ Fluc )/ m2 Si 0 325 0 325
(STI;cll;twave Flux W/m?2 S, 0 1 0 1
Soil Temperature ~ °C Ts - 221 - 22.0

* 1 upward, ** | downward.
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High-demand evaporation tests were conducted under atmospheric conditions preva-
lent during a typical summer day [34]. Such conditions represented the longest period of
evaporation (1755 h out of all 5533 evaporating hours) and the highest rate of potential
evaporation (186 mg/ m?2-s) in the Canadian prairies [36]. There were about 2160 data
points at 10 s intervals. The air velocity was kept at 1.3 m/s. The summer day air pressure
was recorded to be 93.9 kPa. Likewise, relative humidity and air temperature measured
about 55% and 19.0 °C, respectively. An externally mounted light source in a nadir position
above the sample delivered 325 W/m? of incoming shortwave energy of the solar spec-
trum such that 1 W/m? was reflected back. The surface temperature was recorded to be
22 °C. These data indicate good precision and repeatability under controlled conditions
because spatiotemporal variations in atmospheric parameters and physiographic features
were precluded.

The drying water retention curve (WRC) was determined according to the Stan-
dard Test Method for Measurement of Soil Potential (Suction) Using Filter Paper (ASTM
D5298-16) through the Whatman No. 42 filter paper. This method was selected to ensure
simultaneous measurement of total and matric suction over a wide range of soil suction
values [37]. The bi-linear calibration curve, given by Greacen et al. [38] and recommended
by ASTM, was used to ensure accuracy [39]. Twenty (20) identical samples were saturated
with the saline solution and allowed to dry under ambient laboratory conditions (tempera-
ture of 19.6 °C £ 0.4 °C and relative humidity of 21.7% = 6.5%). Target gravimetric water
contents of 40% to 1% with ten equal increments were selected to capture the entire range
of saturated-unsaturated soil behavior. At the desired pore fluid content, the samples were
stored inside an insulated box for 30 days to ensure equilibration of the filter paper’s water
content [40]. Filter papers were then removed and weighed to determine retained water
content. Further details on the stepwise procedure for water retention analysis are given in
Suchan and Azam [14].

3. Results and Discussion

Figure 1 presents three-dimensional models of silty sand and lean clay over the
entire range of drying under ambient atmosphere. The silty sand (Figure 1a) exhibited
negligible horizontal and surface area deformation. A fluid film at surface along with a
vertical deformation was observed at 4 h after which no further deformation was recorded.
Over time, the sample colored changed from dark brown to light brown, indicating the
downward movement of the drying front. The lean clay (Figure 1b) exhibited significant
vertical deformations up to 24 h, after which lateral deformations became visible. The
surface film disappeared by the 4 h observation and the change in color from dark brown
to light brown became visible at the 64 h observation.
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Figure 1. Three-dimensional models of the investigated soils during drying under ambient laboratory
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conditions: (a) silty sand; and (b) lean clay.

Figure 2 presents the various types of deformations versus water content for the
investigated soils. Four distinct types of soil deformation are presented: (i) horizontal
deformation (Dy, %), the ratio of the sample diameter at time ¢ (d;; mm) to the initial
diameter (dp; mm); (ii) vertical deformation (Dj,, %), the ratio of the sample height at time ¢
(h¢) to the initial height (hy); (iii) surface area deformation (Ds, %), the ratio of the exposed
area (including the top and the sides) at time ¢ (s¢) to the initial exposed area at 0 h (sy); and
(iv) volume deformation (D,, %), the ratio of the total sample volume at time ¢ (v;) to the
initial volume at 0 h (vy).

The D, (Figure 2a) of silty sand for both pore fluids was identical because of the inert
nature of the soil. In contrast, the D of lean clay exhibited three zones, beginning with
negligible movement until 35% w, followed by a linear increase to 8% by 8% w, and no
change thereafter. This pattern is similar to that under non-saline conditions, although there
are higher values of deformation due to a thinner DDL diffuse double layer (DDL) caused
by pore fluid ions that increased inter-particular attraction between clay platelets [41]. This
means a decrease in electrochemically attached water and an increase in pore water, which
is easily removed.

The Dy, (Figure 2b) of silty sand increased linearly to 5% by 32% w, followed by
negligible change thereafter. In comparison with the non-saline conditions, this sample
showed a 1% decrease in vertical movement, which was attributed to salt precipitation
within the pore space [42]. In contrast, the lean clay gradually increased to 16% (more than
the 13% for the non-saline conditions) due to the above-mentioned mechanism. In this case,
salt precipitation is subdued because the pore fluid electrolytes interacted with the clay
particle surfaces to reduce DDL thickness.
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Figure 2. Deformations during drying under low demand for silty sand and lean clay: (a) horizontal
deformation; (b) vertical deformation; (c) surface area deformation; and (d) volumetric deformation.
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The D; (Figure 2c) of silty sand was similar to the non-saline sample and closely
followed Dy, which is attributed to negligible physiochemical interactions. Contrary to this
trend, the D; of lean clay showed negligible movement until 28% w, followed by an increase
of up to 80% by 12% w and minimal change thereafter. In addition to physiochemical
interactions, the increased D; is partly attributed to an undulating surface observed during
the evaporation process.

Finally, the trend in D, (Figure 2d) for silty sand was similar to Dj, because of the
dominance of vertical deformation and a total deformation of 5% was recorded. On the
other hand, the trend for the lean clay closely followed that under non-saline conditions
and approached a value of 15%. This is attributed to surface undulations and reduced
evaporation due to precipitated salts [43].

Figure 3 presents the behavior of silty sand under low atmospheric demand in terms
of evaporation, the water retention curve (WRC), soil shrinkage curve (SSC) with respect
to gravimetric water content (w), volumetric water content (6), and degree of saturation
(5). Stage I and Stage V were not captured in evaporation tests. Evaporative flux comprised
Stage II, which decreased from 26 mg/m?-s (38% w, 49% 0 and 95% S) to 22 mg/m?-s (28%
w, 40% 6, and 83% S), followed by constant flux during Stage III at 22 mg/m?-s until 13%
w, 16% 0, and 35% S. The evaporative flux through the soil pores in both of these stages
was lower than that for the non-saline conditions. This is attributed to an increased ion
concentration gradient (reduced vapor pressure gradient) in the pores [44]. The Stage IV
evaporative flux was a close match to the non-saline conditions, with a decrease to 13
mg/m?-s by 6% w, 6% 0, and 18% S. This is largely because an increase in ion concentration
results in salt precipitation within the pore spaces (already blocked with entrapped air)
thereby inhibiting evaporation [45].

e Salline Pore Fluid (This Study) s Non-Saline Pore Fluid [14]
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Figure 3. Behavior of silty sand under low atmospheric demand: (a) w-based evaporative flux;
(b) 6-based evaporative flux; (c) S-based evaporative flux; (d) w-based water retention curve; (e)
f-based water retention curve; (f) S-based water retention curve; (g) w-based soil shrinkage curve; (h)
f-based soil shrinkage curve; and (i) S-based soil shrinkage curve.

The WRC included matric suction and total suction, whereas osmotic suction was
calculated as the difference of the former two values. As expected, the silty sand matric
suctions followed a trend similar to the non-saline conditions. The air entry value (AEV)
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and the residual suction value (RSV) were found to be 5 kPa and 100 kPa, respectively.
The total suction remained near 5000 kPa (up to 10% w, 13% 6, and 26% S) after which it
gradually increased to merge with matric suction beyond Stage IV. This 70 times increase
above the non-saline conditions was due to the osmotic component of total suction derived
from the saline pore fluid [46]. Furthermore, the J-shaped SSC trend was similar to the
non-saline conditions and comprised a decreasing void ratio from 1.04 to 0.96 within Stage
II and a flat line thereafter [42]. The higher void ratios in the saline condition are attributed
to the precipitation of salt grains, which are finer than the soil particles. This was also
observed earlier in the form of decreased D, (Figure 2d).

Figure 4 presents the behavior of lean clay under low atmospheric demand. Evapo-
rative flux during Stage II decreased from 30 mg/ m?-s (39% w, 51% 6, and 100% S) to 15
mg/m?:s (21% w, 34% 6, and 77% S). This is lower than non-saline conditions because of
an increased ion concentration gradient (reduced vapor pressure gradient) in the pores,
as mentioned before [44]. The relatively wider range of capillary-supported Stage III is at-
tributed to the release of water into the pore spaces owing to a reduced DDL thickness [47].
Furthermore, the evaporative flux gradually decreased during Stage III to 10 mg/m?-s flux
(6% w, 9% 6, and 21% S) and then to 5 mg/mz-s (3% w, 5% 6, and 12% S) in Stage IV. In
both cases, the trends were similar to the non-saline conditions and are attributed to the
previously described phenomena [48].
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Figure 4. Behavior of lean clay under low atmospheric demand: (a) w-based evaporative flux; (b) 6-
based evaporative flux; (c) S-based evaporative flux; (d) w-based water retention curve; (e) 8-based
water retention curve; (f) S-based water retention curve; (g) w-based soil shrinkage curve; (h) 6-based
soil shrinkage curve; and (i) S-based soil shrinkage curve.

The matric suction trend was similar to in non-saline conditions with negligible
changes up to the AEV (5 kPa), followed by a gradual decline up to the RSV (2000 kPa), and
then by a straight line up to a completely dry state. The total suction during Stage II and
Stage Il ranged from 1000 kPa to 6000 kPa with an average value of 3500 kPa compared to
a relatively constant value of 100 kPa for non-saline conditions. This is due to the gradual
release of adsorbed water to the void spaces [47]. As before, the total suction merged with
the matric suction near the boundary of Stage III and Stage IV. Finally, the SSC void ratio
initially decreased in Stage II (1.07 to 0.82), followed by a marginal decrease in Stage III (0.82
to 0.73), and finally a flat line (0.73) within Stage IV. This follows the trend in non-saline
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conditions, as similar D, (Figure 2d) was attributed to surface undulations and reduced
evaporation due to precipitated salts [43].

Figure 5 provides the evaporative fluxes under high demand. In silty sand (Figure 5a),
Stage I1I remained a constant flux at 180 mg/m?:s over a wider range of 28% w to 14% w.
This shift is attributed to an increased ion concentration gradient in the capillary pores,
as discussed before [44]. In contrast, Stage IV followed a similar trend to the non-saline
conditions, with a linear decrease to 50 mg/ m2-s by 12% w, similar to the observations
by [7]. Again, the reduced evaporation was due to salt precipitation in the already blocked
pore spaces thereby inhibiting [45].

Salinc Porc Fluid (This Study)
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Figure 5. Evaporative flux under high demand for (a) silty sand and (b) lean clay.

The lean clay (Figure 5b) comprised Stage II, in which there was a sharp decrease from
230 mg/ m2-s (28% w) to 145 mg/ m2.s (24% w), Stage III, with a moderate decrease to 95
mg/m?-s by 16% w, and Stage IV, with a further decrease up to 25 mg/m?-s (9% w). This
pattern closely matched the non-saline conditions with evaporative flux reduced by about
10 mg/m?-s. These slightly lower values are attributed to the reasons discussed earlier.

For the investigated range of water content, the total water loss under high demand
was six times higher than under low demand. This is lower than the non-saline conditions
(seven times higher) and is attributed to the effects of increased pore fluid salinity, as
described earlier.

4. Summary and Conclusions

The knowledge of soil behavior under saline conditions is critical to understand
evaporative losses from soils. Laboratory tests were conducted on a silty sand and a lean
clay with saline pore fluid under low-demand and high-demand atmospheric conditions.
The main conclusions of this study are given as follows:

1. Over the investigated range of water content, the sample color change from dark
brown to light brown indicated the downward movement of the drying front. The
silty sand exhibited negligible horizontal and surface area deformations with 5%
vertical and volumetric reductions. The lean clay decreased 8% horizontally and 16%
vertically, while the surface area deformed by 80% and the volume reduced by 15%.

2. The silty sand evaporative flux decreased from 26 mg/m?:s to 22 mg/m?-s in Stage
11, remained at a constant flux in Stage III, and decreased to 13 mg/m?s in Stage IV.
Based on matric suction, the AEV and RSV were 5 kPa and 100 kPa, respectively.
The total suction was about 5000 kPa and merged with matric suction near the Stage
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11/Stage III boundary. The SSC was J-shaped, with the only void ratio decrease in
Stage II.

3.  Thelean clay evaporative flux decreased from 30 mg/m?-s to 15 mg/m?-s in Stage II,
to 10 mg/m? s in Stage I11, and then to 5 mg/m?-s in Stage IV. The AEV was 5 kPa and
the RSV was 2000 kPa. The total suction during Stage II and Stage III ranged from 1000
kPa to 6000 kPa with an average value of 3500 kPa. The SSC showed a major void
ratio decrease in Stage II, marginal decrease in Stage I1I, and no decrease in Stage IV.

4. Under high demand, the evaporative flux for silty sand was constant at 180 mg/m?s
in Stage IIl and decreased to 50 mg/m?-s in Stage IV. The lean clay decreased from 230
mg/m?s to 145 mg/m?s in Stage I, to 95 mg/m?s in Stage III, and to 25 mg/m?-s
in Stage 1V. For both soils, the total water loss was found to be six times that under
low demand.
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