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Abstract The phenomenon of freezing point depression in frozen soils results in the co-existence of
ice and liquid water in soil pores at temperatures below 273.15 K (0°C), and is thought to have two causes:
(a) capillary and adsorption effects, where the phase transition relationship is modified due to soil-air-
water-ice interactions, and (b) solute effects, where the presence of salts lowers the freezing temperature.
The soil freezing characteristic curve (SFC) characterizes the relationship between liquid water content
and temperature in frozen soils. Most hydrological models represent the SFC using only capillary and
adsorption effects with a relationship known as the Generalized Clapeyron Equation (GCE). In this study,
we develop and test a salt exclusion model for characterizing the SFC, comparing this with the GCE-based
model and a combined salt-GCE effect model. We test these models against measured SFCs in laboratory
and field experiments with diverse soil textures and salinities. We consistently found that the GCE-based
models under-predicted freezing-point depression. We were able to match the observations with the salt
exclusion model and the combined model, suggesting that salinity is a dominant control on the SFC in
real soils that always contain solutes. In modeling applications where the salinity is unknown, the soil
bulk solute concentration can be treated as a single fitting parameter. Improved characterization of the
SFC may result in improvements in coupled mass-heat transport models for simulating hydrological
processes in cold regions, particularly the hydraulic properties of frozen soils and the hydraulic head in
frozen soils that drives cryosuction.

Plain Language Summary When the ground freezes during the winter, not all the water
stored in the soil turns into ice, which is because soil particles hold tightly onto some of the water making
it impossible to freeze the water and because of the presence of dissolved salts within the soil pore water.
The presence of unfrozen water in frozen soils determines the hydraulic properties of the soil which are
vital for models of flood forecasting during spring melt, snowmelt infiltration for crop growth and the
mechanical properties that determine the stability of the ground for infrastructure in cold regions. In

this study, we use laboratory and field experiments, as well as different theoretical models to understand
the effect of either or both dissolved salt and soil particles on the amount of unfrozen water stored in the
frozen soil, and we suggest that dissolved salts may often be the dominant control. We propose a new
relationship for this phenomenon that could improve cold regions hydrological models.

1. Introduction

The way that ice and liquid water are held in the soil pore space depends on the soil physical and chemical
properties, the total water content and the temperature, and is expressed through a relationship known as
the soil freezing characteristic curve (SFC). In cold regions, the SFC plays a significant role in heat, solute,
and water transport (He et al., 2016; Spaans & Baker, 1996; Watanabe & Osada, 2017), which in turn influ-
ence winter evapotranspiration, snowmelt infiltration and runoff (Christensen et al., 2013; He et al., 2016),
frost heave formation, thawing settlement, and frost depth penetration in frozen soils (Watanabe & Mizo-
guchi, 2002; Wen et al., 2012). Good knowledge of the properties of frozen soils is crucial in erosion control
and flood risk assessment during spring melt in cold climates. In engineering, information about these
properties are employed in infrastructure development such as the construction of roads, pavements, air-
port runways, bridges and railway lines. Further, in agronomy, these properties are useful in understanding
microbial metabolism (He et al., 2016; Oquist et al., 2009; Watanabe & Osada, 2017) and crop water uptake
in frozen soils as well as estimating water requirements for winter crops.
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Spontaneous processes, such as the phase change process, occur to minimize free energy. Ice (i) and liquid
water (/) can co-exist only when they have equal free energy, and this occurs at 273.15 K (0°C) (which is
defined as 7)) for bulk water (Williams & Smith, 1989, p. 174, Zhang & Liu, 2018), where bulk water is de-
fined as liquid water in an open container that is, solute free and at atmospheric pressure. Above T, liquid
water has lower free energy than ice, and therefore liquid water is the stable phase. When the temperature
of pure free water drops below T;, the free energy of the liquid phase becomes higher than that of the solid
phase driving the transformation of liquid water into ice, and ice becomes the stable phase. Unlike bulk
water, soil pore water is found to freeze progressively with temperature as the temperature drops below 7;,
(Hayashi, 2013; Williams & Smith, 1989, p. 175; Zhang & Liu, 2018), a phenomenon termed freezing point
depression. This was first recognized by Schofield (1935) who used theoretical relationships between sub-ze-
ro temperature and matric potential as a means to extend observed soil moisture characteristic curves into
drier soil conditions, where tensiometers fail. Early empirical observations of freezing point depression
were provided by laboratory experiments reported by Koopmans and Miller (1966) and Williams (1970).
Freezing point depression is understood to occur because, in any individual soil pore, the effects of solutes
and the attractive forces generated with the soil solids (capillarity and adsorption forces, Jin et al., 2020)
reduce the free energy of the liquid water, such that the temperature must be less than 7; for the phase
transition to occur. Freezing point depression is therefore attributed to (a) capillarity and adsorption effects
(hereafter capillary effects, Spaans & Baker, 1996; Williams & Smith, 1989, p. 5; Zhou et al., 2018), and
(b) the presence of salts (Williams & Smith, 1989, p 5; Williams, 1970, p. 16; Williams, 1964; Watanabe &
Mizoguchi, 2002). The freezing temperature of the depressed liquid water in any individual pore is defined
as Ty, (K). Both capillary effects and salt exclusion effects result in progressive freezing, which is to say the
water in the continuum of soil pore spaces has a distribution of freezing temperatures and freezing occurs
progressively as the temperature drops below 7;,. However, the reason these effects are both progressive are
different. In terms of capillary effects, the capillary and adsorptive forces and thus the freezing point of the
water in an individual pore depends upon the pore size (analogous to matric potential), so smaller pores
have lower freezing temperatures (Spaans, 1994). In terms of salts, during freezing, salts are excluded from
the ice leaving the remaining solution more concentrated, and thus the freezing temperature of the remain-
ing liquid water is further depressed (Banin & Anderson, 1974; Spaans & Baker, 1996; Williams, 1970, p. 17).

Freezing point depression is quantified at the soil continuum scale through the SFC. The SFC relates the
volumetric liquid water content, ¢, (—), to temperature, T(°C ), in frozen soils and is analogous to the soil
moisture characteristic curve (SMC), that relates liquid moisture content to matric potential,  (m) in un-
frozen soils (Flerchinger et al., 2006; Koopmans & Miller, 1966; Spaans & Baker, 1996). The SFC can be
directly measured for soils in the laboratory or the field by simultaneous measurements of liquid moisture
content and soil temperature. Techniques to measure soil temperature and liquid water content have been
reviewed elsewhere (Kelleners & Norton, 2012; Kelleners & Verma, 2010; Kelleners et al., 2009; Seyfried
& Murdock, 2004; Susha Lekshmi et al., 2014). In frozen soils the bulk dielectric constant is insensitive to
the presence of ice, which has a dielectric constant of around 3 (Kelleners & Norton, 2012), much lower
than liquid water (~80), and hence dielectric soil moisture sensors can be used to measure the liquid wa-
ter content in frozen soils. Kelleners and Norton (2012) measured the liquid water content of seasonally
frozen soils in Wyoming using the Stevens HydraProbe (Stevens Water monitoring System Inc, 2007). The
significant advantage of this instrument is that it simultaneously measures temperature and the liquid wa-
ter content—thus directly measuring the SFC. The HydraProbe measures temperature using a thermistor
embedded in the base plate of the sensor head (Kelleners & Norton, 2012; Seyfried & Murdock, 2004). Here,
we will use the HydraProbes to measure SFCs in the laboratory.

Most models for the SFC that are used in coupled heat and mass transport models for frozen soils (e.g.,
Clark et al., 2015; Dall'’Amico et al., 2011; Hansson et al., 2004; Painter & Karra, 2014) are based on predict-
ing the SFC from the SMC using the Generalized Clapeyron Equation (GCE, Kurylyk & Watanabe, 2013;
Williams & Smith, 1989). GCE based models assume that in frozen conditions the temperature predicts an
equivalent effective soil matric potential, from which the liquid water content can be obtained from the
SMC relationship (Mohammed et al., 2018; Teng, 2020; Zhang & Liu, 2018), and hence temperature is relat-
ed to liquid water content. The advantage of this method is that there are no soil specific unknown parame-
ters associated with the GCE relationship. However, this approach only represents capillary effects (Kurylyk
& Watanabe, 2013) and does not account for the effects of solutes on the SFC (Azmatch et al., 2012). Given
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that real soils do contain solutes this would seem to be a limitation with GCE based models, however, the
relative significance of solute effects and capillary effects is not well documented or understood (Watanabe
& Mizoguchi, 2002). There are extensive SFC datasets in the literature, from early work by Koopmans and
Miller (1966) and Williams (1970) through to recent experimental work by Caicedo (2017), Schafer and
Beier (2017), and Ren and Vanapalli (2019), (2020), and including papers where the solute effects are quan-
tified (e.g., Patterson & Smith, 1985; Zhou et al., 2018). To validate the GCE model requires both observed
SFC and SMC data, which are not present in all of these studies. Both Koopmans and Miller (1966) and
Williams (1970) present data that shows that for some soils the GCE predicted SFC is consistent with the
observed SFC and for others is not, and they suggest that where the GCE fails it may be due to solutes.
Koopmans and Miller (1966) found that the GCE works better for finer soils, and suggested that for non-clay
soils, a correction factor for the ratio of interfacial tension between water and soils versus water and ice can
be applied to improve the predicted SFC. Gharedaghloo et al. (2020) adopted this approach to successfully
map the SMC onto the SFC for a series of laboratory experiments, and they used pore scale simulations to
demonstrate the differences in ice-entry during freezing versus air-entry during drying that this adjustment
factor is designed to correct for. In contrast to this, Caicedo (2017) found that the GCE relationship fit SFC
observations well for a fine sand and silt soil, while Ren and Vanapalli (2019) found that it did not fit ob-
servations well for two different clay soils. Spaans and Baker (1996) used a modified version of the GCE to
account for osmotic potential (which the authors conclude is important at temperatures just below 273.15 K
(0°C) and the temperature dependence of the latent heat of fusion. They suggest that their model matches
observations, but they do not present SMC and SFC data independently, meaning that it is not clear how
well the standard uncorrected GCE would perform. Schafer and Beier (2017) applied the Spaans and Bak-
er (1996) model to a range of soils with mixed results, and suggest that limitations in performance maybe
due to the presence of solutes. Zhou et al. (2018) extended the GCE to account for solute effects, and showed
that their model was able to reproduce SFCs for saline soils from various laboratory experiments that were
reported in the Chinese literature. In summary, the performance of the “standard” GCE model is mixed, and
the instances where this model fails suggest it may not be a good model to adopt uncritically in coupled heat
and mass transport models. Corrections that have been proposed for solutes or for differences in surface ten-
sion do not seem to work universally, and hence understandably have not been adopted in coupled models.

This study was designed to obtain both field and laboratory data that quantifies the SMC and SFC for
different soil textures and salinities and to compare the results with those obtained from three different
models: (a) capillary and adsorption effects (the GCE approach); (b) salt exclusion effects; (c) combined salt
exclusion and GCE effects. In Section 2 we describe the laboratory and field experiments, and we present
the three alternative models that were developed. In Section 3 we describe the results from the experiments
and the performance of the alternative models to reproduce the observed data. Section 4 presents the con-
clusions where we provide a conceptual model for the behavior of seasonally frozen soils, and we provide
recommendations for how to better represent the SFC in modeling studies.

2. Materials and Methods
2.1. Laboratory Experiments

The objective of the laboratory experiments was to measure the SMC and SFC of silica sand under con-
trolled conditions. Silica sand was used with de-ionized water to give very low dissolved solutes in the
pore water. The silica sand used was a fine-medium standard graded sand (ASTM C778 graded sand from
Ottawa, Illinois Region, United States) with particle size ranging from 0.1 to 1 mm. The particle size was
determined using the mechanical shaking method (Pekrioglu Balkis, 2019; Yan et al., 2017) with a set of
sieves. The sand has a measured particle density of 2.5 g-cm ™, an estimated bulk density of 1.45 g-cm ™, and
a porosity of 0.42. The particle density was measured using the pycnometer method as described by Pires
et al. (2015), and the soil porosity was determined as the saturated volumetric moisture content of the soil.
In both methods, adequate soil packing was achieved by carefully beating the sides of the soil container
with a wooden meter rule until there was no change in the level of the sand in the container. If the level of
the sand dropped, more sand was added, and the beating repeated. The bulk density of the sand was com-
puted from the measured particle density and porosity.
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(@) Measuring the SMC

(b) Measuring the SFC
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Figure 1. (a) Laboratory set-up for measuring the soil moisture
characteristic curve, and (b) Laboratory set-up for measuring the soil

freezing characteristic curve.

Table 1

The SMC of the sand was measured using the HYPROP set-up (UMS
GmBH in Munich, Germany) (Figure 1a). The sand was repacked into
the sampling ring of the HYPROP using the same packing techniques as
described in the previous paragraph. Following soil packing, the sample
was saturated by placing the sampling ring in a bowl of de-aired distilled
water for 24 h. After 24 h, the sampling ring was removed from the bowl
and placed on top of the sensor unit of the equipment. The soil was then
allowed to dry by evaporation. Soil moisture content and matric poten-
tial were measured simultaneously by the HYPROP using a mass balance
(with an accuracy of +0.001 g) and two vertically offset tensiometers (has
an accuracy of £0.015 m) (Breitmeyer & Fissel, 2017), respectively. Soil
moisture and matric potential measurements were automatically logged
at different time intervals.

The SFC of the same sand was measured using a soil column with dimen-
sions 20 cm (diameter) by 40 cm (height) (Figure 1b). The column was
made from PVC pipe with one end glued on to an acrylic plexiglass using
a waterproof JB weld Epoxy. The column was insulated at the side with
two layers of single-faced fiberglass to minimize horizontal temperature
propagation through the column. The top of the column was left open
so that freezing would begin from the surface of the soil. The bottom of
the column was not insulated, but the acrylic plexiglass seal at the bot-
tom of the column was thick enough to prevent freezing from beneath
the columns. The soil was prepared at two different target moisture con-
tents, 0.05 m*>m™ and 0.24 m*m™> by thoroughly mixing by hand the
appropriate amount of oven-dried soil and de-ionized water in a 34 liters
(L) plastic container. For the saline treatments, the appropriate mass of
salt was weighed and dissolved completely in the appropriate amount of
de-ionized water before mixing with the soil. Sodium chloride salt (sodi-
um chloride, crystalline from Fisher scientific) was used for this experi-
ment. The total volume of soil (V,), volume of water (V, ), target volumet-
ric liquid moisture content (6), mass of salt (m,), bulk salt concentration
(¢, = mg/V,) and pore water salt concentration (¢, = m,/V,) used for the
freezing experiments are detailed in Table 1. The soil was then packed into
the columns at 5 cm intervals and compacted with the base of a 250 ml
flat bottom flask. Three pre-calibrated Stevens HydraProbes were insert-
ed vertically into the soil at 5, 15, and 30 cm depths in the columns. The
Stevens HydraProbe was used because of three reasons (a) it was readily
available, (b) it can measure soil moisture content and temperature simul-
taneously, and (c) it is the same instrument used in our field experiments.

The Stevens HydraProbe measures soil moisture content using the dielectric method, which relates the
measured dielectric constant to the moisture content through a calibration equation (calibration equation

Salt (NaCl) and Water Treatments Used in the Laboratory Freezing Experiment

Treatment V(L) G(m*m™) v, (L) mg(g) c(gl™ c(gL™)

1 12.58 0.05 0.629 0 0 0

2 12.58 0.05 0.629 1.258 0.1 2

3 12.58 0.05 0.629 5.032 0.4 8

4 12.58 0.05 0.629 10.064 0.8 16
5 12.58 0.24 3.0192 0 0 0

6 12.58 0.24 3.0192 6.038 0.48 2
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specified by the Stevens Water monitoring System Inc, 2007). At each soil depth, a probe was inserted verti-
cally into the soil, and the soil was packed around it. The probes were numbered according to their position
within the column (probe 1 at 5 cm, probe 2 at 15 cm, and probe 3 at 30 cm, all from the start of the tines of
the probes which are about 5.8 cm long). This was to ensure that the same probe was used at the same depth
every time the SFC was measured. Following the soil packing, the columns were covered with a polyethyl-
ene sheet to prevent evaporation and allowed to sit for two days for moisture to equilibrate in the columns.
The columns were then placed in a freezer to measure the SFC. For every treatment, both the freezing and
thawing curves were measured. For the freezing runs, the temperature of the freezer was set constantly at
268.15 K. The soil was allowed to freeze until the temperature of all the soil depths approached the freezer
temperature or when the moisture content stayed constant. Afterwards, the temperature of the freezer was
raised to and kept constant at 277.15 K for the soil to thaw. The thawing runs were terminated when all the
soil depths reached a temperature greater than 273.15 K. Soil moisture content (m*-m™>) and temperature
data (K) were logged every minute using a CR 3000 series data logger from Campbell Scientific.

2.2. Field Experiments

The objective of the field study was to measure the SMC and SFC for different in situ soils with varying
texture and salinity. The field studies were conducted at the St Denis National Wildlife Area (SDN) in the
Canadian prairies (Bam & Ireson, 2019; Bam et al., 2019) and the Boreal Ecosystem Research and Monitor-
ing Sites (BERMS) Old Jack Pine (OJP) site in the boreal plans ecozone in Saskatchewan (Ireson et al., 2015;
Nazarbakhsh et al., 2020).

The SDN field site is located in the semi-arid, cold Canadian prairies ecozone about 40 km east (106° 5
36" W, 52° 12' 34" N) of Saskatoon, Saskatchewan (Hayashi et al., 1998; Nachshon et al., 2014). The site is
partly cropped with wheat, barley, and canola while the rest of the vegetation is a combination of native
and introduced grasses (Bam et al., 2019; Hayashi et al., 1998). The site is characterized by an undulating
hummocky topography (Bam et al., 2019; Hayashi et al., 1998; Nachshon et al., 2014) with silty stratified
sediments and glacial tills (Bam et al., 2019; Hayashi et al., 1998; Nachshon et al., 2014). Soils at SDN can
be high in salt, particularly sulphate salts (Nachshon et al., 2014). The site experiences mean annual pre-
cipitation (1967-1996) of 358 mm, of which 74 mm occurs as snow (November-April) (Budhathoki, 2018).
The mean monthly air temperature for the site is 258.45 K (—14.7°C) for January and February and 291.85 K
(18.7°C) for July and August (Bam & Ireson, 2019). At SDN, soil moisture data were measured on a transect
with three soil profiles, namely upslope, mid-slope, and downslope. In this study, however, only observation
from the upslope profile is used. Data sets used in the SDN analysis include time series data of soil moisture
content (m* m™), soil temperature (K), and matric potential (m) at 5 cm, 20 and 50 cm depths. The soil
moisture content and soil temperature were measured using Stevens HydraProbes from Campbell Scientific
inserted vertically in the soil at the different soil depths. These HydraProbes are the same as those used in
the laboratory experiments. The soil matric potential was measured using the 229 heat dissipation matric
water potential sensor from Campbell Scientific.

The OJP site is located east of Prince Albert National Park in the southern Canadian Boreal Forest (104.69°W,
53.92°N), Saskatchewan, Canada (Nazarbakhsh et al., 2020). As the name implies, the OJP site is domi-
nated by jack pine (Pinus banksiana Lamb.) with an understory of reindeer lichen (Cladonin spp.) (Barr
et al., 2012; Nazarbakhsh et al., 2020). The soil at OJP is a well-drained sandy soil (Barr et al., 2012; Naz-
arbakhsh et al., 2020) with a water table depth of at least 5 m below the soil surface (Barr et al., 2012). The
OJP site receives an average precipitation of 307 mm (Nazarbakhsh et al., 2020). It is estimated that about
21% to 31% of the total precipitation at this site occurs as snow (Ireson et al., 2015; Nazarbakhsh et al., 2020).
The site experiences a mean monthly air temperature of around 263.15 K (—10°C) in January and 293.15 K
(20°C) in July (Nazarbakhsh et al., 2020). For the OJP site, soil moisture content and soil temperature were
measured at different soil depths with a Campbell Scientific 615 soil moisture sensor and a Type-T (copper/
constantan) thermocouples, respectively. In this study, soil temperature data at 5 cm depth and moisture
content data at the top 15 cm were used. The reason is that the soils at the OJP site do not freeze much be-
low 15 cm, which could be because the trees and understory provide insulation that keeps the soil warm.
This site also does not have matric potential measurements, which are needed for establishing the SMC. As
such, SMC data set published by Cuenca et al. (1997) for the same field site was used in this study. Cuenca
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et al. (1997) measured moisture content using both the neutron probe (Campbell Pacific Nuclear 503 Hy-
droprobe) and the TDR. Soil matric potential was also measured using a combination of in situ tension disk
infiltrometers and water retention data from the laboratory (measured using soil cores). These experiments
are described in detail by Cuenca et al. (1997). The raw data points were extracted from the original plot
using WebPlotDigitizer (Version 4.2) (Rohatgi, 2015).

2.3. Modeling

As noted earlier, two possible causes of freezing point depression in soils have been identified: (a) capillary
effects (capillarity and adsorption effects on the free-energy of the pore-water, which is related to the soil
pore-size distribution); and (b) solute effects (the effect of dissolved salts on the freezing temperature of free
water, independent of the soil pore-size distribution). In this study, models are applied to simulate the soil
freezing characteristic curve assuming: (a) capillary effects alone; (b) salt exclusion effects alone; and (c)
combined capillary and solute effects.

Note that here, the unit of temperature is always in Kelvin. The freezing temperature for free pure water at
atmospheric pressure is denoted 7;) and has a value of 273.15 K (0°C). The freezing temperature of water in
a specific part of the soil pore space is denoted 7. For convenience, we plot SFC curves using the freezing
point depression of soil water, denoted 7, and defined as

I, =T, -T, @

2.3.1. GCE Model

When two phases of a pure substance (e.g., water and ice) are in equilibrium with one another, the temper-
ature and Gibbs free energy (expressed here on a per unit mass basis), G (J-kg™), of each phase must be the
same, though the pressures, P (Pa), may differ (e.g., consider liquid water and water vapor at the water-air
interface in a capillary tube). When there is a change in temperature or pressure a new equilibrium state
will be reached, again with identical T and G in each phase, such that the change in Gibbs free energy, dG
must also be the same for each phase. The change in Gibbs free energy is given by (Williams & Smith, 1989,
p. 186 and 190)

dG = —sdT + vdP ()
where s (J-K™'- kg™") is entropy and v is specific volume (m*kg™"). Hence for ice (subscript ;) and liquid
water (subscript /) we can write

v dP, v, dP, = (s, —s;)dT 3)

During phase change, the change in entropy is due to the consumption or release of latent heat, so that
(Williams & Smith, 1989, p. 190, p. 190)

§p =8 = 4
where L (J kg™") is the latent heat of fusion. Hence we have
L
v, dP, —v; dP, =FdT (5)

Equation 5 is not controversial in the literature, but different assumptions have been made about how to
deal with the ice pressure, P, (Kurylyk & Watanabe, 2013). Here we will adopt the most common assump-
tion for this (Clark et al., 2015; Dall'’Amico et al., 2011; Hansson et al., 2004; Hayashi, 2013; Painter & Kar-
ra, 2014; Williams & Smith, 1989) which is that there is no change in ice pressure, dP, = 0. Noting that the
density of water, 0, (kg-m ™) is equal to 1 / v, we have

an
dr

- p,é ©®)
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Matric potential, i (m), is defined from the relationship P, = yp,g, where

Table 2

Freezing Point Depression for an Aqueous NaCl Solution g (ms?)is gravitational acceleration. Hence we have

Salt mass X (%) 1 5 10 15 18 d_l// _L @
7, (K) -0.58  —3.04 —679  -11.02 —14.29 ar Tg

Integrating this equation between (T =Ty = 0) and (T =T,y =y, )

Note. Here T, (K) is the minimum temperature below 7;, where only we have

liquid water is present, for a given mass concentration of NaCl.

T,
v, = L[ 1 Al(u] ®)
’ 8 Ty 8 Ty

Equation 8 is approximately equal to we=L/ g(Td / TO) (since

ln(l + x) ~ x, Kurylyk & Watanabe, 2013) i.e., a linear relationship be-
tween matric potential and temperature, that predicts a matric potential of —124 m for a temperature of -1 K
(Hayashi, 2013). Here we use non-linear form in Equation 8 since it will be important in our combined mod-
el below. If the soil is partially saturated at the time of freezing, the matric potential will be less than zero.
Let y, (m) represent the equivalent unfrozen matric potential, which is related to the total water content
(ice plus liquid), and is not necessarily constant in frozen soil conditions (total water content changes due to
movement of liquid water, which can also refreeze in the soil and hence result in an accumulation of ice that
the dielectric probes will not register). Ice will only form in the pore space when v <y, Hence, we have

'//u Wf 2 Wu

v, =1L (T, +T, ©)
—In| ——= <
g ( TO ‘//f Yu

where v, predicts the liquid water content, 6, (m*-m™), given here by the van Genuchten equation (VGN)
(Kelleners & Norton, 2012; van Genuchten, 1980).

6 =6+(0- 9,)[1 +(aw)' j (10)

where 6, (m*m™) is the residual moisture content, and 6, (m*m™®) is the saturated moisture content or
porosity, a (m’l)is approximately the inverse of the air entry matric potential, » and m are dimensionless

empirical shape-defining parameters. Note that the total water content of the soil, §, (m*>m™), ignoring
changes in density of ice versus water, is given by

6,-0+(0 - 6,)(1 +(aw,)' ) an

and the ice content, #; (m* m™) is given by
0 =0,-6 (12)
such that wheny; > y, then 6, = §,and 6, = 0.

Combining Equations 9 and 10 results in an SFC relationship between temperature and liquid water con-
tent, and this method describes the GCE model discussed in the introduction.

2.3.2. Salt Exclusion Model

In free-water saline solutions, the freezing temperature is depressed below T;, due to the presence of solutes.
Let 7, (K) represent the temperature below 7;, at which a saline solution of a given concentration will freeze
(i.e., T,, is for salt exclusion what 7}, is for the GCE model). Moreover, during freezing, salts are excluded
from the ice phase, making the remaining solution more concentrated, leading to a further depression in the
freezing point of the remaining liquid water (Banin & Anderson, 1974).

Here, we develop a salt exclusion model for NaCl. The same procedure could be applied to different salts
where freezing point depression data are available. Table 2 shows observed data from Haghighi et al. (2008)
for salt concentration against freezing point depression for sodium chloride salt.
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Table 3

Arbitrary Soil Parameters Used in the Model Simulations

VGN parameters Value
o(m™) —4.79
n 5

m 0.8
6., (m*m™) 0.07
6, (m*m™) 0.3

X (%) is the mass fraction of salt in an aqueous solution such that

x =

100 = <100 13)
m,, P

where m(g) and m,, (g) are the mass of salt and water, c(g-L™) is the salt concentration, and the density of

liquid water here is expressed in units of g-L™* (i.e., p, = 1,000 g-L™"). ¢ is thus given by 10X. The relation-

ship between freezing point depression and salt concentration from Table 2 is well represented by a second

order polynomial function passing through the origin,

T, = p]c2 + pyc 14

m

where 7, (K) is the minimum temperature below 7, where only liquid water is present. 1 and P> are found

by fitting Equation 14 to the observed data (Table 2) using linear regression. Following the fitting, the values
of P1and P> were found to be —0.00012544 and —0.05561807, respectively. Solving Equation 14 for c leads to

, 2
P2 NP2 +4ple (15)

2p

Cc =

Now, assuming that this relationship can apply to pore water within a soil control volume, V(L) with a fixed
mass of salt, m,, then we have

ny b

“a-e)y (6-0) (o

where ¢, (g-L7") is the bulk solute concentration in the soil, that is, mass of salt per soil control volume,
m, [ V. Note that in Equation 16 we subtract the residual water content from ¢, which is equivalent to as-
suming that solutes are not freely exchanged between the free pore water and the residual water in the soil.
We tested our models with and without this assumption and found that the predicted behavior of the model
was more consistent with observed SFCs (which do not, normally, freeze to zero liquid water content) with
this assumption. In our salt exclusion model, we assume that all of the pore water remains liquid until the
temperature drops to 7,,, corresponding to the solute concentration, ¢ using Equation 14. As the tempera-
ture drops below 7,,, the concentration of salt in liquid water increases according to Equation 15, and we
find the liquid water content to sustain this concentration from Equation 16. Thus combining Equations 15
and 16 and substituting the maximum possible liquid water content in the soil, 8,,, for 6, we have

m>

2¢,py
g =6 + (17)

P2 - \/Pz2 +apT,

Equation 17 returns the maximum possible liquid water content for a given bulk solute concentration and
soil temperature. The actual liquid water content, then, is given by

[0 0.z0
"4, 0,<0 (18)

m
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Figure 2. (a) Generalized Clapeyron Equation model simulations with arbitrary soil parameters and differing ¥,
(or differing total water contents), (b) simulated results for the salt exclusion model using arbitrary parameters and
differing salt mass (per bulk soil volume), (¢) simulations for the combined capillary salt model using arbitrary soil
parameter and differing salt mass (per bulk soil volume), and (d) comparing the outcomes of the 3 models.

where again 6, is the total water content corresponding to y,. Equations 17 and 18 thus define an SFC rela-
tionship that predicts ¢ based on the total water content (which can be given by Equation 11), soil temper-
ature and the bulk soil solute concentration.

2.3.3. Combined Model

Models in the literature that combine the effects of solutes and capillary/adsorption effects on freezing
point depression do so by summing the osmotic and matric potentials (Schafer & Beier, 2017; Spaans &
Baker, 1996; Zhou et al., 2018). We instead assume here that the solute depression effect acts to lower the
temperature at which freezing is initiated in the absence of capillary effects. Equation 7 (the GCE equation)
is therefore integrated between the new limits (T =T,y = 0) and (T =T,y =y, ), thus giving

T.
v, - Ah{_f] _ Ah{m] 1)
g \T, 8 T,

m m
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Cthd SMIC The challenge we now face is that we have a circular problem: ¢, de-
0.40 1 | outliers pends on v (Equation 10) which depends on 7,, (Equation 19) which
0354 * Observed data . o - depends on c¢(Equation 14) which depends on 6, (Equation 16). We
therefore solve this problem using an iterative approach, as follows: for
0.30 1 a given ,, T and ¢, we first guess the liquid water content 6,; next we
7 0.25 4 use Equations 10, 19, 14, and 16 in sequence to calculate a new liquid
m(; water content, §,; next we check the squared error (9,0 - 9“)2 against
;; 0207 some tolerance value (10~*) and if the error is too large we reset our initial
0.15 7 guess to 6, = @b, + (1 - a))@w and repeat these steps until convergence.
0.10 4 Here w is a relaxation factor (0-1) that is, adjusted to improve the speed of
convergence. Using this approach we were able to obtain stable conver-
0.05 1 gence with @ = 0.05. It is possible that an improved mathematical solu-
0.00 | .- | | tion procedure could be obtained for this problem, but for our purposes,
-1.0 -0.8 -0.6 -0.4 -0.2 0.0 this approach is adequate.

wim) 2.3.4. Behavior of the Alternative Models

Figure 3. The soil moisture characteristic curve of silica sand measured The three models described above were run using arbitrary soil parameters

using the HYPROP apparatus (black dots) and fitted to the van Genuchten

model (solid red line).

(Table 3) to produce SFCs plotted in Figure 2. The capillary effect model
(Figure 2a) describes the SFC for soils with no solute effects, and was run
with different total water contents (represented using different equivalent
unfrozen matric potentials y,, of 0, —0.2, —0.25, and —-0.3 m). The soil water remains liquid with reducing soil
temperature until it reaches a certain depressed temperature when freezing commences, shown by the de-
crease in liquid water content with temperature. The salt exclusion model and combined model were both run
for saturated conditions with changing bulk solute concentrations (¢, = 0 g-'L™", 0.01g-L™",0.1g-L™, 1 gL,
and 10 g-L"). The simulation results shows that the salt exclusion model (Figure 2b) predicts enhanced freez-
ing point depression with increasing salt concentrations, or in other words, more liquid water remains at the
same temperature for higher salt concentrations (represented by a shift of the curve to the left-hand side of
the plot). This model simulates no freezing point depression if the solute concentration is zero—a condition
that does not occur in real soils. The combined model (Figure 2c) behaves the same as the salt exclusion mod-
el at high solute concentrations, and the same as the GCE model with zero solute concentration, as would be
expected. For the arbitrary soil that these simulations were run for, the salt exclusion model and combined
model only differed noticeably when the solute concentration was less than 0.1 g-L ™" (Figure 2d).

3. Results and Discussion
3.1. Laboratory Experiments

The observed SMC for the silica sand that was measured in a laboratory drying experiment, as described in
Section 2.1, is shown in Figure 3. The VGN model was fit to these data. The observed data did not extend
up to saturation (i.e., y, = 0) which is probably because the soil was not completely saturated at the start
of the experiment. The saturated moisture content (6,) was set to be equal to the measured porosity of the
soil (0.42 m*-m~®) The residual moisture content (6,) was identified visually from Figure 3. The parameters

;:l:ezl; ;arameters and Root Mean Square Error for the Soil Moisture Characteristic Curve of the Silica Sand

VGN parameters Value
a(@m™) —4.79
n 10.11
m 0.90
0., (m*m™?) 0.02
0, (m*>m™) 0.42
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Figure 4. Soil freezing characteristic curves of the silica sand at different salt concentrations at a target moisture
content of 0.05 m*>m™ (a) freezing curves for different soil depth, and (b) thawing curves for different soil depth.

n,m, anda (Table 4) were obtained by optimization, minimizing the root mean squared error (RMSE) in
water content. After fitting the RMSE was 0.017. The green dots are observed data points from the start of
the experiment and were excluded from the fitting because they were not consistent with a typical SMC
curve. This was likely due to non-equilibrium conditions in the soil sample at the beginning of the experi-
ment. Judging from the results (Figure 3), this soil has poor water retention, and drains rapidly as the matric
potential drops below about —0.1 m. The soil reaches its residual moisture content (about 0.02 m*-m™) at
a matric potential of about —0.38 m. This result is typical of coarse textured soils that lose moisture rapidly
due to their large pore sizes.

SFCs measured in the laboratory for the same sand and with varying pore-water dissolved salt (NaCl) con-
centrations are plotted in Figure 4 (at a target moisture content of 0.05 m*m™) and Figure 5 (at a target
moisture content of 0.24 m*>m™>). The results show, as expected, that higher salinity results in enhanced
freezing point depression (curves shift to the left), or in other words, for the same temperature more liquid
water is retained in the soil at higher salt concentrations. The results also reveal the phenomenon of super-
cooling during freezing (depicted by the red-colored ring in the third plot on the third row of Figure 4a).
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Figure 5. Soil freezing characteristic curves of the silica sand at different salt concentrations at a target moisture
content of 0.24 m*-m~ (a) freezing curves for different soil depth, and (b) thawing curves for different soil depth.

The temperature of the soil decreased to what is termed as the temperature of spontaneous nucleation (7, )
(Kozlowski, 2009; Zhou et al., 2020) without a change in moisture content. Supercooling is a metastable
stage in freezing and is common in laboratory experiments. T, is the temperature at which a stable ice
nucleus for ice crystallization forms in a freezing soil (Kozlowski, 2009). After reaching the Ty, there is a
release of latent heat that warms the soil to its freezing point where freezing begins (Kozlowski, 2009; Ren
& Vanapalli, 2020; Zhou et al., 2020). The supercooling effect is absent in the thawing curves (Figures 4b
and 5b), which is as expected. In Figure 5a there are some spurious data, indicated by the purple ring, which
we assume is due to some disturbance to the probe, and hence this is ignored.

3.2. Field Experiment

Figure 6 is the results for the SDN site: SMCs fitted to the VGN model (solid pink line) (Figure 6a), freezing
curves (Figure 6b) and thawing curves (Figure 6c). The results show that the SMCs for the different years
are different. Some specific reasons for this observation may include (a) shrinking or swelling of the soils,
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Figure 6. Results for the St Denis National Wildlife Area field site; (a) soil moisture characteristic curves for different years fitted to the van Genuchten model
(solid purple line), (b) freezing curves for different years, and (c) thawing curves for different years.

Table 5

particularly because the soil here is rich in clay, and (b) the shifting of measuring instruments. The 2013
curves are used in all analysis, since the 2013 curves are wetter than the other years and looks reasonably
consistent at all the soil depths. The curves were fitted to the VGN model by minimizing the RMSE, which
is calculated from the difference between the observed moisture content and the predicted moisture content
from the VGN model (fitting parameters values are documented in Table 5). The results also shows that the
total water content at the onset of freezing (Figure 6b) was significantly lower than the total water content
at the end of the thawing (Figure 6¢). The pre-freeze up water content depends on how much rainfall fell in
the late summer or fall months. The post thaw water content depends on moisture migration to the frozen
soil over the winter months (cryosuction, which we cannot directly observe, since this water would refreeze
and as ice it would be invisible to the dielectric probes), and infiltration of snowmelt that occurs before the
soil thaws. The SMC of the OJP site and the VGN model (red line) is shown in Figure 7a (find parameter
values in Table 6). Similar to the laboratory soil, the OJP soil is coarse-textured and loses moisture rapidly.

Fitted Parameter Values of VGN for St Denis National Wildlife Area Site

Soil depth Year a(m™) n m 0,(m*>m™) es(m3-m_3) RMSE

5cm 2013 0.094 2.55 0.61 0.198 0.45 0.0095

20 cm 2013 0.12 2.72 0.63 0.16 0.45 0.0119

50 cm 2013 0.094 2.55 0.61 0.198 0.45 0.0095
AMANKWAH ET AL. 13 of 21
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Figure 7. Results for the Old Jack Pine field site; (a) soil moisture characteristic curve fitted to the van Genuchten model (solid red line), (b) freezing curves for
different years for the top 15 cm depth, and (c) thawing curves for different years for the top 15 cm depth.

Table 6

Again, we see here that the thawing curve (Figure 7c) ends up wetter than the freezing curves (Figure 7b),
which we attribute solely to snowmelt infiltration. The OJP site has very low moisture content; hence mois-
ture migration may not be practical.

3.3. Model Performance

Models were run for each of the laboratory and field experiments, to reproduce the SFCs. We found that
in many cases, the residual water content, 6,, was lower for the freezing curves (SFCs) compared with
the drying curves (SMCs). This could be an artifact of the probe, but we suspect that this could be a real
phenomenon. This suggests that the minimum pore size for drying is larger than the minimum pore size
for freezing. Because of this, we adjusted 6, for our models to match the SFC data. Similarly, in their model
Evans et al. (2020) allow for the soil residual water content to differ during freezing versus drying.

The validation results for the three models (capillary, salt exclusion, and the combined model) using labo-
ratory measured SFCs are presented in Figures 8 and 9. Here the models were compared with observations
from 30 cm depth because the shallower probes (5 and 15 cm depths) froze rapidly and were possibly not
in thermodynamic equilibrium, and hence may overpredict the freezing point depression in the soil. The
bulk soil salt concentrations were assumed to remain constant for the duration of the experiment, that is,
we ignore any potential salt redistribution in the soil profile.

Figure 8 presents the results for the case where no salt was added to the soil in the experiment. In Figure 8a,
a value of ¢, = 0 is used in the salt exclusion and combined models, and the performance of the three
models are compared. As expected, the capillary and combined models are identical and the salt exclusion
model predicts no freezing point depression. The performance of the GCE model is poor, which suggests

Fitted Parameter Values of VGN for Old Jack Pine Site

Parameter a(m™) n m 0,(m*m™) QS(m3-m’3) RMSE
Value 19.44 1.6 0.4 0.03 0.4 0.00076
AMANKWAH ET AL. 14 of 21
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Figure 8. Performance of the three models (capillary, salt-exclusion, and combined model) against laboratory observed soil freezing characteristic curves at
30 cm depth with no salt added: (a) salt exclusion and combined models with no fitting, ¢, = 0 g~L’1; (b) salt exclusion and combined models with estimated
¢, = 0.024 g-L™" and (c) salt exclusion and combined models fitted to the data with ¢, = 0.12g-L™". Upper panel is results for higher antecedent moisture
content and lower panel is results for lower antecedent moisture content.

that the assumptions within the GCE are inappropriate for this soil. Despite our efforts to minimize solutes
(using de-ionized water and pure silica sand), the soil pore water may still contain some amounts of dis-
solved salts, that may result in higher depression of the freezing point in the SFCs. This was tested by mixing
100 g of sand with 100 ml of deionized water and measuring the electric conductivity (EC) after the mixture
was stirred for about 5 min and allowed to settle. A calibrated conductivity meter gave a reading of 19 u
S-cm™, equivalent to ¢, = 0.024 g-L™" (the EC was converted to c,, i.e., TDS, by multiplying by 0.64, Chang
et al., 1983). Note that this is just an estimate of the salt concentration in the sand since the actual conversion
of EC to TDS depends on the activity of the different ions in the sand. When this concentration was used in
the combined and salt exclusion models their performance was markedly improved, Figure 8b, though the
model still did not fit the observations. These models could be made to fit the observations well by using a
value of ¢, = 0.12g-L™", Figure 8c, determined by manual calibration. This is likely an unrealistically high
solute concentration for this experiment. It must be noted that the temperature in Figure 8 is on a log-scale,
and the errors in Figures 8a and 8b are smaller than the reported error tolerance of the temperature obser-
vations with the probe (£0.3 K).

The results for the experiments where a fixed mass of NaCl salt was added to the soil are shown in Figure 9.
The poor performance of the GCE model was unchanged, but both the salt exclusion and the combined
model performed well without calibration or refinement. Since the predictions from the combined and
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Figure 9. Performance of the three models (capillary, salt-exclusion, and combined models) against laboratory
observed soil freezing characteristic curves at 30 cm depth for different salt concentrations and water contents: (a) ¢, =
0.48 g~L’1; high moisture content (b) ¢, =0.1 g~L’1; low moisture content (c) ¢, =0.4 g~L’1; low moisture content, and
(d)c, =0.8 g-L™"; low moisture content.

salt exclusion models were identical, this implies that the SFCs here are completely dominated by the salt
exclusion effect.

Figures 10 and 11 show the performance of the three models at the SDN and OJP field sites, respectively.
The models were first run without salt (¢, = 0,Figures 10a and 11a) and then by adding arbitrary amounts
of salt to fit the models to the observed SFCs (Figures 10b and 11b). Note that at SDN the largest adjustments
to 6. were made, and it is clear from the observations alone (Figure 6) that there are significant differences
in the lower limit of the liquid water content for drying and freezing. The model results show that for both
field sites (SDN and OJP), the GCE model and the identical combined model with zero salt underestimated
freezing point depression (Figures 10a and 11a). This is less surprising than for the laboratory experiments
because we expect significant amounts of dissolved salts in these field soils. The underestimation is smaller
at the OJP site (Figure 11a) than at the SDN site (Figure 10a), which was also expected because the OJP
site has less saline soil, and thus, the salt exclusion effect should be smaller. Again, the salt exclusion model
failed as expected when no salt was added to the model. In Figures 10b and 11b salt was added to the model
to fit the observed SFCs, and here both the salt exclusion and the combined model did well in predicting
the observed SFCs for both field sites. Comparing the average salt concentration used in the fitting run for
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Figure 10. Performance of the three models (capillary, salt-exclusion, and combined capillary salt model) against
observed soil freezing characteristic curve's (SFCs) for St Denis National Wildlife Area site; (a) models applied without
salt and, (b) model fitted to the observed SFCs by adjusting the salt masses.
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Figure 11. Performance of the three models (capillary, salt-exclusion, and combined capillary salt model) against observed soil freezing characteristic curve's
(SFCs) for Old Jack Pine site; (a) models applied without salt and, (b) model fitted to the observed SFCs by adjusting the salt masses.
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;32(1‘;th Concentration (c;) Used in the Fitting Runs for the St Denis National Wildlife Area (SDN) and Old Jack Pine
(OJP) Field Sites

SDN site OJP site
Year and depth ¢, (gL™ Year ¢ (gl™
2016 5 cm 1.4 2014 0.08
2018 5 cm 0.8 2015 0.08
2013 20 cm 1.2 2018 0.25
2018 20 cm 0.8 - -
Average 1.05 Average 0.14

the SDN site to those used at the OJP site (Table 7), we see that the SDN site has more salt than the OJP
site, which is correct. We cannot directly validate the fitted salt concentrations reported for our field sites
in Table 7, but the values for SDN are within the range of electrical conductivities reported by Nachshon
et al. (2014) for the soils in the general vicinity of our instrumentation.

4. Conclusions

In this study, SMCs and SFCs were measured for soils with varying texture and salinity in laboratory and field
conditions, using dielectric impedance probes to measure the liquid water content. In our seasonally frozen
field sites, SFCs have a number of important characteristics, which we summarize conceptually in Figure 12,
and describe here: (a) the antecedent water content prior to freezing are normally not saturated, and may in
fact be quite dry, meaning that assuming saturated soils for frozen conditions is likely to introduce signifi-
cant errors; (b) the freezing and thawing curves are distinctly hysteretic (consistent with previously reported
curves from Koopmans & Miller, 1966, Tice et al., 1989, and Watanabe & Osada, 2017); and (c) the soils are
wetter, and perhaps saturated, at the end of thawing, which is due to a combination of possible soil moisture
redistribution by cryosuction during the winter, and snowmelt infiltration during the melt period.

Three alternative models were developed to simulate the SFC: a GCE model; a salt exclusion model; and
a combined model. The combined model is shown to be identical to the GCE model when there is no salt
in the soil, and identical to the salt exclusion model when salt concentrations are high. The salt exclusion
model fails to predict any freezing point depression when there is no salt in the pore water (though such
completely salt-free conditions do not exist in real soils). In the salt exclusion and combined model, the
effect of adding more salt is to increase the amount of freezing point depression progressively.

The three alternative models were tested against our observed SFCs. In
all cases, we found that the GCE model significantly under-predicted
freezing point depression (i.e., the temperature for a given liquid water

A e end-soil saturated due content is under-predicted, or equivalently, the liquid water content for

Freezing ,\_/ ;‘:};73:"?;;;’;2';3“"” a given temperature is under-predicted). In the controlled salinity lab ex-
commences 6, = 6, ,no ice yet periments, we found excellent agreement between the salt exclusion and
combined models, with no fitting (i.e., calibration). However, for the zero

M\start or antecedent salinity case, the models all failed, unless we introduced a small amount

moisture content o . . . .
of salt. By fitting the model in this way the salt exclusion and combined

models performed well. We also found that to define the SFC it was nec-
essary to reduce the residual water content from that used in the SMC,
[Hysteresis and we speculate that this is a real phenomenon, where ice is able to

- propagate into smaller pores during freezing than air is during drying.
Tu(K) -ve 0

Our results suggest that, at least for the soils we considered, salt exclusion
effects on freezing point depression are more important than capillary ef-

Figure 12. Conceptual diagram depicting the difference between freezing fects. The widely used GCE is likely to under-predict freezing point depres-
and thawing in frozen soils. sion. The consequence of this is that for a given subzero temperature, the

Thawing
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equivalent matric potential caused by freezing, as predicted by the GCE, is too low, which in coupled models
is likely to lead to significant over estimates of hydraulic gradients associated with cryosuction, and associat-
ed numerical instabilities. It would be valuable in future work to explore the consequences of the salt-exclu-
sion model in coupled models. In such models, where the salinity is unknown, but measurements of the SFC
are available, the soil bulk concentration, c,, can be treated as a single fitting parameter to define the SFC.

Data Availability Statement

Data used in this study are available online at https://doi.org/10.20383/102.0391 in the Canadian Federated
Research Data Repository (FRDR).
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