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Abstract The soil water density is deﬁned as the ratio of soil water mass to soil water volume. It is a
cornerstone in deﬁning thermodynamic states of either saturated or unsaturated soils for quantifying
water storage and movement in the subsurface and for mechanical stability of landscape. So far, it has been
widely treated as identical to the free water density, that is, a constant of 0.997 g/cm3, but can be remarkably
different from this value as it is subject to a wide range of variation in energy levels. Some experimental
and theoretical evidence indicate that it can be as high as 1.680 g/cm3 and as low as 0.752 g/cm3. However, to
date, there is no unanimous agreement upon a reliable experimental method to measure the soil water
density or a uniﬁed theory to explain why and how the soil water density can deviate remarkably from the
free water density. Consequently, the understanding of the soil water density is controversial and elusive, or
some theories are contradictory to each other. In this review, the authors will (1) conduct critical reviews
on the experimental and theoretical methodologies to identify their limitations, ﬂaws, and uncertainties, (2)
synthesize some recent ﬁndings on intermolecular forces, interfacial interactions, and soil water retention
mechanisms to clarify molecular-scale physicochemical mechanisms governing the soil water density, and (3)
propose a uniﬁed model to quantify soil water density variation. It is found that capillarity associated with
surface tension tends to generate tensile stress in soil water and thereby decreases the soil water density,
whereas adsorption stemmed from cation hydration, surface hydration, and interlamellar cation hydration
tends to produce compressive stress thus increases the soil water density. Furthermore, the abnormally high
water density greater than 1.15 g/cm3 is a result of cation and surface hydration that involves signiﬁcant
water structure change around exchangeable cations and mineral surface hydroxyls. The uniﬁed soil water
density model, explicitly quantifying adsorptive and capillary water, could potentially reconcile the
unresolved controversies. The critical reviews and the uniﬁed model also would allow us to further conﬁne
the upper and lower bounds of the soil water density. The upper bound is theoretically inferred to be around
1.872 g/cm3, whereas the lower bound is around 0.995 g/cm3; both are higher than that reported in the
literature. With the uniﬁed model and measured soil water retention curves, it is demonstrated quantitatively
that the soil water density signiﬁcantly impacts the magnitude of various fundamental soil properties such
as matric potential, speciﬁc surface area, and volumetric water content. The abnormally high soil water
density has signiﬁcant implications to the conventional concepts of matric potential and pore water pressure
in soils and other earthen porous materials.
Plain Language Summary We conduct critical reviews on the experimental and theoretical
methodologies on soil water density to identify their limitations, ﬂaws, and uncertainties. We synthesize
some recent ﬁndings on intermolecular forces, interfacial interactions, and soil water retention mechanisms
to clarify molecular-scale physicochemical mechanisms governing the soil water density. We propose a
uniﬁed model to quantify soil water density variation.
1. Introduction
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Soil water is water in soil pores and minerals. Its content varies greatly between the land surface and the
groundwater table, which is considered as a zone critical to many hydrologic, biological, mechanical, and
other geophysical processes that shape the morphology of our planet. As a basic physical variable, the soil
water density is an inescapable concept in deﬁning the thermodynamic states of earth systems and thus a
cornerstone in describing and quantifying many geophysical processes. Therefore, the misuse of the soil
water density may lead to unreasonable physical properties, for example, a degree of saturation in soil
unphysically larger than 100% (e.g., Villar & Lloret, 2004). In addition, the soil water density is a basic input
material variable to determine the speciﬁc surface area (SSA) of soils from monolayer water content on
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Figure 1. Measured soil water density as a function of water content for (a) kaolinite and (b) Na-montmorillonite.
BFM = buoyant force method; SGB = speciﬁc gravity bottle; PCM = pressure chamber method; XRD = X-ray diffraction.

particle or mineral surfaces (e.g., Jones & Or, 2005), calculate the matric potential (e.g., Taylor & Slatyer, 1961),
and calibrate the capacity of pore water in dissolving salts (e.g., Rieke et al., 2002). Despite its indispensable
role in accurately describing many geophysical processes, the soil water density is still a poorly understood
physical property of soils and is commonly treated as identical to free water density, that is, a constant
value of 0.997 g/cm3.
Rather than a constant value of free water density, the soil water density varies and is intrinsically related to
the thermodynamic free energy of soil water. In soils, water will unfailingly interact with other phases, leading
to a change in the free energy of soil water. For example, as a result of intense surface hydration forces, water
adsorbed on soil mineral surfaces exhibits a much lower free energy level than that of free water, that is, on
the order of gigapascals (e.g., Lu & Likos, 2004; Zhang et al., 2017). Consequently, it has been a consensus
among researchers that the thermodynamic properties of the soil water are distinct from that of free water
(e.g., Martin, 1960; Mitchell & Soga, 2005; Sposito et al., 1999; Sposito & Prost, 1982). Speciﬁcally, the local soil
water density is observed to be remarkably different from the free water density, as much as 60% higher or
30% lower than the free water density (e.g., Anderson & Low, 1957, 1958; Bradley, 1959; Mackenzie, 1958;
Martin, 1960; Zhang & Lu, 2018).
Nonetheless, it remains obscure and elusive on exactly how much or even in which direction the soil water
density deviates from the free water density. In general, the soil water density ρw can be determined as
the ratio of soil water mass to soil water volume:
ρw ¼

Mw
Vw

(1)

where Mw is the soil water mass (g) and Vw is the soil water volume (cm3). Various methods have been
developed to measure the soil water density following equation (1), but controversial results were often
reported. De Wit and Arens (1950) utilized speciﬁc gravity bottles to estimate the soil water volume and
thereby the density of water hydrated on clay minerals, implying that the density of water adsorbed on
Na-montmorillonite can be as high as 1.421 g/cm3. Anderson and Low (1958) proposed a pressure chamber
method to measure the density of water adsorbed on montmorillonite and found that the soil water density
is lower than that of free water and can be 0.977, 0.972, and 0.980 g/cm3 depending on the exchangeable
cation type. The speciﬁc gravity bottle test results reported by Mackenzie (1958) and swelling test results
reported by Villar and Lloret (2004) indicated that the soil water density is higher than that of free water.
Jacinto et al. (2012) postulated that the interlamellar water has a higher density than the free water, whereas
the water adsorbed on external surfaces has a density identical to the free water. To date, the magnitude and
deviating direction of the soil water density remain controversial and elusive.
Martin (1960) conducted a thorough review for all the experimental results up to then and suggested that the
controversies on the soil water density magnitude can be reconciled as it highly depends on the soil water
content. Figure 1 illustrates the existing experimental results on two end-member representative clays,
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that is, kaolinite and Na-montmorillonite (Anderson & Low, 1958; Bahramian et al., 2017; De Wit & Arens, 1950;
Mackenzie, 1958; Mooney et al., 1952; Norrish, 1954). Invariably, the soil water density reaches a maximum at
the lowest water content and decreases with the increasing water content. At certain high water contents,
the soil water density may be reduced to a minimum value slightly lower than the free water density and then
gradually recovered back to the free water density. Although this tendency is qualitatively followed by most
of the experimental results, the maximum and minimum soil water densities deviate signiﬁcantly among
researchers. In other words, the upper and lower bounds of the soil water density remain ambiguous.
Moreover, a complete physical framework is still absent to interpret the physics of soil water
density abnormality.
Recent studies show that water molecules are retained to soils through different physicochemical
mechanisms under different water content ranges (Lu & Likos, 2004). The hydration or adsorption sequence
follows the manner maintaining the lowest free energy of soil water. Speciﬁcally, water molecules are ﬁrst
hydrated on the mineral surface or exchangeable cations and then adsorbed to the particle surface in terms
of multiple molecular layers. As the ﬁlm thickness increases, the adsorbed water ﬁlms get connected, forming
the water-air interface, and therefore, water molecules are retained to the soil matrix via capillarity. This
unique hydration or adsorption sequence suggests that the free energy of soil water is lowered in different
manners at different water content ranges. Therefore, it is reasonable to describe the soil water density as a
function of water content.
It is noted that different researchers adopted different forms of the deﬁnition in the soil water density, that is,
the average soil water density (e.g., Bahramian et al., 2017; De Wit & Arens, 1950; Fernandez & Rivas, 2005;
Gur-Arieh et al., 1967; Jacinto et al., 2012; Mackenzie, 1958; Martin, 1960; Schmidt et al., 2005; Villar &
Lloret, 2008) and the incremental soil water density (e.g., Anderson & Low, 1957; Low & Anderson, 1958).
The average soil water density indicates the average density of water retained in soil, while the incremental
soil water density refers to the local density of water at the wetting or hydrating front. The average soil water
density and incremental soil water density can be expressed as, respectively,
Mw ðw Þ
w
¼
Ms
V w ðw Þ V w ðw Þ

(2)

ΔMw ðw Þ
Δw
¼
Ms
ΔV w ðw Þ ΔV w ðw Þ

(3)

ρave
w ðw Þ ¼
and
ρincre
w ðw Þ ¼

where w is the gravimetric water content and can be easily determined from oven-dry (g/g) and Ms is the
solid mass (g). The existing experimental techniques mainly deviate on the methods to measure the soil
water volume Vw.
The past several decades have witnessed many new experimental techniques and theoretical studies
devoted to elucidating the soil-water interaction. These recent advancements in the understanding of the
soil-water interaction make it possible to propose a complete physical framework for the soil water density.
In this study, recent soil-water interaction theories will be ﬁrst incorporated with the existing experimental
and theoretical results to interpret the soil water density variation. The physicochemical mechanisms
lowering the free energy of the soil water are summarized, and their intrinsic relations to the soil water
density are identiﬁed. Then, a mathematical model of soil water density curve (SWDC) is proposed to
conceptualize the soil water density oscillations as a function of the water content. Using the proposed conceptual lenses, the existing experimental and theoretical results on the soil water density are critically examined to clarify the upper and lower bounds of the soil water density. Thereafter, the proposed mathematical
model for the SWDC is validated against some existing experimental data. The signiﬁcance of the soil water
density variation in describing soil-water systems is illustrated with particular attention to practical implications to two fundamental state variables of soil, that is, matric potential and pore water pressure.

2. Physicochemical Mechanisms for Changing Soil Water Density
In modern soil mechanics, soil physics, and vadose zone hydrology, the thermodynamic free energy of the
soil water is quantiﬁed via the concept of water potential or negative soil suction, which is deﬁned as the
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free energy change of a unit volume of water when transferred reversibly and isothermally from the free
water state to the soil water state and excluding the effects of the earth gravity and solutes (e.g., Noy-Meir
& Ginzburg, 1967; Taylor & Slatyer, 1961; Zhang et al., 2017). Soil water retention curve (SWRC) is an intrinsic
constitutive relationship between the soil water potential and water content. The water potential (ψ) can be
formulated as (e.g., Slatyer & Taylor, 1960; Taylor & Slatyer, 1961):
ψ¼

ΔG
Vw

(4)

where G is the Gibbs free energy (kJ/mol), that is, the free energy at constant pressure (p) and temperature (T),
and V w is the molar volume of the soil water (m3/mol).
From a thermodynamic viewpoint, the water potential quantiﬁes how much free energy is required to
overcome the free energy change between the soil water state and the free water state. Excluding osmosis
and gravity, there are mainly two physicochemical mechanisms, that is, adsorption and capillarity,
contributing to this free energy change, and water potential is reduced to matric potential. As a result, the
matric potential or negative matric suction (ψ) can be explicitly decomposed into two components
(e.g., Lu & Khorshidi, 2015; Tuller et al., 1999):
ψ ¼ C ðκÞ þ ΠðhÞ

(5)

where C(κ) is the capillary pressure corresponding to capillarity (kPa or kJ/m3) and κ is the curvature of the
water-air interface (m1); Π(h) is the disjoining pressure corresponding to adsorption (kPa or kJ/m3); and h
is the adsorptive water ﬁlm thickness (m).
In general, capillarity tends to reduce the soil water density, while adsorption will increase the soil water density. The reason for this statement can be inferred from the molecular-scale physicochemical mechanisms
underlying capillarity and adsorption, which will be conversed in the following. Physically, capillarity is exclusively dominated by the surface tension, whereas adsorption may be related to four known different physicochemical mechanisms, that is, multilayer adsorption, ion hydration or solvation, surface hydration, and
interlamellar cation hydration. Osmosis due to the concentration of dissolved salts in soil water is also
included in the discussion to clarify the possible confusions among osmosis, interlamellar cation hydration,
and ion hydration.
2.1. Capillarity
Capillarity refers to the free energy lowering by the presence of curved water-air interface and is frequently
quantiﬁed via the Young-Laplace equation. The capillary pressure, deﬁned as the pressure difference
between pore air and pore water, can be expressed as (Laplace, 1806; Young, 1805) follows:
C ðκÞ ¼ 2σκ

(6)

where σ is the surface tension of water (N/m). Accordingly, soil properties such as the pore size distribution
and the interfacial properties are intrinsically related to the capillary regime of the SWRC. These intrinsic
relations can be well established with the aid of Young-Laplace equation and pore-scale analysis
(e.g., Likos & Jaafar, 2013; Likos & Lu, 2004; Lu & Likos, 2004).
At the molecular scale, the physical mechanism for capillarity is the intermolecular tension among water
molecules as illustrated in Figure 2. This intermolecular tension will develop the surface tension at the
air-water interface, sustaining the force equilibrium along the contact line between air, water, and solid
phases. Since soil minerals are mostly hydrophilic, this surface tension will generate a negative pressure in
the water phase or pressure deﬁcit with respect to the prevailing air pressure, suggesting that capillary water
is subjected to tensile loading. As a result, the surface tension and the negative water pressure near the
air-water interface will stretch the water phase to a lower density (e.g., van Honschoten et al., 2010; Wiig &
Juhola, 1949). This inﬂuence of pressure on the water density can be described by the macroscopic state
equation under isothermal condition:
ρw ¼ ρf exp½C w ðpw  p0 Þ

(7)

where ρf is the free water density at 25 °C, that is, 0.997 g/cm3; Cw is the compressibility of water at 25 °C, that
is, 4.6 × 1010 Pa1; pw is the water pressure (Pa); and p0 is the atmospheric pressure (Pa).
ZHANG AND LU
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Figure 2. Physicochemical mechanisms lowering free energy of soil water and corresponding approximate free energy
change levels and matric suction range. The free energy change levels are summarized from the existing literature (e.g.,
Israelachvili, 2011; Lu & Likos, 2004; Marcus, 1991; Salles et al., 2007; Tunega et al., 2004; Wang et al., 2006; Zhang et al.,
2017).

The water under negative pressure is a metastable phase and prone to cavitate when approaching a pressure
limit, that is, the cavitation pressure. Below the cavitation pressure, it is the adsorption rather than capillarity
that dominates in lowering the water potential (e.g., Lu, 2016). Therefore, the cavitation pressure can be
regarded as the lower bound of the capillary regime. Experimental evidence indicates that the cavitation
pressure in some soil like microscopic quartz pore can be ranging from 7 to 140 MPa (e.g., Duan et al.,
2012; Zheng et al., 1991). Accordingly, the magnitude of the free energy change induced by capillarity is
restricted to 0.126–2.53 kJ/mol (multiplying pressure with the molar volume of water 18.03 m3/mol). Note
that these experimental results are based on the indirect estimation of cavitation pressure from the density
of conﬁned water. Also, it is doubted whether these experimental results obtained via quartz inclusions are
transferable to drying cavitation in soils. For example, to generate a capillary pressure of 140 MPa, the pore
water needs to be conﬁned in a pore with a radius around 1 nm. In such a small pore, water molecules are so
close to particle surfaces that adsorptive forces still have signiﬁcant inﬂuences on the soil-water interaction.
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However, this interplay between capillarity and adsorption in pore water is poorly understood at the present
time. It can be concluded that capillarity will lower the free energy level of the soil water and thereby
decrease the soil water density. However, its magnitude is bounded by the cavitation pressure.
2.2. Multilayer Adsorption
Below the cavitation pressure, the soil-water interaction is solely dominated by adsorption. The most
commonly cited adsorption phenomenon is the multilayer adsorption, which is frequently quantiﬁed via
the molecular (or van der Waals) component of disjoining pressure (e.g., Derjaguin et al., 1987; Frydman &
Baker, 2009; Starov et al., 2007; Tuller et al., 1999):
ΠðhÞ ¼ 

AH
6πh3

(8)

where AH is the Hamaker constant and ranges from 2.2 × 1020 J to 3.1 × 1020 J for representative clay
minerals (Novich, 1984). Note that equation (8) does not differentiate the distance dependence of adsorptive
forces from the particle surface within the thickness of the ﬁlm h and thus is a lumped or averaged quantity.
Also, h is limited by a half of the thickness of monomolecular water layer, that is, 0.14 nm (e.g., Israelachvili,
2011; Khorshidi et al., 2016; Moore & Reynolds, 1989).
As shown in Figure 2, the multilayer adsorption is caused by van der Waals attraction between soils solids and
water molecules. As water molecules approach solid substrates, the van der Waals potential between solid
molecules and water molecules decreases or becomes more negative, and thereby, the free energy of soil
water is lowered. In equation (8), the magnitude of this matric potential is inversely proportional to the water
ﬁlm thickness h. Thus, the lower bound of the matric potential induced by multilayer adsorption is limited by
the distance between the monolayer water molecules and solid substrates (around 0.14 nm), and its value
may be roughly estimated using equation (8), that is, around 599 MPa, corresponding to a free energy
change of 10.8 kJ/mol. Given the attractive nature of the van der Waals forces, the multilayer adsorption
will generate compressive pressure in the water ﬁlm, leading to an increase in the soil water density.
2.3. Surface Hydration
In sandy and silty soils, soil particles are almost charge neutral, leading to the negligible cation exchangeable
capacity. In the ambient environment, the pristine cleavage surface is not stable, and instead, some surface
hydroxyls prevail at the particle surface to accommodate the crystal instability. The positive charge ends of
these surface hydroxyls tend to attract the negative charge ends of the water dipoles, forming the so-called
hydrogen bond, as demonstrated in Figure 2. This phenomenon is herein referred as the surface hydration
and can be regarded as the dry end of the adsorption of water molecules on the charge-neutral particle
surface. The free energy change of the hydrogen bond is much lower than the van der Waals bond
(~1.0 kJ/mol; e.g., Israelachvili, 2011; Mitchell & Soga, 2005). As a result, the free energy change induced
by the surface hydration can be as low as 12.5 to 52.3 kJ/mol (e.g., Tunega et al., 2004; Wang et al.,
2006; Zhang et al., 2017). The corresponding matric potential can be as low as 691 to 2893 MPa. The
molecular-scale view of the hydrogen bond is the attractive force between the positive charge end of
the surface hydroxyl and the negative charge end of the water molecule. This attractive force will provoke
the compressive pressure, shorten the intermolecular distance, and thereby increase the soil water density.
Also, the water dipole may adjust its orientation to accommodate the surface hydroxyls, suggesting a change
in water structures. This structural change will decay fast with respect to the distance to the particle surface,
that is, below 1 nm (e.g., Kirkpatrick et al., 2005; Marry et al., 2008; Mitchell & Soga, 2005), and thus is
commonly neglected in constructing macroscopic constitutive relations (e.g., Butt & Kappl, 2009; Starov
et al., 2007). It is concluded that the surface hydration reduces the free energy of the soil water, increases
the soil water density, and may induce structural changes in water molecules.
2.4. Ion Hydration or Solvation
In clayey soils, the particle surface is negatively charged as a result of the isomorphous substitution and
broken bonds, and some cations are retained by the particle surface to balance the negative charge
(e.g., Mitchell & Soga, 2005). The cation will generate a local electric ﬁeld with an intensity of around 106 V/cm
(e.g., Iwata et al., 1995). As illustrated in Figure 2, this intense electric ﬁeld will radially orient water dipoles,
producing an immobile hydration shell. In the hydration shell, the negative charge end of the water dipole
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is tightly attracted by the cation, signiﬁcantly lowering the free energy of soil water and altering the local
orientation of water molecules. This free energy change is frequently referred as the hydration free energy,
and its magnitude depends on the valence and hydration radius of the cation. Speciﬁcally, a cation with a
smaller radius generates a more intense electric ﬁeld and thereby exhibits a more negative hydration free
energy. The hydration free energy of common cations spans from 250 to 1,500 kJ/mol (e.g., Marcus,
1991; Salles et al., 2007). Besides the free energy change, the attractive forces between the cation and the
water molecules in the hydration shell compress the water molecules to a high-density packing, as illustrated
in Figure 2. For example, Waluyo et al. (2011) estimated from small angle X-ray scattering data that the Mg2+
and Al3+ cation hydration could compress the water molecules to a density of around 1.61 and 1.71 g/cm3,
respectively. In addition, some salt precipitation may reside in dry soils, where anion may also participate
in reducing the free energy of soil water by bonding water molecules, that is, a process commonly
called solvation.
Therefore, ion hydration is able to signiﬁcantly depress the free energy level of soil water and thereby raises
the water density in the hydration shell. The lower bound of the ion hydration free energy is around 250 to
1,500 kJ/mol, corresponding to a matric potential of 1.383 × 104 to 8.297 × 104 MPa, depending on the
valence and hydration radius of the ion. Note that the ion herein refers to the ion adsorbed on the external
surface of soil minerals rather than the interlamellar cation, which will be discussed later. Only in some rare
cases, the water density in the hydration shell can be directly regarded as the macroscale water density.
The hydration of water molecules on the dry salts or salt precipitation on dry soils can be one example of such
rare cases. For most cases, the density of water need be averaged over the volume of entire pore water ﬂuid
to calculate the macroscale density, remarkably mitigating the magnitude of the density abnormality.
2.5. Interlamellar Cation Hydration
In expansive (smectite-rich) soils, most of the exchangeable cations reside in the interlamellar space. For
example, 1 g of Na-montmorillonite can retain around 0.77 mmol of Na cations in its interlamellar space
(e.g., Khorshidi & Lu, 2017), which is the primary cause of swelling. The water hydration on such interlamellar
cations is quite different from the aforementioned ion hydration. The ion hydration is solely dominated by the
hydration forces between water molecules and ions. In contrast, the hydration of water molecules on
interlamellar cations needs additional efforts to penetrate the interlamellar space and delocalize the cations
from the clay lamellae. That is, upon water hydrated on the interlamellar cation, the water molecules need
to overcome the mechanical force barrier imposed by the attracting clay lamellae and the attractive force
between the clay lamella and the cation, which is referred as the intracrystalline swelling (e.g., Laird et al.,
1995; Lu & Khorshidi, 2015) and considerably diminishes the cation hydration free energy. Accordingly, the
interlamellar cation hydration free energy falls in the range of 10 to 48 kJ/mol (e.g., Salles et al., 2007), much
less negative than the cation hydration free energy. The corresponding matric potential is 5.531 × 102 to
2.655 × 103 MPa. In addition, the intracrystalline swelling may signiﬁcantly decrease the calculated hydration
free energy but is not considered in the interlamellar cation hydration free energy reported by Salles et al.
(2007). That is, the interlamellar cation hydration free energy can be quite different between drying and
wetting (e.g., Lu & Khorshidi, 2015). Herein, the calculated interlamellar cation hydration free energy may be
more associated with or better represented by the dehydration process (e.g., Lu & Khorshidi, 2015).
At the molecular scale, the free energy of interlamellar cation hydration originates from the intense attractive
force between the cation and the negative charge end of the water dipole, as shown in Figure 2. This intense
attractive force will lead to a positive pressure among water molecules, compacting the water molecules to a
high-density packing and changing the orientation of water dipoles. Also, the mechanical pressure imposed
by the attractive clay lamellae is positive and may intensify the density abnormality. Herein, it is assessed that
the interlamellar cation hydration tends to decrease the free energy of soil water to a lower extent than the
cation hydration, as a result of the involved attractive clay lamellae and cation-clay lamellae attraction.
Accordingly, the induced compressive pressure will signiﬁcantly increase the soil water density over the free
water density.
2.6. Osmosis
The dissolved cation and anion in soil water will lower the free energy of the soil water, and this free energy
change is referred as the osmotic potential. The osmosis is quite different in the magnitude of free energy
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Figure 3. (a) Schematics for variation of basal spacing with relative humidity (solid line) and sorption isotherm (dashed line). A1 and A2 are the end points of the
zero-layer hydration state. B1 and B2 are the end points of the one-layer hydration state. C1 and C2 are the end points of the two-layer hydration state. (b) The
volume occupied by water molecules in different hydration states, where Vw is the water volume, ΔVint,1 is the interlamellar space volume in the one-layer hydration
state; ΔVint,2 is the interlamellar space volume in the two-layer hydration state; and t is the thickness of clay lamellae.

change from the ion hydration albeit that both originate from the ion-water interaction. Speciﬁcally, the free
energy change associated with the osmosis is restricted to 6.6 kJ/mol, corresponding to a matric potential
of 365 MPa (e.g., Lu & Likos, 2004). This free energy change is much higher than the ion hydration. This
difference may be reconciled as a size effect: In Figure 2, the osmotic potential is related to the average
free energy of all the water molecules in the solution, whereas the ion hydration is only associated with
the water molecules in the hydration shell. Thus, the ion hydration free energy is largely diluted in the
osmosis, resulting in a much less negative free energy change. The dissolved salts can only slightly change
the water density depending on the salt concentration and type (e.g., Dougherty, 2001; Gonçalvès &
Rousseau-Gueutin, 2008). However, the current study focuses on the soil water density changing with
matric potential excluding earth gravity and solute effects and thus does not cover the effects of
osmotic potential.

3. Upper Bound of Soil Water Density
In this section, the existing evidence on upper bound or maximum of soil water density observed by
researchers will be assessed with the aid of the synthesized physicochemical mechanisms. Speciﬁcally, the
underlying assumptions, uncertainties or scientiﬁc ﬂaws will be highlighted for each experimental or
numerical method. Then, these critical reviews will be synthesized to provide a theoretical upper bound of
soil water density.
3.1. Assessment of the Existing Evidence
3.1.1. X-Ray Diffraction
Most of the existing soil water density results were determined by X-ray diffraction (XRD) tests on expansive
clays. In this method, Vw(w) is calculated as the change in the interlamellar space volume, which is calculated
as the surface area multiplied by the basal spacing d001 measured in XRD tests. The underlying physical or
hydration process for the use of XRD is described below.
Expansive clay minerals typically exhibit an extremely large interlamellar speciﬁc surface, providing a large
surface to adsorb water molecules. Therefore, most of the adsorptive water molecules reside in the
interlamellar space of expansive clay minerals at low water content. As conceptually illustrated in
Figure 3a, the hydration of pure expansive clay minerals proceeds in a stepwise manner, which has been
observed by many researchers (e.g., Khorshidi et al., 2016; Mooney et al., 1952; Norrish, 1954). Before water
hydrating on the interlamellar surfaces, the interlamellar space in pure expansive clay minerals is fully
occupied by exchangeable cations, and the basal spacing is around 9 Å and equal to the thickness of clay
lamellae. As the relative humidity (RH) approaches a certain value (i.e., point A1 in Figure 3a), the free energy
barrier imposed by the attraction between clay lamellae is overcome, intracrystalline swelling occurs,
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providing extra space for the hydrated water molecules (water molecules dominated by hydration forces),
and accordingly water molecules start to hydrate on the interlamellar surfaces. Abruptly, the basal spacing
increases to around 12 Å, and the hydrated water molecules are considered as a monolayer ﬁlm and referred
as the one-layer hydration state. By the same token, as the RH approaches B1 point in Figure 3a, the water
content reaches the capacity of the one-layer hydration state. To accommodate more water molecules, the
basal spacing further expands to around 15 Å and the hydrated water molecules evolve into a bilayer ﬁlm
and referred as the two-layer hydration state. Note that the existence of the two-layer hydration state
depends on the type of exchangeable cations (Keren, 1975). This stepwise intracrystalline swelling process
can be well captured by XRD tests and quantiﬁed as the increase of the basal spacing (e.g., Mooney et al.,
1952; Norrish, 1954). Thus, the volume change in the interlamellar space can be captured by the basal spacing
measured by XRD.
Since the increase in basal spacing is induced by the evolvement of hydrated water ﬁlms, it is intuitive to
assume that the extra interlamellar space is occupied by hydrated water molecules. As shown in Figure 3b,
the interlamellar space volume can be calculated as the product of surface area and the basal spacing.
With the aid of this assumption, Martin (1960) proposed a formula to calculate the density of adsorptive water
from the basal spacing measured by XRD:
ρw ¼

Mwj
ΔV int;j

ΔV int;j ¼ Ms SSA int;j

d 001  t
2

(9)

(10)

where ΔMwj is the mass of interlamellar water corresponding to the j-layer hydration state and measured
using a balance (g); ΔVint,j is the interlamellar volume difference between the oven-dry state (zero-layer)
and the j-layer hydration state as illustrated in Figure 3b (cm3); Ms is the mass of solid and measured at
oven-dry state (g); SSAint,j is the interlamellar SSA at the j-layer hydration state and is determined from other
independent tests (cm2/g); t is the thickness of clay lamellar as illustrated in Figure 3b and determined from
XRD tests (cm); the basal spacing d001 is measured by XRD tests (cm). As illustrated in Figure 3a, there exists a
plateau in the basal spacing-RH curve where the basal spacing almost remains unchanged, but the
gravimetric water content keeps increasing. This phenomenon poses an uncertainty in choosing the cutoff
water content point for density calculations. From the calculated density values, it can be inferred that
Martin (1960) selected the data at the end of the plateau for the water density calculations.
Martin’s (1960) equation enables an estimation of the interlamellar water density from microscopic basal
spacing measured by XRD. According to equations (9) and (10), the interlamellar water density is determined
as higher than free water density within the ﬁrst two hydration layers, and the maximum value is 1.46 g/cm3
for the once-layer hydration in the Na-montmorillonite (Mooney et al., 1952), 1.51 g/cm3 for the one-layer
hydration in the FEBEX bentonite (Fernandez & Rivas, 2005), and 1.32 g/cm3 for the one-layer hydration in
the Na-montmorillonite (Jacinto et al., 2012). However, the reliability of these density results is impeded by
the uncertainties and unjustiﬁed assumptions underlying XRD tests.
The presumption for equations (9) and (10) is that the interlamellar space is fully occupied by hydrated water
molecules. However, in reality, the exchangeable cations may be delocalized from the hexagonal cavities in
clay lamellae and move into the interlamellar space. Consequently, the interlamellar space is occupied by
some water molecule clusters around exchangeable cations. It is still unclear whether some molecular level
voids exist in the vicinity of these water molecule clusters. For example, Cases et al. (1992) estimated from
XRD test results that the hydrated water molecules will never completely ﬁll up the interlamellar space and
can only reach 77% of the total void space.
Another tacit assumption in Martin’s (1960) water density calculation is that the clay minerals hydrate
homogeneously. Some later XRD experimental results (e.g., Cases et al., 1992; Moore, 1986; Saiyouri et al.,
2004) show that the existence of hydration states is not unique to varying RHs, but instead, different
hydration states may coexist under certain RHs. As a result of this heterogeneous hydration sequence, the
theoretical basal spacing-RH curve is not comparable to macroscopic sorption isotherms. An algorithm is
required to upscale the microscopic hydration states to macroscopic observations. Utilizing the proportion
of each hydration state reported by Saiyouri et al. (2004), Jacinto et al. (2012) proposed a formulation to
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Figure 4. (a) A typical speciﬁc gravity bottle. (b) Phase distribution of soils immersed in polar displaced liquids. (c) Phase
distribution of soil-water mixture immersed in nonpolar displaced liquids.

upscale the interlamellar water density to macroscopic soil water density to accommodate the hydration
heterogeneity as follows:
n

∑ pj Mwj
ρa ¼ n 

∑ pj Mwj =ρwj
j¼1

(11)

j¼1

where pj is the contribution of the j-layer hydration state and ρwj is the theoretical interlamellar water density
of each hydration state (g/cm3). However, Jacinto et al. (2012) determined the theoretical interlamellar water
density by an assumed water molecule area rather than direct experimental results. Therefore, the interlamellar water density still cannot be directly estimated from macroscopic sorption isotherms and microscopic
basal spacing as each of them is subject to uncertainties in calculating the volume of adsorptive water.
In addition, water molecules hydrate not only on interlamellar space but also external surfaces. The XRD test
only works for interlamellar water and is not able to detect water adsorbed by external surfaces in both
swelling and nonswelling soils. Also, the hydration of external surfaces may be overlapping with the
interlamellar space hydration. This suggests that the soil water mass estimated from sorption isotherms
includes not only the interlamellar water but also the water adsorbed on external surfaces, leading to an
overestimate in interlamellar water mass and thereby an overestimated interlamellar water density.
Research efforts in distinguishing the interlamellar and external surface water are imperative in order to
quantify how the possible concurrent hydration of interlamellar space and external surfaces affect the water
density measurements by XRD.
The three tacit assumptions are involved in calculating the interlamellar water density, which needs further
inquiry in research for their validity and implications. The ﬁrst assumption of the full occupation of water
molecules in the interlamellar space tends to overestimate the soil water volume and thereby underestimate
the interlamellar water density. The uncertainty posed by the second assumption of the homogeneous
hydration still needs to be further assessed. The third assumption overlooking water molecules adsorbed
on external surfaces may lead to an overestimate in the interlamellar water density but still lacks
quantitative assessment.
3.1.2. Speciﬁc Gravity Bottle
Speciﬁc gravity bottle, also referred as pycnometer and densitometer, is frequently used to accurately
determine the volume of liquids, as shown in Figure 4a. The volume of soils can be measured via the volume
of displaced liquids, and thus, the speciﬁc gravity of soils can be estimated (ASTM D85410, 2010). Assuming
that the density of solid does not change with water content, the density oscillations of the soil-water
mixture, therefore, are exclusively caused by the variation of soil water density. Under the premise of this
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Table 1
Summary of Displaced Liquids Used by Researchers
Displaced liquid

Chemical
polarity

Water content
range (g/g)

Water density
3
range (g/cm )

Authors

Water
Petro fractions
Water
Dekalin
Water
Hydrocarbon liquid
Benzene
Water

Polar
Nonpolar
Polar
Nonpolar
Polar
Nonpolar
Nonpolar
Polar

—
0.004–3.010
>6.7
0.09–0.20
—
—
0.0–0.26
—

>0.997
0.937–1.68
=0.997
1.06–1.38
<0.997
<0.997
1.133–1.482
>0.997

Hauser and Beau (1937)
De Wit and Arens (1950)
Low and Anderson (1958)
Mackenzie (1958)
Deeds and Van Olphen (1961)
Deeds and Van Olphen (1961)
Gur-Arieh et al. (1967)
Richards and Bouazza (2007)

presumption, the soil water density can be probed via measuring the speciﬁc gravity of soil-water mixture.
Many efforts have been made to measure the soil water density by using different liquids to displace the
volume of soils or the soil-water mixture. In Table 1, the displaced liquids used by researchers are classiﬁed
into two categories, according to the type of the displaced liquids: polar and nonpolar.
Polar liquids like water exhibit electrostatic polarization and are expected to strongly interact with soil
particles, tightly adsorbed to solid substrates. As for expansive clay minerals, the polar liquids, such as water,
will penetrate the interlamellar space, expand the soil particles, and become adsorbed to soils as shown in
Figure 4b. As a result, the average density of displaced liquids will be changed by soil-liquid interaction
and are intrinsically associated with the soil water density. Hauser and Beau (1937) measured the speciﬁc
gravity of Wyoming bentonite with water as the displaced liquid and observed that the speciﬁc gravity of
Wyoming bentonite increases with decreasing particle size or increasing concentrations of clay particles in
the suspension. This trend was accredited to the change in adsorptive water density. Adsorptive water was
interpreted as strongly compressed and thus exhibits a higher density than free water. Richards and
Bouazza (2007) compared the speciﬁc gravity of different clay minerals measured by helium (nonpolar)
pycnometer and water pycnometer. The speciﬁc gravity determined by water pycnometer is always higher
than that by helium pycnometer, and their differences increase with the cation exchange capacity of clay
minerals. These observations potentially originated from the following: the tightly hydrated water still remain
on the clay minerals in spite of oven-drying at 105 °C and is considered as part of solid in the helium
pycnometer, and the water molecules hydrated around the cations are denser than free water (Richards &
Bouazza, 2007). These experimental results on clay minerals qualitatively support the notion that the
adsorptive water density is higher than that of free water.
In addition to these semiquantitative observations, some quantitative results can be extracted from the
speciﬁc gravity bottle tests. Low and Anderson (1958) proposed a formulation to determine the speciﬁc
volume of water. This formulation involves no assumption on the determination of the soil water volume
and is directly built on the chemical method to calculate the partial molar volume of solute in liquids (Low
& Anderson, 1958). The results indicate that the incremental soil water density at a water content higher than
6.7 g/g is identical to the free water density. This conclusion does not contradict with the semiquantitative
observations in the preceding paragraph as the different water content ranges were considered. In Hauser
and Beau (1937) and Richards and Bouazza (2007), the focus is on the density of surface adsorbed or cation
hydrated water, which corresponds to the incremental water density at the very low water content, that is, in
the adsorptive regime. Since the soil-water mixture should behave as a liquid to enable speciﬁc gravity bottle
tests, Low and Anderson’s (1958) method only applies to very high water content, at least higher than the
liquid limit. At such high water content, the matric potential of soil water is almost 0 (Lu & Likos, 2004),
and thereby, it is reasonable that the soil water density is identical to the free water density. Therefore, it
can be concluded that the speciﬁc gravity bottle test using water as the displaced liquid can only provide
limited quantitative results at the very high water content.
Some quantitative results at the low water content were reported by adapted speciﬁc gravity bottle tests. In
these tests, the nonpolar liquids like benzene were used to displace the volume of soil-water mixture
(Vdisp = Vw + Ms/ρs) in the speciﬁc gravity bottle as shown in Figure 4c. To achieve this goal, the selected
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nonpolar liquids should be immiscible with water. Assuming the solid density (ρs) remains constant, the soil
water density can be calculated:
ρw ¼

Mw
V disp  Ms =ρs

(12)

where Vdisp is the measured volume of displaced liquid (cm3).
De Wit and Arens (1950) used petrol fractions to displace the soil-water mixtures that were previously
prepared via sorption under controlled RH. The average density values of the soil-water mixtures at different
water contents were reported. The average soil water density decreases with increasing water content, and
the maximum average soil water density was identiﬁed at the lowest water content: 1.421 g/cm3 at the water
content of 0.116 g/g for Na-montmorillonite, 1.371 g/cm3 at the water content of 0.030 g/g for illite-Holland,
1.168 g/cm3 at the water content of 0.083 g/g for illite-ordovician, and 1.68 g/cm3 at the water content of
0.004 g/g for kaolinite. For illite-ordovician and kaolinite, the average soil water density decreases to 0.937
and 0.99 g/cm3 at the water content of 0.760 and 0.065 g/g, respectively.
Mackenzie (1958) chose Dekalin (immiscible to water) as the displaced liquid and measured the density of
water adsorbed on montmorillonite. The average soil water density was determined as 1.38 g/cm3 at the
water content of 0.09 g/g and 1.06 g/cm3 at the water content of 0.20 g/g, showing consistency with the
observations of De Wit and Arens (1950). In addition, Gur-Arieh et al. (1967) measured the density of water
adsorbed on the low-protein fraction of ﬂour by using benzene as the displaced liquid. The results show that
the average density of adsorptive water reaches a maximum of 1.481 g/cm3 at the water content near
oven-dryness and decreases with increasing water content. Although different water content or materials
were used in De Wit and Arens (1950), Mackenzie (1958), and Gur-Arieh et al. (1967), the results invariably
demonstrate that the density of adsorptive water is signiﬁcantly higher than the free water density at the
low water content and decreases with increasing water content.
In spite of the above-mentioned qualitative agreement, some uncertainties are invoked by using nonpolar
liquids to displace the soil-water mixture. As illustrated in Figure 4c, some small voids in soils may remain
inaccessible to nonpolar liquids during experimental tests (Deeds & Van Olphen, 1961). The nonpolar liquids
are expected to weakly interact with soil minerals, and thus, the solid-liquid interfacial tension exhibits a
relatively small value. Moreover, the liquid-air tension of this nonpolar liquid is expected to be smaller than
polar liquids considering the relatively weak interaction between nonpolar liquid molecules. The small values
of both the interfacial tensions will depress the contact angle forming at the menisci of nonpolar liquids in
the soil pores. To some extent, the capillary pressure may tend to repulse the nonpolar liquids to ﬁll in.
Consequently, some soil pores remain void during the test, leading to an overestimate in soil water volume
and an underestimate in soil water density. Second, the inﬂuence of the de-aired procedure is not well
assessed in these experiments, leading to further uncertainty in soil water volume estimation. To warrant
an accurate measurement in soil water volume, a de-aired procedure is indispensable for the removal of
entrapped air in soil specimen. In general, either boiling or vacuum can be used for this purpose. However,
it is inevitable that some soil water will evaporate from the soil samples during these procedures, alternating
the target water content. Gur-Arieh et al. (1967) found that the measured water density does not change with
varying evacuation time between 1 and 2.5 hr. Nonetheless, this ﬁnding does not necessarily indicate that the
evacuation process will not change the target water content. Therefore, the evaporation effect is still largely
unknown, and a standard de-aired procedure is still unavailable to mitigate this effect.
Both the qualitative arguments provided by the polar displaced liquid tests and the quantitative results
measured by nonpolar displaced liquid tests suggest that the adsorptive water density is higher than the free
water density. Note that using nonpolar liquids to displace the volume of the soil-water mixture makes it
possible to measure the soil water density as a continuous function of the water content. The observed
maximum soil water density invariably occurred at the lowest water content. The main uncertainty in this
method is how to quantify or eliminate the inaccessible voids in the soil-water mixture. Nevertheless, the
existence of these potentially inaccessible voids will result in an underestimate of the soil water density.
3.1.3. Buoyant Force Method
If the adsorptive water density is different from the free water density, the soil samples immersed in free
water will subject to an extra buoyant force associated with the adsorptive water content. Following this

ZHANG AND LU

12

Reviews of Geophysics

10.1029/2018RG000597

physical mechanism, Bahramian et al. (2017) proposed a buoyant force method to measure the adsorptive
water density. When oven-dry soil samples were immersed in a water tank, the water molecules start to
hydrate on the soil minerals, and thus, adsorptive water content increases with time. Accordingly, a
time-dependent buoyant force can be recorded to monitor the hydrated water mass. On the other hand,
the time-dependent capillary rise water mass was determined by an independent capillary rise test in
another water tank. By assuming that the time-dependent capillary rise water mass is solely the adsorptive
water mass, the adsorptive water density was calculated as (Bahramian et al., 2017) follows:
ρw ¼

MðtÞ
ρ
MðtÞ  F ðtÞ f

(13)

where M(t) is the mass of capillary rise water at time t (g) and F(t) is the buoyant force converted to mass at
time t (g). The assumption is questionable and likely incorrect, based on the physical reasoning that soil pore
is fully saturated during the early time capillary rise, and most soil pore is occupied by the capillary water,
instead of the adsorptive water.
In Bahramian et al. (2017), the adsorptive water density on two types of soils was calculated as a function of
water content in the above manner. As to bentonite, the adsorptive water density exists a maximum around
1.5 g/cm3 at the initial water content and gradually decreases to the free water density with increasing water
content, in qualitative accordance with the previous studies (e.g., De Wit & Arens, 1950; Gur-Arieh et al., 1967;
Mackenzie, 1958; Mooney et al., 1952). But for kaolinite, the adsorptive water density is almost identical to the
free water density regardless of water content, contradicting with De Wit and Arens (1950). This contradictory
may be attributable to the underlying adsorption kinetics. Buoyant force method depends on the transitional
adsorption process, suggesting that adsorption needs to be sufﬁciently slow. The relatively fast adsorption on
kaolinite precludes accurately measuring the time-dependent buoyant force. Therefore, the buoyant force
method may not be applicable to nonexpansive soils like kaolinite.
Furthermore, the feasibility of the buoyant force method is hindered by several unjustiﬁed assumptions. The
Washburn tube is used to measure the time-dependent adsorptive water content. The underlying physical
mechanism is the capillary rise, generally inherently involving not only adsorptive water but also capillary
water, as reasoned before. Therefore, the adsorptive water content will be overestimated by the capillary rise
measurement. Accordingly, the soil water density may be underestimated by equation (13). In addition, the
boundary conditions and hydraulic gradients are quite different for the capillary rise and submerging
processes, suggesting that the capillary rise and submerging processes are not concurrently comparable,
leading to the incompatibility in time between soil water volume and mass measurements.
Herein, it is assessed that the buoyant force method can only be indicative to the adsorptive water density as
a function of water content for expansive (smectite-rich) soils. The results indicate that the soil water density
is higher than the free water density before full saturation state. The major ﬂaw lies in the assumption that the
capillary rise water is all adsorptive water, which may lead to an overestimate of the adsorptive soil water
volume and thereby an underestimate of the soil water density. Additionally, the coupled transient hydration
process is highly time dependent, sample conﬁguration dependent, and soil-type dependent, imposing great
uncertainties in interpreting the experimental results.
3.1.4. Swelling Tests
Conventional swelling pressure and deformation test in soil mechanics also can provide some quantitative
insights into the average soil water density for the saturated soils. Villar et al. observed that a degree of
saturation larger than 100% will be obtained for swelling tests when the free water density is used to
calculate the phase volumes (Villar, 2002; Villar & Lloret, 2008). Assuming that the solid density remains
unchanged, the soil water volume Vw can be determined by subtracting the soil-water mixture volume by
the solid volume, the soil water mass can be determined by the oven-drying of the saturated sample, and
thereby an average soil water density can be calculated. The results showed that the average soil water
density is invariably higher than free water for FEBEX bentonite and can be as large as 1.36 g/cm3.
The swelling test method is based on the conventional geotechnical experiments and is subject to no
assumptions. This method should be able to provide an accurate estimation of the average soil water density.
But the limitation is that the soil samples need to be fully saturated, and thus, this method is not applicable to
soil samples under unsaturated conditions.
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3.1.5. Molecular Simulations
In the past several decades, considerable research efforts have been devoted to simulating the
intracrystalline swelling of expansive clays at the atomistic scale (e.g., Cygan et al., 2004; Ferrage, 2016;
Hensen & Smit, 2002; Karaborni et al., 1996; Skipper et al., 1991). These molecular simulations targeted at
reproducing the XRD experimental results. Thus, equations (9) and (10) proposed by Martin (1960) are
applicable to calculate interlamellar water density from molecular simulations. In this manner, Schmidt
et al. (2005) performed molecular simulations on Na-montmorillonite and obtained the average soil water
density as 1.29 g/cm3 for the one-layer hydration state, 1.06 g/cm3 for the two-layer hydration state, and
1.06 g/cm3 for the three-layer hydration state. Additionally, molecular simulations were performed to
understand the density of water on the interfaces between solid and water phases, referred as the interfacial
water density. Sendner et al. (2009) investigated the inﬂuence of the liquid-solid interaction energy on the
interfacial water density. The liquid-solid interaction energy controls the solid surface wettability: As the
interaction energy increases, the solid surface changes from hydrophobic to hydrophilic. The hydrophobic
surface tends to repel water molecules, lengthening the intermolecular distance, whereas the hydrophilic
surface tends to attract water molecules, shortening the intermolecular distance. Consequently, the
interfacial water density is lower than the free water density in hydrophobic surface, whereas the interfacial
water density is higher than the free water density in the hydrophilic surface. Since most of the soil particles
are hydrophilic, the interfacial soil water density should be higher than the free water density. This density
abnormality extends to conﬁne within 1.0 nm (e.g., Kirkpatrick et al., 2005; Marry et al., 2008; Mitchell &
Soga, 2005) to the surface or the ﬁrst three to four layers of water.
Molecular simulation results suggest that the interlamellar water density is higher than the free water density,
and the surface adsorbed water density depends on the surface wettability. The major stumbling block
preventing the wide application of molecular simulations is how to upscale the simulation results to
macroscale observations, that is, greater than a unit cell of minerals. As mentioned in section 3.1.1, the clay
minerals may undergo heterogeneous hydration and thus invalidate direct upscaling of basal spacing
measured at the microscale, posing challenges on the upscaling of molecular simulation results. In spite of
these challenges, molecular simulations can provide some critical insights into the fundamental mechanisms
and enable to perceive the physical process with an atomistic-scale resolution in volumetric changes during
hydration (Kalinichev et al., 2016).
3.1.6. Nanoscale Experiments
Recent developments in nanotechnology enable to probe material physical properties with nanoscale
resolutions. Some nanoscale experimental techniques also have been applied to measure the density of
interfacial water. Cheng et al. (2001) employed a high-resolution specular X-ray reﬂectivity technique to
determine the density oscillations of interfacial water oxygens as a function of the distance to the mica
surface. They observed that the surface adsorbed water density is larger than the free water density, and this
density abnormality can extend to 1.0 nm from the surface (about three to four molecular layers). Mante et al.
(2015) utilized nanoultrasonics to probe the physical properties of interfacial water on the hydrophilic
aluminum oxide surface and determined water density as a function of the distance to the surface by ﬁtting
to the complex reﬂection spectrum. An extremely high value of water density, that is, 5.0 g/cm3 is obtained
adjacent to the surface. The water density decreases with increasing distance to the surface and complies
with free water beyond 1.2 nm to the surface (around four molecular layers).
Herein, it is assessed that these experimental techniques are capable of probing the soil water density
indirectly at the nanoscale. Generally, these nanoscale experiments are based on the wave reﬂection and
propagation phenomena. The density results are archived by ﬁtting the measured spectrum to some
continuity physical equations. However, the surface adsorbed water behaves as some discrete molecular
layers rather than a continuum (Cheng & Robbins, 2014). It may not appropriate in using continuity physical
equations to predict the physical properties of surface adsorbed water layers. This may be the reason that
nanoultrasonics presents an extremely high-value density, for example, 5 g/cm3 by Mante et al. (2015), that
may not be physically possible or erroneous. In addition, these nanoscale experiments are devoted to
interfacial water, that is, the water molecules on the water-solid interface in a high degree of saturation.
Therefore, these nanoscale experimental results only represent the local soil water density near the
water-solid interface in a high degree of saturation and may not be able to reﬂect the density of the surface
adsorbed water ﬁlm, which is in equilibrium with ambient vapor pressure.
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Table 2
Summary of Maximum Soil Water Density Reported by Researchers

Solid
Kaolinite
Na-montmorillonite
Illite-Holland
Illite-ordovician
Na-montmorillonite
Na-montmorillonite
Low protein fraction
of ﬂour
Na-montmorillonite
FEBEX bentonite
Na-montmorillonite
FEBEX bentonite
Na-montmorillonite
Na-montmorillonite

Maximum soil
water density
3
(g/cm )

Water
content (g/g)

Method

1.68
1.421
1.371
1.168
1.38
1.46
1.481

0.004
0.116
0.030
0.083
0.116
0.15
Approaching 0.0

Speciﬁc gravity bottle
Speciﬁc gravity bottle
Speciﬁc gravity bottle
Speciﬁc gravity bottle
Speciﬁc gravity bottle
X-ray diffraction
Speciﬁc gravity bottle

De Wit and Arens (1950)
De Wit and Arens (1950)
De Wit and Arens (1950)
De Wit and Arens (1950)
Mackenzie (1958)
Mooney et al. (1952)
Gur-Arieh et al. (1967)

One-layer hydration
One-layer hydration
One-layer hydration
—
One-layer hydration
Approaching 0.0

Molecular simulation
X-ray diffraction
Molecular simulation
Swelling test
X-ray diffraction
Buoyant force method

Skipper et al. (1991)
Fernandez and Rivas (2005)
Schmidt et al. (2005)
Villar and Lloret (2008)
Jacinto et al. (2012)
Bahramian et al. (2017)

1.23
1.51
1.29
1.36
1.32
≈1.5

References

3.2. Theoretical Synthesis
The above-mentioned experimental results and molecular simulations all evince that the soil-water
interaction tends to increase the soil water density at the low water content. Therefore, it can be concluded
that despite that the existing experimental methods or theoretical studies are plagued with some unjustiﬁed
assumptions or uncertainties, most of the current results reported by researchers qualitatively prove a
maximum water density much higher than the free water density in the vicinity of the lowest water content.
The reported maximum soil water densities are summarized in Table 2.
In Table 2, the maximum soil water density largely deviates among researchers even for the soil of the same
type. This in part is due to the ﬂaws, unjustiﬁed assumptions, and limitations in these methods. As such, to
what extent interlamellar water density deviates from the free water density is still far from being concrete.
The maximum soil water density for montmorillonite, for example, is probed as 1.46 g/cm3 by the XRD,
1.38 g/cm3 by the speciﬁc gravity bottle, and 1.5 g/cm3 by the buoyant force method. As mentioned above,
the main assumptions in these three methods tend to underestimate the maximum soil water density.
Therefore, it can be inferred that the upper bound of the soil water density is likely higher than 1.50 g/cm3
for montmorillonite.
Speciﬁcally, for the XRD, recent molecular simulation results make it possible to better assess the widely
employed assumption that the expanded void is fully occupied by interlamellar water molecules.
Teich-McGoldrick et al. (2015) found that, as for the Na-montmorillonite, the amounts of water molecules
retained in the interlamellar space are 3.75 per unit cell in the one-layer hydration state and 8.25 per unit cell
in the two-layer hydration state. Figures 5a–5c illustrates four consecutive unit cells of the
Na-montmorillonite and the corresponding approximate arrangements of the interlamellar water molecules
in the zero-layer hydration state, the one-layer hydration state, and the two-layer hydration state. Around 15
water molecules and 33 water molecules hydrate in the interlamellar space of the four-unit cells shown in
Figure 5, respectively, for the one-layer and two-layer hydration states. In the free water, one water molecule
approximately occupies a cross-section area of 0.096 nm2. Given that one unit cell exhibits a cross-section
area of 0.46 nm2, the occupation rate can be approximately estimated as (0.096 × 15)/(0.46 × 4) = 78%
and (0.096 × 33)/(0.46 × 4 × 2) = 86%, respectively, for the one-layer hydration and two-layer hydration states,
as illustrated in Figures 5d and 5e. The soil water density observed by XRD can be corrected by dividing the
corresponding occupation ratio. Herein, the maximum soil water density observed in the one-layer hydration
state by the XRD, that is, 1.46 g/cm3, can be theoretically corrected as 1.872 g/cm3 by using the occupation
ratio. It can be concluded that the upper bound of the soil water density is around 1.872 g/cm3.
The physicochemical mechanisms synthesized in section 2 imply that the surface hydration, ion hydration,
and interlamellar cation hydration are all accompanied by intense molecular structural changes. The
threshold density value where structural changes occur can be roughly estimated as the maximum
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Figure 5. Approximate arrangement of interlamellar water molecules in (a) the zero-layer hydration state, (b) the
one-layer hydration state, and (c) the two-layer hydration state. The dashed box denotes the boundaries of a unit cell.
Illustration of estimating the occupation ratio of water molecules in the interlamellar space in (d) the one-layer hydration
state and (e) the two-layer hydration state. The dotted boxes denote the cross section of the interlamellar space. The
shaded boxes represent the area occupied by water.

adsorptive water density produced by multilayer adsorption. If neglecting structural changes, the free energy
change is exclusively contributed by the internal energy change. In addition, an internal energy change of
10.8 kJ/mol suggests a water density of around 1.15 g/cm3 (e.g., Cho et al., 2002). Therefore, the maximum
soil water density without intense structural changes can be approximately estimated as 1.15 g/cm3. For
the density higher than 1.15 g/cm3, the density abnormality is most likely accompanied by intense
structural changes to accommodate local electrical polarity of ion or hydroxyls. The determination of the
density of these molecular structures around the ion and hydroxyls requires a clear deﬁnition of the
boundary between solid and water molecules, posing remaining challenges to clarify whether the speciﬁc
gravity of expansive soils remains constant during the hydration process.

4. Lower Bound of Soil Water Density
In this section, the research efforts reporting the lower bound or minimum of soil water density will be critically evaluated, with an aim to reconcile the controversies among these researches. Based on the synthesized
physicochemical mechanisms, a theoretical value will be provided for the lower bound of soil water density.
4.1. Assessment of the Existing Evidence
4.1.1. X-Ray Diffraction
Except for the results reported by Norrish (1954), almost all the existing XRD results are limited to the ﬁrst two
molecular layers. With the aid of equations (9) and (10), Martin (1960) calculated some density values lower
than the free water density from Norrish’s (1954) XRD test results. For example, a water density of 0.986 g/cm3
was obtained beyond the ﬁrst three hydration layers, that is, basal spacing larger than 19.0 Å in
montmorillonite. However, as the basal spacing exceeds the thickness of three hydration layers, more and
more water molecules hydrate on not only interlamellar space but also external surface, suggesting that
the soil water volume cannot be estimated from the interlamellar space volume alone. Therefore, it is
concluded that equations (9) and (10) cannot be used to estimate the interlamellar water density beyond
the ﬁrst two hydration layers, and the minimum soil water density reported by Martin (1960) is not reliable
until the involved assumptions are fully assessed. Therefore, it is assessed herein that the XRD still has not
demonstrated its ability to probe the soil water density beyond the ﬁrst two molecular layers, and the result
of 0.986 g/cm3 is far from conclusive.
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4.1.2. Speciﬁc Gravity Bottle
As to the speciﬁc gravity bottle method, how to interpret the experimental raw data remains highly
disputed and unsettled among researchers, as described in the previous section 3.1.2. The same raw data
can be interpreted into contradictory directions in the soil water density values (e.g., Bradley, 1959;
Martin, 1960). Some researchers found that the minimum soil water density occurs at the lowest water
content. In these researches, the soil water density is deduced by assigning a density to solid (instead of
using measured value; e.g., Bradley, 1959; Deeds & Van Olphen, 1961). The crystallographic density of clay
minerals is assumed to be the density of solid and remains constant with varying water content.
Following this manner, the soil water density is determined as unfailingly lower than the free water density,
contradicting the other researchers’ results (e.g., De Wit & Arens, 1950; Gur-Arieh et al., 1967; Mackenzie,
1958). This contradiction may result from the determination of the boundary between the solid and the
liquid in calculating the soil water volume. It is questionable to assume the crystal cell as the boundary
between the solid and the liquid regardless of the interaction between the solid and the liquid. The
solid-liquid interatomic potential substantially shapes the solid-liquid interface (Sendner et al., 2009) and
thus modiﬁes the volume encompassing the solid. This modiﬁcation cannot be overlooked considering
the large SSA of clay minerals. Therefore, it is concluded herein that the crystallographic density cannot
be directly treated as the solid density, and accordingly, the minimum soil water density obtained in this
manner may not be reliable. Future research efforts are needed to clarify how to explicitly separate the solid
volume and the adsorptive water volume.
Using the petrol fractions to displace the soil-water mixture, De Wit and Arens (1950) observed that the
minimum soil water density is associated with the high water content. On some soil minerals, the measured
soil water density can be lower than the free water density at the high water content, for example,
0.937 g/cm3 for illite-ordovician and 0.99 g/cm3 for kaolinite. It is noted that these values are the average soil
water density. Herein, these average soil density values can be transformed into the incremental soil water
density as deﬁned in equation (3); the obtained value is much lower than the free water density, for example,
0.63 g/cm3 for illite-ordovician, which does seem to be not physically possible. This further implies that the
speciﬁc gravity bottle method using nonpolar liquids tends to overestimate the soil water volume and
underestimate the soil water density as assessed in section 3.1.2.
4.1.3. Pressure Chamber Method
Another notable method reporting minimum soil water density is the pressure chamber apparatus designed
by Anderson and Low (1958). The working principle is to squeeze the soil water out of the soil-water mixture
by imposing external pressure through injecting mercury. The soil water volume Vw is measured as the
volume change of the soil-water mixture via monitoring the volume of injected mercury, and divides the
mass of water squeezed out, leading to the incremental density of soil water. The soil water density is
observed to be a much lower value than free water at the initial water content (around 0.60–1.21 g/g) and
recover back to free water with increasing water content. The minimum soil water density is 0.980 g/cm3
at the water content of 0.60 g/g for K-bentonite; 0.972 g/cm3 at the water content of 0.78 g/g for
Na-bentonite; and 0.977 g/cm3 at the water content of 1.21 g/g for Li-bentonite.
However, the accuracy of this method has been subsequently scrutinized by several researchers. Based on
their speciﬁc gravity bottle tests, Deeds and Van Olphen (1961) concluded that Anderson and Low (1958)
signiﬁcantly underestimated the soil water density, and soil water density should not be below
99.97–99.98% of the free water density, that is, 0.9967–0.9968 g/cm3. They further explained that the external
pressure imposed in the pressure chamber test may produce high compressive pressure in soil samples and
leads to an increase in the density of water retained in soil samples. Herein, their statement can be further
reinterpreted as: with the imposed mercury pressure increasing, the compressive pressure in soil samples
increases, and then the density of water that still has not been squeezed out increases, leading to an increase
in the volume of the soil-water mixture. That is, the volume change of the soil-water mixture is not simply the
volume of water squeezed out but instead includes the contribution from the density increase in water still
retained in soils. Consequently, the soil water volume is overestimated, and accordingly, the soil water
density is underestimated. Graham (1962) reinterpreted the experimental data in Anderson and Low
(1958) and examined the reliability of the data. It was concluded that the experimental data have an
obviously low reliability and its interpretation is subject to great variation, including the possibility for higher
water density than free water.
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Herein, it is assessed that the pressure chamber method measures the soil water density at a relatively
high water content range and suggests that the soil water density is lower than the free water density
at this high water content range. In this method, the matric potential is controlled by imposing external
pressure to create unsaturated conditions. Capillary water exhibits relatively high or less negative matric
potential and thus is squeezed out at ﬁrst. In Anderson and Low’s (1958) experiments, the water content
is higher than 0.60 g/g, which should be attributable to capillary water according to the SWRC results
(e.g., Lu, 2016). Therefore, the water density results reported by Anderson and Low (1958) should be
classiﬁed as the capillary water density rather than the adsorptive water density described in their paper.
The direction of the measured density lower than the free water density can be explained in terms of the
negative capillary pressure as mentioned in section 2.1. However, the magnitude of the measured density
abnormality is not physically possible, which will be illustrated in section 4.2. In addition, the reliability of
this method is questionable and will not be clearly justiﬁed until further detailed experimental validation
and assessment. To date, there is still no subsequent research trying to repeat Anderson and Low’s (1958)
experiments. Also, it seems that the pressure chamber method is only applicable to the high water
content range.
4.1.4. Adsorptive Water Structure
The soil-water interaction changes the soil water density, but more fundamentally, it could alter adsorptive
water structures, especially at low water content. As discussed in section 2, the physicochemical mechanisms
underlying adsorption except for the multilayer adsorption are all accompanied by the structural changes in
water molecules to accommodate the charge polarity of surface hydroxyls, cations, or anions. Hendricks and
Jefferson (1938) suggested that the adsorbed water molecules are connected by hydrogen bonds, forming a
hexagonal network extending from the solid surface to some distances. This hexagonal network structure
represents a relatively loose packing of water molecules, indicating a water density around 0.92 g/cm3
(Martin, 1960). Macey (1942) postulated that adsorptive water evinces a normal ice structure
hydrogen-bonded to the solid surface considering the similar manner in which water molecules or oxygen
atoms are arranged in ice structures and the clay surface. The normal ice structure also suggests a water
density around 0.92 g/cm3. Hence, both hexagonal network and normal ice structures indicate that the
adsorptive water density is lower than the free water density. However, Mackenzie (1950) found a good
correlation between the peak temperature during adsorption and the hydration free energy of exchangeable
cations and then suggested that the high cation exchange capacity of clay minerals precludes the existence
of hydrogen-bonded structures like hexagonal network or ice, and the adsorptive water structure is more
likely based on the hydration on the exchangeable cation, which is conﬁrmed by recent studies.
Recent studies on macroscopic-scale water sorption isotherms of clay suggest that two molecular-scale
mechanisms may contribute to constructing adsorptive water structures: cation hydration and particle
surface hydration (Lu & Khorshidi, 2015). There are some debates on which molecular mechanism is the
dominant one. With the aid of advanced spectroscopic experimental techniques and molecular simulations,
Sposito and his coworkers (Sposito & Prost, 1982; Sposito et al., 1999) concluded that the cation hydration is
the dominant molecular mechanism. The dominant role of cation hydration in adsorptive water structures is
further conﬁrmed by numerous subsequent researchers (e.g., Hensen & Smit, 2002; Salles et al., 2007; Sposito
et al., 1999; Sposito & Prost, 1982; Tambach et al., 2006; Whitley & Smith, 2004). It is found that the cation
hydration structures rather than the layering structures exhibit the lowest free energies and thus are optimal
adsorptive water structures (Whitley & Smith, 2004). As to water hydration on the interlamellar cations,
Sposito et al. (1999) identiﬁed two primary types of adsorptive water structures induced by cation hydration.
One is referred as the inner-sphere complex (Figure 6a), where exchangeable cations are tightly adsorbed to
the hexagonal surface cavities without water molecules between cation and surface. The other one is the
outer-sphere complex (Figure 6b), involving water molecules between cation and surface. The ﬁrst hydration
shell of the cation is expected to engender a high water density (Waluyo et al., 2011). Accordingly, the water
density of the surface complex structures should be higher than the free water density, and the magnitude of
the water density may depend on the cation and mineral types. Speciﬁcally, Waluyo et al. (2011) reported a
density of around 1.61 and 1.71 g/cm3 for the water molecules in the Mg2+ and Al3+ hydration shells through
small angle X-ray scattering experiments. As discussed in section 2.5, the interlamellar cation hydrated water
should exhibit a density higher than the ion hydrated water due to the additional compressive pressure
imposed by the attracting clay lamella. Therefore, it can be inferred that the interlamellar water density

ZHANG AND LU

18

Reviews of Geophysics

10.1029/2018RG000597

Figure 6. Illustration of surface complex structures: (a) interlamellar inner-sphere complex and (b) interlamellar outersphere complex (modiﬁed from; Sposito & Prost, 1982 Sposito et al., 1999).

should be a slightly higher than 1.71 g/cm3, which is consistent with the theoretical value of 1.872 g/cm3 in
section 3.2.
It is assessed that recent adsorptive water structures all indicate that the interlamellar water density is higher
than the free water density, which is consistent with many existing experimental observations. These adsorptive water structures preclude the possibility of the minimum soil water density predicted by the earlier work
suggesting the ice structure and hexagonal network structure for the adsorptive water, that is, the minimum
soil water density on the order of 0.92 g/cm3. However, the current water structures still largely remain conceptual and semiquantitative, and the exact molecular structures with detailed dimensions are absent. Also,
the determination of the volume of these adsorptive water structures highlights the uncertainty in deﬁning
the boundary between cations and hydrated water molecules, leading to an unsettled question on whether
and how solid density and water density are intertwined and deﬁned. That is, the exchangeable cations or
solid crystal structures and water molecules in the ﬁrst layer or hydration shell are kind of intertwined and
may not be physically separable. In this sense, the solid volume is not a constant and may also change as
a result of the soil-water interaction. As such, the deﬁnition of the speciﬁc gravity of soils still needs future
clariﬁcation to reconcile the intertwined solid crystals and water molecules.
4.2. Theoretical Synthesis
The minimum soil water densities observed by researchers are summarized in Table 3. These results deviate
not only in the magnitude of the minimum soil water density but also in the corresponding water content
range. As discussed in section 2, capillarity is the only known physical mechanism decreasing the soil water
density. Thus, the minimum soil water density should appear at the capillary regime and likely in the incremental form of the soil water density. As a result, the minimum soil water density should be located in the
high water content range, disproving the minimum soil water densities observed at the low water content
(e.g., Bradley, 1959; Deeds & Van Olphen, 1961; Hendricks & Jefferson, 1938; Macey, 1942).

Table 3
Summary of Minimum Soil Water Density Reported by Researchers
Solid
Clay
Clay
Kaolinite
Illite-ordovician
Na-montmorillonite
Li-montmorillonite
Na-montmorillonite
K-montmorillonite
Na-montmorillonite
Montmorillonite

ZHANG AND LU

Minimum soil water
3
density (g/cm )

Water
content (g/g)

Method

References

0.92
0.92
0.99
0.937
0.986
0.975
0.972
0.981
0.752
0.9967–0.9968

—
—
0.065
0.076
0.37, 1.19, 2.0
0.6
0.6
0.6
0.116
—

Water structure
Water structure
Speciﬁc gravity bottle
Speciﬁc gravity bottle
X-ray diffraction
Pressure chamber
Pressure chamber
Pressure chamber
Speciﬁc gravity bottle
Speciﬁc gravity bottle

Hendricks and Jefferson (1938)
Macey (1942)
De Wit and Arens (1950)
De Wit and Arens (1950)
Norrish (1954)
Anderson and Low (1957)
Anderson and Low (1958)
Anderson and Low (1958)
Bradley (1959)
Deeds and Van Olphen (1961)
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Figure 7. Conceptual models for (a) soil water retention curve (SWRC; logarithmic scale for vertical axis) and (b) soil water
density curve. (c) Illustration of soil water retention regimes (modiﬁed from Lu, 2016).

The compressibility of water is almost a constant under relatively small negative pressure (e.g., Davitt et al.,
2010). Since capillarity is restricted by the cavitation pressure, the minimum soil water density should be in
the incremental form, is identical to the lowest capillary water density, and can be roughly estimated from
the cavitation pressure using equation (7). According to Lu (2016), the lowest cavitation pressure, that is,
4.46 MPa, is observed in kaolinite as a result of its very ﬁne particles. This value of cavitation pressure is
much higher than the theoretical value of 7 to 140 MPa observed in pure water summarized in
section 2.1. The possible reason is that the dissolved air and heterogeneity in soils may facilitate the cavitation
and signiﬁcantly mitigate the cavitation pressure (e.g., Or & Tuller, 2002, 2003; Toker et al., 2003). Substituting
this cavitation pressure in equation (7) leads to a minimum soil water density of 0.995 g/cm3. Therefore, it can
be concluded that the lower bound of the soil water density due to capillarity is around 0.995 g/cm3,
suggesting that capillarity can only slightly decrease the soil water density.

5. Uniﬁed SWDC Model
5.1. Conceptual Model
Since their molecular-scale forces act in a distinct manner, adsorption and capillarity are considered as two
independent physicochemical mechanisms changing the soil water density. As identiﬁed in section 2,
capillarity tends to decrease the soil water density, while all the physicochemical mechanisms associated with
adsorption tend to increase the soil water density. These two physicochemical mechanisms have already
been explicitly separated in recent SWRC models (e.g., Lu, 2016; Revil & Lu, 2013). The SWRC model proposed
by Lu (2016) is not only able to separate the soil water into adsorptive water and capillary water like Revil and
Lu (2013) but also explicitly considers cavitation process in soils. As illustrated in Figures 7a and 7c, at the
relatively low water content, adsorption is dominating in decreasing the free energy of soil water, and
therefore, this water content range is referred as the tightly adsorptive regime or the adsorptive ﬁlm regime.
At the relatively high water content, the retained water starts to connect with each other, forming the
air-water interface. Thus, capillarity becomes more and more dominating in the soil water retention, and
the corresponding water content range is referred as the capillary regime.
Adsorption and capillarity should also correspond to different water content ranges in changing the soil
water density. That is, it can be inferred that, at low water content, for example, the tightly adsorptive regime
or the adsorptive ﬁlm regime, the soil water density tends to be increased over the free water density due to
adsorptive forces, whereas at high water content, for example, the capillarity regime, the soil water density
may be reduced to a value below the free water density because of capillary pressure. If excluding hydraulic
hysteresis for simplicity, the magnitude of adsorption and capillarity is unique at the given water content for a
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soil. Therefore, there exists a unique physical relationship between the soil water density and the water
content, herein deﬁned as the SWDC.
The soil water density deviation originates from the thermodynamic state of soil-water interaction, therefore
should be associated with the SWRC. In Figure 7a, the SWRC model can be explicitly decomposed into
adsorptive water part and capillary water part. This explicit separation of adsorption and capillarity enables
to propose a physically based function for the SWDC. As shown in Figure 7b, the SWDC also can be explicitly
divided into two branches, that is, the adsorptive water density and the capillary water density. The
adsorptive water density is associated with the low water content range, indicates a value over the free water
density, starts from the maximum soil water density ρmax, and then decays with increasing water content. The
high water content range is dominated by the capillary water density, suggesting a value lower than the free
water density.
The proposed SWDC has the potential to well reproduce the general trend observed in the existing data. In
Figure 1, the water density values higher than the free water density are mostly located in the tightly
adsorptive regime or the adsorptive ﬁlm regime. Accordingly, in the capillary regime, some density values
lower than the free water density are observed by researchers. To some extent, the density oscillations in
the experimental results can be well reconciled by the proposed theoretical interpretation through the soil
water retention.
5.2. Mathematical Model
Due to the distinct physicochemical nature in lowering the free energy, the amounts of adsorptive water and
capillary water are unique to satisfy the lowest free energy and form the most stable soil-water system.
Therefore, the total water content (w) can be decomposed into the adsorptive water content (wads) and
the capillary water content (wcap) via the generalized SWRC equation proposed by Lu (2016):
w ¼ w ads ðw Þ þ w cap ðw Þ:

(14)

The magnitude of adsorptive forces highly depends on the relative position between particle surface or
cation and water molecules. This suggests that the resulting physical properties of adsorptive water depend
on the position of the water molecules. Therefore, it is concluded that adsorptive water density is
nonhomogeneous and a local concept. That is, even for thermodynamically equilibrated soil-water systems,
the adsorptive water density varies from point to point depending on the local intermolecular forces. Due to
the interplay between capillarity and adsorption, the local water pressure depends on not only adsorptive
forces but also the negative capillary pressure imposed at the water-air interface. That is, the negative
capillary pressure changing with water content can potentially affect the local water pressure and thereby
changes the local water density. Since the capillary pressure is relatively negligible compared to adsorptive
forces, this dependence of local water density on water content is not considered for simplicity. It is assumed
that the incremental adsorptive water density (ρincre
w;ads ) is a function of matric potential and exponentially
decays with increasing matric potential.



ψ  ψ min η
ð
ψ
Þ
¼
ð
ρ

ρ
Þ
exp
þ ρf
ρincre
max
f
w;ads
ψ

(15)

where η denotes the exponential decay rate, ρmax is the maximum soil water density (g/cm3), and ψ min is the
lowest matric potential or the negative highest matric suction (kPa or kJ/m3). Accordingly, the average
adsorptive water density (ρave
w;ads ) can be derived as follows:
1 ψ incre
∫ρ
ðψ Þdψ
ψ 0 w;ads





ηψ
ηψ min
þ ρf
¼ ðρmax  ρf Þ ψ exp  min  ηΓ 0;
ψ
ψ

ρave
w;ads ðψ Þ ¼

(16)

where Γ() is the incomplete gamma function.
Unlike adsorptive forces, the capillary pressure only depends on the water-air interface, which is in
equilibrium with ambient vapor pressure. Therefore, at the given matric potential, the pressure develops
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homogeneously across all the capillary water regardless of the position of water molecules. Hence, the
average capillary water density can be directly calculated from capillary part of matric potential (or capillary
pressure). Equation (7) can be rewritten as follows:
ρave
w;cap ðψ Þ ¼ ρf expðC w ψ Þ:

(17)

With the aid of equation (14), the average soil water density can be calculated from adsorptive water density
and capillary water density as
ρave
w ðw Þ ¼

ave
ρave
w;ads ½ψ ðw Þw ads ðw Þ þ ρw;cap ½ψ ðw Þw cap ðw Þ

w

:

(18)

In addition, the incremental soil water density can be directly calculated from the average soil water density
as follows:
ρincre
w ðw Þ ¼

dρave
w ðw Þ
:
dw

(19)

Equations (18) and (19) complete a mathematical description for the SWDC. In terms of matric potential, both
adsorption and capillarity tend to decrease the matric potential of soils. However, as for the soil water density,
adsorption and capillarity induce opposite effects: Density tends to be increased by adsorption but
decreased by capillarity. Therefore, the SWDC can open a new window for characterizing the soil-water
interaction mechanisms, and the interplay of capillarity and adsorption may be explicitly decoupled by
comparing the SWRC and the SWDC.
5.3. Model Performance
Most of the parameters in the proposed mathematical model are from the generalized SWRC model
proposed by Lu (2016). The essential parameters are the capillary water content and the adsorptive water
content. Figures 8a and 8b show the SWRCs for kaolinite and Na-montmorillonite. Capillary water content
and adsorptive water content are decoupled from the total SWRC and can be independently expressed as
a function of matric potential. Figures 8c and 8d show the capillary water content and the adsorptive water
content as a function of total water content for kaolinite and Na-montmorillonite. In general, the capillary
water content and the adsorptive water content both can be regarded as a linear stepwise function of total
water content. Also, it seems that the transition zone between the capillary water content and the adsorptive
water content is small.
Apart from the parameters from the SWRC, there are only two undetermined parameters, that is, the
maximum soil water density ρmax and the exponential decay rate η. In Table 2, the maximum soil water
density observed by researchers is 1.68 g/cm3. Here for better comparison with the existing experimental
results, the experimental value of 1.68 g/cm3, rather than the theoretical value of 1.872 g/cm3 is used for
the maximum soil water density. Then, the exponential decay rate is the only undetermined parameters.
Figure 9 illustrates the effects of η on the predicted SWDCs. In general, a larger value of η suggests a faster
decay. For the incremental form, the value of η only alters the SWDC at the adsorptive regime. The capillary
regime predicts a value lower than the free water density and is independent of η. But for the average form,
the magnitude of the entire SWDC is controlled by the value of η.
Figure 10 demonstrates the comparisons between the predicted SWDC and experimental data for kaolinite
and Na-montmorillonite. The predicted SWDCs are calculated by using equation (18) with the input
information from equations (14), (16), and (17). In Figure 10a, the trend of experimental data for kaolinite is
well captured by the proposed SWDC, and most of experimental data fall within the bound between the
SWDCs with η = 1.0 and η = 2.0. Similarly, the proposed SWDC also follows the trend in the soil water density
results for Na-montmorillonite.

6. Implications to Fundamental Soil Properties
The soil water density is a basic input physical property in determining many fundamental soil properties.
Conventionally, the soil water density is considered as identical to the free water density. Therefore, it is
necessary to assess the potential impacts on the soil properties considering the soil water density different
from the free water density.

ZHANG AND LU

22

Reviews of Geophysics

10.1029/2018RG000597

Figure 8. Soil water retention curves (SWRCs) for (a) kaolinite and (b) Na-montmorillonite (modiﬁed from Lu, 2016).
Separating soil water into adsorptive water and capillary water for (c) kaolinite and (d) Na-montmorillonite.

6.1. Matric Potential
Considering the relations between density and molar volume, equation (4) can be rewritten as
ψ¼

ΔG
ΔG
ρ ¼
ρ
M w 18:016 w

(20)

where M is the molar mass of water (kg/mol). Equation (20) states that the matric potential is proportional to
the soil water density. Therefore, the original SWRC can be corrected by multiplying matric potential with ρw/
ρf. Figure 11 compares the original and recalculated SWRCs of kaolinite and Na-montmorillonite. In
Figures 11a and 11c, it seems that the soil water density only has very limited effects on the SWRCs.
However, the effect of the soil water density is not negligible because the logarithmic scale frequently used
in the SWRC plotting tends to depress the errors. In Figures 11b and 11c, the inclusion of the soil water
density is shown to signiﬁcantly decrease the matric potential by as high as 68%. For examples, with the
maximum soil water density of 1.68 g/cm3, the lowest matric potential for Na-montmorillonite can be
corrected as 557 MPa, which is 68% lower than the measured value 331 MPa. At the maximum adsorptive
water content (0.241 g/g), the average soil water density of Na-montmorillonite is 1.38 g/cm3, and the
corrected matric potential can be 38% lower than the measured value. Therefore, the soil water density
variation cannot be ignored in determining the matric potential or matric suction, especially in the low
potential or high suction range.
6.2. Speciﬁc Surface Area
The water vapor sorption method has been frequently used to determine the SSA (e.g., Brunauer et al., 1938;
Khorshidi et al., 2017; Leão & Tuller, 2014; Newman, 1983). The SSA is often calculated as
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2=3

SSA ¼

w m NA0 w m NV 0
¼
M
M

(21)

where wm is the monolayer gravimetric water content (g/g), N is the
Avogadro’s number (mol1), A0 is the area occupied by one water molecule (cm2), and V0 is the volume occupied by one water molecule (cm3).
The volume occupied by one water molecule can be determined from
the soil water density as
V0 ¼

M
:
Nρw

(22)

Substituting equation (22) into equation (21), the SSA is directly related to
the soil water density as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃ
N
3
SSA ¼ w m
:
(23)
Mρ2w
From equation (23), as for Na-montmorillonite, if the average soil water
density at the monolayer gravimetric water content, that is, around
0.055 g/g (Khorshidi et al., 2017), is 1.62 g/cm3, the SSA will be overestimated by 28% using the free water density. The impact of soil water density on the SSA can be further illustrated via deriving the error propagation
function. Speciﬁcally, the error in the SSA can be expressed a function of
the error in the soil water density:
sﬃﬃﬃﬃﬃﬃ
ΔSSA
2 3 1
Δρ
¼
(24)
Δρ ≈  0:67 w :
SSA
3 ρ2w w
ρw
Equation (24) indicates that 1% increase in the soil water density will cause
0.67 percentage decrease in the SSA. The SSA is around 560 m2/g for
Na-montmorillonite (Khorshidi et al., 2017). According to equation (24), if
the soil water density is 1.62 g/cm3, the SSA will be overestimated by
42% or 233 m2/g using the free water density.
6.3. Volumetric Water Content
Figure 9. Predicted soil water density curves (SWDC) for kaolinite with
varying η in the (a) incremental form and (b) average form.

The volumetric water content is widely used in hydrology and soil physics.
It is deﬁned as the volume of soil water per unit volume of soil. It can be
calculated from the gravimetric water content as follows:

Figure 10. Comparisons of predicted soil water density curves (SWDCs) with experimental data for (a) kaolinite and (b) Na-montmorillonite.
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Figure 11. Effects of soil water density on the SWRC: (a) entire curve of kaolinite, (b) high suction range of kaolinite, (c) entire curve of Na-montmorillonite, and
(d) high suction range of Na-montmorillonite. SWDC = soil water density curve; SWRC = soil water retention curve

θw ¼

Vw
ρs
¼
w:
Vt
ρw ð1 þ eÞ

(25)

where Vt is the total volume of soil (cm3) and e is the void ratio being the ratio of pore volume to solid volume.
Equation (25) suggests that the volumetric water content is inversely proportional to the soil water density. If
the soil water density is 1.68 g/cm3, according to equation (25), the volumetric water content can be overestimated by 40% using the free water density. At the maximum adsorptive water content (0.241 g/g) of Namontmorillonite, with the average soil water density of 1.62 g/cm3, the volumetric water content will be overestimated by 28%. The volumetric water content is coupled with the soil water density and thus is not fundamental as a sole independent material variable to describe soil’s wetness.
6.4. Pore Water Pressure
The deﬁnition of matric suction or negative matric potential as pore water pressure is a cornerstone to
develop many theories and techniques in unsaturated soil mechanics, for example, the Bishop’s effective
stress (Bishop, 1960), the independent stress state variable approach (Fredlund & Morgenstern, 1977), and
the axis-translation technique (Hilf, 1956). According to this commonly used deﬁnition, the matric potential
is understood as the pressure difference between the water phase and the air phase. The theoretical basis
for this concept is that the capillary potential in equation (6) can be reformulated as follows:
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C ðκÞ ¼ 2σ s κ ¼ pw  pa :

(26)

where pw is the pore water pressure (kPa) and pa the air pressure (kPa). In
equation (26), the capillary component of matric potential is equal to the
pressure difference pw  pa. Therefore, some researchers assumed that
the matric potential is pw  pa, and accordingly, the matric suction is
pa  pw. Evidently, this assumption is incomplete due to the exclusion of
adsorption. But to what extent the pore pressure concept deﬁned in
equation (26) deviates from the physical reality remains unknown.

Figure 12. Water pressure and soil water density in the soil-water-air system.
z is the distance to the soil particle surface. L is the minimum distance
from the water-air interface to the soil particle surface. pa is the air pressure.
pc is the cavitation pressure. pw(z) is the water pressure at z. ρw(z) is the
soil water density at z.

The soil water density provides a new perspective to understand the soil
pore water pressure. As synthesized in section 2, adsorption tends to
shorten the intermolecular distance, generates the positive water pressure
(higher than the air pressure), and thus increases water density higher
than the free water density. In contrast, capillarity tends to lengthen the
intermolecular distance, produces the negative water pressure (lower than
the air pressure), and thereby decreases water density lower than the free
water density. Thus, the pressure and density variation can be inferred
from the spatial distribution of adsorptive water and capillary water.

The distribution of the adsorptive water and capillary water can be
differentiated via the criteria whether the adsorptive forces dominate in
lowering the free energy of soil water. The intermolecular forces
associated with adsorption are all depending on the distance to the
particle surface or surface retained exchangeable cations. Generally, these intermolecular forces decay with
the distance to the particle surface. As such, when the water molecules are close to the particle surface, the
magnitude of adsorptive forces is high, and thus, the corresponding local water should be classiﬁed as
adsorptive water. As departing from the particle surface, the adsorptive forces vanish and then the
corresponding local water is classiﬁed as capillary water. Therefore, which type of water the local water
belongs to highly depends on its relative position to the particle surface.

This spatial variation of water type is further elaborated using a conceptual soil-water-air system including
the soil particle, adsorptive water, capillary water, and air, as illustrated in Figure 12. The menisci at the
water-air interface reduce the free energy of the soil water and produce the capillary pressure depressing
the soil water pressure below the air pressure (pa = 101.3 kPa). Microscopically, the capillary pressure
indicates a sudden pressure difference pw  pa across the water-air interface and is limited by the cavitation
pressure pc. If the water-air interface is sufﬁciently far from the particle surface, the adsorptive forces vanish,
and the local water is the capillary water. Accordingly, the local water density is slightly lower than the free
water density (not below 0.995 g/cm3), and the local water pressure is negative or lower than the air pressure.
Since the capillary pressure is uniform in the capillary water, the water pressure and density are constant
among the capillary water and only depends on the capillary pressure deﬁned by the curvature at the
water-air interface.
But as approaching to the soil particle surface, the adsorptive forces associated with interlamellar cation
hydration, surface hydration, and electrical double layer become more and more manifest. The thickness
of adsorptive water highly depends on the soil mineralogy: as low as 1 nm for nonexpansive soils
(e.g., Mitchell & Soga, 2005) and as high as 100 nm for expansive soils (e.g., Starov et al., 2007). Therefore,
at this location, the soil water is more governed by adsorption rather than capillarity. The attractive
adsorptive forces tend to bring the water pressure above the air pressure and compact the soil water to a
high-density packing. Therefore, the local water pressure is positive or higher than the air pressure, and
the local water density is higher than the free water density (as high as 1.872 g/cm3). Since the magnitude
of adsorptive forces increases with the distance to the particle surface, the local water pressure and density
increases as approaching the particle surface. That is, unlike capillary water, the local adsorptive water
pressure and density are not constant but instead functions of the distance to the particle surface.
Therefore, the local water density and pressure proﬁles for the soil-water-air system can be conceptually
described in Figure 12. If the distance to the particle surface z is sufﬁciently long, that is, beyond the
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inﬂuence zone of adsorption (z > ~1–100 nm), the local water density is a constant value slightly smaller than
the free water density. Within the inﬂuence zone of adsorption (z ≤ ~1–100 nm), the local water density
increases as approaching the particle surface. The local water pressure follows the similar trend with the local
water density. If z > ~1–100 nm, the local water pressure is a constant value slightly lower than the air
pressure, and the difference between the local water pressure and the air pressure is the capillary pressure
imposed by the menisci. If z ≤ ~1–100 nm, the local water pressure increases with decreasing z and can be
potentially over the air pressure (pw > pa).
This local water pressure proﬁle with pw > pa is contradicted with the common deﬁnition of matric potential
as the pressure difference. According to this deﬁnition, pw > pa indicates a positive matric potential or
negative matric suction, contradicting that the free energy of adsorptive water is lower than the free water.
Therefore, it can be concluded that the deﬁnition of matric potential as the pressure difference does not
apply to adsorptive water.
In addition, the local water density and pressure proﬁles suggest that the soil water density and pressure are
microscale physical properties due to their high dependence on the relative distance between water
molecules and soil particles. That is, the soil water density and pressure vary spatially across the
representative volume element of soils. However, no matter which form of soil water density is used, existing
researches are all concerned with macroscopic scale. Also, because adsorptive water exhibits much lower free
energy than the free water, the pore water pressure in adsorptive water is inferred to be much higher than
the air pressure and highly dependent on the distance to the soil particle surface. However, the current
theories or frameworks still fail to capture this spatial variation feature. Since the local soil water density
and pressure are extremely important for the super-freezing, cavitation pressure and effective stress
development in soils, it is urgently needed to reconstruct theory to ﬁll the knowledge gap in describing
the soil water density and pressure variation within the representative volume element.

7. Conclusions and Outlook
This paper targets at clarifying what the range of soil water density is, and how and why the soil water density
deviates from the free water density. Speciﬁcally, this paper provides a critical review of existing experimental
and theoretical methods to quantify soil water density based on synthesizing recent advancements in
soil-water interaction mechanisms, interfacial interactions, and intermolecular forces. The major conclusions
are summarized below:
1. The molecular-scale physicochemical mechanisms suggest that adsorption and capillarity change the soil
water density in the opposite directions albeit both lower the free energy of the soil water. Capillarity
originates from the surface tension at the water-air interface, which will stretch the soil water to a lower
density. All the physicochemical mechanisms associated with adsorption, that is, multilayer adsorption,
ion hydration or solvation, surface hydration, and interlamellar cation hydration, induce intense attractive
intermolecular forces, thus increasing the soil water density.
2. The existing experimental techniques to measure the soil water density are still impeded by unjustiﬁed
assumptions (e.g., XRD and speciﬁc gravity bottle), uncertainties (e.g., pressure chamber method),
applicability to certain water content (e.g., swelling tests and nanoscale experiments), or scientiﬁc ﬂaws
(e.g., buoyant force method). To date, there is still no accurate method to measure the soil water density
as a function of water content.
3. Theoretical values are provided to conﬁne the soil water density. The upper bound of soil water density is
estimated at around 1.872 g/cm3 by reinterpreting the XRD results, about 28% higher than the 1.46 g/cm3
reported in the literature. With the aid of the lowest cavitation pressure observed in soils, the lower bound
of the soil water density is predicted to be around 0.995 g/cm3, much higher than the values of
0.752 g/cm3 reported in the literature.
4. The soil water density higher than 1.15 g/cm3 is likely associated with the structural change in water
structures and can be induced by the physicochemical mechanisms of surface hydration, ion hydration,
or interlamellar hydration.
5. A SWDC is proposed as a constitutive relationship between the soil water density and the water content
and is used to reconcile the unresolved controversies. Two physical mechanisms, that is, adsorption and
capillarity, are identiﬁed and utilized to construct the SWDC. At the low water content, soil water is
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dominated by adsorption and thus exhibits a density higher than the free water density, whereas at the
high water content, capillarity starts to govern the soil water and reduces the soil water density below the
free water density. With the two clear physical mechanisms for soil water density variations, the soil water
density oscillations widely observed by researchers can be well explained.
6. A uniﬁed mathematical model is developed for the SWDC based on the critical reviews and synthesis of
the existing knowledge on the soil water density. The adsorptive water density is identiﬁed as dependent
on not only the global energy state of soils but also the local magnitude of adsorptive forces, whereas the
capillary water density is almost solely dominated by the global energy state of soils. As such, the
incremental adsorptive water density is assumed to exponentially decay with the matric potential, and
the average capillary water density can be directly calculated from the matric potential. The proposed
SWDC model shows acceptable agreement with the experimental data, conﬁrming the validity of the
proposed mathematical model.
7. The abnormality of the soil water density bears important implications to practical issues. If the free water
density is adopted to calculate soil properties at the dry end, the matric potential can be overestimated by
68%, and the volumetric water content can be overestimated by 40%. In addition, the SSA can be
overestimated by 42% if the free water density is used as the average soil water density at the monolayer
coverage.
8. The soil water density implies that the pressure in adsorptive water can be over the air pressure,
suggesting that the deﬁnition of matric potential as pressure difference does not apply to adsorptive
water. Within the representative volume element of soils, the soil water density and pressure are not
constant but instead vary spatially.
These conclusions highlight both experimental and theoretical challenges needed to be addressed in the
future studies.
1. A reliable and accurate experimental technique is still missing but urgently needed to measure the soil
water density as a function of water content.
2. There is a need to clarify how to separate the solid volume and the water volume or whether the solid and
water are separable in the adsorptive regime. This further raises the theoretical question whether the solid
density of soils remains constant during hydration.
3. There is a need to construct a next-generation framework of soil-water interaction to capture the spatial
variation of the soil water density and pressure within the representative volume element.
4. Since the soil water density and pressure are vital to deﬁne the thermodynamic state of water, it is needed
to incorporate the spatial variation of the soil water density and pressure in describing the super-freezing
and cavitation of soil water.
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