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Summary
The hysteretic behaviour of the dry region (< —1.5 MPa) of the soil water characteristic, which is of
the essence for accurate characterization and modelling of bio-physicochemical soil processes under

dry conditions, is well documented. However, knowledge about how to best quantify water vapour

C

sorption hysteresis and about the effects of soil properties on dry-region hysteretic behaviour is

limited. To overcome this knowledge gap, we proposed a new method for quantifying sorption

cl

hysteresis and evaluated its applicability based on measured sorption isotherms of four source clay

{1

minerals and 147 soil samples. Furthermore, the effects of clay mineralogy, clay content, soil

I

organic carbon (SOC), and cation exchange capacity (CEC) on the magnitude of sorption hysteresis
ere investigated. For the clay minerals, kaolinite did not exhibit hysteretic behaviour, illite showed
some hysteresis, while Na- and Ca-smectite exhibited strong hysteretic behaviour. The average
hysteresis, corrected for clay and SOC contents, was strongly reflective of the dominant clay
@mineralogy of the soil samples. For the soil samples with low SOC content, the average hysteresis
Q)significantly increased with increasing clay content (R> = 0.92), except for the kaolinite-rich

samples (R? = 0.35). The SOC-rich samples that exhibited illitic clay mineralogy and similar soil

pt

ure showed a significant increase in average hysteresis with increasing organic carbon content

q.)(R2 = 0.93). For all soil samples combined, the CEC was the strongest indicator for the magnitude

Oof water vapour sorption hysteresis.

OKeywords: dry region soil water characteristic, soil organic carbon, soil texture, soil particle size

distribution, CEC
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Highlights
e A new index for quantification of soil vapour sorption hysteresis was proposed

e Large SOC and clay content increased sorption hysteresis

For soil samples, dominant clay mineralogy controlled the magnitude of hysteresis

Cation exchange capacity was the best predictor of hysteresis for all soil types

Accepted Article
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Introduction

Accurate characterization of unsaturated soil behaviour requires an in-depth knowledge of soil

water retention dynamics. It is recognized that the soil water characteristic for matric potentials >

—1.5 MPa is hysteretic (i.e. at a given matric potential, the water content obtained via wetting is
Q)commonly below that retained via drying). To explain this phenomenon, mechanisms such as the

ink-bottle effect, differences in advancing and receding liquid-solid contact angles, entrapped air
Oand swelling and shrinking are generally accepted (Tuller & Or, 2005b; Sadeghi et al., 2018). Based

o

Hn these mechanisms, several models were developed to account for soil water retention hysteresis

in the wet region (Kool & Parker, 1987; van Dam et al., 1996; Pedroso & Williams, 2010;
<Rudiyanto et al., 2015; Zhuang et al., 2017). Nakagawa et al. (2012) noted that it is crucial to
account for hysteresis in numerical models for unsaturated water flow.

@oil water retention curves in the dry region (< —1.5 MPa), often termed soil water vapour sorption
q)isotherms, are of crucial importance for modelling of volatilization of volatile organic compounds
| land pesticides, water vapour transport, and for contaminant remediation (Amali et al., 1994; Chen

et al., 2000; Arthur et al., 2014b). Until recently, the hysteresis of soil water vapour sorption
Isotherms, where adsorption processes dominate (Tuller et al., 1999; Tuller & Or, 2005a), was
Q)assumed to be negligible. For example, Rose (1971) noted that although hysteresis in dry soils may
Ooe real and complicated, its effect will be masked by environmental factors such as temperature and
Ocan, therefore, be ignored. However, several studies have clearly shown that even under very dry
conditions hysteresis occurs in both source clays and soil samples (Johansen & Dunning, 1957;
Prunty & Bell, 2007; Shvarov & Koreneva, 2008; Arthur et al., 2013; Lu & Khorshidi, 2015).
Consideration of hysteresis under such dry conditions is crucial for accurate modelling of water

vapour flow in arid regions (Bittelli et al., 2008), for quantification of soil evaporation (Or et al.,

2013) and for ensuring correct estimation of soil properties from hygroscopic water content

4
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measurements (Wuddivira et al., 2012). For example, estimation of clay content from desorption
water content based on models developed from adsorption data led to errors as large as 12.3% for

fine-textured soil samples (Arthur et al., 2015).

Q)There have been a few attempts to quantify water sorption hysteresis for both soil samples and
Msource clay minerals. For example, film flow hysteresis was included when Revil and Lu (2013)
Odeveloped a unified CEC-normalized water vapour sorption isotherm model for porous clayey

°® Mmaterials. Also, we previously suggested a single parameter non-singularity model to account for
gsorption hysteresis in 21 Arizona soils (Arthur et al., 2013). Further, Lu and Khorshidi (2015),
using source clays and silt soil samples, proposed an approach to quantify sorption hysteresis at a

given humidity level and also for the full sorption-desorption isotherm. For source clays, the
difference in hysteresis between swelling (e.g. smectite) and non-swelling clay minerals (e.g.

aolinite) was attributed to variations in the occurrence of particle surface hydration and cation
q)hydration. Based on the theory that water molecules form clusters on cations prior to complete

| ]surface coverage (Prost et al., 1998; Laird, 1999), studies have confirmed that the cation exchange
capacity (CEC) and cation type play a crucial role in water vapour sorption magnitude and
ysteresis. For example, Woodruff and Revil (2011) showed for source clay minerals that all the
Q)sorption isotherms collapsed into a narrow range for the relative humidity (RH) range from 0.05 to

OO.?O when the sorbed water contents were normalised by the CEC.

c)In natural soils (with mixed clay mineralogy and, in some cases, significant amounts of organic
carbon) other factors associated with or additive to the two sorption processes (particle surface and
cation hydration) may come into play. For example, the width of the hysteresis loop was reported to
decrease as the soil specific surface area decreases (Globus & Neusypina, 2006). Further, water
sorption isotherms (—1 to —100 MPa) measured for nine samples with an organic matter (OM)

content range from 16.1 to 86.1 g kg * revealed that OM was also positively correlated to the

5
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magnitude of hysteresis in microaggregates (Zhuang et al., 2008). Thus, it is clear that the clay
mineralogy, OM content and CEC all play a vital role in water vapour sorption hysteresis,
particularly for clay minerals. However, this role has not been clarified properly for natural soils.
Hence, the objectives of the study were to: (i) propose an index to quantify sorption hysteresis and
Q)evaluate it based on measured water vapour sorption isotherms for source clay minerals and soil

: : samples comprising various amounts of clay and organic carbon, and (ii) identify the role of clay

mineralogy, soil texture, organic carbon content and cation exchange capacity on soil water vapour

]
Horption hysteresis.

HI\/Iethodology

<Inve5tigated samples
The samples considered for this study included four source clay minerals and 147 soil samples from
@24 countries across five continents (Europe 42, North America 61, South America 15, Africa 25 and
Q)Asia 4) (Table S1). The source clay mineral samples included calcium smectite from Mississippi
Q(Ca—S), sodium smectite from Wyoming (Na-S), illite from Illinois (IL) and kaolinite from Georgia
(KA). The soil samples were grouped into five classes based on their clay mineralogy, the ratio of
C to clay content, the shape of the sorption isotherms relative to that of the source clay minerals
Q)and soil organic carbon content (SOC) (Table 1). The soil sample groups comprised the following:
O(i) 27 kaolinitic samples (clay content, CL from 6 to 75 g 100g™); (ii) 22 illitic samples (CL from 3
Oo 72 g 100g7Y); (iii) 58 smectitic samples (CL from 13 to 83 g 100g™2); (iv) 16 “mixed-clay”
samples having approximately equal proportions of kaolinite, illite, and smectite and in some cases
chlorite and vermiculite (CL from 2 to 51 g 100g™%); and (v) 14 SOC-rich samples with illite as the
dominant clay mineral (SOC from 2.0 to 8.4 g 100g ™), denoted as ORG. Further details about the

properties of each individual sample are presented in Table S1.

6
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Laboratory measurements
Particle size distribution, organic carbon content, and clay mineralogy
The soil particle size distribution was measured for air-dry samples that were passed through a 2-

mm sieve with a combination of wet sieving and the pipette or hydrometer methods after removal of

C

SOC and carbonates (Gee & Or, 2002). Soil organic carbon was measured on milled subsamples via

1

oxidation of carbon at 1800 °C with an elemental analyser coupled to a thermal conductivity

C

detector (Thermo Fisher Scientific, Waltham MA, USA). The SOC of samples containing CaCOj3

1

as computed as the difference between total carbon and inorganic carbon calculated from the

{

percentage of CaCOs. The clay mineralogy was quantified via X-ray diffraction (XRD) with the

RockJock software package (Eberl, 2003), which performs a whole-pattern modified Rietveld-type

Ar

refinement. The CEC of the samples was determined with the ammonium acetate extraction method

at pH 7 and at pH 8.2 for 25 samples with high amounts of CaCO3 (Sumner & Miller, 1996).

d

Water vapour sorption isotherms

All the samples were air dried at stable RH conditions of 0.45 prior to the start of measurements.

te

ma;er vapour adsorption and desorption isotherms covering the range 0.03 < RH < 0.93 with a
resolution of 0.02 RH were measured in duplicate for all considered samples at 25 °C with a vapour

sorption analyser (METER Group Inc., Pullman, WA, USA). Because the duplicate measurements

CC

were identical, only the second replicate is reported here. Full details of the methodology are
Oprovided by Arthur et al. (2014a). After completion of measurements, the samples were oven dried

for 48 hours at 105 °C to determine the reference water content.

Quantification of hysteresis
Hysteresis of the sorption isotherms was quantified by estimating the hysteresis at a given point and

then using that estimate to compute the average hysteresis over a prescribed RH range. First, the

7
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local hysteresis at a specific RH value (Hs) was estimated as the difference between the water
content retained after desorption (wg) from that obtained from adsorption (w,) at a given point i

(Equation 1) (Zhuang et al., 2008).

Q)HS = (w, —w,)x100 1)

: : Second, the average hysteresis (Ha) over a prescribed RH range was determined by computing Hs
for a selected RH range (x and y) and dividing by the number of selected data points (n) (Equation

[
H). Although the sorption isotherms were measured for the range 0.03 < RH < 0.93, for the

Hestimation of Ha, only the range 0.1< RH < 0.8 was used for estimation of Ha in order to omit the
regions where the isotherms converge. The selected RH range yielded approximately 36 data points

(n = 36) for each sample.

‘UHA{@%_MJ,@M@O ,

i=y

QA conceptual presentation of the hysteresis quantification approach is shown in Figure 1. To
mluate the suitability of Equations (1) and (2) to accurately characterize the Hs and Ha, of water
®apour sorption isotherms, we evaluated two scenarios. For scenario 1, we selected the water
Ovapour sorption isotherms of a soil sample dominated by Ca-S and composed of 69, 30, 1, and 0.1 ¢

100g™* of clay, silt, sand, and SOC, respectively. For every measured data point, an empirical value
of 0.03 g g * of water was added to the measured isotherm to generate a similar-shaped isotherm
(identical hysteresis), but shifted to larger water contents. This enables to evaluate if the proposed
index returns the same values for two samples with similar hysteresis magnitude, but different water
contents. For scenario 2, we selected the sorption isotherm of the Na-S clay mineral and generated a

second isotherm where the adsorption water content was kept constant and the desorption water

8
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content was increased by an average of 20%. Scenario 2 evaluates if the indices reflect the

differences in hysteresis magnitude for the two isotherms.

Statistical Analyses
To evaluate the effect of clay mineralogy, clay and SOC contents and CEC on Ha, we first assessed
Mthe normality (Shapiro-Wilk test) and constant variance (computing the Spearman rank correlation
Obetween the absolute values of the residuals and the observed values of Hp) of the data. Thereafter,
°® ﬁa linear regression was conducted for the soil properties (except clay mineralogy) and the Ha for the

Psoil samples from the four clay mineral groups (KA, IL, SM, and MX).

The effect of clay mineralogy on Ha was examined via one-way analysis of covariance with the
dominant clay mineral as the factor and clay content and SOC as the co-variates. For each sample

group, the Ha values were adjusted to an average clay content (38 g 100g™*) and SOC content (1.03

100g ™) for the entire dataset. The Holm-Sidak posthoc test was used to differentiate the means of

Q)the different groups at the significance level of 0.05. This was because the samples within the
Harious groups had different ranges in clay content (mean clay content values were 37, 23, 50, and

4 g 100g™* for the KA, IL, SM and MX groups, respectively).

Accep
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Results and discussion
Water vapour sorption hysteresis and evaluation of hysteresis index
An example of a typical water vapour sorption isotherm loop is depicted in Figure 1. Hysteresis was

present in all the source clays (except the kaolinite clay mineral) and soil samples, albeit at different

C

magnitudes. The occurrence of hysteresis in soil water sorption isotherms has been observed

1

repeatedly within the last decade for different soil textures and matric potential (y) range —0.5 <y <

C

—50 MPa (Prunty & Bell, 2007; Zhuang et al., 2008). Sorption hysteresis is also documented for

i1

both source clays and different types of soil in the range 0.03 < RH < 0.95 (483 <y < —10 MPa)

(Shvarov & Koreneva, 2008; Arthur et al., 2013; Lu & Khorshidi, 2015).

The prevalence of hysteresis has led to the development of several approaches to quantify

A

hysteresis. The approaches include computing the difference between adsorption and desorption at a

iven RH similar to Equation (1) (Zhuang et al., 2008), scaling that difference by the average water

d

Q)content (Lu & Khorshidi, 2015), or by fitting theoretical models to the isotherm data and using the
l Jparameters to estimate hysteresis (Arthur et al., 2016). To evaluate the effect of soil properties on
water vapour sorption hysteresis, it is important to employ a consistent approach. Results of the

evaluation of Equations (1) and (2) for accurate quantification of hysteresis are presented in Figure

18

2. For scenario 1 (Figures 2ab), the two isotherms presented in Figure 2a exhibited identical values

of the maximum Hs of 1.7% at the same RH of 0.22 (Figure 2b). The shape of the isotherms was
Oalso similar to the H trend; for RH>0.22, Hs decreased until RH~0.42 followed by an increase until
<RH~O.78. Further, both isotherms had Ha values of 1.49% for the considered RH range from 0.1 to
0.8. This suggests that the proposed hysteresis index is unaffected by the magnitude of water

content and accurately reflects the trends in local and average hysteresis. For scenario 2 (Figures

2cd), the two different isotherms (one with larger desorption water content) exhibited different

levels of H; for a given RH, although the RH at which Hs was maximum was identical (0.58) for the

10
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two samples. The estimated Ha values for the two isotherms were 4.28 and 6.13%, respectively, for
the original measured isotherm and the generated more hysteretic isotherm. Thus, it is also clear
that Ha is able to identify differences in hysteresis between the two samples in Figure 2c, regardless
of the isotherm shape. Consequently, the two indices were utilized in the subsequent discussions

Q)about factors contributing to the occurrence of hysteresis in the clay minerals and soil samples.

OHysteresis of source clay minerals

[ MSorption isotherms and the estimates of hysteresis for the range 0.1< RH < 0.8 for the four clay
H minerals (KA, IL, Ca-S, and Na-S) are presented in Figure 3. The insets depict the local hysteresis

given RH, whereas the KA had the smallest water content — a consequence of the differences in

= :Iwithin the selected RH range. Among the four minerals, Ca-S had the largest water content at any

specific surface areas measured with the ethylene glycol monoethyl ether method (SAecme). The
@AEGME values were 811 and 88 m? g for Ca-S and KA, respectively. The Na-S and IL,
q)respectively, had SAgcve of 279 and 139 m? g *. In addition to differences in sorbed or desorbed
l iwater contents, the clay minerals exhibited markedly different isotherm shapes and magnitudes of
hysteresis. The two smectite minerals (Ca-S and Na-S) and the IL exhibited significant hysteresis
Qbu the KA was largely non-hysteretic. The general mechanisms underlying the smaller water
ql)contents sorbed during adsorption compared to desorption were put forward by Lu and Khorshidi
0(2015) for both swelling and non-swelling clays. The two mechanisms proposed were particle
Osurface hydration and interlayer cation hydration. For non-swelling minerals (e.g. KA, Figure 3a),
sorption/desorption is governed by particle surface hydration. As the mineral surface is exposed to

the air-filled space, only the heat of evaporation and liquefaction are relevant for water sorption or
desorption. Consequently, the sorption and desorption processes are reversible with all the adsorbed

water being desorbed at any given RH. This was evident for KA where hysteresis was largely

absent, and Hs was close to zero for the RH range considered and the average (Ha) was 0.16%. The

11
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absence of, or limited, hysteresis in KA sorption isotherms has been reported elsewhere (Martin,
1959; Likos & Lu, 2001). For the swelling minerals (Ca-S and Na-S; Figure 3cd) and to an extent
the IL, both hydration processes were responsible for sorption. Particle surface hydration is

reversible and does not likely contribute to hysteresis, whereas interlayer cation hydration is crucial

C

to hysteresis (Lu & Khorshidi, 2015). During adsorption, the small initial water content and

interlayer distance, coupled with strong Van der Waals attractive forces presume that uptake of

cl

water into the interlayer space is restricted and proceeds one water layer at a time as the plates

t1

eparate only enough to admit one molecular layer at a time (Mooney et al., 1952). At the end of the
Hadsorption cycle (RH~0.93 in this case), all the interlayer cations are surrounded by several
molecular layers of water, and the prevailing cation (e.g., Na* or Ca**) determines how tight the

ater is bound and how wide the clay platelets are separated. The water molecules in the Ca-S clay

mineral are bound more tightly than in the Na-S (Kuligiewicz & Derkowski, 2017), and at a given
@RH value, the spacing between the clay platelets for Na-S is smaller than for the Ca-S (Keren &
Q)Shainberg, 1975). During desorption, however, the sample already has large water content and
ginterlayer distance, resulting in weak attraction forces; dehydration starts from the surface of the
iheral, where all the sorbed water desorbs (Lu & Khorshidi, 2015). In the interlayer space, the

Q)now hydrated cations do not release all the previously adsorbed water molecules at a given RH.
This mechanism is less pronounced in the 2:1 IL clay with Ha of 0.51%, likely due to the smaller

surface area of the IL compared to Na-S or Ca-S, and presence of K* ions in the interlayer (Figure

CC

3b). The Hs of IL consistently increased with increasing RH (Figure 3b inset), thus the maximum Hs

occurred at the end of the RH range considered (0.80). From Figures 3cd, the incomplete release of

A

the adsorbed water molecules is more prevalent for Na-S than for Ca-S, as confirmed by the larger
Ha value obtained for Na-S (4.33%) compared to Ca-S (1.92%). The insets of Figures 3c and 3d

show the dynamics of Hs with increasing RH for Ca-S and Na-S. The Hs for Ca-S increased until

12
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RH~0.2, followed by a gradual decrease until 0.55 and further increase from 0.6 to 0.80 (Figure 3c).
For Na-S, the undulating nature of the desorption isotherms is clearly reflected in the trend of Hs
with RH (Figures 3d). The undulating nature of the desorption isotherm is because of the weak

attractive force between the interlayers that are further apart after adsorption.

C

Mlmpact of clay and organic carbon contents on sorption hysteresis

This section evaluates the impact of soil clay and SOC contents on the magnitude of hysteresis for

C

°® ﬁthe soil samples. The sorption isotherms of two smectitic samples from Texas, both composed of
gcalcium smectite, with different clay content (33 and 55 g 100g™") and similar silt (41 and 42 g
Hloogl)and SOC (0.8 g 100g™) content are presented in Figure 4a. The sample with 55 g 100g™*
<clay had a higher magnitude of hysteresis (0.93%) than the soil sample with 33 g 100g™* clay
(0.55%). Similarly, two illite-rich soil samples that had 14% clay but significantly different SOC
ﬁcontents showed considerably different magnitude of hysteresis; the small (2.13 g 100g™*) and large
q)(8.42 g 100g™*) SOC soils exhibited Ha values of 0.27% and 0.68%, respectively (Figure 4b). These
Hresults suggest that for soil samples that have identical clay mineralogy, hysteresis tends to increase

with clay content and SOC.

Q)A scatter diagram containing Ha vales for all 147 soil samples as a function of clay content (Figure
OSa) shows that: soil samples dominated by illites, smectites, or mixtures thereof, provided a
significant increase (p<0.001; R? = 0.92) in the magnitude of hysteresis with increasing clay content

well represented by a single regression; samples dominated by kaolinite with 0.01 < Ha < 0.69%
<|iossess a much weaker correlation with clay content. As Ha does not appear to depend on large
ater content associated with a high proportion of clay in soil (Figure 2), the mechanism
responsible for the increase in hysteresis with clay content is not clear. Globus and Neusypina

(2006) identified a few soils where hysteresis was more prominent for those that are fine-textured

than for those with coarse-texture. Globus and Neusypina (2006) identified a few soils where

13
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hysteresis was more prominent for those that are fine-textured than for those with coarse-texture.
For a given soil sample (clay type, silt and SOC content), as clay content increases the population of
surface sites increases uniformly in relation to their energy distribution so the population of the

most favourable adsorption sites increases. More water is consequently able to bind strongly to

C

mineral surfaces. The fraction of water molecules able to desorb, at a given RH, depends on this

1

population and is decreased which is reflected in an increased degree of hysteresis.

C

The ORG soil samples tended to have larger Ha values for a given clay content than the rest of the

{1

sample groups (Figure 5a). The relationship between Ha as a function of SOC (for the samples with
high SOC) shows a high linear dependence (Figure 5b). The size of the data symbols signifies the

magnitude of clay content of each of 14 samples and suggests that this content has little influence

Ar

on Ha in these cases. Zhuang et al. (2008) examined hysteresis (—100 < y < —1 MPa) for nine

amples with a range 1.61 < SOC < to 8.6 g 100g" and also found increased hysteresis with

d

Q)increasing SOC.The increase in the magnitude of hysteresis as SOC increased may be related to
l )conformational changes in the structure of OM during the sorption process. The organic soil matrix
mj a strong affinity for water molecules, as functional groups such as carboxylic, phenolic
hydroxyl and amino groups provide sorption sites for water molecules (Hurra3, 2006). The
orientation of these hydrophilic and of hydrophobic functional groups at the surface of soil OM
slowly change during sorption-desorption cycles (Mashum & Farmer, 1985; Valat et al., 1991). At
uow water contents (at the start of the adsorption process) there may be a hydrogen bond-based
crosslinking of organic matter segments by water molecules resulting in a more rigid structure
(Schaumann & Leboeuf, 2005), and a relatively smaller amount of sorbed water at a given RH.
During desorption, a slow reorientation of the functional hydrophobic groups occurs and sorption
sites that were originally inaccessible at lower RH values (due to the previous orientation) are now

covered with water molecules. At the same RH, the water molecules are not desorbed

14
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correspondingly. The larger the SOC content, the stronger this mechanism becomes and the higher

the magnitude of hysteresis.

It is therefore clear that both clay and SOC control water vapour hysteresis to a significant degree
(Figure 5ab). A multiple regression of all the soil samples together (excluding the KA samples)

Mshowed that Ha can be estimated from a combination of clay and SOC contents (Equation 3).

OHA —_0.073+0.021x clay +0.057 xSOC
o v=={  Adj.R?=0.92; p<0.001

~—

Hwhere Ha, clay and SOC contents are all in %.

©)

Soil clay mineralogy and CEC effect on hysteresis
The significant differences in the magnitude and dynamics of hysteresis between the four (pure)
ﬁclay minerals (Figure 3) exert their influences in soil together with contributions from other
components such as oxides, carbonates and SOC in a wide variety of compositions. This poses a
l )challenge to identify the contribution each component makes to sorption hysteresis. Comparison of
Ha values for three soil samples with clay content ~43 g 100g * but predominant in either KA, IL or
% show hysteresis in the order SM>IL>KA (Figure 6a). So, at least, an inkling of the
ql)contributions made by the individual clays is discernible. However, the clay fraction in most soils
Ocomprises several minerals in various proportions. The sample groups (Table 1) classify such
O/arious proportions in clay and SOC contents. The result of one-way analyses of co-variance where
clay content and SOC were used as co-variates to isolate the effect of clay mineralogy on the Ha
alues of the different groups (Figure 6b). Consistent with Figure 3 and Figure 6a, the adjusted
mean of the Ha values for the SM samples (0.87%) was about 3 times that of the KA (0.28%) and
about 1.3 times larger than the Ha values of the IL and MX (0.64 and 0.67%) samples. This is in

agreement with the previous discussion on the different mechanisms (surface hydration, interlayer

15
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cation hydration) in which water sorbs and desorbs on the different clay minerals. The quantitative
clay mineralogical data revealed that some of the KA samples had small amounts of IL and SM
minerals and this may account for some hysteresis in those samples as KA has a low CEC and no

interlayer hydration (Figure 3a). A similar observation was made by Lu and Khorshidi (2015) for

C

source clay minerals where as little as 10% Na-S mixed with 90% KA led to a large increase in

average hysteresis that was even significantly larger than the Ca-S sample in their study.

cl

The CEC of natural soil samples emanates from clay mineralogy, clay and SOC contents. As

{1

discussed above, the three properties have varying effects on water vapour sorption hysteresis.
Combining all soil samples, the CEC better explained the trends observed in Ha regardless of the

clay mineralogy, clay or SOC contents (Figure 7). This confirms the theory that for samples with

Ar

elevated CEC, the cation hydration mechanism plays a significant role for the amount of water

orbed as well as the magnitude of hysteresis (Woodruff & Revil, 2011; Lu & Khorshidi, 2015).

d

The strong correlation between CEC and Ha suggests that it will be practical to estimate the

C

magnitude of Ha of a sample if its CEC is known. This can be useful for applications such as (i)

t

inclusion of hysteresis phenomena in vapour sorption models that hitherto ignored it, and (ii)

P

estimation of desorption isotherms from adsorption isotherms or vice versa.

C

Conclusions

C

A soil water vapour sorption hysteresis quantification index based on the difference in water content

C

between the adsorption and desorption isotherms was proposed and evaluated with measured

sorption isotherms for the relative humidity range 0.1< RH < 0.8 for source clay minerals and soil

A

samples. The index was unaffected by the magnitude of water content and accurately reflected
hysteresis dynamics for the considered RH range. Hysteresis, based on the proposed index, was
markedly dissimilar for the clay minerals due to different sorption mechanisms on the mineral

surfaces and in the interlayers. While kaolinite did not exhibit hysteresis, sodium smectite and
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calcium smectite showed strong hysteretic behaviour in the considered RH range. For soil samples,
the average hysteresis resulted from an interaction between the prevailing dominant clay
mineralogy, the clay content and the organic carbon content, all of which reflected in the CEC

values. In general, hysteresis was larger for samples with smectitic or illitic clay mineralogy than

C

for kaolinitic samples, and for samples with higher clay contents. Soil organic carbon also

1

correlated positively with average hysteresis for soil samples that were similarly textured. The CEC

C

was the only property that can be used as a proxy for the average hysteresis, as the strong

{1

relationship between CEC and average hysteresis was independent of soil type, clay or organic

I

carbon contents.
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Figure captions
Figure 1. Quantification of hysteresis (H) for a water sorption-desorption isotherm. wy and ws,
water content following desorption and adsorption, respectively, for a given relative humidity (RH)

value; Hs, local hysteresis at a specific RH; Ha, average hysteresis calculated from RH values from x

C

to y (0.1 to 0.8 in this study); n, number of RH points selected for computation of Ha (36 points

1

were used in this study).

Figure 2. Evaluation of the proposed method to quantify local hysteresis at selected RH values
[

1C

Pbetween 0.10 and 0.80 and the calculated average hysteresis. Values given in the legend of (b) and
H(d), HA, designate the average hysteresis. “+3g” indicates that 3 g water per 100 g sample was
added to each measurement point of SM26 to generate the SM26+3g isotherm; “+20%” indicates

that the desorption water contents of the Na-S isotherm was increased by approximately 20% at

each RH value to generate the Na-S+20% isotherm. Note that in Figure 2b, the two plots overlap

ﬁwith each other.
Q)Figure 3. Water vapour sorption isotherms of four source clay minerals and the associated degree
Pof local hysteresis, Hs, (insets) for the RH range from 0.1 to 0.8. Ha indicates the average hysteresis
the selected RH range.

Q)Figure 4. (a) Comparison of water vapour sorption isotherms and average hysteresis [Ha] for (a)
Olwo smectitic soil samples that have 0.8% organic carbon content and various clay content
[provided in legend], and (b) two illitic soil samples that have ~14% clay content and various

organic carbon contents [provided in legend].
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Figure 5. Relationship between the average hysteresis, Ha, and (a) clay content for soil samples
differentiated by clay mineralogy and organic carbon content, and (b) soil organic carbon content.
The size of the symbols in (b) signify the magnitude of the clay content. KA, IL, SM, and MX

denote samples with kaolinitic, illitic, smectitic, and mixed clay mineralogy, respectively, and ORG

C

signifies organic carbon rich soil samples. Regression in (a) excludes the ORG soil samples.

Figure 6. (a) Comparison of water vapour sorption isotherms for three texturally similar soil

cl

samples that are dominated by kaolinite, illite and smectite clay minerals, and (b) Mean average

1

thsteresis corrected for clay and SOC contents for the four soil sample groups. KA, IL, SM, and
HMX denote samples with kaolinitic, illitic, smectitic, and mixed clay mineralogy, respectively.

Letters on bars denote significant differences between the soil sample groups (p<0.05).

Figure 7. Relationship between the average hysteresis and cation exchange capacity for soil

samples differentiated by dominant clay mineralogy and organic carbon content. KA, IL, SM, and

MX denote samples with kaolinitic, illitic, smectitic, and mixed clay mineralogy, respectively, and

ed

ORG signifies organic carbon rich soil samples.
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Tables

Table 1. Summary of soil textures, organic carbon contents, and cation exchange capacities for the

soil groups differentiated by clay mineralogy and soil organic carbon contents. Values denote mean

C

after sample group name.

(minimum to maximum); Group ID and number of samples in each group are provided in brackets

' Clay silt Sand Organic CEC Av.

@e Group (> 2um) (2-50pm) (50-2000um)  carbon CEC/Clay

° M /g 100g™" cmoly kg™

~Jiaalihite (KA, 27) 37(6-75)  23(8-76) 40(274) 1.07(0.03293) 8(3-19) 0.33
WL, 27) 23(3-72)  21(7-41) 56(6-90) 1.15(0.10-2.80) 14(526)  0.79
Smectite (SM, 58) 50 (13-83) 33(9-68) 17(0-62)  0.97 (0.06-4.32) 47(11-83) 1.00
ed-clay (MX,21)  24(2-51)  33(7-73) 43(4-91) 1.04(0.10-3.10) 17(2-34)  0.77
ic-rich (ORG, 14) 9 (3-15) 32 (13-61) 59(30-84) 4.46(2.00-8.40) 15(6-29)  1.95
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Figure 1. Quantification of hysteresis (H) for a water sorption-desorption isotherm. wy and ws,

d

ater content following desorption and adsorption, respectively, for a given relative humidity (RH)

value; Hs, local hysteresis at a specific RH; Ha, average hysteresis calculated from RH values from x

C

to y (0.1 to 0.8 in this study); n, number of RH points selected for computation of Ha (36 points

t

ere used in this study).
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