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Abstract

Clearly, there is a growing demand for freshwater. The agricultural sector accounts for
the largest share of freshwater usage, with 70 percent of the total worldwide freshwater.
Recycled water reuse for irrigation purposes can serve as an alternative water supply to sustain
agricultural production for the growing population. However, the utilization of recycled water
can potentially lead to increased land salinity, specific ion toxicity and sodicity where sodicity is
directly linked to infiltration issues. In the context of irrigation practices, the assessment of
infiltration rates typically relies on both the sodium adsorption ratio (SAR) standard and the
salinity of the irrigation water. SAR is commonly employed to estimate changes in infiltration
rates when the water is primarily dominated by sodium cations. Nonetheless, recent research
findings have indicated that the cation ratio of soil structural stability (CROSS+) provides better
predictive capabilities for both soil structure and threshold electrolyte concentration compared to
SAR especially when the water contains a mixture of both potassium and sodium cations.

Accurate assessment of the potential soil infiltration rate changes and possible soil
structure stability alteration is vital to ensuring the sustainable use of recycled water, treated
wastewater and low-quality water use in irrigation. In this study, synthetic recycled water was
prepared using sodium chloride, potassium chloride, calcium chloride, calcium sulfate (gypsum)
and magnesium chloride to prepare treatments with 1.5 dS/m electrical conductivity. Then, SAR
and CROSS were evaluated using soil columns and a greenhouse experiment using clay loam
soil for both experiments.

For the soil column experiment, 30-columns were conducted. The columns were

subjected to evaluation for soil structure and saturated hydraulic conductivity. The irrigation



process involved applying water to soil columns under a continuous 1 cm water head following
pre-saturation. The salinity level of the applied solution was consistently maintained at 1.5 dS/m.
The results demonstrated a strong correlation between CROSS+ and both saturated hydraulic
conductivity and soil aggregate stability (measured as clay dispersion) in comparison to SAR.
The coefficient of determination (R?) for hydraulic conductivity and soil aggregate stability was
recorded 0.90 and 0.94 for CROSS+, whereas for SAR, these values were 0.75 and 0.78,
respectively. Additionally, clay dispersion was evaluated over the depths of the soil column. We
found that the treatments that have 0-SAR values but contain potassium in their solutions have
significantly more dispersible clay than the calcium chloride treatments for the entire soil
column,

For the greenhouse experiment, a total of 11 solution treatments with EC of 1.5 dS/m
were prepared. The SAR treatments included 0, 4.9, 9.8 and infinity. The same treatments had
CROSS: values ranging from 0 to 12.6 and one infinity CROSS+. The analyses of the results were
divided into two sections. For the first part, the soil structure degradation was evaluated by a
permeability test, an infiltration test using Wooding Infiltrometer, soil moisture content using a
TDR sensor and clay dispersion using Spontaneous Dispersible Clay Method. The results of the
average infiltration relative rates showed an R? of 0.20 and 0.60 with respect to SAR and
CROSSt, respectively. The infinity SAR treatment had the lowest average infiltration rate. The
infiltration rate decreased with increasing SAR and CROSSy, however, CROSSt predicted
infiltration reduction better than SAR. Moreover, the average moisture content measured after 7
days of terminating the irrigation slightly increased with increasing CROSSt and SAR with R? of

0.63 and 0.44 respectively. The infinity SAR or CROSSt treatments had the highest soil moisture



content. The moisture content analysis indicates that degraded soil held water for longer periods
than aggregated soils.

Strawberry growth and development under recycled water irrigation was evaluated in a
greenhouse experiment. The objective was to evaluate the correlation between plant growth and
development to SAR and CROSS:t. The cationic composition in the plant and the sugar content of
the fruit were also measured. CROSSs had better correlation with both average plant fresh- and
dry-biomass with R? of 0.6 and 0.5 compared to SAR with R? of 0.3 and 0.2, respectively.
Additionally, CROSSs exhibited a stronger correlation with fruit yield, displaying an R? of 0.56
in contrast to SAR's R? value of 0.29. Another important finding was that the maximum Na, K,
Mg, Ca and Cl that strawberry plants can uptake were determined to be 21, 40, 7.7, 24 and 29
parts per thousand, respectively. Uptake of Na, K, Mg, Ca and Cl from the Osmocote-slow-
release fertilizer was 0 (because the fertilizer does not contain sodium), 14, 5.3, 9.1 and 0 parts
per thousand, respectively, based on the plant content at the end of the experiment. It was
observed that the plant content of magnesium and calcium slightly decreased as the potassium in
the irrigation water increased. Additionally, all salts added to the solution was observed in the
plant tissue and it was consistent with the respective treatment content.

In both experiments, it was concluded that CROSSt could offer enhanced accuracy and
insight into the effect of recycled water reuse for irrigation on soil infiltration rate and soil
aggregate stability. Therefore, it could be an appropriate standard for predicting sodicity impacts
than SAR. For future work, it was recommended that treatments be designed such that the values
of CROSSt have more spread at a given SAR. This could improve the statistical analysis.
Additionally, it is worth comparing the two models in different soils that have clay mineralogy

other than montmorillonite which was the case of the soil used in this study.
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Chapter 1

Introduction

A very high portion of freshwater goes to the agricultural sector. For example, about 80%
of California's water supply goes to agriculture (Hanak, 2011). Reusing low-quality waters like
treated wastewater for irrigation is an alternative water supply to ensure sustainable agricultural
production for the increasing population. Recycled water reuse for irrigation could help
overcome groundwater overdraft by reducing agricultural freshwater withdrawals. But recycled
water use in agriculture has its challenges.

When using primary or secondary treated wastewater, soil salinity buildup could be
significant within a few years of application due to high dissolved salts. For example, soil
salinity increased by 123% after only three years of irrigation with secondary treated wastewater
in Glen Valley, Australia (Dikinya and Areola, 2010). In California, some southern California
recreational fields have switched to irrigate with potable water instead of recycled water due to
its high TDS (LaSalle, 2018). Other researchers reported increases in salinity when using
primary or secondary treated wastewater (Jahantigh, 2008; Klay et al., 2010; Xu et al., 2010).

Tertiary or advanced treated wastewaters, however, have salinity levels even lower than
that of freshwater. They differ from freshwater in terms of the presence of constituents with
different ratios. For example, potassium availability is minor in natural water and hence in soils
irrigated with that water (Richards, 1954). But, potassium’s occurrence in treated wastewater is
considerable and varies depending on the source of the wastewater (Arienzo et al., 2009; Chand
et al., 2020). Thus, recycled water application has more influence on soil sodicity than freshwater
due to the elevated concentration of some constituents such as sodium and potassium (Sposito et

al., 2016). Usually, freshwater have salts with cations and anions in the following order



Ca>Mg>Na and HCO3>CI>S04 while low-quality waters salts are in the reverse order with
Na>Mg>Ca and CI>SO4>HCO3. Velasco (2013) used a Scanning Electron Microscope (SEM)
to qualitatively determine dispersibility at a micro-scale. Marchuk et al. (2012) used micro-CT
scanning to evaluate the total porosity of soils treated with chloride solution of Na, K, Ca and
Mg. The study showed that total porosity was higher in the following sequence: Ca>Mg>K>Na
in treated soil. As a result, the proportion of monovalent cations to divalent cations will affect the
infiltration rate which will change depending on the composition of sodium, potassium, calcium
and magnesium in the water.

Other important factors that determine the hydraulic properties of the soil matrix are soil
texture and structure. Soil texture class can be identified based on the percentage of sand, silt and
clay particles from a representative sample (Pettygrove and Asano, 1985). The hydrometer
method is one way to estimate particle size distribution. Generally, course texture soil drains
water faster and retain less water than fine texture soils. Soil structure is the arrangement of soil
particles to form aggregates. Larger aggregates enhance soil permeability and aeration and help
improve drainage because of the large pores between aggregates. Infiltration rate or hydraulic
conductivity (K) is a measure of the rate at which water moves through the soil profile
(Pettygrove and Asano, 1985), usually expressed as a unit of depth per time. When the soil is
saturated, the rate at which water infiltrates is called saturated hydraulic conductivity (Ks).

Soil texture is a fixed property, however, soil structure can change due to the chemical
composition of the water which triggers mechanisms of flocculation and dispersion. The water's
chemical properties influencing soil structure through flocculation and dispersion include water
salinity and the cationic content, primarily sodium, potassium, calcium and magnesium. The

dispersion and flocculation processes occur mainly due to the interaction of the repulsive and



attractive forces. Both forces can come simultaneously into play. However, depending on the
dominant interactive forces, clay particles may disperse if dominant forces are repulsive or
flocculate if the dominant forces are attractive (Wallender and Tanji, 1990).

Generally, monovalent cations (like sodium and potassium) can be easily replaced or
exchanged by divalent cations (like calcium and magnesium) because monovalent cations are
attracted to a single charge. Upon hydration (watering), a layer will coat the clay particles
causing diffusive double layer (DDL). The thickness of the positive coating layer depends on the
cation type which will determine the diffusive double layer thickness (Hillel, 1998; Wallender
and Tanji, 1990). Large monovalent cations neutralize one negative charge (diffuse at a lower
rate with distance from the clay surfaces). The net positive layer will be thick causing dispersion
to the adjacent particles due to similar charges causing repulsion. Smaller cations (like calcium
and magnesium) neutralize more than one negative charge (their equivalent concentration is
higher at the clay surface than that of the monovalent cations) and the layer will be thin causing
the particles to come closer to each other such that unified positive layer might form between
two clay surfaces (platelets). Additionally, swelling and dispersion is influenced by the clay type
because of their shape and structure that forms based on the original weathered rock composition
(Hillel, 1998). Smectites, for example, show extensive dispersion because of their 2:1 layer
structure (Buelow et al., 2015) and because of their strong isomorphic substitution and cation
exchange capacity, very weak interlayer bond and high surface area. Kaolinite-rich soils,
however, are more stable and have a 1:1 layer (McNeal and Coleman, 1966). Illite and
vermiculite soils are also 2:1 layer (like smectites) but they have intermediate dispersion

capability.



The commonly used method to assess soil infiltration based on irrigation water quality is

the Sodium Adsorption Ratio (SAR), which considers sodium as the primary cation responsible

for alkali hazard (Richards, 1954). Recently, parameters analogous to SAR were developed

(Table 1.1). All the new parameters included potassium in the model to account for its soil

aggregate dispersity. CROSSt was found to be a better predictor than SAR for soil structure

changes measured as spontaneous dispersible clay with an R? value of 0.95. While CROSSopt

demonstrated a high level of prediction accuracy for the threshold electrolyte concentration with

an R? value of 0.95.

Table 1.1: Models for predicting the impact of irrigation water cation composition on soil

hydraulic properties.

Name Model Reference
- - - Na+ -
Sodium adsorption ratio SAR = Richards (1954)
/C’a2+ + MgZ+
Monovalent cation MCAR = —Var +K* (Smiles and Smith,
adsorption ratio [Cazt + Mg2+ 2004)
Cation ratio of structural Nat + 056+ K+
stability (based on relative CROSS; = Rengasamy and

flocculating power)
Cation ratio of structural
stability (based on relative
dispersing power)

Cation ratio of structural
stability (optimized)

CROSS ,p; =

JCa?* +0.60 x Mg2+
Na* 4+ 026+ K*

CROSS,; =

JCa?* +0.30 x Mg2+
Na* +0335%xK*

JCa?* +0.0758 « M g2+

Marchuk (2011)

Smith et al. (2015)

Smith et al. (2015)

Therefore, accurate soil structure assessment when using low quality waters is necessary

to ensure sustainable recycled water reuse for irrigation. SAR could give an initial assessment

because of sodium dominance on soil dispersion than potassium. However, considering the long-

term application and different effluent sources, SAR alone would not be an appropriate



assessment tool. Due to the predictability of CROSSt and CROSSoypt, they were chosen for
comparison with the SAR of the treatments. The overall hypothesis is that both soil structure and
hydraulic conductivity will degrade as the cation ratios (SAR, CROSSt and CROSSopt) increase.
It is expected that the evaluation of soil structure (measured as spontaneous dispersed clay) will
closely correlate with CROSSt while hydraulic conductivity will show a stronger correlation with
CROSSopt. The overall purpose of this study is to evaluate the impact of sodium, potassium,
calcium and magnesium when they are present in water on soil permeability, soil structure and
plant growth.

The following analyses of the models are based on two experiments including soil
columns and greenhouse studies. Both experiments employed synthetic recycled water, ensuring
precise control over salinity and cation concentration ranges. Field soil characterized by a clay
loam texture was utilized in these experiments. The scope of treatments, spanning SAR, CROSSs+
and CROSSopt values, is depicted in the SAR-EC chart (Ayers and Westcot, 1985) presented in
Figure 1.1. It is important to note that a sodium chloride solution was included as another
treatment; however, it is not depicted in the figure due to its numerically infinite value.

It is important to note that the greenhouse experiment was conducted before the column
experiment. The greenhouse experiment took place between August 2020 and June 2021, while
the column experiments were conducted in different sets between May 2022 and May 2023. As
can be seen from Figure 1.1, the treatments were designed to have three levels of SAR. The same
treatments exhibited varying values in terms of CROSSt and even more variation in terms of
CROSSopt. Upon the completion of the greenhouse experiment, it was found that CROSS+ proved

to be a better model than CROSSopt. Consequently, the treatments were reconfigured for the



column experiment to introduce greater variation in terms of CROSSt compared to the

greenhouse experiment.

SAR CROSS¢ CROSSppt SAR CROSS¢ CROSS,pt
601 @) 60 50 - 6o{ D) 60 1 60 1 '
50 50 1 50 1 501 50 50 1
404 4o

EC (dS/m) EC (dS/m)

Figure 1.1. Treatments range over the SAR-EC chart (Ayers and Westcot, 1985) where the lines
separate the zones of no reduction in infiltration, slight to moderate reduction in infiltration and

severe reduction in infiltration rate: a) greenhouse experiment and b) column experiment.

It is important to note that the greenhouse experiment was conducted before the column
experiment. The greenhouse experiment took place between August 2020 and June 2021, while
the column experiments were conducted in different sets between May 2022 and May 2023. As
can be seen from Figure 1.1, the treatments were designed to have three levels of SAR. The same
treatments exhibited varying values in terms of CROSSt and even more variation in terms of
CROSSopt. Upon the completion of the greenhouse experiment, it was found that CROSSt proved
to be a better model than CROSSopt. Consequently, the treatments were reconfigured for the
column experiment to introduce greater variation in terms of CROSS+ compared to the

greenhouse experiment.



Chapter 2 presents the analysis of the column experiment. The primary objectives were to
assess the impact of using synthetic recycled water on saturated hydraulic conductivity over time
and analyze changes in soil structure with increasing depth. Subsequently, the correlation
between hydraulic conductivity and soil structure changes with SAR and CROSS were
evaluated. Thirty large soil columns, comprising three replications of ten treatments each, were
employed for this study. The irrigation process consisted of providing water to the soil columns
under a continuous 1 cm water head using a Wooding infiltrometer (Perroux and White, 1988)
following pre-saturation.

Chapter 3 presents an analysis of the soil's physical properties within the greenhouse
pots. A total of 11 solution treatments, each with an electrical conductivity (EC) of 1.5 dS/m,
were prepared. Within each treatment, four replications were incorporated into a complete
randomized block design. The SAR treatments encompassed values of 0, 4.9, 9.8 and infinity.
Correspondingly, the CROSS+ values for the same treatments ranged from 0 to 12.6, with one
instance of infinity for CROSSt. Drip irrigation was used for irrigation and MixRite fertilizer
injectors were utilized to inject concentrated treatment solutions into the irrigation line resulting
in a conductivity of 1.5 dS/m. The assessment of soil structure degradation involved a
permeability test, an infiltration test utilizing the Wooding Infiltrometer, measurements of soil
moisture content using TDR sensors and an evaluation of clay dispersion via the Spontaneous
Dispersible Clay Method.

Chapter 4 presents an analysis of strawberry growth and development within a controlled
greenhouse environment using pots filled with clay loam soil. The main objective of the study
was to assess the correlation between plant growth and development with SAR and CROSS

values. The growth and development of strawberries were evaluated based on several factors,



such as yield over the growth period, sugar content as measured by °Brix, plant growth as
measured by plant cover, biomass at the end of the growth period, plant ion uptake and leachate
analysis. Additionally, cation ratios were examined to establish any correlations with growth,
yield and biomass.

Finally, Chapter 5 synthesizes major findings from soil column and greenhouse studies
evaluating the impact of recycled water reuse for irrigation on soil hydrology and strawberry
growth and development. A comparative analysis was conducted between the main findings of
the column experiment and those of the greenhouse experiment. The primary distinction between
the two experiments lies in the method of water supply. The column experiment utilized a
continuous 1-cm water head supply, whereas the greenhouse experiment employed drip
irrigation. Additionally, the greenhouse experiment featured the influence of strawberry plant
roots and incorporated the use of slow-release fertilizer to bolster plant growth. Consequently,
the analysis of cation ratios was examined under two conditions: with no plants and with plant
conditions. The consistency of results obtained from the two separate studies supports the overall

conclusions drawn from the research that CROSSs could be a better replacement than SAR.



Chapter 2
Assessing cation ratios for predicting the impact of recycled water reuse on infiltration and soil

structure using soil column experiment

2.1. Introduction:

Soil salinity, clay dispersion and clay expansion are significant issues for modern
agriculture (Hailu and Mehari, 2021; Rengasamy, 2010). Soil salinity reduces crop yield and
degrades soil quality (Cuevas et al., 2019; Haj-Amor et al., 2022), whereas clay dispersion and
swelling have a negative impact on soil structure, water infiltration and root development
(Amezketa et al., 2004; Rengasamy, 2018). As a result, these problems impede agricultural
productivity and threaten global food security. In order to address these challenges and develop
appropriate mitigation strategies, a comprehension of the complex interaction between soil
properties, water resources and land management practices is required (Thaker et al., 2021). In
addition, interdisciplinary research is crucial for identifying innovative solutions that can
improve soil health, increase agricultural productivity and promote sustainable farming practices
(Hou et al., 2020).

Reusing recycled water for irrigation is a viable strategy for promoting sustainable
agricultural production and reducing groundwater overdrafts by decreasing agricultural
withdrawals (Jaramillo and Restrepo, 2017; Jeong et al., 2020). Utilizing treated effluent for
irrigation conserves water resources while maintaining crop yields and ensuring food security
(Lahlou et al., 2020). This strategy has gained increasing attention in recent years due to the
rising demand for water resources and the emphasis on sustainable solutions (Hashem and Qi,
2021; Vergine et al., 2017). In addition, using recycled water for irrigation reduces the

environmental impact of agricultural production and promotes the implementation of circular



economy principles in the agricultural sector (Hagenvoort et al., 2019). Integrating these
practices into modern agricultural systems requires effective policies, sophisticated treatment
technologies and ongoing monitoring of potential environmental and health risks related to
wastewater reuse.

Recycled water use in agriculture has its challenges. Although tertiary or advanced
treated wastewaters have reported lower salinity levels than freshwater, the difference in present
constituents can significantly impact soil structure. Thus, the application of recycled water can
have a greater influence on soil sodicity than freshwater (Sposito et al., 2016). In particular,
potassium levels are often insignificant in natural waters (Richards, 1954), but its occurrence in
treated wastewater is considerable and varies depending on the source of the wastewater
(Arienzo et al., 2009; Chand et al., 2020). Potassium has been reported to have a negative impact
on soil permeability (Ahmed et al., 1969; Arienzo et al., 2009; Chand et al., 2020; Chen et al.,
1983; Martin and Richards, 1959; Quirk and Schofield, 1955; Reeve et al., 1954; Rengasamy and
Marchuk, 2011; Smith et al., 2015). In some instances, soil aggregates have shown better
stability in potassium-saturated soils than in calcium or magnesium saturated soils (Cecconi et
al., 1963; Chen et al., 1983; Ravina, 1973).

Irrigation water quality is traditionally assessed using the Sodium Adsorption Ratio
(SAR), (Richards, 1954), where sodium is weighted as the major cation responsible for soil
sodicity. Notably, potassium isn’t accounted for in the SAR. To better account for the soil
dispersive powers of both sodium and potassium while accounting for the flocculating effects of
magnesium and calcium, researchers Rengasamy and Marchuk (2011) developed the Cation
Ratio of Soil Structural Stability (CROSS). Smith et al. (2015) further optimized CROSS to have

better predictivity of clay dispersion using their experimental data. When considering the long-

10



term application of recycled water, SAR alone would not be a sufficient assessment tool. Column
experiments are widely used to study soil infiltration, especially to verify a particular model or
relation (Yang et al., 2004). They offer better control compared to field studies.

Therefore, the overall purpose of this study was to evaluate the effect of synthetic
recycled water use on soil saturated hydraulic conductivity and changes in soil structure with
increasing depth using soil columns. The synthetic recycled water was made of chloride
solutions of sodium, potassium, calcium and/or magnesium. Thus, the correlation between
hydraulic conductivity and soil structure changes with Sodium Adsorption Ratio and Cation

Ratio of Structural Stability was then evaluated.

2.2. Methodology:
2.2.1. Experimental set up:

Acrylic columns (14.7 cm diameter x 60 cm tall) were used. Each column was carefully
packed with sieved (6mm) homogenized Yolo Clay Loam soil collected from the University of
California Davis farm near Davis CA. The effective soil depth inside the columns was 53 cm as
there was an initial 3 cm layer of glass beads at the bottom of the column and a 4 cm clearance at
the top of the column for the infiltrometer. The soil was packed in increments of 5 cm to an
average bulk density of 1.3 g/cm?3. Since the soil was air dried, the initial moisture content of the
soil was estimated to correct the weight to have a bulk density of 1.3 g/cm3. The top surface of
each layer was shattered to lessen the boundary compaction. The initial soil physical and

chemical properties are listed in Table 2.1.
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Table 2.1: Properties of the soil used in the experiment to study the effect of recycled water reuse

on soil permeability and soil structure.

Parameter (unit) Average value (standard deviation) Method/tool

ECe (dS/m) 0.95 (+0.06) Saturated paste extract
pH 7.1 (x0.53) Saturated paste extract
sand (%) 35.06 (+£0.86) Hydrometer method
silt (%) 31.56 (£1.73) Hydrometer method
clay (%) 33.38% (£1.25) Hydrometer method
gravel (%) 0.06% (0.06) Gravimetric (scale)
texture clay loam Soil texture triangle
field BD (g/cmd) 1.33 (x0.09) Core sample
organic carbon 1.26 (+0.08) Loss-on-ignition
Exchangeable Na (meq/100g) 0.13 (x0.01) ICP-AES
Exchangeable K (meq/100g) 0.83 (x0.07) ICP-AES
Exchangeable Ca (meq/100g) 8.27 (x0.25) ICP-AES
Exchangeable Mg (meq/100g) 11.83 (+0.32) ICP-AES

CEC (meg/100gq) 21.1 (£0.53) Measured

ESP (%) 0.60 (x0.53) Measured
dominant clay mineral Montmorillonite From literature!

! From Dasberg and Hopmans (1992) and Lagerwerff and Brower (1972)

Each soil column received prepared synthetic recycled water with a salinity of
approximately 1.5 dS/m (Table 2.2) from the top using a Wooding Infiltrometer (an equivalent
constant-head permeameter device that relies on a Mariotte siphon). Therefore, a total of 30 soil
column experiments were conducted with three replications per treatment. The soil columns
were pre-saturated from bottom to top using tap water ensuring a uniformly saturated starting
condition for all the soil columns. The water was allowed to infiltrate freely and a continuous
water supply was maintained throughout the experiment. The infiltrometer used was designed to
keep a constant 1 cm water head above the soil surface. It was assumed that the soil near the top
of the column is fully saturated implying a unit hydraulic gradient. As a result, the saturated
hydraulic conductivity (Ksat) was equated to the infiltration rate. The estimation of soil saturated
hydraulic conductivity was carried out for each soil column across the application of solution

treatments spanning a pore volume (which is the volume of the total pore spaces of the soil in the
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column). On average, approximately 4 L of water were utilized to saturate the columns with an
average wetting rate of 2.0 mm/h. Consequently, a water application of 4 L was considered
equivalent to one pore volume. The drainage water was collected at the bottom of each column

into a bucket to estimate the average outflow rates for each pore volume application.

Table 2.2: Synthetic recycled water treatments specification.

Treatments T0O T1 T2 T3 T4 15 T6 T7 T8 719
EC (dS/m) 15 15 15 15 15 15 15 15 15 15

NaCl(mmollL) O 16 15 15 15 75 75 75 0 0
KCl(mmolL) O O O O O 6 6 6 11 12
CaCl(mmollL) 8 0 075 0375 0 075 0375 0 15 0375
MgClz(mmol/L) O 0 0 0375 075 0 0375 075 0 0375
SAR 0 o 173 173 173 87 87 87 0 0
CROSSt 0 o 173 194 224 125 140 162 50 87
CROSSopt 0 o 173 236 629 110 150 399 3.0 63

2.2.2. Pressure transducers calibration using calibrated digital manometer:

The water level in the Mariotte tower was measured manually as well as using a pressure
transducer. The pressure transducer was linked to a CR 1000 Datalogger, allowing for data
collection to be automated. The water level readings were collected at regular intervals by the
Datalogger, making it easy to examine the data over time. The pressure transducers were
calibrated with a digital manometer to assure precise measurements. The manometer was set to
measure in centimeters of water (cm H20). Calibration was required to guarantee that the
transducers' measurements match the real water levels. The CR 1000 Datalogger was used to
translate the voltage data from the pressure transducers into pressure units, namely kilopascals
(kPa). This conversion made it possible to provide the recorded data in a standardized unit for

easier analysis and comparison. The Datalogger was programmed to output the converted
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pressure data at 15-minute intervals. This frequency of data collection enables extensive
observation and study of water level fluctuations throughout time. The recorded data from the
Datalogger was compared with the manually recorded infiltration rate to examine the accuracy
and dependability of the pressure transducers. The accuracy with which the pressure transducers
predicted the water level inside the infiltrometer can be evaluated by comparing the two sets of

data.

2.2.3. Soil structure evaluation:

A laser scattering particle size distribution analyzer (Partica LA-960V2, HORIBA, Ltd.)
was used to determine the particle size distributions (PSDs) of treatments TO (calcium chloride
solution) and T1 (sodium chloride solution). Representative soil samples from the top 1 cm of
the soil columns were collected after terminating the infiltration test and deionized water was
incrementally added and mixed to each soil sample until the mixture resembled a saturated paste
(Rhoades, 1982) and stored overnight. Approximately 0.1 to 0.5 g of each paste was fed into the
analyzer for wet dispersion. The particle analyzer was automated for two different procedures,
one including circulation and one including agitation and circulation. For both procedures, an
average of three PSDs were collected at different times over 2 hours.

To comprehensively compare all treatments, a thorough assessment of soil structure
changes was conducted at various depths upon the end of the experiment. The evaluation
employed the spontaneous dispersible clay method outlined in Marchuk et al. (2013). Soil
samples were collected from the soil columns from the topmost 1 cm, the 0-10 cm layer
(reported as 5¢cm), the 20-30 layer (reported as 25cm) and the 40-50 cm layer (reported as 45cm).

A total of 120 samples were analyzed. For the analysis, 40 g of the oven-dried samples were
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utilized to estimate the quantity of dispersed clay. The samples were placed in 250-ml-graduated
cylinders into which 200 ml of deionized water was gradually added. The solutions were allowed
to stand for a duration of 5 hours before initiating the suspension of the soil. After a subsequent
2-hour interval, a 10 ml subsample was extracted from the bulk solution at a depth of 10 cm
beneath the surface. The 10 ml subsample was oven-dried and subsequently weighed using a

sensitive scale with an accuracy of £0.1 mg.

2.2.4. Statistical analysis:
The sodium adsorption ratio (SAR) is a commonly used indicator of soil infiltration

changes based on the salinity of the irrigation water (Richards, 1954):

Na*t

where the ions’ concentrations are in mmol/L. The cation ratio of soil structural stability
(CROSS) was suggested by Rengasamy and Marchuk (2011) to consider the effect of potassium
on soil structure stability:

Nat+0.56+K*

CROSS; = s 2.2

the f subscript indicates that the potassium and magnesium factors are based on the flocculating

power relative to sodium and calcium, respectively. Equation 2 predicts clay dispersion more
accurately than SAR with R? of 0.95 (Rengasamy and Marchuk, 2011). Using experimental data
on threshold electrolyte concentration (TEC) from Arienzo et al. (2012), Smith et al. (2015)
further improved equation 2 to provide best-fit-factors lower than one for potassium and

magnesium. The outcome was:

Nat+0.335+K+
CROSS = 2.3
opt ™ [Ca?*+0.0758+Mg2*
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where the opt subscript denotes optimization. The optimized equation was found better predictor
for the TEC than Equation 1 and 2 with R? of 0.95.

A linear regression test was conducted to evaluate the Equations 1, 2 and 3 with respect
to the means of the infiltration rate measured at the pore volume 8 and the average spontaneous
clay dispersion of the top 1 cm samples. Root means square error (RMSE) and R? were used to
assess the calibration and the performance of the pressure transducers attached with the
infiltrometer. The means of treatments output results were compared using Tukey-Kramer's HSD
test at a significance level of 5%. The normality of the data distribution was verified before the
means were separated. All analyzed data satisfied this requirement, except for the saturated
hydraulic conductivity, which had to be log-transformed before the means were separated.

However, the actual values are presented in the results.

2.3. Results and Discussion:
2.3.1. Pressure transducers calibration:

In the experiment, 5 infiltrometers were used, each equipped with a pressure transducer
to detect water levels. All of the pressure transducers were calibrated and 11 data points were
recorded for each transducer. Given that the maximum water level inside the infiltrometer was
80 cm, the data collecting range was 0 to 100 cm of water. For each pressure transducer, the
calibration method required recording the observed manometer readings as well as the related
datalogger output. Figure 2.1 depicts the calibration results, which show the link between the
sensor readings and the actual water levels inside the infiltrometer. Notably, the calibration
equation has a high coefficient of determination, close to one, indicating a strong correlation

between sensor data and actual water levels. Furthermore, the calibration equation's root mean
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square error (RMSE) was approximately 1.924, reflecting a relatively small average variation

between predicted and actual results.

100 Water depth (cm) = 3.632 * Pressure (kPa)+ 14.142
R square: 0.996
RMSE: 1.924

80

cm-water)

60

40 A

20 1

Observed digital manometer (mbar

-5 0 5 10 15 20 25
Sensor reading through the datalogger (kPa)

Figure 2.1: Calibration of the pressure transducers attached to the Wooding infiltrometer and

connected to the datalogger.

Because the infiltrometer’s diameter was 7 cm and the soil column's diameter was 14.7
cm, a conversion factor of 0.227 was multiplied to the output water level values to precisely
determine the actual water depth infiltrated into the soil. Figure 2.2 depicts the pressure
transducers' performance in predicting saturated hydraulic conductivity. The results showed a
well-fitted 1:1 relationship between recorded saturation infiltration rates (ranging from 0.23 to
8.55 ml/min) and measured saturated hydraulic conductivity (ranging from 0.001 to 0.050
cm/min). This alignment verifies the sensors' precision and accuracy in predicting water levels

within the infiltrometer. The sensors' high prediction capabilities are further supported by the
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coefficient of determination (R?) of 1 and zero RMSE, demonstrating a perfect fit between the

expected and actual readings.

0.05 A
Ksat (cm/min) = 0.0058 * Infiltration rate (ml/min)
R square: 0.9995
=
(=9
=
=]
2 0.03 A
g
E
E 0021
3
N4
0.01 A
0.00 A
0 2 4 6 8

Infiltration rate (ml/min)

Figure 2.2: Performance of the pressure transducers in predicting the water depth in the Wooding

Infiltrometer connected to the infiltrometer.

2.3.2. Saturated hydraulic conductivity and drainage rate:

Figure 2.3 depicts the progression of the average saturated infiltration rate in relation to
the pore volume application of the treatment solution. The curves are encompassed by shaded
areas representing the standard error associated with each data point. Data points lacking shaded
areas correspond to either an average of two measurements or a single measurement. Across
most treatments, there was a marginal decline in the saturated infiltration rate up to pore volume
3 followed by a subsequent increase in the infiltration rate. The initial reduction in the infiltration
rate could potentially be attributed to hysteresis resulting from the bottom-up pre-saturation of

the soil column as well as the occurrence of preferential flow. For the preferential flow, the flow
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paths of water might change as it goes from top to bottom until it has the fastest path that leads to
the bottom of the soil.

Table 2.3 presents the outcomes of the Tukey-Kramer's HSD test. Evidently, treatment
TO (calcium chloride solution) displayed noteworthy statistical significance when compared to
the other treatments. The application of this treatment solution led to a marked enhancement in
the infiltration rate across the entire measurement span. The increasing infiltration rate of this
treatment allowed it to achieve a 16-pore volume run. The primary objective was to ascertain the
maximum steady state infiltration rate, yet this determination proved elusive even after 16 pore
volume applications. Treatments T8 and T9 had SAR values of zero and they were both
statistically lower than TO. The comparatively slow infiltration rate of the T8 and T9 can
primarily be attributed to the influence of potassium on infiltration rate given that these
treatments encompassed potassium, calcium and/or magnesium. Throughout the entire
experiment, T8 maintained a higher average infiltration rate than T9 which could potentially be
attributed to calcium’s more pronounced effect on aggregate flocculation in comparison to
magnesium, as T8 lacked magnesium in its solution whereas T9 incorporated magnesium.

The lowest observed average saturated infiltration rate was associated with treatment T1
although this disparity did not reach statistical significance when compared to treatments T3 and
T4. In contrast, treatment T2 exhibited a similar SAR to T3 and T4 yet it demonstrated statistical
significance over treatment T1. On average, T2 displayed a higher infiltration rate in comparison
to T3 and T4. This divergence may arise from varying degrees of calcium’s and magnesium’s
impact on aggregate flocculation as T2 had calcium alongside sodium and potassium cations.
Additionally, treatment T2 did not reach a constant infiltration rate after the application of 10

pore volume of its solution. Despite treatment T3 having a smaller CROSSs value compared to
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T4, its average infiltration rate from pore volume 5 to pore volume 8 fell below that of T4.

Notably, no statistically significant distinctions emerged within the group of treatments featuring

an SAR of 8.7 (T5, T6 and T7).
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Figure 2.3: Saturated hydraulic conductivity (ml/min) over the pore volume application of the

recycled water cation treatments where: a) average infiltration rate for all treatments; b) 0-SAR

and infinity SAR treatments; c) 8.7-SAR treatments; d) 17.3-SAR treatments. The shaded area

represented the standard error.
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Table 2.3: Statistical analysis of the log-transformed saturated infiltration rate. Similar letters
indicate no statistical difference at P < 0.05. The treatments are arranged in descending order of

the overall average infiltration rate.

Treatment
TO A
T8

T9

T7

T5

T6

T2

T4

T3

T1

W wWwWww
OO0 0OO0
O 0O 0O
m m m

The saturated infiltration rate was further analyzed concerning the different cation ratios.
The correlation was tested at pore volume 8 (Figure 2.4). Pore volume 8 was chosen to ensure
ample time for the cation exchange and to guarantee a minimum of three measurements per
treatment. The observed general trend is that the infiltration rate decreases with increasing cation
ratios. CROSSt demonstrated a stronger correlation with an R? of 0.90. Conversely, CROSSopt
exhibited the least correlation with an R? of 0.41 which could indicate that CROSSopt had a good
correlation with the TEC under the specific study conditions outlined in Smith et al. (2015) but

may not be generalizable.
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Figure 2.4: The correlation of the average infiltration rate at the eighth pore volume (PV8) with

the cation ratios (SAR, CROSSt and CROSSopt).

The drainage rate from the columns was analyzed. The drainage rate was plotted versus
the infiltration rate (Figure 2.5). The correlation yielded a 1:1 line indicative of a balanced
correspondence between the amount infiltrated and the subsequent drainage with an RMSE of
0.02. The result further proves that saturated hydraulic conductivity can be determined from the

drainage rate if the water head above the soil surface is greater than zero.
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Infiltration rate (ml/min) = 0.9898 * Drainage rate (ml/min)
81 R square: 0.9997
RMSE: 0.0228

Infiltration rate (ml/min)
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Drainage rate (ml/min)

Figure 2.5: Correlation of the drainage rate from the soil column and the subsequent infiltration

rate indicating that input equals output.

2.3.3. Soil structure evaluation:

The condition of the soil surface within the soil column was observed through
photographs taken before and after conducting the infiltration experiment. Table 2.4 illustrates
the conditions of the soil surface for the calcium chloride treatment (TO) and the sodium chloride
treatment (T1) before and after the experiment. The aggregates of the soil particles hardly
changed after applying the calcium chloride solution for 16 pore volumes of the solution.
However, the soil surface condition of T1 was completely dispersed with all aggregates breaking
down after the application of only 8 pore volumes of the solution. Certainly, the calcium cations

in TO helped maintain the soil structure's condition. Conversely, the sodium cations caused
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aggregate dispersion into individual soil particles reducing the number of macropores and

leading to soil surface clogging.

Table 2.4: Photographs showing the top surface of the soil within the soil column for treatments
TO (calcium chloride) and T1 (sodium chloride) before and after conducting the infiltration

experiment.

T Before applying the treatment After applying the treatment
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Figure 2.6 shows the relative clay percentage between treatments TO and T1 as a function
of agitation and circulation time and circulation time. There was no statistical significance
between Figure 2.6a (agitation and circulation) and Figure 2.6b (circulation) which could
indicate that agitation had no effect. Both methods showed increasing clay percent detection over
time for both T1 and TO. T1 consistently exhibited higher values compared to TO, as T1
contained sodium chloride in its solution resulting in soil with lower aggregate stability. In
contrast, the use of calcium chloride in TO led to improved aggregate stability. The results from

Tukey-Kramer's HSD test indicated a statistically significant difference.
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Figure 2.6: Clay dispersion over time evaluated using a Laser Scattering Particle Size
Distribution Analyzer (Partica LA-960V2, HORIBA, Ltd.) for the top 1 cm sample collected

from the soil column at the end of the experiment.

25



Due to the minor distinction between the two extreme conditions (TO and T1), assessing
the stability of the remaining treatments using the Particle Size Distribution Analyzer was
challenging. This was attributed to the requirement of a very small sample (0.1 to 0.5 g) for
accurate particle characterization by the Particle Size Distribution Analyzer. The small sample
size, in comparison to the additional deionized water introduced by the instrument, led to sample
dispersion due to the presence of the deionized water.

To compare all the treatments, soil structure was evaluated using the spontaneous
dispersible clay method. The results of the clay dispersion analyses are presented in Figure 2.7,
with each curve encircled by a shaded area indicating the associated standard error.
Subsequently, the output of Tukey-Kramer's HSD test is outlined in Table 2.5. Clearly, treatment
TO (calcium chloride solution) was statistically more significant than the rest of the treatments.
The treatment solution helped to improve the soil structure along the entire column length.
Although, treatments T8 and T9 had a 0-SAR like TO, they were statistically more significant
than TO for the entire soil column. This indicates that the observed clay dispersion was due to the
potassium content in the treatment solutions.

The highest average observed clay dispersion was for treatment T1 and it was not
statistically significant compared to treatments T2, T3 and T4 (17.3-SAR). Similarly, there was
no statistical significance among the 8.7-SAR and 0-SAR (T8 and T9). This could be due to the
fact that the clay dispersion is generally reduced by depth (like T1). Tukey-Kramer's HSD test
was further used to compare the effect of the depth of the sample. The clay dispersion at 1 cm
was found to be statistically more significant than at depths of 5 cm, 25 cm and 45 cm. The

samples collected from 5 cm, 25 cm and 45 cm depths were not statistically significant. This
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could imply that most of the clay dispersion happens at the surface, making the infiltration issue

more closely related to the state of the uppermost layer.
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Figure 2.7: Average clay dispersion of the samples collected from soil column by depth at the

end of the infiltration experiment where: a) all treatment; b) 0-SAR and infinity SAR treatments;

c) 8.7-SAR treatments; d) 17.3-SAR treatments. The shaded area represented the standard error.
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Table 2.5: Statistical analysis of the clay dispersion for the entire soil column. Similar letters
indicate no statistical difference. The treatments are arranged in descending order of the overall

average dispersible clay at P < 0.05.

Treatment
T1
T4
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T2
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T5
T9
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TO E

> > > >
0w www
OO0 0O0

O 000

175 1

150 A

125 A

100 A

75 1

Average dispersed clay (mg)

50 A

R?=0.784 —— SAR
9: R?=0938 —— CROSSf
Py R?=0.599 —— CROSSqpt
0 10 20 30 40 50 60

Cations ratio (SAR, CROSSs, CROSSpt)

Figure 2.8: Correlation of the average spontaneous clay dispersion for the top 1 cm samples

collected from the soil columns at the end of the infiltration experiment.
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Therefore, the correlation test with cation ratios for average clay dispersion was
evaluated for the clay dispersion measured from the 1 cm samples (Figure 2.8). Generally, the
clay dispersion increased with increasing cation ratios. CROSSs had better correlation with R? of

0.94 and the least correlation was observed for the CROSSopt with R? of 0.60.

2.4. Conclusions:

A soil column experiment was conducted to evaluate the combined effect of the sodium,
potassium, calcium and/or magnesium cations in recycle water on soil infiltration and soil
structure. Those solutions were synthetically made to mimic low quality waters like recycled
water as recycled waters usually have low salinity levels but most of the time their monovalent
cation presence is higher than their divalent cation presence. A Wooding infiltrometer was used
to evaluate impacts on the saturated hydraulic conductivity (Ksat).

Initially, the sensors attached to the infiltrometer and connected to the datalogger were
calibrated. After conducting the infiltration experiment, the sensors were tested for their
performance by comparing the 1:1 line of sensor output Ksat with the observed Ksat and
evaluating the root mean square error (RMSE). The result showed strong agreement with a unit
R? and zero RMSE. The drainage rate was compared with the infiltration rate and found to be
equal to the saturated infiltration rate. The Ksat was then evaluated over the pore volume. The
analyses of the infiltration rate showed a strong correlation with the cation ratio of soil structure
stability (CROSS¢) with a R? of 0.90 as compared with SAR’s R? of 0.75.

The soil structure was evaluated by a Laser Scattering Particle Size Distribution
Analyzer. Since the sample size of the analysis was too small, it was very difficult to find a

protocol to assess the clay dispersion for various values of SAR or CROSS. However, the
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calcium chloride treatment (TO) and sodium chloride treatment (T1) were analyzed for the
samples collected from the top 1 cm. Treatment T1 resulted in a statistically significant higher
clay percent detection than treatment TO. Clay dispersion was evaluated at different depths.
Overall, there was a slight reduction in the clay dispersion with increasing depth indicating that
most of the clay dispersion occurred at the surface and that the clay dispersion of the top 1 cm
was statistically more significant than the lower depths. The correlation of the average clay
dispersion of the top 1 cm sample showed a strong correlation with CROSSt with an R? of 0.94
as compared with SAR’s R? of 0.78.

The outcome of the study experimentally confirmed that potassium contributed
significantly to the possible changes in the soil's physical properties and magnesium had less
flocculating power than calcium. For future work, it is recommended that treatments be designed
such that the values of CROSS+ have more spread at a given SAR. This could improve the

statistical analysis.
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Chapter 3

Assessing the impact of recycled water reuse for irrigation on soil hydrology in a greenhouse

3.1. Introduction:

Freshwater scarcity, coupled with the increasing world population, is a major driving
force behind recycled water reuse. Globally, about 2.3 billion people lack access to safe drinking
water, according to WHO (2022). A significant portion of freshwater is allocated to the
agricultural sector. Globally, the agricultural sector accounts for the largest share of freshwater
usage, with 70 percent of the total freshwater (Gleick and Heberger, 2014). Recycled water reuse
for irrigation purposes can serve as an alternative water supply to sustain agricultural production
for the growing population. This practice can also help meet both environmental functional flows
and domestic water demands using freshwater. Furthermore, recycled water reuse for irrigation
can assist in overcoming groundwater overdraft by reducing the amount of freshwater that
agriculture withdraws.

Recycled water use in agriculture has its challenges. When using primary or secondary
treated wastewater, soil salinity buildup could be significant within a few years of application
due to high dissolved salts. For example, soil salinity increased by 123% after only three years of
irrigation with secondary treated wastewater in Glen Valley, Australia (Dikinya and Areola,
2010). In some southern California recreational fields , irrigating with potable water has replaced
the use of recycled water due to its high total dissolved solids (LaSalle, 2018). Other studies have
also reported increases in salinity when using primary or secondary treated wastewater

(Jahantigh, 2008; Klay et al., 2010; Xu et al., 2010).
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Tertiary or advanced treated wastewaters, on the other hand, have even lower salinity
levels than freshwater. However, they differ from freshwater in terms of the presence of
constituents with different ratios. For example, the availability of potassium in natural water and
in soils irrigated with it is minimal (Richards, 1954) but its occurrence in treated wastewater is
considerable and varies depending on the source of the wastewater (Arienzo et al., 2009; Chand
et al., 2020). Additionally, potassium can present in the soil due manure fertilizer from animals
fed with potassium-rich diet like alfalfa (Wallender and Tanji, 1990). Consequently, the
application of recycled water has a greater impact on soil sodicity than freshwater due to the
elevated concentration of certain constituents such as sodium and potassium (Sposito et al.,
2016).

The commonly used method to assess soil infiltration based on irrigation water quality is
the Sodium Adsorption Ratio (SAR), which considers sodium as the primary cation responsible
for alkali hazard (Richards, 1954). However, SAR ignores potassium's effect as a dispersive
agent and the influence of each cation on clay dispersion or flocculation. Potassium has
affirmative impacts on soil permeability (Ahmed et al., 1969; Arienzo et al., 2009; Chen et al.,
1983; Gardner et al., 1959; Martin and Richards, 1959; Quirk and Schofield, 1955; Reeve et al.,
1954; Rengasamy and Marchuk, 2011; Smith et al., 2015). Based on Chen et al. (1983), some
studies, however, reported that soil aggregates exhibited better stability in potassium-saturated
soils compared to calcium- or magnesium-saturated soils (Cecconi et al., 1963; Ravina, 1973).

Rengasamy and Marchuk (2011) developed the Cation Ratio of Soil Structural Stability
(CROSS) relation to account for potassium effect as well as the relative flocculating power of the
cations (sodium, potassium, calcium and magnesium). The CROSS relation was found to have a

better predictability of soil aggregate dispersion compared to the SAR relation. Therefore, the
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CROSS relation could be a more suitable sodicity standard for waters of marginal quality.
However, relations other than SAR remains understudied with respect to infiltration rate,
permeability and water holding capacity. To address this gap, the present study aimed to
investigate the interaction between monovalent cations (sodium and potassium) and divalent
cations (calcium and magnesium) on soil infiltration rate, soil water storage, permeability and
soil structure. To achieve this objective, synthetic recycled water of varying quality was prepared
by adjusting the concentrations of the cations. The prepared synthetic water was then used to

irrigate clay loam soils in pots and strawberry plants in the greenhouse.

3.2. Methodology:
3.2.1. Experimental set up:

Soil was collected from an agricultural research field at the University of California
Davis, near Davis CA. The soil was taken from the top 0 to 30 cm soil surface after removing the
small layer at the top (5 to 10 cm) that could potentially contain a high level of organic matter.
Table 3.1 lists the properties of the collected soil.

Pots were filled with the air-dried soil that was screened through a 6 mm sieve to provide
a reasonable starting point for soil structure comparable to field conditions. Three successive
layers were packed carefully to achieve an average bulk density of 1.3 g/cm?® which was similar
to that measured in the field. The top of each layer was shattered to minimize layer-to-layer
stratification. The total water content was accounted for by measuring the moisture content of the
air-dried soil which was 59.5 mg-water/g-soil (5.0, n=15). A total of 176 pots were prepared
with four replicates per treatment and four pots per replication. The experiment followed a

complete randomized block design with four blocks and 11 treatments.
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Table 3.1: Properties of the soil used in the experiment and the method of determination.

Parameter (unit) Average value (standard deviation) Method/tool

ECe (dS/m) 0.95 (+0.06) Saturated paste extract
pH 7.1 (£0.53) Saturated paste extract
sand (%) 35.06 (+£0.86) Hydrometer method
silt (%) 31.56 (£1.73) Hydrometer method
clay (%) 33.38% (£1.25) Hydrometer method
gravel (%) 0.06% (+0.06) Gravimetric (scale)
texture clay loam Soil texture triangle
field BD (g/cmd) 1.33 (x0.09) Core sample
organic carbon 1.26 (+0.08) Loss-on-ignition
Exchangeable Na (meq/100g) 0.13 (x0.01) ICP-AES
Exchangeable K (meg/100g) 0.83 (x0.07) ICP-AES
Exchangeable Ca (meq/100g) 8.27 (+0.25) ICP-AES
Exchangeable Mg (meq/100g) 11.83 (x0.32) ICP-AES

CEC (meq/100g) 21.1 (x0.53) Measured

ESP (%) 0.60 (x0.53) Measured
dominant clay mineral Montmorillonite From literature!

! From Dasberg and Hopmans (1992) and Lagerwerff and Brower (1972)

The treatments were designed to mimic treated wastewater with specific cationic content
to evaluate the parameters used to predict infiltration and soil structure degradation. All
treatments had an electrical conductivity of 1.5 dS/m using chloride solutions of sodium,
potassium, calcium and/or magnesium except for one treatment made of