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Abstract: Continuous use of recycled water (treated wastewater) over a long period of time may
lead to the accumulation of salt in the root zone of the soil. This is due to the relatively higher
levels of salt contained in the recycled water compared to a town water supply. The increase in salt
concentration in the soil can adversely influence the amount of water a plant can uptake from the soil
due to the osmotic effect. Despite significant benefits, recycled water may deteriorate soil health in
terms of increased salinity and sodicity. Although several studies in the past have highlighted the
increase of soil salinity due to recycled water irrigation, the phenomenon depends on the variability
of soil characteristics. In this study, the impact of using three different types of irrigation water (with
electrical conductivity 0.2, 0.8, and 2.0 dS/m) on the mechanism of salt accumulation in the soil
was investigated. To contribute to the addition of the existing knowledge of soil salinisation, soil
from two paddocks (i.e., D33 and Yarramundi) in Western Sydney, Australia were analysed, and
relationships among parameters associated with salt accumulation were evaluated using the results
from continuous column studies. Results show that if the irrigation is conducted with high saline
water, there is a possibility for salinisation of soil to occur. To prevent this from occurring, one of the
solutions could be to use a normal town water supply for irrigation at some intervals. This will allow
for the leaching of excess salt accumulated in the soil to deeper layers.

Keywords: recycled water; salinity; leaching; sodium adsorption ratio; electrical conductivity

1. Introduction

Recycling is one feasible approach for achieving sustainable wastewater management.
The benefits of recycled water are numerous, including alleviating pressure on existing fresh
water supplies, minimising effluent discharge to surface or coastal waters, and providing a
steady volume of water in comparison to rainfall-dependent sources [1]. Due to the lower
treatment cost of recycled water compared to seawater desalination and imported surface
water, it may play a significant role in improving urban water supplies in many water-
scarce areas of industrialised countries. The advancement of technology and the economic
viability of wastewater treatment have enabled wastewater recycling and expanded the
most sustainable use of recycled water. One such reuse option is to apply recovered urban
water to open fields, such as paddocks and sporting ovals.

In 2004, around 67 percent of recycled water in Australia was used for agriculture,
with irrigation firms using approximately half of this water for pasture and feed crops [2].
In 2004-05 and 2008-09, recycled water use in urban irrigation accounted for 30% of total
recycled water use but decreased to 27.2 percent in 2009-10 [3-5]. According to Sydney Wa-
ter’s annual report [6], 47 billion litres of recycled water was supplied to Sydney consumers
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in 2019-2020. This occurred via 23 recycling water schemes contributing to the saving of
13 billion litres of drinking water. The application of supplied recycled water included:
23% for the replacement of drinking water in residential, commercial, and industrial uses;
36.2% for environmental use, such as improving the water quality of rivers; 36.2% for
use in recycling water systems in wastewater treatment plants; and 4.25% for irrigation
of parks, sporting fields, and agricultural lands. In addition, there is a specific form of
water recycling in Sydney, known as sewer mining—owned and operated by organisations
such as councils, golf clubs, and commercial operators—contributing to the treatment
and provision of over 1.13 billion litres of recycled water across ten schemes [6]. Thus,
using urban effluent or recycled water to irrigate urban open fields in lieu of fresh water is
an important goal for local and national governments seeking to accomplish sustainable
water management.

However, the disadvantage of recycling water, particularly for irrigation, is its pollu-
tant content. Salts are one of the contaminants that this study is concerned with. Salinity
refers to the concentration of soluble salts in water, which is measured in soil solutions as
total dissolved salts (TDS) or electrical conductivity (EC). Electrical conductivity in soil
solution can be determined as ECy.5 (EC of 1:5 soil-water dilution ratio) and EC, (EC of
saturated soil paste extract). From an environmental standpoint, salt, and chloride are the
two constituents of recycled water that are most concerning since they are more likely to
persist as ions in soil solutions and contribute to the salinity’s effect on plant growth [7].
The majority of mineral salts pass through the standard wastewater treatment process
untouched unless reverse osmosis is used as one of the treatment procedures [8,9]. As a
result of the recycled water’s elevated salt content, when it is utilised for irrigation, there is
a risk of salt build-up in the root zone.

Due to the osmotic effect, an increase in the salt content in the soil can have a detrimen-
tal effect on the amount of water that a plant can take up from the soil. Numerous studies
have documented increasing saline levels in the soil as a result of continuous irrigation
using recycled water. Dikinya and Areola [10] detected distinct long-term salinity impacts
of recycled water use. They discovered that three years of irrigation with recycled water
raised the electrical conductivity of soil from 0.11 to 0.24 dS/cm and the Na* content from
2.95 t0 5.75 meq /100 g of soil. Jahantigh [11] observed a 95 percent increase in salinity levels
after five years of irrigation with recycled water. A large number of other researchers have
similarly observed an increase in salinity in terms of EC, Na*, and C1~ [12-18]. Increased
salt levels in the soil can have a detrimental effect on the soil’s ability to support plant and
agricultural growth [16,19-22]. As a result, it is critical to regulate salt accumulation in
the root zone appropriately, which includes regulating the salt content of irrigation water.
Controlling such salt accumulation is possible, which is reported by Shoalhaven Water [23],
where s0il salinity levels in terms of EC 1.5 have remained well within non-limiting crop
growth levels of less than 2 dS/m, even with 17 years of recycled water irrigation history.

Recycled water use, particularly in irrigation, has emerged as a viable solution for
meeting water shortages in the absence of new sources of water [24]. Despite the numerous
benefits, recycled water may have a detrimental effect on soil health by increasing salinity
and sodicity. While various research [12-16,18,25] have demonstrated a rise in soil salinity
as a result of recycled water irrigation, the phenomena are highly variable depending on
the soil parameters. Due to the high solubility of salts, they enter and collect in the soil’s
deeper layer. When the EC of the soil is smaller than the EC of recycled water, a small
amount of residual dissolved solid is deposited in the soil, while the majority of the salt is
leached from the soil and accumulates in the groundwater [15]. The flow of soil solution
is dependent on the soil type in the study region and the soil’s hydraulic qualities, which
should be carefully studied while investigating salt accumulation caused by recycled water
irrigation. Conducting column studies in the laboratory elicits useful information about
the extent of salt accumulation in relation to soil depth, irrigation frequency, and irrigation
water salinity. Without such knowledge, it is exceedingly difficult to assert that soil quality
is directly related to recycled water application [26,27].
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Hawkesbury

Since 1960, recycled water has been used for irrigation in the Hawkesbury Water Reuse
Scheme (HWRS) [26]. Due to this long history of irrigation with recycled water, the HWRS
has always been on the radar of the Western Sydney scientific community, prompting the
completion of several risk assessment studies related to recycled water irrigation [28-34].
However, the effect of various irrigation water types on the mechanism of salt formation
in the soil requires additional research. To contribute to the current understanding of
soil salinisation, soil is studied from two paddocks (D33 and Yarramundi) in the research
locations, and links between factors related to salt build-up are analysed using data from
continuous column investigations. If the effect of employing different water for irrigation
on salt accumulation is known, it will assist field managers in managing the irrigation
scheme more effectively.

2. Materials and Methods
2.1. Case Study Area

The Hawkesbury Water Reuse Scheme is located on the Western Sydney Univer-
sity’s Hawkesbury Campus in Richmond, NSW, approximately 80 km northwest of Syd-
ney (Figure 1). The Hawkesbury Water Reuse Scheme was developed in collaboration
with the University of Sydney and Sydney Water Corporation (SWC), Richmond TAFE,
Hawkesbury City Council, and Clean-Up Australia [35]. Richmond, Blacktown, Lon-
donderry, and Clarendon paddocks are included in the proposal. The D33 paddock
(5 33036.889 E 150045.500) is located beneath Blacktown paddock and has a 41-year ir-
rigation history. Yarramundi paddock (S 33036.535 E 150044.193) has never had recycled
water irrigation.
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Figure 1. Map showing the location of D33 and Yarramundi paddock within the campus of Western
Sydney University, Hawkesbury (the shaded area shows Western Sydney University campus).

Soil samples were collected using the open-pit method from paddocks ranging in
depth from 0 to 0.2 m. Different physical and chemical parameters of the air-dried samples
were determined (Table 1). The soil textures of D33 and Yarramundi paddocks were
assessed to be silty loam (45.6 percent sand, 29.5 percent silt, and 24.9 percent clay) and
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loamy sand (86.6 percent sand, 9.0 percent silt, and 4.4 percent clay), respectively. Table 2
summarises further physico-chemical parameters.

Table 1. Soil and water analysis method.

Parameter Method Reference
Mechanical texture of soil Hydrometer method [36]
Saturated hydraulic conductivity Constant head method [37]

. .. ECy.5 (Method 3A1)

Electrical conductivity EC. (Method 2D1) [38]
Field bulk density Method 2A1 [38]
Soluble cations Method 14H1 [38]
Exchangeable cations Method 15D3 [38]
Soil pH Method 4A1 [38]

Table 2. Physico-chemical properties of soil collected from paddocks in the study area.

Measured Value

Parameter
D33 Paddock Yarramundi Paddock
Soil type Silty loam Loamy sand
Field moisture content (g/g) 0.09 £+ 0.001 0.06 £ 0.001
Field Bulk Density (g/cm?) 1.62 £+ 0.02 1.68 £+ 0.01
ECq.5 (dS/m) 0.06 £ 0.001 0.03 £ 0.001
ECe (dS/m) 0.82 £+ 0.08 0.28 £ 0.01
pHis 6.01 &+ 0.06 5.35 £ 0.05
pHsg 7.16 £ 0.2 6.95 £+ 0.11
Dissolved cations
Na* (mEq/L) 1.319 0.497
Ca’* (mEq/L) 0.135 0.258
Mg+ (mEq/L) 1.406 0.158
K* (mEq/L) 0.976 0.502
Sodium adsorption ratio (SAR) 1.50 1.09
Exchangeable cations
Na* (cmolc /kg air dry soil) 0.055 0.001
Ca?* (cmolc /kg air dry soil) 1.089 0.277
Mg?* (cmolc /kg air dry soil) 0.188 0.030
K* (cmolc /kg air dry soil) 0.046 0.047
Cation exchange capacity (CEC) 1.378 0.355

As shown in Table 2, the electrical conductivity of the soil samples was determined
using two different approaches (such as ECy.5 and EC.). While EC;.5 is a simple method
for determining soil salinity that is widely used in agriculture, EC (Soil Saturated Extract
Electrical Conductivity) is a time-consuming procedure that requires laboratory facilities
to complete effectively. The EC. values are critical for determining a plant’s salinity
tolerance [7]. As demonstrated in Table 2, the ratio of EC, to ECy.5 ranged between 6.8 and
13.75 for soils taken from paddocks. The pH values were determined in a 1:5 soil water
solution and a saturated paste extract. For all types of soil, the pH of saturated paste extract
(pHsg) was greater than the pH of 1:5 soil water solutions.

Before employing soil samples in column investigations, soluble and exchangeable
cations were determined in soil samples. The cation exchange capacity was calculated as a
sum of all measured exchangeable cations. The soluble cations Na*, K, Ca?*, and Mgz+
were determined in soil pore water (saturated paste extract). The data presented in Table 2
are critical for establishing the column study’s initial state. Specifically, for a given paddock
soil, the baseline values of dissolved cations will be compared to soil samples collected at
various depths in the soil profile at the conclusion of the column study; a salinity profile
will then be shown. The salinity profile in the soil column enables an understanding of
the salt build-up process, particularly in the root zone soil, and aids in the development
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of sustainable salinity control measures. Additionally, the beginning values of soluble
cations presented in Table 2 are compared to samples taken at the conclusion of the column
study, which focused on the amount of cations maintained in the soil as a result of recycled
water irrigation.

2.2. Irrigation Water

Three types of irrigation waters were used to feed columns in the continuous col-
umn study:

e  Recycled water;
e  Tap water; and
e  Synthetic saline water.

The HWRS receives recycled water from Sydney Water’s Richmond Sewage Treatment
Plant (STP), which is collected at a receiving pond and then pumped up to the University’s
first storage facility, the Effluent Turkey Nest Dam (capacity 93 ML) [35]. Until late 2005,
this STP’s supply was primarily secondary, utilising a trickling filter (TF) process combined
with pond stabilisation. However, in 2005, Sydney Water made significant changes to
the STP, including the replacement of the old TF process with an intermittently decanted
aerated lagoon (IDAL) process and tertiary treatment using sand filtration and chlorina-
tion/dechlorination [28]. Currently, Richmond STP provides an annual amount of 92 ML
of recycled water for the irrigation of Richmond Golf Course and 341 ML for the irrigation
of farms, parks, and sports fields within the Hawkesbury campus of Western Sydney
University [6]. The recovered water had an electrical conductivity of between 0.81 and
0.84 dS/m. Cation concentrations of Na®, Mg2+, K*, and Ca?* were determined to be 95.9,
20.6,16.9, and 13.7 mg/L, respectively. The sodium adsorption ratio was determined to
be 3.8. The tap water was collected at Western Sydney University’s laboratory for column
investigations. Tap water had an electrical conductivity of between 0.21 and 0.22 dS/m.
Cation concentrations of Na™, Mg2+, K*, and Ca?* were determined to be 19.5, 4.67, 4.65,
and 13.52 mg/L, respectively. The sodium adsorption coefficient was determined to be 1.2.
The electrical conductivity of synthetic water was 2.0 dS/m. The concentrations of Na*,
Mg2+, K*, and CaZ* were determined to be 240, 52, 43, and 34 mg/L, respectively, and 6.0
was determined as the sodium adsorption ratio.

2.3. Continuous Laboratory Column Study

Soil samples were placed into 350 mm long plexiglass tubes with 2.5 mm thick columns.
Each column’s soil profile was maintained 300 mm below the surface. The 300 mm depth
of the soil profile is selected to resemble the root zone of the field condition. The columns
were 160 mm in diameter externally. At the bottom of the column, a 200 mm x 200 mm
baseplate was employed. The base plate was perforated with holes of 2.0 mm in diameter.
At the bottom of the column, a plastic mesh (mesh size 800 m) was employed. The column
configuration is schematically depicted in Figure 2. Three replicates of each soil type were
irrigated with a different type of irrigation water. For example, in columns 1, 2, and 3, tap
water was utilised; recycled water was used in columns 4, 5, and 6; and synthetic saline
water was used in columns 7, 8, and 9. Irrigation water was applied in a similar manner to
both types of soil. Ata depth of 0.2 m from the soil surface, one of the three columns from
each irrigation water type was mounted with a GS3 sensor [39]. At a depth of 0.2 m, GS3
sensors were employed to monitor bulk electrical conductivity (ECpyi).

All 18 columns of both soil types were packed to maintain a bulk density of 1500 kg/m3.
The soil column experiment lasted 330 days. Three times per week, irrigation water (tap,
recycled, and saline) was applied; a total of 960 mm of each type of irrigation water was
applied during the study period. The leached water at the bottom of each column was
collected, volumetrically quantified, and electrical conductivity measured using an EC
meter. It should be noted that no equivalent of rainfall was considered in the column study,
which would have had an additional leaching effect in a field environment regardless of
an irrigation water source. At the conclusion of the investigation, soil samples were taken
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every five centimetres along the soil profile. Each soil sample was subsampled for EC; 5,
ECe, and soluble cations analysis (Na*, Mg2+, K*, and Ca?*). All soil samples collected
from 18 columns were subjected to the tests. The entire setup took place within a laboratory
on the University of Western Sydney’s Kingswood campus. A weather station regularly
monitored meteorological factors such as temperature, relative humidity, and wind speed.
A pyranometer was used to measure solar radiation (Decagon Inc., Lagos, Nigeria).
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Figure 2. Schematic of the column set up to monitor the impact of irrigation water type on the salt
accumulation in D33 and Yarramundi soil profile.

The cumulative quantity of leached salt (g/m?) was estimated by multiplying the
amount of leached water (m) by the total dissolved solids (TDS) in the leached water (g/ m?).
The concentration of salt in the leached water was determined using electrical conductivity
(dS/m) and converted to TDS using a factor of 640 [40,41]. The leaching fraction was
calculated by dividing the volume of water leached from the soil column by the volume of
irrigation water applied.
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2.4. Goodness of Fit Indices

The goodness of fit between experimental and model projected data were evaluated
using a variety of statistical measures, including mean absolute error (MAE), root mean
square error (RMSE), percent relative error (RE), and percent bias (BIAS).

Between observed and expected values, the mean absolute error (MAE) is calculated
as follows:

1 N
MAE = - ) |O; — P )
Ni:l

where, O; represents observed values; P; represents predicted values; N represents the
number of observations. The MAE value close to zero indicates good model performance.
Similarly, the RMSE can be calculated by:

YN0 - P)?

RMSE = N_1

@)
MAE and RMSE are used to quantify the presence and magnitude of deviations
between simulated and observed data [42,43]. MAE and RMSE are expressed in the units
of the corresponding variable.
RE expresses the relative error of simulated values as a percentage of observed values.
RE’s ideal value is zero, which shows optimal model performance. It may be determined
as follows:

~ 100 & |O; — P
“NL o 8

i=1

RE

BIAS calculates the percentage of residuals that are more than or equal to the observed
values, indicating whether the model over- or underestimates the observed values [44].
BIAS has a perfect value of zero. Low values of BIAS suggest that the model produced
superior simulation results, whereas positive and negative values represent underestimate
and overestimation bias in the simulated outcomes, respectively. The BIAS can be calculated
as follows:

Yr,(0i —P)’
WARY ()

Statistical analyses were conducted using Minitab® [45].

BIAS = x 100 @)

3. Results and Discussion
3.1. Impact of Irrigation Water Salinity on the Salt Mass Balance

Figure 3a illustrates the average amount of salt accumulated in D33 paddock soil
columns as a result of irrigation with tap water (TW), recycled water (RW), and synthetic
saline water (SW). The stored salt load in columns using tap water varied between 0.04
and 3.88 g/ m2. On the other hand, in the case of recycled and saline water they were
0.78 to 7.7 g/m? and 0.79 to 12.82 g/m?, respectively. The total cumulative salt mass
stored in both RW and SW irrigated columns demonstrated a distinct rising pattern of salt
accumulation within 21 days of applying irrigation water. However, for TW irrigation,
the salt build-up trend was different, with a negative salt accumulation at the start of the
research period. From day two, the applied tap water leached a significant amount of
salt from the D33 soil profile, resulting in a negative cumulative stored salt mass over
134 days. Positive salt accumulation began on day 135 and continued throughout the study
period. As expected, more accumulation occurred in SW irrigated columns than in RW
and TW irrigated columns. At the end of the 330-day study period, SW irrigated columns
accumulated 16.2 times more salt than TW irrigated columns and 2.5 times more salt than
RW irrigated columns. When comparing RW and TW irrigated columns, the RW irrigated
column accumulated 6.4 times the amount of salt compared to the TW irrigated column.
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Salt mass, g/m?

Salt mass, g/m?

(b)

Thus, the results presented above indicate that in the absence of rainfall, salt increases in
the D33 paddock soil.

The salinity of irrigation water has a significant effect on the EC of leachate (Figure 3a).
It is intriguing to see that the EC of leachate in SW irrigated columns increased as the study
period progressed. During the study period, the average leachate EC from SW irrigated
columns was 8.30 dS/m (range: 2.18-16.03 dS/m); for RW irrigated columns, the average
leachate EC was 3.32 dS/m (range: 1.33-8.44 dS/m); and for TW irrigated columns, the
average leachate EC was 1.12 dS/m (range: 0.29—The cumulative quantity of leachate
averaged over three columns) from SW and TW irrigated columns was practically identical,
at 2.5 L; however, the figure was 0.3 L greater than the cumulative amount of leachate
from RW irrigated columns. This accounts for about 12% difference, which may not be
significant. An almost identical cumulative leachate amount demonstrates that the same
operating protocols were followed for all nine columns.

900 A - 18.0
800 - —O— Cumulative stored salt-TW L 16.0
—O— Cumulative stored salt-RW ¥
700 A —0— Cumulative stored salt-SW L 140
[0 EC of leachate-TW A&
ek < EC of leachate-RW A L 120 E
o A ~
500 A EC of leachate-SW g
- 10.0 e
400 2
L 8.0 8
300 pres
°
- 6.0 ]
200 w
100 - 4.0
0 L - 2.0
[m}
-100 0o oo i & 0.0
0 50 100 150 200 250 300 350
(a) Day
1100 r 16.0
—O— Cumulative stored salt-TW L 140
900 —O— Cumulative stored salt-RW A ’
—O— Cumulative stored salt-SW
[0 EC of leachate-TW r 120
700 <& EC of leachate-RW A T
A EC of leachate-SW - 10.0 5
8
500 - 80 s
®
2
- 6.0 s
300 Q
w
- 4.0
100
20
-100 0.0
50 100 150 200 250 300 350
Day

Figure 3. Cumulative salt mass stored in columns (averaged over the results from three columns)
and variation of EC of leachate during the study period using TW, RW, and SW as irrigation water
for (a) D33 paddock soil (b) Yarramundi paddock soil.
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Similar observations can be made with D33 soil columns (Figure 3b). Positive cumula-
tive salt accumulation began on day 76 for columns irrigated with TW. It should be noted
that the negative salt build-up persisted in the D33 paddock column for a longer amount of
time than in the Yarramundi paddock column, which may be due to the difference in soil
texture and starting salt concentration between these two types of soil. Silty loam soil (D33
paddock) comprises a greater amount of clay than loamy sand soil (Yarramundi paddock),
implying that it has a low hydraulic conductivity, resulting in a longer time required to
leach salt from the soil profile. Another factor could be the irrigation history of the D33
paddock, which has been irrigated with recycled water for 40 years, compared to zero years
for Yarramundi pasture. When the soils were collected at the start of the investigation, the
D33 soil had a higher saturated electrical conductivity than the Yarramundi paddock soil,
0.824 dS/m against 0.281 dS/m, respectively (Table 2).

At the end of the study period, SW irrigated columns accumulated 10.9 times more
salt than TW irrigated columns and 2.3 times more salt than RW irrigated columns. When
comparing RW and TW irrigated columns, RW irrigated columns accumulated salt 4.8 times
faster than TW irrigated columns. Similar to D33 soil columns, leachate from Yarramundi
soil columns included a greater concentration of salt, as shown by electrical conductivity
(EC). During the study period, the average EC of leachate from SW irrigated columns
was 6.40 dS/m (range: 2.22-13.40 dS/m); for RW irrigated columns, the average EC of
leachate was 1.81 dS/m (range: 0.83-3.06 dS/m); and for TW irrigated columns, the average
EC of leachate was 0.66 dS/m (range: 0.15-1.67 dS/m). Leachate had a lower electrical
conductivity in Yarramundi soil columns than in D33 soil columns. Leachate was also less
prevalent in Yarramundi soil columns than in D33 soil columns, particularly in SW irrigated
columns. After 233 days, no leachate was recorded in SW-irrigated Yarramundi columns.
This uncommon condition may explain why Yarramundi soil columns contain more salt
than D33 soil columns. As illustrated in Figure 3a,b, up to 233 days after SW irrigation,
the salt mass of Yarramundi and D33 soil columns was similar; 640 g/ m? for Yarramundi
and 609 g/ m? for D33 soil columns. However, over the next 97 days, the salt load in SW
irrigated Yarramundi columns grew by 46%, whereas the salt load in D33 soil columns
increased by 35%. This instance demonstrates the critical role of leaching in reducing salt
accumulation in the soil profile.

3.2. Impact of Irrigation Water Salinity on Continuous Real-Time Monitoring of Salt
Accumulation

Figure 4a illustrates the results of continuous real-time monitoring of ECy,y at a depth
of 0.2 m in D33 paddock soil columns. SW irrigated columns consistently had a higher
ECpyk than RW and TW irrigated columns from the start of the study period. On average,
SW irrigated columns had 1.9 and 2.8 times the salinity level of RW and TW irrigated
columns in terms of ECy, respectively. The ECyp for the RW irrigated column was
1.5 times that of the TW irrigated column. After 270 days, a rapid increase in ECp,x was
recorded for all SW, RW, and TW irrigated columns, owing to the increased irrigation water
input after Day 270. As illustrated in Figure 4a, about 1.5 times as much water was applied
between Days 260 and 320 compared to the between Days 228 and 259. This additional
irrigation water was provided to maintain the volumetric water content (VWC) near 0.25,
which corresponds to the field capacity of D33 paddock soil.

Comparing the ECy, i variation obtained for Yarramundi soil columns (Figure 4b) to
that observed in D33 columns (Figure 4a), ECy,;x was observed to be higher for Yarramundi
columns, which were irrigated with SW and RW. At the end of the column studies, ECy, 1
for the SW irrigated column containing Yarramundi soil was 1.9 dS/m, which was signifi-
cantly higher than the value observed for D33 paddock soil (1.2 dS/m). This indicates that
Yarramundi soil has the tendency to accumulate salinity within its profile.
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soil columns using TW, RW, and SW as irrigation water (VWC and ECy,, averaged over a day)

for (a) D33 paddock soil (b) Yarramundi paddock soil.

3.3. Impact of Irrigation Water Salinity on ECy.5 and EC,

Figure 5 illustrates the results of EC;.5 at various levels of the soil profile in the D33
and Yarramundi paddock soil columns. It should be noted that the data reflect the salt
accumulation at the conclusion of the 330-day column research. The values of ECy.5 were
averaged over six soil samples at various depths (for each irrigation water type). As
illustrated in Figure 5a, the majority of salt accumulation occurred between 0 and 0.1 m
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below the soil surface. This is expected, as the upper half of the soil column evaporates
more water than the bottom part. SW irrigated columns had 3.2 times the ECy.5 of RW
irrigated columns, and 8.3 times the EC;.5 of TW irrigated columns in the top 0.05 m of the
soil column. In comparison to TW irrigated columns, RW irrigated columns had 2.6 times
the ECy.5 concentrations. The results demonstrate that irrigation water salinity has an
effect on soil salinity at this level in terms of ECy.5. The fluctuation in the amount of salt
accumulated was greater at this depth (0-0.1 m) than in the rest of the columns, as indicated
by the error bars. This is especially true for SW irrigated columns of D33 paddock soil.
The results reveal that salt accumulation is diverse at this depth in the D33 soil profile.
SW irrigated columns accumulated 2.7 and 6.8 times more salt than RW and TW irrigated
columns, respectively, while RW irrigated columns accumulated 2.5 times more salt than
TW irrigated columns. For all three irrigation water types, the variance in ECy.5 was nearly
constant between column depths of 0.1 and 0.2 m. However, the ECy.5 ratio grew again
between 0.25 and 0.3 m deep. Between 0.2 and 0.3 m, SW irrigated columns accumulated
2.4 and 4.9 times more salt than RW and TW irrigated columns, respectively, while RW
irrigated columns accumulated 2.0 times more salt than TW irrigated columns. As a result
of the foregoing discussion, it can be inferred that as irrigation water salinity increased (i.e.,
in comparison to each other), more salt was collected between depths 0 and 0.2 m in D33
paddock soil columns than between depths 0.2 and 0.3 m.

Additionally, Figure 5a depicts the variation in the value of ECy.5 relative to its original
value at the start of the column research. Table 2 shows the values of ECy.5 and ECe
obtained in D33 paddock soil prior to the beginning of the column investigation. Between
0 and 0.2 m, ECy ;5 increased 10 and 3.7 times in SW and RW irrigated columns, respectively;
between 0.2 and 0.3 m, the rise was 4.3 and 1.8 times, respectively. Furthermore, EC;5
increased 3.7 times (from 0.06 to 0.368 dS/m) in TW irrigated columns, but remained lower
than the starting value at all other depths. The results demonstrate the feasibility of utilising
less saline water to regulate salinity in irrigated soils.

Figure 5b illustrates the variation in salt accumulation in terms of ECy.5 in Yarramundi
soil columns. As with the D33 paddock soil columns, a nearly same pattern of fluctuation
in ECy.5 over the depth of the soil profile was found. Between 0 and 0.2 m, SW irrigated
columns accumulated 2.6 and 5.3 times more salt than RW and TW irrigated columns,
respectively, while RW irrigated columns accumulated 2.0 times more salt than TW irrigated
columns; the average values of ECy.5 were higher than those observed in D33 paddock
soil columns at this depth. Between 0.2 and 0.3 m, SW irrigated columns accumulated
2.9 and 5.5 times the salt of RW and TW irrigated columns, respectively, while RW irrigated
columns accumulated 1.9 times the salt of TW irrigated columns. These results, again,
indicate that the Yarramundi soil has the tendency to accumulate higher amounts of salinity.

When the fluctuation of EC;.5 in Yarramundi paddock soil columns was compared to
its starting value (Figure 5b), EC1.5 was greater between depths 0 and 0.2 m than between
depths 0.2 and 0.3 m. Between depths 0 and 0.2 m, EC;.5 rose by 21.8, 8.4 and 4.1 times in
SW, RW, and TW irrigated columns, respectively, and by 11.4, 4.0, and 2.1 times between
depths 0.2 and 0.3 m. It appears that Yarramundi paddock soil columns included greater
ECj;5 in their higher half (from 0 to 0.2 m) when compared to D33 soil columns at the
same depth. This could be because silty loam soil holds more water than loamy sand
soil, resulting in less evaporation from D33 paddock soil than Yarramundi paddock soil.
Evaporation is the primary mechanism by which salt is concentrated in the soil in this
experiment; more evaporation occurred from the Yarramundi paddock soil columns than
from the D33 paddock soil columns, resulting in greater salt accumulation in the upper part
of the Yarramundi soil columns than in the D33 paddock soil columns. Figure 6 illustrates
salt accumulation in terms of ECe at various levels of the soil profile in the D33 and
Yarramundi paddock soil columns. In general, salt accumulation in terms of EC, followed
the typical cyclical pattern of salt accumulation in all columns. The cyclical pattern of salt
accumulation depicted in Figure 6 is related to variations in irrigation water evaporation
and application, as well as salt transit through the soil column. Salinity profiles in terms
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of ECe were found to be similar to the salinity profiles of ECy;5 mentioned previously in
D33 and Yarramundi paddock soil; however, they differed quantitatively. As a result, a full
examination of the fluctuation of EC, in the columns is omitted.
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Figure 5. Salinity profile in terms of ECy.5 using TW, RW, and SW as irrigation water in (a) D33
paddock soil columns and (b) Yarramundi paddock soil columns after the study period of 330 days.

The dotted line shows the initial ECy.5; the error bars show the minimum and maximum value of

ECy:5 in columns irrigated with specific irrigation water.
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Figure 6. Salinity profile in terms of ECe using TW, RW, and SW as irrigation water in (a) D33 paddock
soil columns and (b) Yarramundi paddock soil columns after the study period of 330 days. The dotted
line and error bars show the initial ECe and the minimum and maximum value of ECe, respectively.

Relationship between EC. and ECy.5

The extraction of soil water solution for the determination of ECy.5 is less time-
consuming and more convenient than the extraction of soil water solution for the de-
termination of ECe. As a result, it is desirable to calculate EC, from the supplied value
of ECy.5 when representing salt build-up using an appropriate conversion equation. The
purpose of this study is to assess a site-specific equation for converting ECy.5 to EC, for both
D33 and Yarramundi paddocks. Figure 7 depicts the connection between the measured
EC. and ECy5 in soil samples from the D33 and Yarramundi soil columns. As illustrated
in Figure 7a, when all data were analysed, the measured EC. values in samples from
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D33 paddock soil columns were found to be poorly linked with ECy.5. When values of
ECe > 10 dS/m were excluded, however, it was shown that they were substantially linked
with ECy.5. The values of EC. greater than 10 dS/m were excluded since the best correla-
tion between EC, and EC;.5 was obtained when the EC, value was less than 10 dS/m. A
straightforward linear regression equation has been developed, which is as follows:

ECe =5.63 x ECy.5 4+ 0.33 (5)

140 . 100 D33 soil
& D33 soil

8.0
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T =
g £
_:, 6.0 £ 40
3 o
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40 w 2=
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Figure 7. Relationships between ECy.5 and EC, for soil samples collected from depths 0 to 0.3 m after
330 days of column study from (a) D33 soil columns for all data (b) D33 soil columns for EC data
ranged between 0 and <10 dS/m and ECy.5 data ranged between 0 and <1.5 dS/m. (c¢) Yarramundi
soil columns for all data (d) Yarramundi soil columns for EC. data ranged between 0 and <10 dS/m
and EC;.5 data ranged between 0 and <2.5 dS/m.

The predictor variable (ECy;5) in Equation (5) has a p-value of zero, indicating that
it is a meaningful object in the regression equation. The root mean square error (RMSE)
value indicates a reasonable agreement between experimental and regressed results (Fig-
ure 7b). The regressed EC, values for soil samples were less than 0.5 percent lower than
the experimental EC, values, as indicated by BIAS in Figure 7b. As a result, the proposed
regression equation is adequate for measuring samples with an ECe of 10 dS/m and an
ECy:5 of 1.5 dS/m for D33 paddock soils. Other studies have also reported segmenting
observed EC. and ECy 5 values in order to build a reasonable relationship between EC. and
ECy:5. A few examples are listed in Table 3.

Table 3. Relationships for predicting ECe from measured values of ECy.5 proposed by some researchers.

ECe = 5.04 (ECy.5) + 0.37 [46]
ECe = 6.53 (ECy.5) — 0.108 [47]
ECe =5.7 (ECy.5) — 0.2 [48]
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When all data were reviewed, the measured EC, values for Yarramundi soil columns
(Figure 7c) were shown to be poorly linked with ECy.5. When values of ECe > 10 dS/m were
excluded, however, it was shown that they were substantially linked with ECy.5 (Figure 7d).
A straightforward linear regression equation has been developed, which is as follows:

EC. = 3.85 x ECy.5 + 0.53 (6)

The p-value for the predictor variable in the regression equation (EC;.5) was deter-
mined to be zero, indicating that the predictor is a meaningful object in the regression
equation. The root mean square error (RMSE) value indicates a reasonable agreement
between experimental and regressed results (Figure 7c). According to BIAS, the regressed
EC. computed for soil samples overstated the experimental ECe by less than 0.5 percent.
Similar to D33 paddock soil, the proposed regression equation is acceptable for Yarramundi
paddock soil samples with EC. values of 10 dS/m and EC; ;5 values of 2.5 dS/m.

3.4. Impact of Irrigation Water Salinity on Soluble Cations

Figure 8 illustrates the results of soluble cations analysis in terms of Na*, Mg?*, K*,
and Ca?* at various depths of the soil columns containing D33 and Yarramundi paddock
soil. The soluble cations in the saturated paste extract were determined. Sodium’s general
behaviour was found to be comparable to that of the EC. shown in Figure 6. Na* grew
more rapidly in the top 0.1 m of the soil profile (due to enhanced evaporation at this depth
compared to the lower half of the column), but remained cyclical throughout the soil profile.
The increased Na* concentration at the top of the columns could potentially be due to
the absence of rainfall throughout the research period. According to Gongalves et al. [49],
in the absence of rainfall, the concentration of Na* peaked in the upper layer of the soil
profile, but returned to its initial level following rainfall; the amount of Na* in the bottom
layer rose following rainfall. The low values of Na* concentration in the lower part of the
column may be due to a lack of flushing of Na+ from the top part of the column by rainfall;
the nominal increase of Na* in some depths between 0.15 and 0.3 m may be due to leaching
of some Na* from the upper part (0-0.1 m) and transport to the lower part due to irrigation
water application.

As expected, the concentration of sodium chloride (Na*) in soil columns irrigated with
synthetic saline water (SW) was higher than in columns irrigated with recycled water or
tap water; the concentration of Na* in synthetic saline water was 2.5 times that of recycled
water and 12.3 times that of tap water. The highest concentration of Na* was reported in
Yarramundi paddock soil (Figure 8e) in the top 0.1 m depth, which was nearly double that
found in D33 paddock soil (Figure 8a); this could be due to the soil type differential noted
previously. Additionally, CaZt, Mg2+, and K* concentrations are also shown in Figure 8.
Once again, these cations varied in a manner similar to that of Na*.

The soluble Na*, CaZ*, and Mg2+ concentrations were utilised to calculate the sodium
adsorption ratio. The effect of increasing the salinity of the irrigation water on the SAR
measured in the saturated paste extract was observed to be distinct; the SAR in both types
of soil rose as the irrigation water salinity increased. As expected, the variance for SAR
throughout the soil profile followed the same pattern as that of ECe.
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Figure 8. Salinity profile in terms of soluble cations (a—-d) using TW, RW, and SW as irrigation water
in D33 paddock (a-d) and Yarramundi (e-h) soil columns after the study period of 330 days. The
dotted line and error bars show the initial value of cation, and the minimum and maximum values of
measured cation, respectively.

Relationships of EC, with Soluble Cations

The association between EC, and the total cation concentration (Na*, Ca2*, Mgz*,
K* abbreviated as Csym) in the saturated paste extract for samples obtained from D33
paddock soil columns is shown in Figure 9a. The correlation between the values of ECe and
Csum was discovered, and a regression equation was proposed (Figure 9a). The suggested
regression equation was established for EC. values ranging from 0.07 to 13 dS/m and
Csum values ranging from 0.5 to 132 meq/L. At these ranges, the equation is adequate for
calculating Csum for a given value of ECe on soil similar to the D33 paddock. The regression
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equation between EC. and Cgum was found to be similar to the equation proposed by
Bresler et al. [50], which is given by:

ECe = 0.1 Coum )

A similar association between EC, and the total cation content measured in the sat-
urated paste extract was examined and reported in Figure 9b for samples collected from
Yarramundi paddock soil columns.
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Figure 9. Relationships of concentration of total cation (Csuym) with ECe, and concentration of indi-
vidual cation in the saturated paste extract from soil samples collected from depths 0 to 0.3 m after
330 days of column study from (a) D33 paddock soil columns (b) Yarramundi paddock soil columns.

Additionally, Figure 9a was created to determine the correlations between specific
cations and Cgym in saturated paste extract. Relationships between the concentrations
of individual cations (e.g., Na*, Ca?t, Mg2+, or K*) and their total cation concentrations
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are useful for determining the effect of individual cations on the ionic composition of
saturated paste extract (or soil water). This also identifies which cation is causing nutritional
deficiencies in the root zone soil water, which may have an effect on crop growth [51].
According to Oanzen & Chang [51], two phenomena can limit crop output as a result of
salt accumulation in the root zone: osmotic stress and nutrient deficiency in the soil water.
Thus, for D33 paddock soil, the following relationships between individual cations and
total salinity (in terms of cation concentration) in saturated paste extract are postulated
(Equations (8)—(11)):

Na® = 0.52 x Csym + 0.79, p-value = 0.001 8)
Mg?" = 0.29 x Coym — 0.91, p-value < 0.0001 )
Ca?t = 0.16 x Csum — 0.20, p-value = 0.063 (10)
KT = 0.02 X Coum — 0.32, p-value < 0.0001 (11)

For a given Cgum, Equations (8)—(11) can be used to determine the ionic composition
of saturated paste extract from D33 paddock soil. Needless to say, the total cation con-
centration for a particular EC. may be determined using the relationship presented in
Figure 9a. Similar equations for Yarramundi paddock soil were constructed as follows
(Equations (12)—(15)):

Na™ = 0.58 X Csym — 1.03, p-value = 0.015 (12)
Mg?" = 0.26 x Csym — 0.64, p-value < 0.0001 (13)
Ca®" = 0.11 x Cgym + 1.54, p-value < 0.0001 (14)

Kt = 0.05 x Cgum + 0.14, p-value = 0.001 (15)

The high correlation coefficient between individual and total cation concentrations,
as well as the low p-values for the generated Equations (12)—(15), confirm that they can be
used with a degree of confidence for the soil types investigated in this study.

As illustrated in Figure 9a,b, the concentrations of all cations increased linearly with in-
creasing total salinity, while the ratio of soluble cations differed in soil samples. For example,
in the case of RW irrigated D33 paddock soil, the soluble cations ratios Na*/ Mg2+ /Ca%t /K*
were discovered to be 0.61/0.22/0.13/0.04, compared to 0.34/0.37/0.04/0.25 before the
start of the study. Similarly, for RW irrigated Yarramundi paddock soil, the ratios were
determined to be 0.62/0.22/0.11/0.04, compared to 0.35/0.11/0.18/0.35 at the start of the
trial. The shift in the ratios happened as a result of cation exchange. Due to the high salt
content of recycled water and continuous irrigation with it, this resulted in a rise in Na*
and a reduction in K*. This will result in an increase in soil sodicity and a decrease in the
amount of nutrients accessible to plants.

4. Conclusions

A column study integrating real-time salinity monitoring in the soil profile was done to
determine the effect of irrigation water salinity on salt build-up in the soil of two paddocks
in Hawkesbury, NSW, Australia (D33 and Yarramundi). Three types of water were used as
irrigation water namely, tap water (TW), recycled water (RW), and synthetic saline water
(SW) with average electrical conductivities of 0.2, 0.81, and 2.0 dS/m, respectively.

The results indicated that the continuous use of recycled water can lead to the accu-
mulation of salt in the soil, particularly in the root depth of 0 to 0.2 m. The higher the salt
concentration in the recycled water, the higher is the accumulation of salt in the soil. The
study included columns filled with two types of soils, namely, silty loam (D33 Paddock) and
loamy sand (Yarramundi paddock). It appears that the soil from the Yarramundi paddock
is more susceptible to salt accumulation compared to the soil from the D33 paddock.
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The results indicate the critical role of leaching in managing the salt accumulation
in the soil profile. In practice, if the recycled water is used for irrigation, the field may
balance salt concentration in the soil by allowing the salt to escape from the top layers
of the soil into the deep layers. This can naturally happen when there are rain events at
regular intervals.

A set of equations relating ECe, and total and individual cation concentrations were
established as part of this study. By using these equations, it is possible to estimate the
individual cation concentrations by measuring the EC, of the soil. When the recycled water
is used for irrigation, these equations can be used to monitor the cations build-up by just
measuring the EC, of the soil. Particularly, these equations are useful to monitor sodium
build-up in the soil. As a result, there is a considerable cost saving that can be achieved for
monitoring the salt accumulation in the soil which is irrigated with recycled water.

In general, the effect of irrigation water salinity on salt build-up in the soil profile was
evident. The data presented in this paper demonstrated that the higher the salt content in
the irrigation water, the higher is the salt build-up. This salt build-up can be controlled by
either reducing the salt concentration in the irrigation water or facilitating the leaching of
the salt to deeper layers through appropriate irrigation management.
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