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Abstract The utilization of treated wastewater
(TWW) for agricultural irrigation can enhance soil
properties and fertility for better crop growth. How-
ever, toxic chemicals in TWW, if exceeding permis-
sible limits, pose environmental and health risks.
This study aims to evaluate the quality of treated
wastewater (TWW) and groundwater used for irriga-
tion in alfalfa and date palm fields, focusing on spe-
cific ion toxicity, salinity, heavy metal concentrations,

M. Al-Shali
Ministry of Agriculture, Fisheries and Water Resources,
Muscat, Oman

M. Al-Shali - A. Al-Busaidi
College of Agricultural and Marine Sciences, Sultan
Qaboos University, Muscat, Oman

K. Al-Farsi - Y. Al-Rashdi

Central Laboratory for Food Safety Resources, Ministry
of Agriculture, Fisheries and Water Resources, Muscat,
Oman

1. Abdullahi
Faculty of Agriculture, University of Abuja, Abuja,
Nigeria

S. Mahato (D<)

Special Centre for Disaster Research, Jawaharlal Nehru
University, New Delhi, India

e-mail: mahatosusanta2011@ gmail.com

U. Meena - R. Meena
School of Environmental Science, Jawaharlal Nehru
University, New Delhi, India

and other water quality parameters. Water samples
were collected from four plantation sites in the Ibra
and Alqabil provinces during the summer and win-
ter seasons of 2020 and 2021. The samples were
analyzed for electrical conductivity (EC), pH, total
dissolved solids (TDS), carbonate, bicarbonate, and
the presence of arsenic (As), cadmium (Cd), cobalt
(Co), boron (B), lead (Pb), nickel (Ni), copper (Cu),
iron (Fe), zinc (Zn), manganese (Mn), and chro-
mium (Cr). The findings reveal that both TWW and
groundwater in the sampled sites exhibited salinity
levels detrimental to sensitive crops. Trace element
concentrations generally adhered to permissible lim-
its as defined by FAO and Oman standards, except
for boron, which exceeded allowable limits by up to
40% in groundwater when compared to the control
site. Notably, cobalt (Co), arsenic (As), and cadmium
(Cd) were undetectable in all water samples. Addi-
tionally, groundwater samples taken in close prox-
imity to sewage treatment plants (STPs) displayed a
37% increase in EC, TDS, and heavy metal concen-
trations. This suggests that groundwater, like TWW,
may contain undesirable salts and heavy metals that
could compromise water quality. This research under-
scores the importance of monitoring and assessing
the quality of both treated wastewater and groundwa-
ter used for irrigation. While these water sources hold
potential benefits for agriculture, they also carry the
risk of negatively impacting soil and crop health due
to salinity and the presence of certain contaminants.
This study provides critical insights into the safe use
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of TWW and groundwater in agricultural practices,
highlighting areas for improvement in water treatment
and management strategies to ensure sustainable agri-
cultural productivity.

Keywords Physicochemical assessment -
Environmental sustainability - Human health risks -
Heavy metal contamination - Water quality analysis

1 Introduction

The utilization of treated wastewater has emerged as
a pragmatic approach to sustain agriculture, particu-
larly in irrigating various crops such as palm trees,
citrus plants, and forage crops in Oman. However, the
compounding impacts of climate change have initi-
ated a cascade of challenges, notably the degradation
of groundwater quality due to the infiltration of sea-
water into the aquifers. This infiltration has resulted in
a complex phenomenon of groundwater salinization,
rendering the soil unsuitable for cultivation and pos-
ing significant impediments to agricultural productiv-
ity (A. Ahmed & Askri, 2016; Jiang et al., 2023).

Recent initiatives, exemplified by the expansion of
the One Million Date Palm Trees Project across sev-
eral governorates in Oman, signify strategic efforts
aimed at bolstering agricultural resilience amidst
climatic upheavals (Batarseh et al., 2021; Qiu et al.,
2023). Under stringent governmental regulations, this
project has undergone augmentation to encompass
not only date palm cultivation but also the incorpora-
tion of fruit and forage crops, all reliant on sophisti-
cated irrigation systems. Such expansions have been
pivotal in aiding farmers’ adaptation to the multifac-
eted challenges posed by the changing climate (Cetin
et al., 2022b; Cetin and Jawed, 2024). However, this
laudable endeavor has triggered an unanticipated
consequence: a surge in farmers’ quest for alterna-
tive water sources to sustain these tree crops. Conse-
quently, the demand for freshwater in plantation agri-
culture has experienced a dramatic threefold increase,
perpetuating a palpable disparity between water con-
sumption and its availability.

This pressing demand for water has driven the
proliferation of a system where treated wastewater,
sourced from sewage treatment plants (STPs), is con-
veyed to adjacent farms through an extensive network
of plastic pipelines. These pipelines facilitate the
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transfer of treated wastewater from its origin at the
STPs to the targeted plantations, serving as a daily rit-
ual that spans across diverse governorates within the
country (Cesur et al., 2022; Cetin et al., 2022a; Cicek
et al., 2022). This innovative yet intricate system
exemplifies the evolving strategies adopted by farm-
ers and policymakers to address the growing water
scarcity issues while simultaneously ensuring the sus-
tenance of agricultural practices in the face of escalat-
ing climatic challenges (Cetin and Jawed, 2021; Cetin
et al., 2023).

The utilization of treated wastewater for irriga-
tion purposes is a critical practice in mitigating water
scarcity in agriculture (Aisha, 2023; Ali & Ugﬁncii,
2023). However, the quality of irrigation water, par-
ticularly in terms of dissolved salts and trace contami-
nants, holds substantial significance in its impact on
crops and soil health. Numerous studies have under-
scored the pivotal role of water quality in irrigated
agriculture. Reports assessing treated wastewater and
groundwater quality for irrigation have highlighted
the implications of dissolved salts and trace contami-
nants on water quality (Nguyen & Huynh, 2023; Han
et al.,, 2024), emphasizing their profound effects on
crops and soil properties (Kadyampakeni et al., 2017;
Zaman et al., 2018).

The consequences of poor water quality on irri-
gated crops are multifaceted and far-reaching. High
salt accumulation in the root zone due to irrigation
with water containing dissolved salts can impede
plant growth and decrease soil permeability, primar-
ily through excessive sodium or calcium leaching.
Additionally, the presence of pathogens or contami-
nants in irrigation water poses direct threats to plant
health, rendering water unsuitable for agricultural
use (Bharti et al., 2020; Zhang et al., 2021). Studies
conducted on water quality in Oman have also delved
into the impact of treated wastewater on heavy metal
levels and their translocation within the soil-plant
system. Investigations have explored heavy metal
accumulation in soil, its uptake by plants, and subse-
quent accumulation in fruits, shedding light on poten-
tial risks associated with using treated wastewater for
irrigation purposes (Al-Musharafi et al., 2013; Batar-
seh et al., 2021; Murad, 2014; Pal & Mabhato, 2016).

Amidst these considerations, the adherence to
established water quality standards, such as those
outlined by the Food and Agriculture Organization
(FAO) for irrigation, holds critical importance. These
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standards encompass social, economic, and environ-
mental components essential for ensuring sustainable
agricultural practices in Oman. However, uncertain-
ties persist regarding the potential impact of treated
water, especially concerning heavy metal contamina-
tion, on the food chain and its implications for human
and animal health. Furthermore, the long-term sus-
tainability of date palm plantation agriculture, reliant
on alternative water sources such as treated wastewa-
ter and groundwater, necessitates empirical evidence
to substantiate their viability (Hu et al., 2023; Sukri
et al., 2023).

The objective of this study is to evaluate the qual-
ity of treated wastewater (TWW) and groundwater
utilized for irrigation in alfalfa and date palm fields,
specifically focusing on assessing specific ion toxic-
ity, salinity levels, heavy metal concentrations, and
various other water quality parameters. By collecting
water samples from four plantation sites in the Ibra
and Alqgabil provinces across different seasons, this
research aims to provide comprehensive insights into
the suitability of these water sources for agricultural
practices. The novelty of this study lies in its exami-
nation of both treated wastewater and groundwa-
ter, shedding light on potential risks associated with
their use in irrigation, including elevated salinity lev-
els and the presence of contaminants such as boron.
The implications of this research are significant for
ensuring sustainable and safe agricultural practices in
Oman. By highlighting areas of concern and poten-
tial improvement in water treatment and management
strategies, this study contributes valuable insights
towards safeguarding soil and crop health while
maximizing agricultural productivity. Ultimately, this
research underscores the importance of rigorous mon-
itoring and assessment of water quality in agricultural
irrigation practices, emphasizing the need for proac-
tive measures to mitigate environmental and health
risks associated with irrigation water contamination.

2 Material and Methods

2.1 Study Area

Ibra and Alqgabil provinces, nestled amidst encircling
mountains approximately 150 km from Muscat gov-

ernorate, exhibit a distinct hot and arid climate. The
annual average temperature is 25.8 °C, with scant

rainfall averaging around 105 mm per year. Septem-
ber is the driest month, while June experiences the
highest temperatures, averaging 32.0 °C, and January
records the lowest at 18.9 °C. The agricultural land-
scape in these regions supports a variety of crops,
including palm trees, citrus fruits, alfalfa, sorghum,
wheat, and lettuce. Agriculture relies heavily on the
Afalaj systems and groundwater reservoirs for irriga-
tion. The field study encompasses four distinct sites
within the region, each employing specific irrigation
practices and water sources (Fig. 1). Site 1: Exclu-
sively uses groundwater (GW) for irrigation and is
situated approximately 5 km away from Sites 2, 3,
and 4. Site 2: Relies on treated wastewater (TWW)
for irrigation. Site 3: Employs a mixed water source
comprising treated wastewater and groundwater
(TWW and GW) (Table 1). Site 4: Located near the
Ibra Sewage Treatment Plant (STP), uses groundwa-
ter (GW) for irrigation (Fig. 2).

These farms predominantly use traditional irriga-
tion systems, where water channels traverse from
collection basins to the agricultural plots. Farmers
must obtain requisite permissions to access treated
wastewater directly from the sewage treatment plant
for irrigation. The treated wastewater undergoes com-
prehensive tertiary treatment to eliminate organic
and inorganic compounds, pathogens, easily sedi-
mentable solids, and non-settleable materials. This
process aims to produce effluents with minimal con-
centrations of contaminants suitable for irrigating
various trees and crops, except for vegetables. The
Haya Water Company, now known as Nama Water
Services, operates the water treatment plant with a

Fig. 1 Water collection basin
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Table 1 The geographical

. : Farm No Site No Geographical Locations Water sources

coordinates of the farm sites

and their water sources Northing Easting
Farm No. 1 Site 1 22°43'15.1" 58°36'11.1" GWC
Farm No. 2 22°49'52.2" 58°25'47.2" (Control site)
Farm No. 3 22°50'8.6 58°24'21.4
Farm No.4 Site 2 22°43'40.6" 58°32'5.6" TWW

22043/ 392" 58° 32/ 4.8" (Treated wastewater)

Farm No. 5 22°44'21.16" 58°31'46.04"
Farm No. 6 22°44'9.11" 58°32'3.45"
Farm No. 7 Site 3 22°44'17.77 58°31'57.5" MW (TWW +GW)
Farm No. 8 22°44'8.1" 58°31'56.0" MW (TWW +GW)
Farm No. 9 22°44'6.21" 58°32'1.02" MW (TWW +GW)
Farm No. 10 Site 4 22° 43" 50.4" 58°32'23.6" GWN (near STP)
Farm No. 11 22°43'43.6" 58°32'24.3" GWN (near STP)
Farm No. 12 22°43'35.08" 58°32'14.76" GWN (near STP)

capacity to process 1879 m®/day, treating 1685 m?/
day of water intended for the city’s use. This treat-
ment process ensures that the effluents meet specified
standards, facilitating their safe and sustainable use in
agricultural irrigation within the region.

2.2 Sample Collection and Analytical Methods

Sample Collection Water samples were collected
twice annually, in January and July, over the course
of 2020 and 2021, from four sites in Ibra and Alqabil
provinces. To minimize contamination, polyethylene
bottles used for sample collection were pre-cleaned
by washing with distilled water, soaked in 10% nitric
acid (HNO:s) for 24 h, and rinsed thrice with distilled
water.

Water Quality Parameters Fifteen water quality
parameters were analyzed to assess the suitability of
treated wastewater (TWW) and groundwater (GW)
for irrigation. These parameters included salinity,
electrical conductivity (EC), total dissolved solids
(TDS), sodium (Na), chloride (Cl), boron (B), lead
(Pb), chromium (Cr), bicarbonate (HCOs"), carbon-
ate (COs>), pH, calcium (Ca), magnesium (Mg), and
other trace elements.

Field Measurements In the field, water tempera-

ture, pH, EC, and TDS were measured using a port-
able meter (Hanna HI991301) with a glass electrode
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calibrated using standard buffer solutions. For each
field season, 100 ml of water samples were collected
in six replicates (three for EC, pH, TDS, and other
elements, and three for heavy metal analysis).

Sample Preservation and Heavy Metal Analy-
sis To prevent microbial utilization, 1 ml of HNO:
was added to each sample immediately after collec-
tion, and samples were refrigerated at 4 °C. Heavy
metals were quantified using the EPA 3015A method.
Specifically, 45 ml of each water sample was digested
with 4 ml of HNOs and 1 ml of HCI in a microwave
digestion system at 170+5 °C and 1200 Watts (Zhao
et al., 2024). After digestion, samples were filtered
using Whatman grade 42 filters, diluted to 50 ml with
deionized water, and stored at 4 °C until analysis.

Carbonate and Bicarbonate Determination Car-
bonate and bicarbonate ions were determined by
titration against sulfuric acid (H,SO,) using phenol-
phthalein and methyl orange indicators, following
ICARDA standard methods (Zhu et al., 2024).

Calcium and Magnesium Determination Cal-
cium (Ca) and magnesium (Mg) were determined
by titration with disodium EDTA (0.01 N). For cal-
cium, NaOH (4 N) and ammonium purpurate were
used as indicators. For combined calcium and mag-
nesium (Ca+Mg), an ammonium chloride-ammo-
nium hydroxide buffer solution and eriochrome black
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Fig. 2 Map of the study area
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T indicator were used (Dai et al., 2024b; Zhu et al.,
2024).

Trace Element Analysis Trace elements were
analyzed using an inductively coupled plasma opti-
cal emission spectrometer (ICP-OES) according to
the method described by Bulska and Ruszczynska
(2017a, b).

Phosphorus, Chloride, Carbonate, and Bicarbo-
nate Analysis Phosphorus, chloride, carbonate, and
bicarbonate concentrations were analyzed using titri-
metric methods as outlined by Chapman and Pratt,
(1982).

The rationale behind the selection of specific
parameters for assessment in this study is fundamen-
tal to understanding the environmental dynamics and
potential risks associated with heavy metal contami-
nation in agricultural settings. The chosen parameters
were carefully selected based on their relevance to
water quality and their known associations with heavy
metal concentrations in previous research. Addition-
ally, these parameters are commonly used indicators
of environmental health and are widely recognized
in scientific literature and regulatory frameworks.
While the authors may have considered other sets of
parameters, the selected ones were deemed most per-
tinent for several reasons. Firstly, parameters such as
pH, electrical conductivity (EC), total dissolved sol-
ids (TDS), and total hardness (TH) are fundamental
indicators of water quality and can provide insights
into the overall chemical composition and suitability
of water for irrigation purposes. These parameters
can also influence the mobility and bioavailability of
heavy metals in soil and water systems.

Furthermore, the inclusion of specific heavy met-
als such as copper (Cu), chromium (Cr), nickel (Ni),
manganese (Mn), iron (Fe), zinc (Zn), and lead (Pb)
is crucial due to their known toxicological effects and
potential risks to human health and the environment.
These metals are commonly found in wastewater
effluents and are often monitored closely in environ-
mental assessments due to their widespread occur-
rence and detrimental impacts on ecosystems. Sen-
sitivity analysis of these parameters on the results is
essential to understand their relative importance and
potential interactions. By systematically varying the
values of each parameter and observing their effects
on heavy metal concentrations, researchers can assess
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which factors have the most significant influence
on the outcomes. Sensitivity analysis can also help
identify potential confounding variables or sources
of uncertainty in the data, allowing for more robust
interpretations and conclusions.

2.3 Statistical Analysis Methods

Software and Tools Mathematical, statistical, and
data analyses were performed using Microsoft Office
Excel (2016 version) and the agricolae package in R
programming software (version 3.3.0) for Windows.
IBM SPSS version 25 was utilized to calculate Pear-
son correlation coefficients.

Design and Replication A randomized complete
block design (RCBD) with three replicates was
employed for data analysis. Each replicate consisted
of three farm plots per site, with a date palm stand
density of 10,000 stands per hectare, separated from
other sites by at least 5 km. This design helps in mini-
mizing variability and improving the reliability of the
results.

Multivariate Statistical Analysis Multivariate
statistical techniques were applied to identify pos-
sible changes and patterns in water quality. These
techniques are valuable in understanding the com-
plex relationships between multiple water quality
parameters.

Correlation Analysis Pearson correlation coeffi-
cient was used to assess the relationships and influ-
ences among physicochemical properties and heavy
metals in the treated wastewater and groundwater
samples. This statistical method helps in determin-
ing the strength and direction of linear relationships
between variables.

Mean Comparison Duncan’s multiple range test
(DMRT) was used for comparing means at a signifi-
cance level of p<0.05. This post-hoc test helps in
identifying significant differences between treatment
means, thereby providing a clearer understanding of
the impact of different water sources on the measured
parameters. By integrating these statistical meth-
ods, the study ensures a robust analysis of the data,
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providing insights into the quality and suitability of
treated wastewater and groundwater for agricultural
irrigation.

3 Results and Discussion

The treated wastewater (TWW) and groundwater
(GW) samples from all the plantation sites were
analyzed for various quality parameters includ-
ing pH, temperature, electrical conductivity (EC),
bicarbonate (HCO3-), carbonate (CO3-2), chloride
(Cl-), total dissolved solids (TDS), and sodium
adsorption ratio (SAR).

3.1 pH Analysis

The pH of irrigation water exhibited significant vari-
ability (p<0.05) across different water sources and
seasons. Notably, the highest average pH values were
observed in groundwater close to the well (GWC) at
7.82, followed by 7.73 in groundwater near the nurs-
ery (GWN), 7.67 in mixed water (MW), and 7.64
in treated wastewater (TWW). Statistical analysis
using Duncan’s test revealed no significant differ-
ence (x=0.05) in mean pH values between TWW,
MW, and GWN, as well as between GWN and GWC
(Fig. 3). However, the highest average pH values
occurred during the summer of 2020 (7.79) and the
winter of 2021 (7.75), suggesting a tendency towards
neutral alkalinity. This aligns with findings by Zhu
et al., (2024), attributing natural alkalinity to CO2
dissolution in the atmosphere or carbonate rocks like
limestone and dolomite. Notably, the predominance
of bicarbonate (HCO3-) as the primary carbonate
component supports these findings, corroborated by
studies by Ahmed and Askri, (2016) and Yi et al.,
(2022). Moreover, pH wvalues of irrigation water
sources within date palm farms adhered to Omani
standards (pH=6—9) for treated wastewater effluent
reuse and discharge, as well as WHO and FAO stand-
ards (6—38.5).

3.2 Electrical Conductivity (EC) Assessment

EC values demonstrated significant variation across
different water sources, with groundwater samples

near the sewage treatment plant (STP) exhibiting the
highest average EC (4791.94 uS/cm), while treated
wastewater had the lowest (1689.5 uS/cm). No sig-
nificant difference (p <0.05) was found between the
average EC values of GWC and TWW. Seasonal
variations were observed, with EC values in winters
(averaging between 2702.56 uS/cm and 2983.08 pS/
cm) notably lower than those in summers, indicat-
ing an annual difference of approximately 870 uS/
cm (Table 2). High salt content in water with elevated
EC levels can lead to soil degradation and pose toxic-
ity risks to plants, as highlighted by Li et al., (2023).
Furthermore, livestock may experience water bal-
ance disruptions due to excessive salinity, echoing
the findings of Hu et al., (2023). Evaluation against
established standards revealed that a substantial por-
tion of the samples were slightly to moderately saline,
underscoring the unsuitability of treated wastewater
for animal consumption and its adherence to Omani
standards for treated wastewater effluents (2000 pS/
cm).

3.3 Total Dissolved Solids (TDS) Analysis

TDS levels exhibited significant variability across dif-
ferent water sources and seasons. The highest aver-
age TDS values were recorded in groundwater near
the well (GWN) at 2412.50 mg/L, followed by mixed
water (MW), groundwater near the nursery (GWC),
and treated wastewater (TWW) (Table 3). Evaluation
against established standards revealed that a majority
of samples were slightly to moderately suitable for
irrigation, although a significant portion of ground-
water near the nursery (GWN) was deemed unsuit-
able. These findings align with Omani standards for
Wastewater Reuse and Discharge (Class A) and Hu
et al.’s classification (2023), emphasizing the impor-
tance of monitoring TDS levels for sustainable agri-
cultural practices.

3.4 Total Hardness (TH) Assessment

TH levels varied significantly across irrigation water
sources, with groundwater near the nursery (GWN)
exhibiting the highest average TH (893.64 mg/L)
and groundwater near the well (GWC) the low-
est (321.01 mg/L) (Table 4). No significant differ-
ences in TH were observed between GWC and MW,
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Table 4 The Total hardness classification of the sampled sites

Irriga- Soft Moderately Hard ~ Hard Very Hard
tion water
sources
TH<75 CaCO4 75 <TH< 150 CaCO, 150<TH< 300 mg TH> 300 mg/L CaCO4
CaCO;,
No. of samples % of samples No.of % ofsamples No.of % ofsamples No.of % of samples
samples samples samples
GWC 0 0 0 0 0 0 36 100
TWW 0 0 0 0 0 0 36 100
MW 0 0 0 0 0 0 36 100
GWN 0 0 0 0 0 0 36 100

suggesting a mitigating effect of treated wastewater
on total hardness (Fig. 3). Seasonal variations were
non-significant, with average TH values remaining
relatively stable across different seasons. Evaluation
against WHO and Omani standards revealed that a
substantial portion of samples fell within permissible
limits, emphasizing the importance of TH monitoring
for water quality management in agricultural prac-
tices (Table 5).

3.5 Classification of Water Samples

Classification of water samples based on salin-
ity revealed variations across different sources
and locations. Groundwater samples near the con-
trol site exhibited freshwater characteristics, while
treated wastewater samples were categorized as
fresh to brackish. Groundwater near the sewage
treatment plant (STP) and mixed water samples fell
within the brackish water category, with a portion
of groundwater near the STP categorized as salt-
water. These classifications underscore the hetero-
geneous nature of water sources and highlight the
importance of tailored management strategies for
sustainable agricultural practices.

3.6 Carbonate and Bicarbonate Concentrations

Carbonates and bicarbonates in water play pivotal
roles in determining calcium and magnesium levels
and the water’s acidity. The presence of these com-
pounds is primarily attributed to carbonate weather-
ing and carbonic acid dissolution in aquifers. In our

@ Springer

study, significant variations (p<0.05) in carbonate
concentrations were observed across different irriga-
tion water sources and seasons. While treated waste-
water and control site groundwater showed negligible
carbonate content, concentrations ranged from 5.79
to 29.45 mg/L in mixed water and O to 38.3 mg/L in
groundwater near nurseries. Conversely, bicarbonate
concentrations exhibited significant seasonal varia-
tions (p<0.05) and interactive effects with irrigation
water sources. Concentrations ranged from 183 to
365.7 mg/L in winter 2020, 175.68 to 378.27 mg/L in
summer 2020, 159.82 to 383.08 mg/L in winter 2021,
and 186.66 to 381.69 mg/L in summer 2021. These
findings align with previous research by Al Hadidi
et al., (2021) and Nagaraju et al., (2016) and under-
score the dynamic nature of carbonate and bicarbo-
nate levels in groundwater.

3.7 Trace Element Analysis

Iron (Fe) Iron is crucial for plant growth and
metabolism, and its concentration varied significantly
across irrigation water sources. Average concentra-
tions were 0.09 mg/L in mixed water, 0.088 mg/L
in groundwater near nurseries, and 0.084 mg/L in
treated wastewater, with the lowest concentration
recorded in groundwater near wells (0.061 mg/L)
(Fig. 4). Interactive effects among irrigation water
sources and seasons were significant. While seasonal
fluctuations were observed across sites, treated waste-
water fell below Omani standards (1 mg/L) for waste-
water reuse and discharge (Class A) and FAO stand-
ards for irrigation water. However, concentrations in
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1. Interactive effects between seasons and water
sources on boron concentrations
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4. Interactive effects between seasons and water sources on
manganese (Mn) concentrations
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sources on zinc (Zn) concentrations
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Fig. 4 a-f The interaction plots for heavy metals found in water between irrigation sources and seasonal variation in date-palm plan-

tation

other sources remained within FAO’s recommended
limits (5.0 mg/L), consistent with findings by Hu
et al., (2023).

Zinc (Zn) Zinc, an essential micronutrient for
plants and animals, exhibited significant variability
across irrigation water sources and seasons. Aver-
age concentrations ranged from 0.07 to 0.09 mg/L,
with the highest levels observed in groundwater
near wells and the sewage treatment plant. Inter-
active effects between zinc concentrations and
water sources were notable, with fluctuations
observed across seasons. Despite these variations,
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concentrations remained below Omani standards for
wastewater reuse and discharge (Class A) and FAO
standards for irrigation water. Our findings are con-
sistent with previous studies by Yi et al., (2022), Yin
et al., (2023), and Kinuthia et al., (2020), highlight-
ing the importance of monitoring trace element lev-
els in irrigation water.

Lead (Pb) Lead, a non-essential trace metal, showed
concentrations below FAQ’s permissible limits (5 mg/L)
across irrigation water sources and seasons. Average
concentrations ranged from 0.004 to 0.04 mg/L, with the
highest levels observed in mixed water and the lowest



Water Air Soil Pollut (2024) 235:556

Page 13 of 18 556

in groundwater near wells. No significant interactive
effects were observed between lead concentrations and
water sources. Despite variations, treated wastewater
concentrations remained lower than those reported for
Salala STP, while other sources remained within accept-
able limits. These findings align with previous research
by Baawain et al., (2013) and Wen et al., (2024), under-
scoring the importance of maintaining lead levels within
safe thresholds for agricultural practices.

Boron (B) Boron, essential for plant growth albeit
in small quantities, exhibited significant variation
across irrigation water sources. The highest average
concentration was found in groundwater near nurser-
ies (GWN) at 1.15 mg/L, followed by mixed water
(MW) and treated wastewater (TWW) at 1.02 mg/L
and 0.96 mg/L, respectively. Groundwater near wells
(GWC) showed the lowest concentration at 0.50 mg/L.
While TWW and GWN showed non-significant
variations in boron content, significant interactive
effects were observed between boron concentrations
and seasons. For instance, in the GWC site, boron
concentration increased from 0.50 mg/L in winter
2020 to 0.54 mg/L in summer 2020, then decreased
to 0.29 mg/L in summer 2021. Similarly, in TWW,
concentrations decreased from 1.06 mg/L in win-
ter 2020 to 1.0 mg/L in summer 2020 but increased
from 0.87 mg/L in winter 2021 to 0.91 mg/L in sum-
mer 2021. The boron values across all sources, except
for groundwater near control sites, exceeded Omani
wastewater standards (Class A) of 0.5 mg/L and FAO
permissible limits of 0.75 mg/L for boron in reclaimed
water for irrigation (Fig. 4). This higher concentration
could be attributed to water—rock interactions com-
mon in arid regions, allowing for boron accumulation.
Other sources include municipal wastewater, indus-
trial effluents, and agricultural chemicals. Attention to
boron-rich sources like TWW, MW, and GWN is cru-
cial, particularly for boron-sensitive crops like citrus.

Copper (Cu) Copper concentrations varied con-
siderably across irrigation water sources, with sig-
nificant differences observed. The highest average
concentration was found in groundwater near control
sites and sewage treatment plants (GWC and GWN)
at 0.08 mg/L, followed by mixed water (MW) at
0.07 mg/L. There were no significant differences
between Cu concentrations in GWN and GWC. Inter-
active effects between different water sources and

seasons were notable, with fluctuations observed.
Despite these variations, concentrations in treated
wastewater remained below Omani standards for
wastewater reuse and discharge and FAO permissible
limits.

Manganese (Mn) Manganese, an essential trace
element, exhibited significant variation across irriga-
tion water sources. The highest average concentration
was observed in groundwater near nurseries (GWN) at
0.05 mg/L, followed by groundwater near wells (GWC)
and mixed water (MW) at 0.04 mg/L. The lowest con-
centration was found in treated wastewater (TWW) at
0.03 mg/L. These values exceeded previously reported
levels but remained below Omani standards for waste-
water reuse and discharge and FAO permissible limits
(Fig. 4). Significant interactive effects were observed
between manganese concentrations and seasons, indi-
cating seasonal fluctuations across all sources. Moni-
toring manganese levels is crucial for maintaining
water quality standards in agricultural practices.

3.8 Correlation Analysis of Irrigation Water
Properties and Heavy Metals

The correlation analysis conducted using Pearson’s
correlation coefficient revealed insightful relation-
ships among various irrigation water properties and
heavy metals, shedding light on potential pollution
sources and their impacts (Table 6). Strong posi-
tive correlations were observed between electrical
conductivity (EC), total dissolved solids (TDS), and
total hardness (TH), indicating a shared dependence
on common causal factors (Luo et al., 2022). Fur-
thermore, moderate positive correlations were found
between carbonate ions (CO3-2) with TDS, TH, and
boron (B); manganese (Mn) with lead (Pb) and cop-
per (Cu); and weak positive correlations between
pH with bicarbonate (HCO3-) and Cu; EC with Mn,
HCO3-, and B; TDS with Mn and B; zinc (Zn) with
iron (Fe), and Zn with TH, HCO3-, CO3-2 with TH;
and HCO3- with Mn and TH. Conversely, moderate
negative correlations were observed between Zn with
Pb; Fe with Mn and Pb; as well as weak negative cor-
relations between Zn with B and Mn; and Fe with Mn
and Cu. These findings align with previous research
by Kumar et al., (2012) and Venkatesh et al., (2009),
corroborating the complex interplay between various
water properties and heavy metal concentrations.
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The soil pH emerged as a critical parameter affecting
plant uptake, with trace element-related toxicities pre-
dominantly reported in acidic soils (Bojérquez-Quintal
et al., 2017). The prevalence of bicarbonate ions may be
attributed to the dissolution of carbonate minerals such
as calcite and dolomite, as reported by Hu et al., (2022).
Similarly, the values of TDS and EC were primarily influ-
enced by the concentrations of prevalent cations (Na, Ca,
and Mg) and anions (Cl and HCO3), consistent with find-
ings by Al-Kalbani et al., (2017), Lan et al., (2022), Jahin
et al., (2020), Naik et al., (2019), and Pal et al., (2021).
These correlations underscore the intricate relationship
between water chemistry parameters and heavy metal
concentrations, emphasizing the need for comprehensive
monitoring and management strategies to safeguard agri-
cultural sustainability and environmental health.

4 Conclusion

The assessment conducted in this study revealed an
escalation in heavy metal pollutants within the soil sur-
rounding plantation sites neighboring the Ibra water
treatment facilities. Particularly, parameters such as pH,
Total Hardness, and Electrical Conductivity exhibited
moderate risk indications in the groundwater adjacent
to the sampled plantation sites closer to the treated
wastewater plant. This rise in contamination levels can
be attributed to a combination of anthropogenic factors
stemming from urbanization and gradual deposition
resulting from natural weathering processes over time.
Furthermore, the study highlighted a moderately low-
risk exposure scenario across all plantation sites con-
cerning trace elements, including Cu, Cr, Ni, Mn, Fe,
Zn, and Pb, with concentrations below the prescribed
FAO standards for water pollution. Multivariate statisti-
cal methods elucidated that the biogeochemical origins
for Cu, Mn, Fe, Co, and Ni did not significantly contrib-
ute to escalating risks, except in the case of Boron. The
heightened presence of Boron in plantation sites near
treatment plants surpassed permissible thresholds out-
lined by Omani and FAO standards, primarily originat-
ing from rock material weathering, atmospheric deposi-
tion, and anthropogenic sources.

The research underscores the critical need for contin-
uous and periodic monitoring of heavy metal concen-
trations in groundwater, treated wastewater, and mixed
water within the vicinity of Ibra and Al-Qabil provinces
to manage and mitigate potential risks associated with

heavy metal contamination. Particularly, vigilance tar-
geting elements such as B, Zn, and Pb is imperative to
prevent their unchecked escalation. Additionally, advo-
cating for the use of organic fertilizers and biological
pest control emerges as pivotal strategies for planta-
tion owners to enhance sustainability, reducing reliance
on synthetic fertilizers and pesticides and minimizing
potential environmental repercussions.

In terms of future directions, several avenues for
research and action are warranted. Firstly, longitudinal
studies are essential to monitor temporal variations in
heavy metal concentrations and evaluate the effective-
ness of mitigation measures over time. Understand-
ing how these concentrations fluctuate seasonally and
annually can inform more targeted and efficient man-
agement strategies. Additionally, investigating the spe-
cific sources and pathways of heavy metal contamina-
tion is crucial for implementing effective remediation
measures. By pinpointing the origins of contamina-
tion, such as industrial activities or agricultural runoff,
tailored solutions can be developed to address these
issues at their root. Furthermore, exploring alterna-
tive wastewater treatment methods and assessing their
efficacy in reducing heavy metal concentrations in
treated effluents can provide sustainable solutions to
minimize contamination risks. Assessing the long-
term ecological impacts of heavy metal contamination
on soil health, plant growth, and biodiversity is also
paramount. This holistic approach can guide ecosys-
tem restoration efforts and ensure the preservation of
environmental integrity. Lastly, integrating community
engagement and stakeholder participation is essential
to foster awareness and promote sustainable practices
in agricultural and wastewater management. Collabo-
ration between researchers, policymakers, industry
stakeholders, and local communities can lead to more
effective policies and practices that safeguard both
human health and the environment.
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