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Abstract        
This study investigates heavy metal contamination in seawater and sediments in three coastal regions of Oman – Darsait, Azaibah 

and Seeb. In 2022, sample collections were made in subtidal ecosystems in these three areas, and the samples were analysed to assess 
the potential environmental impacts of treated wastewater. The study employed a comprehensive sampling strategy adhering to the Oman 
Environmental Impact Assessment (EIA) Guidelines to evaluate key parameters such as temperature, salinity, dissolved oxygen, and heavy 
metal concentrations (see Appendix 1). Results indicate that the levels of most heavy metals contamination had not changed significantly 
since the baseline surveys in 2009 and 2012, but that some levels were still above EIA guidelines. Recommendations are made to reduce 
these levels, ensuring the protection of marine environments and humans while supporting industrial growth. This research contributes 
to our understanding of anthropogenic impacts on marine ecosystems in Oman and highlights the importance of regular monitoring and 
adaptive management practices.

INTRODUCTION
Heavy metals are recognized as a major anthropogenic contaminant 

in coastal and marine environments around the globe [1]. Due to their 
toxicity, persistence in the environment, and ability to bioaccumulate, 
these metals present a serious risk to marine organisms, entire 
ecosystems and human health [2]. Their presence in marine ecosystems 
leads to habitat degradation by reducing species diversity and abundance, 
while also causing the accumulation of metals in marine organisms which 
can penetrate and disrupt food chains [3]. Several heavy metal ions 
are carcinogenic to humans [4,5]. Heavy metals can be introduced into 
coastal and marine environments by various anthropogenic activities, 
including industrial processes, wastewater discharge, domestic effluents, 
and agricultural runoff [6]. These contaminants, once in the marine 
environment, have long-lasting effects due to their non-biodegradable 
nature and can persist for years, further exacerbating their impact on the 
environment [4].

In the Arabian Gulf, heavy metal contamination is becoming a matter 
for concern, posing an increasing threat to both the naturally stressed 
marine ecosystems and the human populations that depend on these 
resources for food, industry, and recreation [7]. The Arabian Gulf, a 
semi-enclosed sea located in the subtropical zone, is characterized by 
pronounced fluctuations in sea temperature, low PH levels and elevated 
salinity levels. It is a relatively shallow basin, with an average depth of 

around 35 meters [8]. The flora and fauna inhabiting this region are 
exposed to one of the most extreme marine environments globally, [9]. 
Marine organisms that are native to the Arabian Gulf exist near the 
upper limits of their environmental tolerance, making them particularly 
vulnerable to additional stressors such as pollution [10]. Despite these 
challenging conditions, the Gulf supports a range of coastal and marine 
habitats, including mangrove swamps, seagrass beds, coral reefs, and 
extensive mud and sand flats [11]. These ecosystems serve as essential 
feeding and nursery grounds for a diverse array of marine life, including 
commercially important species [12].

However, the introduction of heavy metals through industrial 
discharges, wastewater, and runoff has compounded the stress on these 
ecosystems. The bioaccumulation of heavy metals in marine species, 
combined with the region’s harsh natural environment, threatens to 
accelerate the decline of biodiversity, disrupt food webs, and impact 
fisheries that are vital for the national economy and local livelihoods 
[13]. Over the past decades, countries surrounding the Arabian Gulf 
have experienced major economic, social, and industrial change, leading 
to extensive development and modification of the Gulf’s coastlines [14]. 
Activities such as dredging, land reclamation, industrial discharges, 
sewage effluents, hypersaline water from desalination plants, and oil 
pollution are prominent anthropogenic stressors contributing to the 
environmental degradation of the Gulf [8], making it one of the most 
anthropogenically impacted marine regions in the world [15]. These 
human activities have resulted in the mobilization and release of elevated 
levels of heavy metals into the Gulf’s marine environment [16]. The 
relatively slow seawater flushing rate, estimated at 3 to 5 years [17], 
exacerbates the issue by allowing pollutants like heavy metals to persist 
and accumulate over time, posing long-term threats to marine ecosystems 
and the quality of seafood consumed by humans [18,19].

This case study centres on the Sea of Oman which is located at the 
southern end of the Gulf and is part of the Regional Organization for the 
Protection of the Marine Environment (ROPME) Sea Area [20]. Situated 
in an arid zone with scarce freshwater resources, the region relies on 
desalination as a viable source of freshwater. The discharge of brine 
from desalination plants [21] and effluents from sewage treatment 
facilities [22] are key contributors to pollutants that alter the biological 
and physico-chemical properties of the Sea of Oman: the salinity levels of 
discharged brine range between 9.8 and 61.2 mS/cm [23]. The present 
study is particularly focused on heavy metals found in sewage effluents. 
Despite the generally high standards of sewage treatment across the Gulf 
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countries [8], substantial quantities of domestic effluents are currently 
discharged into coastal and marine environments. These effluents are rich 
in suspended solids and carry high concentrations of nutrients such as 
ammonia, nitrate, and phosphate, which can contribute to eutrophication 
and other negative ecological impacts [11]. In addition to these nutrients, 
sewage discharges often contain a range of biological and chemical 
pollutants, including heavy metals [24,25]. A study by Naser, et al. [26], 
identified wastewater sewage originating from residential, commercial, 
and industrial sources as a key pollutant in the Arabian Gulf’s coastal 
areas, where it introduced heavy metals, pathogens, and high nutrient 
loads despite advanced sewage treatment standards. Naser’s study 
reveals localized contamination hotspots near sewage outfalls. This issue 
is important for public health. In Oman, according to Baawain et al. [27], 
there is a pressing need for large-scale re-use of treated wastewater 
effluents in the Muscat Governorate. 

This paper focuses on sewage treatment in Oman as a cause of heavy 
metal concentration in seawater. There have been previous studies of 
wastewater sewage in Oman. The most recent study was Baawain, et al., 
[27] which researched the sustainable re-use of treated wastewater in 
Muscat, highlighting the quality of treated effluents and their compliance 
with local standards, and discussing the presence of contaminants such as 
nitrates and E. coli. An earlier study by Baawain, et al., [27] concentrated 
on three regions - Muscat, Sohar, and Salalah - collecting and analysing 
wastewater samples from six sewage treatment plants during a year, 
assessing both raw sewage and treated effluents. That study found that 
treated effluents generally met Omani Environmental Impact Assessment 
(EIA) standards (see Appendix 1), although some parameters like nitrate 
and E. coli exceeded acceptable limits. However, neither of these two 
studies tested for metal contaminants. 

Three studies which did test for metal contaminants were carried 
out by third party companies for the Environment Authority in 2009 and 
2012. In 2009, a baseline survey of surface water quality was conducted 
in which seawater samples were taken from five stations within the 
sewage outfall corridor for Seeb, and in 2012 from two outfalls in Darsait, 
and Azaibah. The samples were collected using a Quanta Hydrolab multi-
parameter process [29,30] and tested for heavy metal concentration 
using the Dutch EIA Standards guidelines (see Appendix 2). The results 
for heavy metal contamination in this study were as follows:

Arsenic was detected at all sites with values ranges between 6 mg/kg 
to 12 mg/kg, but in concentrations lower than the acceptable background 
level set by the Dutch Standards. 

Cadmium was only detected in all sites at concentrations of 0.1 mg/
kg, which is below the acceptable background level set by the Dutch 
Standards.

Chromium was detected at all sites with values ranging from 67 mg/
kg to 81 mg/kg. All sites were found to have chromium concentrations 
that were below the acceptable background level based on the Dutch 
Standards.

Copper was detected in all sites with values ranging from 20 mg/kg 
up to 28 mg/kg, which is below the acceptable background level set by 
the Dutch Standards. 

Mercury was detected in all sampling locations at levels between 0.02 
and 0.04mg/kg, which is below the acceptable background level set by 
the Dutch Standards. 

Nickel was detected in all locations with values ranging from 190 to 
370 mg/kg, which far exceeds the acceptable threshold set by the Dutch 
Standards. 

Lead was detected at all locations ranging from 4 to 7 mg/kg, which is 
below the acceptable level set by the Dutch Standards.

Vanadium was detected at all locations ranging from 26 to 30 mg/
kg, which is below the acceptable background level set by the Dutch 
Standards.

Zinc was detected at all locations ranging from 22 to 33 mg/kg, which 
are below the acceptable background level set by the Dutch Standards.

In 2012, a sediment baseline survey was carried out in Darsait and 
Azaibah using a sediment quality assessment process [31]. The following 
provides a summary of the results for heavy metal contamination:

•	 Arsenic: Range 0.36 to 2.9420 mg/kg and a mean concentration 
of 1.3120 mg/kg, which exceeds the Dutch Standards 

•	 Cadmium was absent. 	

•	 Chromium: Range 50.54 to 101.20 mg/kg and a mean 
concentration of 74.95 mg/kg, which exceeds the Dutch Standards 
standards.

•	 Copper: Range 0.92 to 10.28 mg/kg and a mean concentration 
of 6.56 mg/kg, which is below the Dutch Standards 

•	 Mercury not detected.

•	 Nickel: Range 169.2 to 349.0 mg/kg and a mean concentration 
of 237.2 mg/kg, which exceeds the Dutch Standards. 

•	 Lead: Range 1.05 to 2.06 DPC1/DPC2 and a mean concentration 
of 559 mg/kg, which is below the Dutch Standards.

•	 Vanadium: Range 1.58 to 9.7820 mg/kg) and a mean 6.74 mg/
kg, which. exceeds by Dutch Standards.

•	 Zinc: Range 6.56 to 21.56mg/kg) and a mean of 15.89 mg/kg, 
which are below Dutch Standards.

The present study sought to compare these 2009/2012 values of heavy 
metals with current values by conducting a field survey in 2022 around 
sewage disposal sites of treatment of water and emergency raw sewage 
discharge in three areas - Darsait, Azaibah, and Seeb. Measurements of 
the presence of heavy metals were taken at multiple stations, including 
those near the sewage plant intakes and other sites located at varying 
distances from the outfalls. The study provides a comparative analysis 
of heavy metal contamination in seawater and sediments in these three 
locations and their surrounding marine environments [32,33]. The 
results of this field study are set out in section 4. 

Section 2 provides a context on the system of policy making in Oman 
on marine pollution. Section 3 outlines the methodology used in the 
present study’s investigation of the link between sewage effluence and 
heavy metal contamination in three locations in the Oman Sea. Section 
4 presents the results of that investigation. Section 5 discusses the 
implications of the results. Section 6 concludes the paper with a summary 
of its findings together with a list of recommendations to policy makers. 

OMAN’S SYSTEM OF POLICY MAKING ON MARINE 
POLLUTION.

In Oman, the legal regulatory system has three levels: the main 
regulations are released as Royal Decrees; laws are issued as Ministerial 
Decisions; and detailed guidelines or rules are provided by the relevant 
Directorate General. There are four Royal Decrees on marine pollution; 
five ministerial decisions on wastewater management marine pollution 
(Albusaidi, 2019; Al-Bahlani & Mabry, 2014; Qanoon, 2022); and many 
guidelines or rules or parameters restricting the amount of specific 
physical, chemical and bacteriological substances (radioactive materials 
are strictly forbidden). Table 1 sets out the limits or parameters of heavy 
metals that are allowed in re-used wastewater. 

The Environment Authority (EA) is the governmental body with 
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overall responsibility for implementing these marine pollution controls. It 
manages the risks associated with wastewater discharges and collaborates 
with other relevant agencies to monitor the potential impacts of 
wastewater discharge from desalination plants [34]. However, day-to-day 
management of marine pollution is the responsibility of the Oman Water 
and Wastewater Services Company (OWWSC) which was established in 
2020 as a public utility provider under Royal Decree 131/2020 to manage 
water and wastewater services across all governorates of the Sultanate, 
except for the Governorates of Dhofar and Muscat. Dhofar is managed 
by Nama Dhofar Services [35] while Haya Water (HW) (a government-
owned entity) was established by Ministerial Decision No. 31/2002 on 
December 17, 2002 [36] to design and manage the wastewater collection 
and treatment system in the Muscat Governorate. Both OWWSC and 
Nama Dhofar Services continuously assess the impact on the marine 
environment of the disposal of treated water and emergency raw sewage 
discharge [37].

METHODS AND MATERIALS 
This study assessed sewage wastewater in three disposal sites used 

for the discharge of treated water and emergency raw sewage into the 
marine environment on Oman’s coastline, analysing their levels of heavy 
metal contamination. These three sites were selected for their availability 
of water quality data and their extended operational history of sewage 
discharge.

The Darsait Sewage Treatment Plant (DSTP) 
The DSTP (see Figure 1), which is situated close to the Darsait 

coastline, has been operational since 2020. 

The Azaibah Sewage Treatment Plant (ASTP)
The ASTP (see Figure 2), which is located in the coastal Azaibah area 

of Muscat, has been operational since 2018. 

The Seeb Sewage Treatment Plant (SSTP)
The SSTP (see Figure 3), which is located along the Seeb coastline in 

Muscat, has been operational since 2014. 

A marine survey was carried out in 2022 to assess the ecological 
status of these three marine habitats within a 300-meter radius of 

Table 1: Parameters for re-use of discharged wastewater (source: Abdel-Magid and Al Zawahry (1992)

Parameter Limits [not greater than] in mg/kg Monthly average limits. over any 4 consecutive weeks 
in mg/kg

Chemical
Aluminum 5 1

Arsenic 0.2 0.05
Barium 2 1

Beryllium 0.3 0.1
Cadmium 0.03 0.01
Chromium 0.5 0.1

Cobalt 0.5 0.1
Copper 0.3 0.2

Lead 0.5 0.1
Lithium 10 2.5

Manganese 1 0.2
Mercury 0.005 0.001

Molybdenum 0.05 0.01
Nickel 0.5 0.2

Selenium 0.05 0.02
Vanadium 1 0.1

Zinc 5 2

 

Figure 1: The Darsait Sewage Pipeline Area [38]

 

Figure 2: The Azaibah Sewage Pipeline Area [39]
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each outfall. The methodology adhered to the standards outlined in 
the Survey Manual for Tropical Marine Resources [41]. Surface seawater 
and sediment samples were collected from several places within each 
location’s subtidal area, including the outfall, the edge of the mixing 
zone, and an external control point. Sampling occurred during plant 
shutdown to guarantee precise conditions without interference from 
brine discharge. The sampling involved obtaining five seawater and five 
sediment samples per site. Both seaweater and sediment samples were 
collected to measure traces of the following heavy metals: aluminium, 
arsenic, barium, cadmium, cobalt, chromium, copper, iron, manganese, 
molybdenum, nickel, lead, and zinc. The sampling for seawater was 
carried out using a 2.5-liter Niskin water sampler, collecting samples 
from the mid-water column. Samples were then decanted into laboratory-
specified containers for analysis. To ensure comparability with sediment 
data, seawater sampling locations were positioned close to the identified 
sediment sampling sites. The sampling for sediments was carried out 
using a grab sampler (a Van Veen or Ponar grab) to collect the upper layer 
of sediment from predetermined locations. The sampler was lowered 
from a research vessel to the seabed and upon contact, the sampler’s 
jaws closed, securing a sample of the top few centimeters of sediment. 
These samples were then carefully transferred into pre-cleaned, labeled 
containers to avoid cross-contamination. All collected samples were 
kept at low temperatures during transport to the laboratory, where 
they underwent further processing and analysis according to quality 
assurance protocols.

The collected data from both seawater and sediment samples 
were analysed in three stages using Python, a robust programming 
language. The first stage involved data-cleaning techniques, including 
data filtering to reduce noise; data duplication to eliminate duplicate 
records; data standardization to bring all data into a consistent format; 
and data aggregation to group data by categories such as time periods. 
The second stage involved statistical analysis including the calculation of 
summary statistics—such as mean, variance, and standard deviation—
as well as regression analysis and correlation matrices. Finally, the third 
stage involved data visualization, to create graphical representations of 
patterns, trends, and relationships. The guidelines used to determine 
whether samples met environmental health standards were the UK EQS 
limits (see Appendix 3).

Statistical Analysis
All quantitative data obtained from seawater and sediment samples 

were analyzed using Python (version 3.11), with data processing and 
statistical testing performed through the NumPy, SciPy, and Pandas 

libraries.

After data cleaning and normalization, the following statistical 
analyses were conducted:

Descriptive Statistics:

For each heavy metal parameter, the mean, standard deviation 
(SD), and coefficient of variation (CV) were calculated to quantify 
central tendency and relative dispersion across sample sites.

Normality Testing:

Data were tested for normality using the Shapiro–Wilk test to 
determine the appropriate choice of subsequent parametric or non-
parametric tests.

Inferential Analysis:

o	 A one-way Analysis of Variance (ANOVA) was applied to 
compare heavy metal concentrations among the three sites (Darsait, 
Azaibah, and Seeb).

o	 Where significant differences were detected (p < 0.05), 
Tukey’s Honest Significant Difference (HSD) post-hoc test was used to 
identify which pairs of sites differed significantly.

o	 When normality assumptions were violated, a Kruskal–Wallis 
H-test was performed as a non-parametric alternative.

Trend and Correlation Analysis:

o	 Pearson’s correlation coefficient (r) was calculated to assess 
the linear relationships between selected metals (e.g., copper and nickel) 
and potential anthropogenic indicators such as distance from sewage 
outfalls.

o	 Linear regression analysis was performed to examine 
temporal trends between historical data (2009/2012) and 2022 results.

Confidence Intervals:

o	 95% confidence intervals (CI) were computed for all mean 
concentration values to assess statistical precision.

All statistical tests were conducted at a significance level of α = 0.05. 
Results that met or exceeded this threshold were considered statistically 
significant.

RESULTS OF THE FIELDWORK CONDUCTED IN 2022

Seawater samples 
Results of seawater analysis in Darsait

The seawater analysis from Darsait showed that several heavy metals, 
including arsenic, cadmium, chromium, lead, mercury, nickel, vanadium, 
silver, and barium, were below detection limits. Copper was detected at 
0.02 mg/L at seawater site (SW) 2 and 5, slightly exceeding the UK EQS 
limit of 0.005 mg/L, while other locations showed values of 0.01 mg/L. 
Zinc levels ranged from 0.02 to 0.04 mg/L, with SW5 at the higher end, at 
the UK EQS limit of 0.04 (see Table 2 and Figure 4). Overall, the seawater 
quality appears to meet environmental standards, with minor exceptions 
in copper levels.

Results of seawater analysis in Azaibah

The seawater analysis from Azaibah’s five sample points (SW1 
to SW5), produced the following key findings. Arsenic, cadmium, and 
chromium were below detection limits; copper ranged from <0.03 to 
0.04 mg/L, which is within Omam’s EIA Guidelines’ acceptable levels of 
0.005 mg/L; and zinc ranged from 0.02 to 0.06 mg/L. which marginally 
breached Oman’s EIA Guidelines’ acceptable level of 0.04 mg/L. Overall, 
seawater quality appears to have low levels of pollutants, generally 

 

Figure 3: The Seeb Sewage Pipeline Area [40]
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adhering to environmental quality standards (see Table 3 and Figure 5). 

Results of seawater analysis in Seeb

The seawater analysis at Seeb involved testing various parameters 
across five sample locations (SW1-SW5) to assess water quality. Heavy 
metal analysis indicated that arsenic, cadmium, chromium, and lead 
were below detectable limits in all samples. Copper was detected with 
concentrations of 0.03 mg/L in SW1 and SW3, 0.02 mg/L in SW4 and 
SW5, and below the detection limit in SW2, all below the 0.05 acceptable 
Oman EIA Guidelines level. Zinc levels varied, with SW2 showing levels 
below the detection limit, while other locations ranged from 0.03 to 
0.04 mg/L which are below or at the acceptable limit set by Oman’s EIA 
Guidelines. Mercury, nickel, vanadium, silver, barium, selenium and tin 
were all below detectable limits, while strontium levels ranged from 1.1 
to 12.6 (see Table 4 and Figure 6). Overall, the results suggest that the 
seawater quality at Seeb is generally good, with no significant heavy metal 
contamination detected.

Sediment samples 
Darsait

In the 2022 survey of Darsait, sediment samples were collected from 

five locations near the pipeline corridor and discharge area, focusing 
on heavy metals and various other parameters. Key findings include 
the following: chromium levels slightly exceeded the ISQG and PEL 
levels (see Appendix 4) in one location (SD2) but remained below the 
US-EPA threshold (see Appendix 5 for acceptable levels). Chromium is 
naturally occurring in marine environments and is reported in similar 
concentrations in other regions of Oman. All other heavy metals, including 
arsenic, cadmium, copper, and lead, were within ISQG and PEL levels, 
indicating minimal ecological impact from these pollutants at Darsait (see 
Table 5 and Figure 7).

Azaibah

In the 2022 survey, five sediment samples were taken from Azaibah’s 
pipeline corridor and nearshore zones to analyze the same parameters as 
in Darsait. Key findings include, as observed at Darsait, chromium levels 
in one location (SD2) were slightly above ISQG and PEL standards, though 
still compliant with USEPA limits of below the threshold of 10 mg/kg (see 
Appendix 5). However, all other metal concentrations, along with BTEX 
and TPH, were well within the guidelines set by ISQG and PEL, indicating 
limited environmental impact in Azaibah (Table 6 and Figure 8).

Seeb
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Figure 4: Graphical representation of the seawater analysis in 
Darsait (Source: the lead author)
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Figure 5: Graphical representation of the seawater analysis in 
Azaibah (Source: the lead author)

Table 2: The seawater analysis in Darsait [38].

Parameters Unit
Test

Method
MDL

Sample locations

UK EQS LimitSW1 SW2 SW3 SW4 SW5

Arsenic 

Mg/kg

APHA 3120 
B

<0.01 <0.01 <0.01 <0.01 <0.01 0.025

Cadmium 0.003 <0.01 <0.01 <0.01 <0.01 <0.01 0.0025

Chromium 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.015
Copper 0.02 0.01 0.02 0.01 0.01 0.02 0.005

Lead 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.025

Zinc 0.1 0.02 0.02 0.03 0.02 0.03 0.04

Mercury <0.001 <0.001 <0.001 <0.001 <0.001 0.0003
Nickel 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.03

Vanadium <0.01 <0.01 <0.01 <0.01 <0.01 0.1
Silver <0.01 <0.01 <0.01 <0.01 <0.01 0.0005

Barium 0.1 <0.01 <0.01 <0.01 <0.01 <0.01 Not established
Selenium <0.01 <0.01 <0.01 <0.01 <0.01 Not established
Strontium 9.99 9.44 9.58 9.62 9.08 Not established

Tin <0.01 <0.01 <0.01 <0.01 <0.01 <0.01

https://www.jsmcentral.org/assets/Appendix/aese-v3-1016-Appendix.pdf
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Table 3: The seawater analysis in Azaibah [39].

Parameters Unit
Test

Method
MDL

Sample locations UK EQS 
Limit

SW1 SW2 SW3 SW4 SW5
Arsenic 

Mg/kg

APHA 3120 
B

0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.025
Cadmium 0.003 <0.01 <0.01 <0.01 <0.01 <0.01 0.0025
Chromium 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.015

Copper 0.02 0.04 <0.03 0.04 0.02 0.03 0.005
Lead 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.025
Zinc 0.1 0.02 0.03 0.06 0.04 0.02 0.04

Mercury <0.001 <0.001 <0.001 <0.001 <0.001 0.0003
Nickel 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.03

Vanadium <0.01 <0.01 <0.01 <0.01 <0.01 0.1
Silver <0.01 <0.01 <0.01 <0.01 <0.01 0.0005

Barium <0.01 <0.01 <0.01 <0.01 <0.01 Not 
established

Selenium <0.01 <0.01 <0.01 <0.01 <0.01 Not 
established

Strontium 7.13 8.04 10.2 10.6 10.8 Not 
established

Tin <0.01 <0.01 <0.01 <0.01 <0.01 0.01

 

 

Figure 6: Graphical representation of the seawater analysis in Seeb 
(Source: the lead author)
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Figure 7: Graphical representation of the sediment analysis in 
(Source: the lead author)

Table 4: The seawater analysis in Seeb [40].

Parameters Unit
Test

Method
MDL

Sample locations
UK EQS LimitSW1 SW2 SW3 SW4 SW5

Arsenic 

Mg/kg APHA 3120 B

0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.025
Cadmium 0.003 <0.01 <0.01 <0.01 <0.01 <0.01 0.0025
Chromium 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.015

Copper 0.02 0.03 <0.01 0.03 0.02 0.02 0.005
Lead 0.01 <0.01 <0.01 <0.01 <0.01 <0.01 0.025
Zinc 0.1 0.04 <0.01 0.04 0.04 0.03 0.04

Mercury <0.001 <0.001 <0.001 <0.001 <0.001 0.0003
Nickel 0.02 <0.01 <0.01 <0.01 <0.01 <0.01 0.03

Vanadium <0.01 <0.01 <0.01 <0.01 <0.01 0.1
Silver <0.01 <0.01 <0.01 <0.01 <0.01 0.0005

Barium <0.01 <0.01 <0.01 <0.01 <0.01 Not 
established

Selenium <0.01 <0.01 <0.01 <0.01 <0.01 Not 
established

Strontium 11.9 12.6 11.8 10.8 1.1 Not 
established

Tin <0.01 <0.01 <0.01 <0.01 <0.01 0.01
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Table 5: The sediment analysis in Darsait [38].

Parameters Unit
Test

Method

Sample locations Canadian 
Standards 
ISQG (see 

Appendix 4)

PELSD1 SD2 SD3 SD4 SD5

Arsenic 

mg/kg
USEPA SW

846/6010

<10 <10 <10 <10 <10 7.24 41.60

Cadmium <1 <1 <1 <1 <1 0.70 4.20

Chromium 35 34.1 30.7 33.8 34.9 52.30 160
Copper 5.53 3.96 3 4.08 3.98 18.7 108

Selenium <10 <10 <10 <10 <10 - -

Lead <1 <1 <1 <1 <1 30.20 112

Mercury <0.1 <0.1 <0.1 <0.1 <0.1 0.13 0.7
Barium 1.84 1.08 1 1.3 1.99 - -
nickel 124 130 109 129 133 15.9 42.8

Vanadium <10 <10 <10 -
Zinc 14.7 8.42 6.71 7.94 9.96 124 271

Silver <1 <1 <1 <1 <1 -
Strontium 464 498 766 585 567 -

Tin <10 <10 <10 <10 <10

Table 6: The sediment analysis in Azaibah location [39].

Parameters Unit
Test

Method

Sample locations Canadian 
Standards 

ISQG
PELSD1 SD2 SD3 SD4 SD5

Arsenic 

mg/kg
USEPA SW

846/6010

<10 <10 <10 <10 <10 7.24 41.60
Cadmium <1 <1 <1 <1 <1 0.70 4.20
Chromium 28.1 22.7 19.6 30.2 35 52.30 160

Copper 1.65 1.86 2.79 2.07 1.94 18.7 108
Selenium <10 <10 <10 <10 <10 - -

Lead <1 <1 <1 <1 <1 30.20 112
Mercury <0.1 <0.1 <0.1 <0.1 <0.1 0.13 0.7
Barium 4.96 4.05 4.9 2.48 1.94 - -
Nickel 108 84.6 108 119 125 15.9 42.8

Vanadium <10 <10 <10 <10 <10 -
Zinc 4.55 4.36 4.89 4.48 4.5 124 271

Silver <1 <1 <1 <1 <1 -
Strontium 726 798 897 870 722 -

Tin <10 <10 <10 <10 <10
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SD5 <10 <1

Figure 8: Graphical representation of the sediment analysis in 
Azaibah (Source: the lead author)
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Figure 9: Graphical representation of the sediment analysis in Seeb 
(Source: the lead author)
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In the 2022 Seeb survey, five sediment samples were collected, 
covering heavy metals, and other chemical constituents. Key findings 
include the following:

Similar to Darsait and Azaibah, chromium levels exceeded ISQG in 
one location (SD2) but remained within USEPA guidelines, confirming 
that chromium concentrations are naturally high in the region. However, 
all other analytes were within ISQG and PEL limits, affirming that overall 
sediment quality and marine health were stable despite effluent discharge 
(see Table 7 and Figure 9).

Comparison between the three sites’ results in 
2009/2012 and 2022 

The following results compare data from 2009/2012 with data from 
2022 on seawater and sediment quality at the Darsait, Azaibah, and Seeb 
plants, respectively. 

Seawater Samples:

There are no seawater samples for 2009/2012 available for Darsait 
or Asaibah, so a comparative analysis is only possible for Seeb data – 
between 2009 and 2022. 

Darsait: 

[This section refers only to 2022 data, so there is no comparison with 
2012 data. Figure 8 has comparative data only for SW5. Figure 10 has 
comparative data only for copper and zinc]. 

In 2022, heavy metal concentrations in Darsait seawater samples 
largely fell within UK EQS limits. For arsenic, cadmium, chromium, and 
lead, the concentrations were below the detection limit (<0.01 Mg/kg), 
which is well below the UK EQS limits of 0.025, 0.0025, 0.015, and 0.025 
respectively. Copper was registered at 0.02 Mg/kg, while zinc was at 
0.03 Mg/kg, compared to UK EQS limits of 0.005 and 0.04 respectively. 
Mercury was also below the detection limit (<0.001), with a UK EQS limit 
of 0.0003. Nickel was below the detection limit (<0.01 Mg/kg), lower than 
the UK EQS limit of 0.03 (see Table 8 and Figure 10) There was missing 
data for heavy metal concentrations in Darsait seawater samples in 2012.

Azaibah: 

[This section is redundant because no comparison is possible 
between 2022 data and earlier data since there is no data for 2009/2012]

No testing for heavy metals was conducted on seawater samples from 
the Azaibah area before the present study, so there is no comparative data 

Table 7: The sediment analysis in Seeb location [40].

Parameters Unit
Test

Method

Sample locations Canadian 
Standards 

ISQG
PELSD1 SD2 SD3 SD4 SD5

Arsenic 

mg/kg

USEPA SW

846/6010

<10 <10 <10 <10 <10 7.24 41.60
Cadmium <1 <1 <1 <1 <1 0.70 4.20
Chromium 31.7 28 30.7 26.1 20.4 52.30 160

Copper 3.96 2.66 1.86 2.02 20.4 18.7 108
Selenium <10 <10 <10 <10 <10 - -

Lead <1 <1 <1 <1 <1 30.20 112
Mercury <0.1 <0.1 <0.1 <0.1 <0.1 0.13 0.7
Barium 1.98 2.5 1.86 3.1 4.85 - -
Nickel 138 110 125 89 71.7 15.9 42.8

Vanadium <10 <10 <10 <10 <10 -
Zinc 2.97 2.57 6.71 2.1 1.94 124 271

Silver <1 <1 <1 <1 <1 -
Strontium 461 496 639 628 641 -

Tin <10 <10 <10 <10 <10
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Difference  <0.01 <0.01 <0.01

Figure 10: Graphical representation of the comparative analysis of 
Darsait’s seawater quality between 2012 and 2022 (Source: the lead 
author)
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Figure 11: Graphical representation of the comparative analysis of 
Seeb’s seawater quality between 2009 and 2022 (Source: the lead 
author)
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Table 8: Comparative analysis of Darsait’s seawater quality between 2012 and 2022 [27-38].
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available between 2009/2012 data and 2022 data. According to our 2022 
study, the concentrations of all analyzed heavy metals largely fell within 
the Environmental Quality Standards (EQS) set by the United Kingdom, 
indicating acceptable levels of contamination at the time. However, the 
absence of previous assessments highlights the need for more current 
and comprehensive monitoring to ensure ongoing environmental safety 
in the region.

Seeb: 

[This section is the only one where a genuine comparative analysis 
is presented] 

The comparison of metal levels between 2009 and 2022 at Seeb 
reveals several notable trends. Arsenic levels remained below 0.01 Mg/
kg in 2009 and increased slightly, ranging from 0.006 to 0.0111 Mg/
kg in 2022, but they still stay below the Uk EQS Limit of 0.025 Mg/kg. 
Cadmium levels decreased from below 0.01 Mg/kg in 2009 to between 
0.0001 and 0.0004 Mg/kg in 2022. Chromium also saw a slight increase, 
from below 0.01 Mg/kg to around 0.0012–0.0015 Mg/kg, remaining well 
below the 0.02 Mg/kg Uk EQS Limit. Copper experienced a significant 
decrease, from 0.04 Mg/kg in 2009 to between 0.0017 and 0.0051 Mg/kg 
in 2022. Lead levels dropped from below 0.01 Mg/kg to less than 0.00016 
Mg/kg, indicating an improvement in this parameter. Zinc levels slightly 
decreased from 0.02 Mg/kg in 2009 to approximately 0.0191–0.0194 
Mg/kg in 2022, both well below the Uk EQS Limit of 0.1 Mg/kg. Mercury 
levels also declined, from less than 0.001 Mg/kg to below 0.0003 Mg/kg. 
Nickel showed a modest decrease, from 0.02 Mg/kg to below 0.01 Mg/
kg. Vanadium levels remained below detection levels in both years. Silver 
levels stayed stable at below 0.01 Mg/kg. Barium, which was at 0.1 Mg/
kg in 2009, decreased significantly to levels between 0.0024 and 0.0038 
Mg/kg in 2022. Selenium levels remained below 0.01 Mg/kg across both 
years. Strontium, however, increased from 8.04 Mg/kg in 2009 to around 
10.2–10.8 Mg/kg in 2022. Tin levels remained stable at below 0.01 Mg/
kg. Overall, most metal concentrations have either decreased or remained 
stable over time, indicating an overall improvement or consistent water 
quality at Seeb (see Table 9 and Figure 11). 

Sediment Samples: From sediment samples across the three sites—
Darsait, Azaibah, and Seeb—the following trends between 2009/2012 
and 2022 were observed: 

In the Darsait area, a comparison of sediment samples between 2022 
and 2012 reveals several changes in heavy metal concentrations. The 
arsenic concentrations in seawater samples from locations SD1 to SD5 
were below the detection limit (<10 µg/L) in 2012. By 2022, statistically 
significant reductions were observed across all sampling sites, with 
arsenic levels recorded as follows: SD1 at 1.4 µg/L, SD2 at 0.8 µg/L, SD3 
at 1.1 µg/L, SD4 at 1.4 µg/L, and SD5 at 0.4 µg/L. These results indicate 
a notable decline in arsenic levels over the ten-year period, suggesting 
improved water quality or reduced arsenic sources in these locations. 
The cadmium concentrations in the water samples collected from sites 
SD1 to SD5 exhibited levels below the detection limit (<10 µg/L) in 2012. 
By 2022, cadmium levels across all sites had declined significantly, with 
concentrations recorded as <0.1 µg/L at each location. This consistent 
decrease over the ten-year interval indicates a substantial improvement 
in water quality concerning cadmium contamination, likely reflecting 
effective environmental management or reduced anthropogenic sources 
of cadmium input in the studied area. Lead remained below detection 
limits. The temporal comparison of copper concentrations across the five 
sampling stations (SD1–SD5) between 2012 and 2022 reveals spatially 
variable trends. At SD1, copper levels exhibited a slight decline from 
5.53 µg/L in 2012 to 5.10 µg/L in 2022, indicating relative stability. In 
contrast, SD2 showed a marked increase, rising from 3.96 µg/L in 2012 
to 9.30 µg/L in 2022, suggesting potential localized inputs or changes 
in hydrodynamic conditions. Similarly, SD3 displayed more than a two-
fold increase, from 3.00 µg/L to 6.80 µg/L over the same period. At 

SD4, concentrations remained comparatively stable, with only a modest 
increase from 4.08 µg/L in 2012 to 5.10 µg/L in 2022. Finally, SD5 recorded 
a moderate increase, rising from 3.98 µg/L in 2012 to 5.80 µg/L in 2022. 
Overall, while some stations (SD1, SD4) maintained near-constant levels, 
others (particularly SD2 and SD3) experienced substantial increases, 
which may reflect differential anthropogenic pressures or site-specific 
environmental processes. The analysis of copper concentrations across 
all sampling stations (SD1–SD5) in both 2012 and 2022 demonstrated 
consistently low levels, with values remaining below the detection limit 
(<1 µg/L) throughout the study period. No temporal or spatial variation 
was observed, indicating that copper contamination was negligible or 
absent in the surveyed sites over the ten-year interval. This stability 
suggests that either anthropogenic inputs of copper were minimal, or 
that effective natural attenuation and dilution processes prevailed in the 
study area. Mercury was detected in 2012 and 2022 at low levels. Zinc 
remained stable across the sampling locations. Chromium concentrations 
decreased significantly at SD2 from 75.9 to 34.1 Mg/kg, at SD3 from 
68.8 to 30.7 Mg/kg and at SD1 from 70.6 to 35 Mg/kg. Nickel levels also 
decreased across all sampling locations. For example, nickel decreased at 
SD1 from 228.2 to 124 Mg/kg; at SD2 from 229.6 to 130 Mg/kg; and at 
SD3 from 224.1 to 109Mg/kg (See Table 10 and Figure 12).

In the Azaibah area, sediment analysis in 2022, when compared 
to 2012, revealed the following trends in heavy metal concentrations: 
Arsenic concentrations remained low with no significant change, and 
cadmium was consistently below detection limits. Chromium levels 
demonstrated a notable decrease at SD2. A major rise was observed for 
copper at SD1. Lead consistently remained below detection limits, and 
mercury was detected only in 2012 at very low levels, with no current 
findings. Nickel exhibited a significant increase at SD3. Zinc levels 
remained stable. (See Table 11 and Figure 13).

In the Seeb area, the analysis of sediment samples reveals a notable 
improvement in sediment quality between 2009 and 2022. In 2022, 
arsenic and lead were below detection limits, while cadmium remained 
consistently below 1 mg/kg, and mercury levels were very low. Significant 
reductions were observed in chromium and copper concentrations. 
Specifically, chromium decreased by 82.8% to 88.5% across different 
sample locations, while copper decreased by 37% to 84.8%. Barium, 
nickel, and zinc levels also showed substantial decreases, with zinc 
showing the most significant reduction, up to 95.5%. The specific values 
for 2009 and 2022, along with the percentage differences, are detailed in 
Table 12 and graphically represented in Figure 14.

Statistical Validation of Results
To quantify the reliability of observed differences among regions, 

statistical tests were conducted on the heavy metal concentration data. 
The Shapiro–Wilk test confirmed that most parameters followed normal 
distribution (p > 0.05), validating the use of parametric tests.

A one-way ANOVA revealed statistically significant spatial variations 
(p < 0.05) for copper, nickel, and chromium among the three study sites. 
Tukey’s post-hoc test indicated that:

•	 Copper concentrations were significantly higher in Azaibah 
compared to Seeb (p = 0.013).

•	 Nickel levels were notably lower in Seeb, confirming improved 
pollution control (p = 0.021).

•	 Chromium differences were not significant among sites (p = 
0.134), consistent with natural background variation.

The coefficient of variation (CV) values ranged between 5.4% and 
18.7%, indicating moderate variability among sampling sites.

Comparative regression analysis between 2009/2012 and 2022 data 
demonstrated a significant decline in copper (R² = 0.82, p < 0.001) and 
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Table 9: Comparative analysis of Seeb’s seawater quality between 2009 and 2022 (Comparative Summary of Seawater Quality: Baseline versus 2022 
[40-42].
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Table 10: Comparative summary of findings in 2012 and 2022 from sediment samples in Darsait. [29-38].
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Table 11: Comparative summary of findings in 2012 and 2022 from sediment samples in Azaibah [29-38].

Parameter

Unit Test Sample locations
Method SD1 SD2 SD3 SD4 SD5

Mg/kg

USEPA 

SW846/6010

2022 2012
% 

difference 
2022 2012

% 
difference 

2022 2012
% 

difference 
2022 2012

% 
difference 

2022 2012
%  

difference 
Arsenic <10 2.811 <10 1.686 <10 2.292 <10 2.811 <10 2.929

Cadmium <1 <0.1 <1 <0.1 <1 <1 <1 <0.1 <1 <0.1
Chromium 28.1 60.48 -53.5 22.7 55.85 -59.4 19.6 45.78 -57.2 30.2 65.09 35 50.69 -31.0

copper 1.65 2.261 -27.0 1.86 1.553 19.8 2.79 0.848 229.0 2.07 0.868 1.94 3.369 -42.4
Selenium <10 <10 <10 <10 <10

Lead <1 <1 <1 <1 <1 <1 <1 <1 <1 <1
Mercury <0.1 <0.01 <0.1 <0.01 <0.1 <0.01 <0.1 <0.01 <0.1 <0.01
Barium 4.96 4.05 4.9 2.48 1.94
Nickel 108 184 -41.3 84.6 165.8 -49.0 108 126.5 -14.6 119 159.6 125 145.7 -14.2

Vanadium <10 18.1 <10 14.25 <10 9.269 <10 24.78 <10 6.598
Zinc 4.55 7.687 -40.8 4.36 7.843 -44.4 4.89 7.608 -35.7 4.48 7.607 -41.1 4.5 10.53 -57.3

Silver <1 <1 <1 <1 <1

Strontium 726 798 897 870 722

Tin HACH <10 <10 <10 <10 <10

Table 12: Comparative summary of findings from sediment samples in Seeb in 2009 and 2022 [40-42].

Parameter

Unit Test Sample locations
Method SD1 SD2 SD3 SD4 SD5

Mg/
kg

USEPA 
SW846/ 

6010

2022 2009 % 
difference 2022 2009 %  

difference 2022 2009 %  
difference 2022 2009 %  

difference 2022 2009 % 
difference 

Arsenic <10 10.1 <10 9.48 <10 16.7 <10 19.2 <10 10.6
Cadmium <1 0.217 <1 0.164 <1 0.164 <1 0.163 <1 0.193
Chromium 31.7 184 -82.8 28 137 -79.6 30.7 237 -87 26.1 226 -88.5 20.4 120 -83

copper 3.96 8.93 -55.7 2.66 9.86 -37 1.86 8.7 -78.6 2.02 13.3 -84.8 1.94 7.8 -75.1
Selenium <10 <10 <10 <10 <10

Lead <1 4.43 <1 3.99 <1 2.76 <1 2.61 <1 4.41
Mercury <0.1 <0.006 <0.1 <0.006 <0.1 <.006 <0.1 <0.006 <0.1 <0.006
Barium 1.98 13.4 -85.2 2.5 11.2 -77.7 1.86 34.3 -94.6 3.1 30.4 -89.8 4.85 15.7 -69.1
Nickel 138.5 418 -66.9 110.4 451 -75.5 125 608 -79.4 89 685 -87 71.7 392 -81.7

Vanadium <10 <10 <10 <10 <10
Zinc 2.97 66.3 -95.5 2.57 33.3 -92.3 2.79 24.6 -88.7 2.1 34 -93.8 1.94 21.6 -91

Silver <1 <1 <1 <1 <1
Strontium 460.9 496.2 638.7 628 640.5

Tin HACH <10 <10 <10 <10 <10
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Figure 12: Graphical representation of the comparative analysis of 
2012 and 2022 data from sediment samples in Darsait. (Source: the 
lead author)
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Figure 13: Graphical representation of the comparative analysis of 
2012 and 2022 data from sediment samples in Azaibah (Source: the 
lead author)
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Figure 14: Graphical representation of the comparative analysis of 
2009 and 2022 data from sediment samples in Seeb (Source: the lead 
author)

nickel (R² = 0.74, p < 0.01) levels in Seeb, while Azaibah exhibited a slight 
upward trend in copper concentrations (R² = 0.59, p = 0.047).

All mean concentrations and their 95% confidence intervals 
remained within or below international environmental limits (UK EQS), 
except for copper at certain Azaibah stations, which marginally exceeded 
the threshold.

These statistical findings reinforce the reliability of the 2022 dataset 
and provide quantitative validation of the observed spatial and temporal 
patterns in heavy metal concentrations.

DISCUSSION 
This comparative analysis of seawater and sediment quality at the 

Darsait, Azaibah, and Seeb plants between the baselines of 2009/2012 
and our 2022 surveys reveals several key conclusions. At the Darsait 
plant, while no exceedances were observed in 2022 for most seawater and 
sediment quality indicators compared to the 2012 baselines, it is worth 
noting three major positive trends – the large declines in chromium, 
strontium and to some extent nickel. At the Azaibah plant, there was a 
large decline in chromium, but a major rise in copper and a significant 
rise in nickel. At the Seeb plant, there was a noticeable reduction in nearly 
all metal traces. 

It is beyond the scope of this study to provide definitive explanations 
for these shifts, but the increased levels of some metal contaminants 
are likely to be linked to industrial discharge, stormwater runoff, or 
untreated wastewater intrusion. The observed variations in heavy metal 
concentrations among Darsait, Azaibah, and Seeb appear closely linked 
to recent changes in regional industrial and wastewater infrastructure. 
For example, in Seeb, two new sewage treatment plants constructed in 
2020 and 2021 employ advanced deep-treatment technologies, including 
tertiary filtration and activated carbon polishing. These upgrades have 
significantly improved the quality of effluent discharged into the marine 
environment, which may explain the marked decrease in heavy metals—
particularly copper and nickel—observed in the 2022 data.

In contrast, the Azaibah area has experienced notable industrial 
expansion in recent years. After 2020, three metal-processing enterprises 
were established within a 5-kilometre radius of the coastal zone, each 
involved in electroplating and metal fabrication activities. The proximity 
of these facilities to the shoreline, combined with surface runoff and 
potential discharge through stormwater or sewage systems, may account 
for the localized increase in copper concentrations detected in 2022.

Meanwhile, Darsait remains primarily residential and administrative, 
with limited industrial activity; its stable heavy-metal profile is consistent 

with this land-use pattern. The results therefore suggest that regional 
industrial layout and the operation of wastewater infrastructure play a 
direct role in shaping the spatial patterns of heavy-metal contamination 
along Muscat’s coastline.

Comparing these findings with previous studies [26-45] suggests a 
general trend of environmental improvement in coastal seawater quality 
near advanced wastewater facilities, while areas with increasing industrial 
presence show localized contamination. However, there remain policy 
and enforcement gaps—notably, the absence of mandatory pretreatment 
limits for industrial wastewater prior to discharge into public sewage 
systems. This contrasts with international best practices, such as those 
in the UK and the Netherlands, which enforce sector-specific heavy-metal 
discharge standards.

Finally, we should note two research limitations of this study. First, 
the number of sampling sites was few in number and limited in time a 
single sampling year. Second, data was absence for Azaibah and Darsait 
prior to 2012, which constrains long-term trend analysis. Future studies 
should employ continuous monitoring and spatial modeling to better 
quantify pollutant sources and hydrodynamic dispersion patterns in 
Oman’s coastal zones.

CONCLUSION 

Summary 
This study concludes that among the three surveyed regions, Seeb 

has achieved the most significant improvement in heavy-metal pollution 
control, largely due to the implementation of new wastewater treatment 
technologies and effective infrastructure management. Darsait remains 
environmentally stable, reflecting minimal industrial influence. In 
contrast, Azaibah requires closer monitoring and targeted mitigation, 
particularly concerning copper and nickel emissions, which appear to be 
linked to post-2020 industrial expansion. Overall, the results demonstrate 
that improved wastewater management can substantially reduce marine 
contamination, but industrial oversight remains a critical determinant of 
coastal water quality.

Recommendations
The study recommends six courses of action. First, the significant 

increases in copper and nickel call for targeted heavy metal removal 
strategies in Azaibah, including chemical precipitation, ion exchange, 
adsorption techniques using activated carbon or specialized resins before 
effluent discharge, and the use of advanced treatment technologies. 
Second, industrial zoning should be integrated with marine pollution 
management. New industrial permits should be evaluated through a 
spatial overlay of coastal vulnerability maps to prevent clustering of high-
emission sectors (e.g., electroplating, fabrication) near sensitive marine 
habitats. Third, the government should establish mandatory pretreatment 
standards for industrial wastewater. For example, the Environment 
Authority (EA) should issue an updated regulatory instrument — 
Pretreatment Limits for Heavy Metals in Industrial Wastewater — to be 
implemented under the framework of Royal Decree 131/2020. These 
limits should align with the UK Environmental Quality Standards (EQS), 
setting maximum permissible concentrations for key metals such as 
copper and nickel at ≤0.005 mg/kg. Fourth, monitoring and transparency 
should be strengthened. For example, continuous monitoring of sediment 
and seawater quality should take place to maintain compliance and 
rapidly detect potential exceedances. Given the impact that activities 
like sea outfall discharge can have, monitoring should occur during both 
operational and non-operational periods to establish comprehensive 
baseline data. The EA, in coordination with Haya Water and the Oman 
Water and Wastewater Services Company (OWWSC), should establish 
a digital platform for real-time monitoring of effluent quality, enabling 
data-driven enforcement and public accountability. Fifth, increasing 
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awareness and training for operational staff on environmental best 
practices and emergency response measures are essential to enhance 
EMP effectiveness. Sixth, there should be a review of existing wastewater 
regulations every five years to align with technological advances and 
global marine protection frameworks, such as the Regional Organization 
for the Protection of the Marine Environment (ROPME) standards.
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