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Groundwater resources management requires water quality
assessment. Nine groundwater samples were collected during 2023 and
2024 from wells within the north and south of Zelten City. These wells
penetrate the unconfined Quaternary aquifer (Al Jifara plain, NW
Libya). This work is concerned with monitoring and determining water
quality and assessing its suitability for potable water, irrigation, and
industrial use. The samples were chemically analyzed, including
various hydrochemical parameters as electrical conductivity (EC),
total dissolved salts (TDS), hydrogen ions (pH), total hardness (TH),
chlorine (CI"), calcium (Ca*?), total alkalinity (TA), and salinity
(NaCl). The results of the April 2024 samples are generally of lower
parameter alteration than those of February 2023. More increases
occur in variations at the north and northwest of Zelten.
Hydrochemical prepared maps display high NaCl values in the north
and northwest directions, averaging about 3000 mg/l. The water is
unsuitable for irrigation and is classified as C5 level, which means it
contains excessive mineral content. The high concentration of Ca*?, CI
and TDS indicates the presence of Sabkha deposits and seawater
intrusions. Therefore, the water in the study area requires treatment
processes before utilization.
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Introduction

Ensuring the safety of drinking and irrigation water in regions or cities is crucial. The

Mediterranean region is globally considered one of the most water-deficient areas (Chatel et
al., 2014). Libya is among the countries facing a critical shortage of renewable water resources
on a global scale (UNICEF Libya, 2022). According to the Libya Water Report (2020), the city
of Zelten is located within the average annual rainfall isohyet range from 150 to 200 mm (Fig.
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Fig. 1.

Location of the study area and isohyet line of rainwater (modified and redrawn after Zurgani, 2021)
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The main groundwater resources in Libya are the Quaternary-Piocene-Miocene aquifer,
which has fair quality. Margat (2008) demonstrated that the entire northern Libyan region is a
karstic carbonate aquifer, where most of the Libyan population lives along the coastline.
According to the water stress map of Libya (UNICEF Libya, 2022). The city of Zelten
experiences water stress ranging from 10% to 20%. In 2005, the total water quantity produced
from the Al Jifara aquifer was about 940 million cubic meters, with 109 million cubic meters
used for irrigation and urban and industrial use, respectively (Alfarrah and Walraevens, 2011).
This excessive water usage is one of the major reasons for the decline in the water table and the
intrusion of seawater along the northern coast of Libya. Additionally, seawater intrusion is a
significant threat to freshwater aquifers in North Africa. In many studies, researchers have
focused on understanding the main reasons for this phenomenon to manage and reduce risks to
shallow groundwater aquifers (Agoubi, 2021). Sabratah is located east of the study area, and is
considered a typical area affected by saltwater intrusion in the Al Jifara plain (Alfarrah et al.,
2017). Recharging techniques for groundwater were applied along the coasts of Tunisia and
Libya to combat seawater intrusion, using downscaled GRACE data for support (Goncalves et
al., 2021).

Consequently, most of the published groundwater studies of Al Jifara plain (northwest
Libya) have been concerned with water quality, contamination, as well as seawater intrusion
(Hafi and Al-Samarrai, 2012; Alfarrah and Walraevens 2011; Alfarrah and Walraevens 2018;
Sadeg and Rashrash, 2002; Al-Rutimi 2019; Halap et al., 2021; Riad et al., 2016). Recently,
numerous studies have proposed various approaches and techniques for improving water
quality in the high saline Al Jifara plain shallow aquifer (Absisah et al., 2024). Additionally,
there is a discussion about sequestering carbon dioxide (CO2) from high saline aquifers due to
climate change and carbon dioxide emissions worldwide (Luo et al., 2022 and Bentham and
Kirby, 2005).

This study focuses on the changes in the hydrochemical parameters of groundwater in
Zelten city from February 2023 to April 2024. It also examines the permissible use of
groundwater for human consumption (drinking, irrigation, and livestock) and for industrial
activities such as construction and the petroleum industries. Additionally, it suggests modern
techniques for utilizing high-salinity water types in Zelten's groundwater

Geology and Hydrogeological background

Zelten is a small city located on the western coastal strip of the Al Jifara plain in western
Libya. It is located approximately 130 km from the capital city of Tripoli and 20 km from
Zuwarah City to the east, and it borders Tunisia to the west. To the north, it is bordered by the
Mediterranean Sea and to the south by Jebel Nafusa (Fig. 1). The Al Jifara plain is home to one
of the renewable groundwater aquifers in northern Libya, with a south-to-north groundwater
flow (Goncalveés et al., 2021). Geologic studies showed that the Al Jifara plain is mainly defined
by two north-throwing faults: the Jifara fault to the south and the Sabratah fault to the north
(Kruseman and Floegel, 1980). Additionally, drilled boreholes have revealed a Permo-Triassic
to Quaternary sequence stratigraphy (Hallett and Clark-Lowes, 2016). In general,
Krummenacher (1982) and Industry Research Center (IRC, 1975) described the formations that
comprise the Al Jifara Plain. Hence, interbedding between carbonate and sandstone beds with
massive gypsum and clay strips is a common lithology of the Al Jifarah plain. In addition,
Triassic formations have a thick sequence compared to Jurassic, Cretaceous, and Tertiary,
whereas Quaternary sequences have the least thickness. The sequence stratigraphy of Al Jifara
plain consists of three main aquifers: the upper Miocene, Pliocene, and Quaternary. The first
unconfined shallow Quaternary aquifer is made up of unconsolidated sand, sandstone, and
carbonate rocks, with a thickness ranging from about 30 m to 160 m and a shallow water level
ranging from 10 m to 80 m (Fig. 2). The deep aquifer is a thick sandstone rock interspersed
with silt and clay, with depths ranging from 300 m to 700 m.
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Fig. 2. General sketch of the sequence stratigraphy of the unconfined shallow aquifer, Al Jifara plain
Materials and Methods

Nine water samples were collected from different water wells with an average depth of
9.5 m water level in Zelten City. The geographical location of the water wells is marked using
a Global Positioning System (GPS) tool, covering an area of about 5 km? in Zelten. The wells
are six in the north area and three in the south, as shown in Figure 1. The water samples were
collected in February 2023 and April 2024 using routine procedures in sterile bottles at surface
conditions. Eight hydrochemical parameters were measured, including (EC), (TDS), pH, TH,
(CI), TA, and Salinity (NaCl, mg/l). Figure 3 illustrates a comparison of the measurement
parameters of the water samples over the two periods of time.

Results and Discussion

The water samples of Zelten City were analyzed for four water quality indicators: pH,
TDS, EC, and TH. parameters are used to classify the groundwater and determine its suitability
for various purposes. The classification system is used based on the FAO (1999), Klimentove
(1983), Todd (1980), Todd and Mays (2004), Freeze and Cherry (1979), Altoviski (1962), Hem
(1985), Detay (1997), Ayer (1985), Richards (1954), Deere and Miller (1966). Therefore,
Figure 3 illustrates an increase in the hydrochemical parameters, particularly TDS, TH, and CI
values, in the water samples between February 2023 and April 2024. Jalal et al., (2024)
concluded lower concentration in physiochemical parameters of the eastern Erbil groundwater
basin than the western basin during the wet season. Table 1 contains the statistical analysis
results of the Zelten water samples. The changes in these hydrochemical parameters are
attributed to environmental and climatic influences on the groundwater within Al Jifara plan
(Alfarrah and Walraevens, 2018 and Riad et al., 2016). Additionally, the total dissolved solids
(TDS) are higher than attributed to high dissolved salts in the shallower aquifer, ranging from
3000 ppm near Zuwarah city to over 10000 ppm at the Sabkah of the Tunisia border (Al-
Rujaibi, 2009). Meanwhile, Hafi and Al-Samarrai (2012) reported TDS levels ranging from less
than 2000 to less than 1000 mg/l in the Quaternary aquifer.

Table 1: Statistical analysis of hydrochemical parameters of Zelten groundwater (2024)

TA . Ca*
PH EC (uS/cm)  TDS (mg/l) (mg/l) TH (mg/l)  CI" (mg/l) (mg/l) NaCl (mg/l)
Min 7.1 5890 3900 126 1398.4 2977.8 620 114000
Max 7.7 27730 16600 218 6482.6 11202 2165 542000

Average  7.32 13928.9 8827.8 178.9 3267.4 5853.1 1260.6 271777.8
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Fig. 3. Comparison of hydrochemical parameters of the Zelten water samples
Distribution of the Hydrochemical parameters

It is useful to distribute ion concentrations of groundwater, as it allows tracking the
variation of these ions throughout the aquifer. As previously mentioned, the shallow Quaternary
aquifer is composed of heterogeneous sedimentary rocks (sandstone and carbonate), which can
change due to geochemical processes. Mapping the concentration of the hydrochemical
parameters (TDS, CI,, Ca*?, TH, TA, and NaCl) of the Zelten groundwater is taken into
consideration during both periods of time, 2023 and 2024. According to that, the NaCl
concentration is selected to demonstrate the fluctuation of the Zelten groundwater salinity.
Therefore, Figure 4 illustrates contour maps of the NaCl concentration distribution within two
different locations of Zelten City: the north area and the south area. The NaCl contour lines of
the whole study area reveal an increase toward the northwest direction. While in the northern
area, the NaCl concentration contour lines increase toward the north direction, close to well S6.
Also, the southern area displays an increase in NaCl in the northwest direction. This can be
attributed to various factors, including the presence of sabkha deposits and seawater intrusions.
In addition, two calcium (Ca*?) and chlorine (CI) ions are also taken into consideration to
interpret the high groundwater salinity. Thus, Figure 5 shows these ions concentration
distribution of the whole study area, which demonstrates the Ca*? increase towards the
northwest as NaCl increases. While the CI™ is increased in the southwest (the southern area
location).
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Zelten groundwater classification

Table 2 summarizes the classification of the groundwater samples based on total
dissolved salts (TDS). Other factors such as electrical conductivity (EC), total hardness (TH),
total alkalinity (TA), pH, and chlorine ion concentration (CI°) are also considered to classify the
water for municipal, irrigation, and industrial use. The Zelten groundwater, based on the TDS,
falls within the brackish ranges (2000-20000) of Drever (1997) and Todd (1980) classifications,
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except for sample (S4). While chlorine ion concentration (CI) is less common in groundwater
compared to seawater, levels exceeding 600 mg/l suggest seawater intrusion (Revelle, 1941).
Thus, a cross plot between the EC and CI reveals a higher influence of the seawater intrusion
of the Zelten City in April 2024 than in February 2023 (Fig. 6). Additionally, the presence of
high levels of CI" in sample S7 may indicate sewage and industrial contamination in the absence
of measured carbonate and bicarbonate ion concentrations.
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Fig. 6. Electrical conductivity (EC) and chlorine concentration (CI°) for seawater intrusion indicator

The pH values indicate the acidity or alkalinity and the concentration of hydrogen ions in
the groundwater. According to the WHO (2006) guideline for drinking water quality in the
Zelten area, the pH results fall within the permissible range of 7 to 8.5. The pH results are also
suitable for irrigation, within the Libyan standards of 6.5 to 8.8, and as per (FAO, 1999) from
5 to 9. However, the EC, TDS, TH, CI~ and Ca*2 values are out of the acceptable range for
drinking according to WHO (2011) and Libyan standards. Additionally, the EC, TDS, and TH
are the main contributors to water classification, which affect the overall water quality. The
high measured values of the Zelten groundwater samples show that they are not suitable for
irrigation due to excessive mineralization. According to Detay (1997). The electrical
conductivity (EC) of these samples is greater than 1000 ps/cm, classifying them as CS5.
Additionally, the water samples are very hard and hazardous, as classified by both Sawyer and
McCarty (1967) and Todd (1980) based on total hardness (TH) and electrical conductivity (EC)
(refer to Table 3). High chlorine concentration in water is an important indicator of poor water
quality and can be toxic, inhibiting plant growth.

Table 2: Groundwater classification by TDS (mg/l).

A(I;g\élzs; : Todd (1980) Klimentove (1983) Drever (1997) Todd (2007) Water type Water samples
- - 200 - - Super fresh Out of limit
0 - 1000 0-1000 200 - 1000 <1000 10 - 1000 Fresh Out of limit
1000-3000 - 1000-2000 1000 - 10000 - Slightly Out of limit
brackish
3000-10000 1000-10000 - 2000-20000 1000-10000 Brackish All samples within
Drever (1997) and
Todd (1980) limits
3000-10000 - - Strongly Out of limits
brackish
10000-100000 - - 10000-100000 Salty Out of limits
10000-100000 10000-35000 35000 saline Out of limits

>100000 >100000 >35000 >35000 >100000 Brine Out of limit




Bahia M. Ben Ghawar etal.......

Table 3: The groundwater Total Hardness and Electrical conductivity classification.

Sawyer and McMcartly

(1967) Todd (1980) Classification Water samples
TH >75 0 <TH <60 Soft out of limit
75-150 60 <TH <120 Moderately Out of limit
150 - 300 120 < TH <180 Hard Out of limit
<300 > 180 Very Hard All samples
EC (uS/cm)
<1500 - - Permissible Out of limit
1500 — 3000 - - Not permissible Out of limit
>3000 - - Hazardous All samples

According to Table 4, the TDS of the Zelten groundwater samples exceeds 3000 mg/I,
which means it does not meet the criteria for potable water as per the classification by WHO
(1993).

Table 4: The allowable potable water (\WHO, 1993).

Most desirable limit Max. allowable limit Water samples
pH 6.5-85 9.2 All samples within the limits
TDS (mg/l) 500 1500 All samples out of limit
Cl (mg/) 200 600 All samples out of limit

The consumption of groundwater is essential for human use, irrigation, construction, and
industry worldwide. In the last decades, the groundwater of Zelten City has been used for
agricultural purposes, with the main products being grains (barley and wheat), olive trees,
grapes, figs, almonds, and palm trees. Therefore, the ability of consumption of the Zelten
groundwater for other industries by researchers like Hem (1985); Train (1979); and Altoviski
(1962) has been classified. Table 5 provides the irrigation water classification in Zelten, while
Table 6 compares hydrochemical parameters between standard values and Zelten groundwater
for use in a concrete mixture. Therefore, the studies by Richards (1954) and Davis and De Weist
(1966) suggest that the groundwater in Zelten is not suitable for irrigation purposes.
Additionally, all the water samples are of poor quality for construction purposes. However, the
quality of the water samples varies, ranging from good to not recommended for livestock and
poultry drinking water. Moreover, the electrical conductivity (EC) classification for crop
response indicates two ranges.

Table 5: Groundwater Suitability for irrigation, construction, and livestock.

Irrigation water Water samples
Ec (uS/cm) Richards (1954) 100-250 Excellent Out of limit
250-750 Good Out of limit
750-2250 Doubtful Out of limit
>2250 Unsuitable All samples
TDS (mg/l) Davis and 1000-3000 Useful for irrigation Out of limit
DeWiest (1966) >3000 Unfit for irrigation All samples
Construction
CI- (mg/l) 0-175 Good Out of limit
170 - 290 Fair Out of limit
> 290 Poor All samples
Livestock and poultry drinking water
EC (pus/cm) WeAsz/Ce(l)'ts (alng(:3 5 <1500 Excellent Out of limit
1500-5000 Very Satisfactory Out of limit
S1 (Feb, 2023)
5000-8000 Satisfactory for Livestock S2 and S4 (Apr,
2024)
S2, S3, S5, S6, and
. - S8 (Feb, 2023
8000-11000 Limited Use for Livestock 83,(87 and 88)
(Apr, 2024)

S10 (Feb, 2023)

11000-16000 Very limited used S5 (Apr, 2024)
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S4 (Feb, 2023)

> 16000 Not recommended S1, S6 and S10
(Apr, 2024)
Related crop response
Ec (um/cm) 4000 - 8000 More sensitive crops in this group: S1 and S7 (Feb,
Grape, Cantaloup, Cucumber, peas, 2023)
onion, carrot, bell pepper, potato, sweet S2 and S4 (Apr,
corn and lettuce. 2024)
8000 - 16000 Only  salt-tolerant  crops  yield

satisfactorily. These include: Date  S2, S3, S5, S6, S8
palm. Asparagus, kale, garden beets. and S10 (Feb,
Birdsfoot trefoil, barley, many species 2023)
of wheatgrasses and wild ryes, Rhodes ~ S3, S5, S7 and S8
grass, Bermuda grass, salt grass. Some (Apr, 2024)
varieties of cotton, sugar beet.

> 16000 Satisfactory yields from only a few very S4 (Feb, 2023)

salt-tolerant species: Certain native

range plants

S1, S6 and S10
(Apr, 2024)

The fluctuation of groundwater levels, sewage water, and the presence of certain salt ions
can cause common problems such as foundation subsidence, cracked floors, wall cracks, and
chemical corrosion of concrete foundations. High concentrations of chloride and alkaline ions
in the water used for mixing concrete can lead to rust and carbonation in construction buildings.
There is allowed maximum standard levels for ion concentrations in the water used to mix
concrete, which are 2 g/l for TDS, 0.5 g/l for CI;, and 1 g/l for TA. Table 6 compares the
hydrochemical parameters of the studied samples with the standard ranges for concrete mixture
water. The results show that the TDS and CI" levels in the Zelten water samples are unsuitable
for use as concrete mixture water.

Table 6: Zelten groundwater suitability for concrete mixture water.

TDS (mg/l) Cl (mg/l) TA (mg/l) pH
Standard level 2000 500 1000 6-8
Water samples 3923.2 - 12371.2 1562 - 6070.5 40 - 218 6.96 - 7.35

The suitability of investing in the Zelten groundwater for industrial use, based on Hem's
(1985) classification, is shown in Table 7. The table indicates that the water's quality is poor
due to high salinity, making it unsuitable for industrial use. Therefore, different techniques need
to be considered to improve the water quality of the Zelten water to be suitable for industrial
investment. Criteria such as low cost, minimal environmental impacts, and potential for fresh
water production should be considered when selecting a suitable technique for treating high
saline water, as mentioned by Khlaifat et al., (2023), Samba et al., (2023) and Mkilima et al.,
(2022).

Table 7: Water used for industry application (Hem, 1985)

. TDS TH CI Ca*
Industrial type pH (mg/l) (mg/l) (mg/l) (mg/l) Water samples
ﬁ%ﬂ;‘t’g and Beverage - - 500 100 Outof limits
. Out of limits due to high TDS,
Canned fruit industry 6.5-8.5 500 250 250 NA TH, and CI
. Out of limits due to high TDS,
petroleum industry 6-9 1000 300 300 75 TH, CI and Ca*
Plastic 6.5-8.3 - 350 - 80 Not able due to high TH and Ca*
. . Out of limits due to high TDS,
Textile Industries 6.5-8 1000 900 500 100 TH, CI and Ca™*
paper manufacturing 6-10 - 100 200250 20 ;“dt 8‘;2”‘“3 due to high TH, CI
leather industry 6-8 _ Soft 250 } Out of limits due to high TH and
CI
cement industry 6.5-85 600 250 Out of limits due to high TDS and
. . - - CI.
Construction material - - - 2187 437 Out of limits due to changes in

Apr 2024
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Conclusion

Measurements of hydrochemical parameters in Zelten City indicate higher values in April
2024 compared to February 2023. Shallow groundwater is affected by hydrogeochemical
processes from gypsum, halite, and limestone rocks, resulting in high calcium (Ca*?) and
chlorine (CI") ion concentrations. Water samples show a brackish type and are excessively
mineralized, making it unsuitable for irrigation. The high chlorine (CI") ion concentration also
indicates seawater intrusion. As a result, the groundwater is not suitable for potable water
according to WHO (2006) and Libyan standards (1992). The increasing concentration of salt
ions in the Zelten area negatively affects crop productivity, causes soil damage, and leads to
corrosion of downhole tools. Furthermore, the Hem (1985) classification reveals the potential
uselessness of Zelten groundwater for industrial purposes.

Consequently, the poor quality of the Zelten groundwater caused by high salinity should
be improved in such a way, and invested in to produce potable water and other industrial
purposes. Thus, the demand increases to water desalination in the coastal areas characterized
by high population with increasing urban and industrial activities increases.
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