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ABSTRACT

Article History: Groundwater is the main freshwater source in semi-arid areas, thus, needs protection from human pollution.
The municipal solid waste landfill and an untreated wastewater disposal facility are located in Al-Lajjoun
region of central Jordan which situated within the recharge zone of the Amman-Wadi Sir (A7/B2) carbonate
aquifer, this study investigates the sustainability and the groundwater quality. for that reason, untreated
wastewater and soil samples impacted by leachate, and eight production wells were observed in the summer
and winter. Major ions, trace metals, and physicochemical properties were examined and compared with
Jordanian drinking water standards.The results show that the groundwater hydrochemistry is mainly
consistent during the year, where the majority of parameters falling within permitted limits. Nevertheless,
chromium concentration in all wells continuously exceed drinking water regulation, indicating a recurring
pollution problem. Meanwhile, the landfill leachate saturated soils demonstrated high concentrations of Fe,
Cr, Cd, Pb, Ni, Zn, and Mn compared with baseline values. Untreated wastewater had high organic and nutrient
concentrations. The high metal concentrations in leachate affected soils lead to a possible permanent risk to
the aquifer sustainability even in the absence of direct hydraulic mixing between wastewater and
groundwater, particularly, in structurally fractured carbonate systems.The findings demonstrate the aquifer's
resilience under current conditions, Also, shows the necessity for long-term hydrochemical monitoring,
engineered barrier structures, and preventive management to ensure groundwater conservation in arid
zones.
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which cause serious problem to ecosystems and human health (Bibi et al.,
1. INTRODUCTION 2016; Botsou et al,, 2019).
Groundwater consider as the main source of freshwater in the arid and
semi-arid areas which characterised with scarce and highly inconsistent
surface water supply (Salamah et al.,, 2023). Jordan is one of the most
water-scarce countries, with per capita below the water poverty threshold
(Al-Mubaidin et al.,2022; Al-Hamaideh et al,, 2023; Al-Harahsheh et al,,
2023; Salamah et al., 2023; MoWI, 2024). sustainable water security is an
important issue for Jordan's prosperity, health, and food security
“National Water Strategy 2023-3040” (MoWI, 2023).

The leachate causes a long-term risk to groundwater quality as mentioned
by many studies. This research showed a clear link between landfills and
groundwater hydrochemistry, highlighting higher amounts of salt,
potassium, and chlorides that increases with the age, amount of waste, and
location of the dump (Huang et al., 2024b). Pollutant rised during time of
high precipitation and even the closed sites considered to be sources of
chemical and microplastic pollution physicochemical and microbiological
degradation and heavy metals could be entering the water table through

The quality of groundwater is endangered by landfills and wastewater soft soil, this was tracked using resistivity mapping (Alao, 2023; Przydatek

disposal sites, especially if located in areas with karstified or fractured
carbonate aquifers that could provide optimal paths for the movement of
contaminants (Powell, 1988; Xu et al., 2018). Elevation of dissolved salts,
organic matter, nutrients, and hazardous metals including Cr, Cd, Pb, and
Ni are usually found in leachate produced by the breakdown of solid waste,
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etal,, 2025; Grzegorz, 2025).

In semi-arid climates, due to low recharge rates and excessive
evaporation, which extend the persistence of contaminants (Laluraj and
Gopinath, 2006; Tumolo et al.,, 2020). Amman-Wadi Sir (A7/B2) aquifer's
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recharge zone is one of the most important groundwater systems in
Jordan. It contains an untreated wastewater dumping site and municipal
solid waste landfill in the Al-Lajjoun region of central Jordan (Obeidat et
al,, 2013; Al-Ajarmeh, 2020). These landfills could promot the pollutant
transport along fractures and faults, structural characteristics connected
to the Al-Karak-Al-Fiha graben further increase aquifer susceptibility
(Powell, 1988; Jiries et al., 2025).

The objectives of this study are to: (1) investigate the groundwater
hydrochemistry, (2) analyze pollution suspected by untreated wastewater
and landfill leachate, and (3) evaluate results for groundwater
conservation, in a semi-arid aquifer system.

2. STUDY AREA AND HYDROGEOLOGICAL SETTING

2.1 Location and Physiography

The research area is situated in central Jordan, around 12 km west of Al-
Qatrana and 23 km east of Al-Karak City (Fig. 1). Wadi Dabhah's elevation
is roughly 640 meters above sea level, whereas the Al-Ghwayer region's
elevation is close to 1150 meters. Low to moderate relief defines the
terrain, with sometimes severe grades over deeply incised wadis in the
northeastern sector (Al-Ramadain et al,, in press).

With the exception of a small flow from Al-Lajjoun springs, surface
drainage is primarily ephemeral and active during the winter rainy season.
The Al-Karak-Al-Fiha graben, which trends NW-SE and has a significant
impact on topography, drainage, and groundwater flow patterns,
structurally controls the region (Powell, 1988).
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Figure 1: Map displays the location of the studied area.

2.2 Hydrogeological Setting

The study area is located in the Al-Mujib Dam catchment basin, which is
regarded as one of Jordan's most significant basins. Figure 2 shows the
three primary groundwater aquifer systems in the Al-Mujib basin: Rum,
Kurnub sandstone (K), and Amman-Wadi Sir group (A7/B2) (Al-Ajarmeh,

2020). The primary aquifer in the research region is thought to be the
(A7/B2) aquifer associated with the Upper Cretaceous limestone aquifer.
The main source of water recharge to the Amman-Wadi Sir Aquifer is
thought to be rainfall infiltration in the outcrop area. The A1/6 sequence,
which is primarily composed of marls, marly limestone, and limestone, is
beneath the A7/B2 aquifer.
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Figure 2: Jordan geological lithological column and the upper, lower and deep aquifers, (modified after, Margana et al., 2009).

The research area's aquifer system, named as A7/B2, has a thickness of
around 320 meters and exhibits a range of thicknesses in Central Jordan,
from 100 to 320 meters at various locations (Powel, 1988). The A7/B2 is
an unconfined, phreatic upper aquifer made mainly of fractured carbonate
deposit with karstic characteristics. In the research region, A7/B2
groundwater flows in a north-northeast direction.

2.3 Climate

The research area has a semi-arid climate with a long, hot, dry summer
and a brief rainy season from November to March. The average daily
temperature varies from roughly 3 °C in the winter to 35 °C in the summer.
The average daily evaporation at Al-Qatrana station is about 8.2 mm (Jiries

et al, 2009; Jordan Meteorological Department, 2019). Evaporation rates
are considerable, ranging from around 0.9 mm/day in December to more
than 10 mm/day in July.
Rainfall ranges from 50 to 300 mm each year, with the majority falling
between January and March. The average annual rainfall over a lengthy
period of time is often less than 100 mm. Over the past ten years, extended
drought conditions have increased the strain on groundwater resources
and decreased the natural diffusion of pollutants.

2.4 Wastewater and Solid Waste Disposal Sites

About 30 kilometers east of Al-Karak City is the Al-Lajjoun untreated
wastewater disposal site, which was created in 2004 (Figure 3). With a
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design capacity of roughly 600 m®/day in summer and up to 750 m*/day
in winter, it receives untreated wastewater from homes, hospitals, and
auto maintenance (MWIand BGR, 2005). In order to minimize seepage, the
facility consists of six stabilization ponds (anaerobic, facultative, and
maturation ponds) enclosed with high-density polyethylene (HDPE) over
a layer of sandstone (Al-Malahmeh, 2006). Usually, wastewater travels in
the direction of Al-Mujib Dam along Wadi Al-Lajjoun.

The largest trash disposal facility in the Al-Karak Governorate is the Al-
Lajjoun solid waste landfill, which was established in 1996. It covers
around 488 acres and receives 200-250 tons of municipal solid waste
every day (Al-Sarayreh and Alsarayreh, 2021). Concerns about leachate
formation and infiltration continue despite management efforts,
emphasizing the necessity of ongoing hydrochemical monitoring to
preserve groundwater quality (Al-Omari et al., 2021; Baba, 2023).
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Figure 3: Map showing the locations of landfills for both liquid and solid waste as well as water wells.

3. MATERIALS AND METHODS
3.1 Sampling Strategy

Groundwater samples were collected from eight productive wells during
summer and winter seasons. Additional samples included untreated
wastewater and leachate-saturated soil from landfill sites.

3.2 Analytical Procedures

Physicochemical parameters, major ions, and trace/heavy metals were
determined following internationally recognized standard analytical
methods. Comprehensive quality assurance and quality control (QA/QC)
protocols, including instrument calibration, use of blanks, duplicates, and
standard reference materials, were implemented to ensure data accuracy
and reliability. Statistical analyses were conducted using SPSS software.

To evaluate the potential leaching impacts of landfill leachate and
untreated wastewater on groundwater quality, groundwater sampling
was carried out at eight productive wells. From each well, three water
samples were collected during two hydrological periods representing the
summer and winter seasons. All samples were collected in pre-cleaned 1
L polyethylene bottles. In addition, a leachate-saturated soil sample was
collected from the solid waste dump site at a depth of 1.5 m, and a
representative sample of untreated wastewater was obtained from the
wastewater disposal site for comparative assessment.

3.2.1 Physiochemical parameters

The samples were analyzed for the physiochemical parameters of the total
dissolved solids (TDS), total suspended solids (TSS), total alkalinity (TA),
pH, dissolved oxygen (DO), electrical conductivity (EC), turbidity, and total
hardness (TH) according to the standard methods 2540C, 2540D, and
2320 B, 4500-H + B, 4500-0 G, and 2510 B, 2130 A, 2340C, respectively
(Rice and Bridgewater, 2012; Al-Harahsheh et al., 2023).

3.2.2 Heavy metals

Following acidification, the water samples were filtered using a cellulose
acetate syringe filter with a pore size of 0.45 pm. After the leachate -
saturated soil sample was dried and then sieved to a size of less than 2 mm,
it was grinded using a mortar and pestle, oven-dried for an entire night at
105 °C, and digested by 8 mL of aqua regia (2 mL HNO3 and 6 mL HCI) with
200 mg of soil sample. According to Standard Method 3111 B (Prell-Swaid
and Schwedt, 1994, Rice and Bridgewater, 2012; Al-Harahsheh et al., 2023;
El-Hasan & Al-Tarawneh, 2020), samples of soil and water were analyzed
for heavy metals (Cr, Cu, Pb, Fe, Mn, Zn, and Ni) using Atomic Absorption
Spectroscopy (AA-7000, Shimadzu Scientific Instruments, Japan).

2.2.3 Major cations and anions

Anion chromatography analyzer (Eco IC, Metrohm, Switzerland) was used
to analyse the water samples for anions (Cl, SO4, Br, NO3, PO4, and F) and

cations (Li, Na, NH4, K, Ca, and Mg) after they had been filtered using a
cellulose acetate syringe filter (Rice & Bridgewater, 2012; Al-Harahsheh et
al,, 2023; Jiries et al., 2004).

3.2.4 Quality assurance (QA) and quality control (QC)

In order to guarantee the accuracy of the results, we conducted three
primary activities: 10% of all samples were analyzed in duplicate and
distributed at random; duplicate determinations had to agree with 5% of
their average relative percentage duplicate (RPD); and the recovery of the
QC sample had to fall between 80-120% in order to be accepted.

3.2.5 Statistical analysis

Every sample was examined three times. SPSS software was used to
interpret the data. Mean * SD was used to express the results. When
assessing the statistical significance of group differences, only p values less
than 0.05 are deemed significant.

4. RESULTS

Tables 1, 2, and 3 provide an overview of the physicochemical properties,
heavy metal concentrations, and main ion composition of the water
samples that were collected during the summer and winter. Groundwater
suitability for drinking purposes was assessed by comparing the
measured values with the Jordanian Drinking Water Standards (JDWS). In
both sampling seasons, the majority of examined parameters generally
met JDWS limits. However, all groundwater samples had chromium (Cr)
contents that were consistently higher than the allowable limit.

Interactions between groundwater and pipe-scale deposits in the water
distribution system, which have been shown to function as secondary
sources of chromium release into drinking water, may be the cause of the
ongoing elevation of Cr (Ni et al,, 2024). Temporal stability of groundwater
quality during the study period was indicated by seasonal statistical
analysis, which showed no significant variations between summer and
winter concentrations for the examined parameters (p > 0.05). Table 4
illustrates the analytical findings of the leachate-saturated soil that was
collected from the solid waste landfill.

4.1 Physicochemical Characteristics of Groundwater

In both seasons, groundwater samples showed moderate electrical
conductivity, near-neutral to slightly alkaline pH values, and slightly
elevated dissolved oxygen contents. There are no statistically significant
seasonal fluctuations in these parameters, which indicate steady
hydrochemical conditions and typically good groundwater quality.

4.2 Heavy Metals in Groundwater and Wastewater

Chromium was one of the heavy elements that were found to have
continuously high amounts in groundwater samples, above the JDWS
threshold in both summer and winter. Other trace metals, however, stayed
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within permissible bounds. However, untreated wastewater samples
showed high levels of a number of heavy metals, indicating the impact of
human inputs and inadequate treatment before disposal.

4.3 Major Ion Chemistry

Groundwater's primary ion composition stayed within drinking water
standards' allowable bounds, suggesting little geochemical disturbance
and little effect from pollution sources. On the other hand, nitrate,
phosphate, and ammonium concentrations in untreated wastewater
samples were noticeably high, indicating significant organic and nutrient

loading related to wastewater disposal methods.
4.4 Contamination of Leachate-Saturated Soils

In comparison to background soil levels, landfill leachate-affected soils
showed significant enrichment with Fe, Cr, Cd, Pb, Ni, Zn, and Mn. The
mobilization and accumulation of metals from the breakdown of solid
waste and leachate percolation are reflected in this enrichment, which
suggests a significant human influence. If leachate mobility is not
controlled, the elevated metal concentrations point to a possible long-term
risk to underlying groundwater resources.

Table 1: Physical parameters of the studied wells during summer and winter seasons (means + SD, n = 3).
Sample name
Paramete Season Untreated JDWS
r CD1150 | CD1157 | CD3413 | CD3454 | CD3462 | CD3414 | CD3463 | CD1160 | wastewate standard
r
cop S“”r’me 27+1.4 | 29+15 | 22+¢1.1 | 27+#13 | 19£09 | 33+1.6 | 27+1.3 | 26+1.3 15548 FW*: -
[mg/L] : TW**: 300
Winter | 3022.3 | 33#3.1 | 28+2.3 | 26#22 | 23:23 | 30%2.6 | 27+15 | 28424 250+13
BODs S‘mr‘me 4£0.2 420.2 5+0.3 10.1 420.2 7+0.4 420.2 3£0.2 7024 FW: -
[mg/L] - TW: 60
Winter | 5%0.3 5+0.3 4202 3:0.1 6+0.3 9+0.5 8+0.4 5+0.3 1306
Summe
pH ) 71£04 | 74204 | 7.5:0.4 | 75204 | 7.6:04 | 7.6204 | 7.6:0.4 | 7.6:0.4 7.3+0.4 FW: 6.5-8.5
[pH unit] - TW: 6-9
Winter | 71404 | 71+04 | 71404 | 71+04 | 73404 | 71+04 | 71404 | 71+04 | 7.2:04
Summe | 1219%6 | 1326£6 | 1120¢5 | 124626 | oo o0 | sco 00 | 120656 | 162128 | , 00
EC r 1 6 6 2 0 1 FW: 750-2300
TW: -
[ws/eml | | 123316 | 137126 | 1257+6 | 12566 | 1275:6 | 1032:5 | 12116 | 162238 | o0
2 9 3 3 4 2 1 1
Summe | 96.2t4. | 962t4. | 95.6t4. | 945t4 | 9554 | 942+h | 9494 | 946xh | oo o
DO r 8 8 8 7 8 7 8 7 e FW: -
[%] . 93.0+4. | 93.0%4. | 94.7+4. | 94.7+4. | 94424, | 92.1+4. | 96.0+4. | 94.0:4. TW: -
Winter 7 7 7 7 7 6 g 7 15.5+0.8
DO S““r’me 6.7+03 | 6.7£0.3 | 6.8:03 | 6.6£0.3 | 6.7:03 | 6.6£0.3 | 6.6:0.3 | 6.620.3 2.2£0.1 FW: -
[mg/1] - TW: 2<
Winter | 8.2#0.4 | 84:04 | 84204 | 82404 | 85:0.4 | 7.9:04 | 81:04 | 8104 | 1.4%0.07
Summe | 50,9 20£1 20£1 20£1 20£1 20£1 20£1 20£1 6.9+0.4
0, r FW: -
[%] . 20.2¢1. | 20.0+1. | 19.6£1. | 19.6¢1. | 20.0+1. | 19.3+1. | 20.2#1. | 19.5:1 TW: -
Winter 0 0 0 0 0 0 0 0 3+0.15
TSS S““r‘me 4£02 | 12005 | 2:0.1 3:0.2 3:0.2 | 12005 | 2:0.1 30.2 13+0.7 FW: -
[mg/L] - TW: 50
Winter | 4.0£02 | 2.0:0.1 | 3.0202 | 1.0£0.1 | 4.0%02 | 6.0:0.3 | 6.0:0.3 | 5.0%0.3 7+0.35
TDS S“rrr’me 66833 | 701£35 | 580229 | 669£33 | 42221 | 422421 | 674+34 1053215 2437£122 FW: 1000
[mg/L] - TW: 1500
Winter | 717436 | 769+38 | 71136 | 709%35 | 695+35 | 52526 | 63732 | 975%49 | 1466+73.3
Table 2: Metal concentration in the water of the studied wells during summer and winter season (means # SD, n = 3).
Sample name
JDWS
Pa::lr.ne Sezso Untl('ieate standa
CD1150 | CD1157 | CD3413 | CD3454 | CD3462 | CD3414 | CD3463 | CD1160 rd
wastewat
er
Summ B.D B.D B.D B.D B.D B.D B.D B.D B.D FW:
cd er
L 0.003
m ;
[me/L] W‘fte B.D B.D B.D B.D B.D B.D B.D B.D 0.020¢80.00 TW:
Summ | 0.1x0.00 | 0.1£0.00 | ;.4 0q7 | 022000 | 022000 | 5.6 009 | 02£0010 | 0.2£0.012 | 0.1£0.006 | Fw:
Cr er 4 5 8 9 0.05
mg/L i .
[me/L] W‘;‘te 0'“70'00 0'2180'00 0.2+0.01 | 02+0.01 | 0.3+0.01 | 0.2£0.01 | 03%0.01 | 03%0.01 | 0.2£0.01 T
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Table 2(Cont.): Metal concentration in the water of the studied wells during summer and winter season (means * SD, n = 3).
Summ B.D B.D B.D B.D B.D B.D B.D B.D B.D FW: -
Co[ er
mg/L] | Wi 0020:00 | LW
8 ‘:te B.D B.D B.D B.D B.D B.D B.D B.D ol 0.05
Summ B.D B.D B.D B.D B.D B.D B.D B.D B.D
Cu er FW: 1
[mg/L] | Winte | 0.01:0.0 | 0.01£0.0 | 0.02£0.00 | 0.02+0.0 | 0.03+0.0 | 0.03x0.00 | 0.03x0.00 | 0.04£0.00 | 0.02:0.00 | TW:2
r 004 007 1 01 01 2 2 2 09
Summ BD 0.140.0 | 0.87+0.04 | 0.24+0.0 | 1.010.0 | 1.08+0.08 | 0.13+0.00 | 0.14+0.00 | 0.16%0.00
Fe er : 07 3 12 59 9 6 7 8 FW: 1
[mg/L] | Winte | 0.02+0.0 | 0.02+0.0 | 0.03£0.00 | 0.03+0.0 | 0.03+0.0 | 0.05x0.00 | 0.04£0.00 | 0.07£0.00 | 0.04:0.00 | TW:2
r 010 009 1 02 02 2 2 4 2
Summ B.D B.D B.D B.D B.D B.D B.D B.D B.D FW: 0.1
Mn er
TW:
[mg/L]l | winte D BD 0.006+0.0 D BD 0.008£0.0 | 0.007:0.0 | 0.008:0.0 | 0.015:0.0 0.4
r : : 003 : : 004 003 004 007
_ Summ B.D B.D B.D B.D B.D B.D B.D B.D B.D FW:
Ni er 0.07
mg/L i TW:
[me/L] W‘rnte B.D B.D B.D B.D B.D B.D B.D B.D B.D 02
Summ B.D B.D B.D B.D B.D B.D B.D B.D 0.01£0.00 | Fw:
Pb er 06 0.01
mg/L i TW:
[me/L] W‘rnte B.D B.D B.D B.D B.D B.D B.D B.D 0'0420'00 02
Summ B.D B.D B.D B.D B.D B.D 0.120.00 B.D B.D
z er 6 FW: 4
n
. TW: 5
wlrnte BD BD BD BD o.oggo.o 0.09:;}0.00 0.09;;0.00 BD BD

*FW: Fresh water, **TW: Treated wastewater

*FW: Fresh water, **TW: Treated wastewater

B.D: Below detection limit, which was 0.002 mg/L for Cd, 0.005 mg/L for
Cr, 0.01 mg/L for Co, 0.006 mg/L for Cu, 0.01 mg/L for Fe, 0.006 mg/L for
Mn, 0.02 mg/L for Ni, 0.03 mg/L for Pb, and 0.002 mg/L for Zn.

Table 3: Anions and cations concentration in the water of the studied wells during summer and winter seasons (means + SD, n = 3).
Sample name
Paramet | Seaso Untreate JDWS
er n CD1150 | CD1157 | CD3413 (D345 CD3462 | CD3414 | CD3463 | CD1160 d standard
4 wastewat
er
Summ | 0.0120.0 | 0.2620.0 | 0.2220.0 | 0.180. 0.52+0.0 | 0.64%0.0
F er 01 1 1 01 BD BD 3 3 BD FW: 2
mg/L TW: 2
[me/L] Winter B.D 0.2£0.01 | 0.3+0.01 0'210'0 0.2£0.01 B.D 0.5+0.02 | 0.60.03 B.D
Summ
CL[ or 134+7 195+10 12746 15148 76+4 9615 18949 18849 97+49 FW: 500
mg/L] . TW: 500
Winter | 1246 18349 148+7 140+7 195410 9445 17749 200%10 393420
Summ | 5.01 3+0.1 3+0.1 3+0.1 240.1 240.1 30.1 30.1 B.D
Br er FW: -
[mg/L] , 0.9+0.0 TW: -
Winter | 1.1#0.06 | 1.2#0.06 | 1.2+0.06 1 0.9£0.04 | 0.8+0.04 | 1.2#0.06 | 0.9+0.05 7+0.4
NOs S“;’m B.D B.D 0.2+0.01 B.D B.D 0.1£0.01 B.D 0.5£0.02 5243 FW: 50
[mg/L] : TW: 20
Winter B.D B.D 0.2£0.01 B.D 0.2£0.01 B.D 0.1x0.01 | 0.60.03 17949
Summ +5 + + +5 + 58+ + 56+ +15
S04 or 119+56 884 11746 103z 412 813 794 25613 2991 FW: 500
[mg/L] : TW: 500
Winter | 1085 804 12616 9945 65%3 65%3 754 30916 1206
PO, S“e”r’m B.D B.D B.D B.D B.D B.D B.D B.D B.D FW: -
[mg/L] : TW: 5
Winter B.D B.D B.D B.D B.D B.D B.D B.D 32%2
Li S“e”r’m B.D B.D B.D B.D B.D B.D B.D B.D B.D FW: -
[mg/L] - TW: 2.5
Winter B.D B.D B.D B.D B.D B.D B.D B.D B.D
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Table 3(Cont.): Anions and cations concentration in the water of the studied wells during summer and winter seasons (means * SD, n = 3).
Summ
Na or 81+4 104+5 89+5 85+4 734 754 9745 123+6 599+30 FW: 200
[mg/L] - TW: -
Winter 84+4 107+5 101+5 88+4 105+5 69+3 104+5 131+7 355+18
Summ | 0.08+0.0 | 0.04+0.0 | 0.07+0.0 B.D 0.15+0.0 | 0.09+0.0 | 0.08+0.0 | 0.06+0.0 14407
NH. er 04 02 04 ’ 07 04 04 03 e FW: 0.2
mg/L TW: 4
[me/1] Winter B.D B.D 0'1i50'00 B.D B.D B.D B.D B.D B.D
K S“e“r’m 2+0.1 2+0.1 3£0.1 2+0.1 6+0.3 5+0.3 3+0.2 6£0.3 643 FW: 10
[mg/L] : TW: -
Winter 2+0.1 2+0.1 3+0.2 2+0.1 2+0.1 2+0.1 B.D B.D 57+3
Summ
Ca or 112+6 92+5 87+4 104+5 47+2 49+2 80+4 113+6 67+3 FW: 200
[mg/L] : TW: -
Winter 99+5 56+3 91+5 90+5 68+4 704 81+4 10445 9215
Mg S“e“r’m 4542 50+3 4242 4742 1741 191 4412 6743 3242 FW: 150
[mg/L] : TW: -
Winter 49+3 53+3 52+3 50+3 46+2 43+2 48+2 75+4 64+3
*FW: Fresh water, **TW: Treated wastewater Table 4(Cont.): Metal concentration and physical parameters of
B.D: Below detection limit, which was 0.001 mg/L for the PO4, 0.002 mg/L leachate-saturated soil (means + SD, n = 3).
for NH4, 0.002 mg/L for Li, 0.005 mg/L for Br, 0.001 mg/L for F,and 0.002
mg/L for NO3. Cu [mg/L] 24+1 0.185
Table 4: Metal concentration and physical parameters of leachate- Fe [mg/L] 285951429 9900
saturated soil (means * SD, n = 3).
Mn [mg/L] 357+18 6.31
Sample ID
P t Ni L 3542 0.59
arameter . Blank soil from Al-Lajjoun i mg/L]
Soil Leachate (iries et al., 2009)
d Pb [mg/L] 27+1 0.855
pH [unit] 7.740.4 -
Zn [mg/L] 21+1 0.405
EC [us/cm] 2080+104 -
Another method is to use the Sodium Adsorption Ration (SAR) Vs to
Cd [mg/L] 9+0.4 0576 investigate how liquid wastewater landfills affect groundwater aquifers.
The electrical conductivity diagram for untreated wastewater and well
Cr [mg/L] 5443 0.26 water (Fig. 4) demonstrates the stark _differe_nces between the two. It
demonstrated that there was no potential mixing between groundwater
Co [mg/L] 1241 ) and untreated wastewater. It is consistent with other hydrochemical
8 - indicators that show the research area's groundwater is unaffected by
untreated wastewater landfills.
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Figure 4: SAR Vs. Electrical conductivity diagram for well water and untreated wastewater in (a) summer and (b) winter.
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5. DISCUSSION

Essential data regarding the water quality in the study area can be
obtained by analyzing the physicochemical and biological properties of the
untreated wastewater, landfill leachate, and groundwater wells under
examination. With the exception of chromium (Cr), which consistently
exceeded permissible limits, the groundwater quality was largely in
compliance with the Jordanian Drinking Water Standard (JDWS)
286/2008 (Table 4). According to Tables (1, 2, and 3), the untreated
wastewater and landfill leachate are significantly higher than the
Jordanian Reclaimed Wastewater Standards (No. 893/2021), suggesting
potential risks to the environment and human health.

5.1 Groundwater hydrochemistry and seasonal stability

In both summer and winter, the groundwater samples examined in this
study showed moderate electrical conductivity, near-neutral to slightly
alkaline pH values, and comparatively high dissolved oxygen contents.
These features are in line with groundwater moving through carbonate
aquifers in mostly oxic environments, where pH and ionic composition are
controlled by bicarbonate buffering and calcite dissolution (Powell, 1988;
Masri, 1996; Laluraj and Gopinath, 2006). Similar hydrochemical stability
has been demonstrated for carbonate aquifers in semi-arid environments,
where short-term climatic affects are mitigated by lengthy residence
lengths and little recharge (Tumolo et al.,, 2020).

The lack of statistically significant seasonal changes (p > 0.05) for the
majority of physicochemical parameters indicates that the studied area's
groundwater quality is only slightly impacted by short-term climatic
variability and comparatively low rainfall. According to reports for the
Amman-Wadi Sir (A7/B2) aquifer system, this stability is probably due to
the thick carbonate aquifer's buffering ability and the comparatively
lengthy groundwater residence periods (Margane et al., 2002; Al-Ajarmeh,
2020). Major ion concentrations and total dissolved solids maintained
within JDWS limits for drinking water, suggesting that anthropogenic
inputs and mineral dissolution processes have not yet caused widespread
salinization or geochemical degradation of groundwater quality, as is
frequently seen in more extensively exploited semi-arid aquifers (Bibi et
al,, 2016; Salamah et al., 2023).

5.2 Heavy metal contamination and chromium exceedance

The only element among the examined trace metals that continuously
surpassed drinking water limits in every groundwater sample was
chromium. Instead of episodic or seasonal pollution, the persistence of
high chromium contents across seasons and wells indicates toward a
continuous lithogenic source. Groundwater systems affected by industrial
products, landfill-related inputs, and infrastructure corrosion have all
shown similar patterns of persistent chromium enrichment (Botsou et al.,
2019; Ni et al,, 2024). Leaching from industrial products, corrosion and
release from pipe-scale deposits in the water distribution system, or
localized geogenic contributions increased by water-rock interactions in
carbonate formations are some possible sources (Kim et al,, 2021; Huang
etal, 2024a).

Because of its toxicity, mobility in oxic environments, and established
dangers to human health, chromium contamination is a serious concern
regardless of the source (El-Hasan et al. 2011; Xu et al, 2018; Ni et al,,
2024). Groundwater levels of other heavy metals, such as Cd, Ni, Cu, Pb,
and Zn, were typically below detection limits or below allowable limits,
suggesting little metal mobilization under the current hydrochemical
conditions. However, as documented in comparable semi-arid urban
environments, infrequent detections of Fe, Mn, and Pb, especially in
wastewater samples, may be connected to corrosion processes, redox-
driven mobilization, and anthropogenic inputs (Botsou et al., 2019; Abdoli
etal, 2024).

5.3 Untreated wastewater and nutrient loading

Untreated wastewater samples showed higher levels of nitrate,
phosphate, ammonium, chemical oxygen demand (COD), and biochemical
oxygen demand (BODs) than groundwater, indicating significant organic
and nutrient stresses and inadequate treatment effectiveness. Remaining
biodegradable organic matter and possible oxygen depletion problems
during environmental discharge are indicated by elevated BODs and COD
levels (Al-Sulaiman and Khudair, 2018; Kim et al, 2021). Wintertime
elevated nitrate concentrations also suggest low denitrification efficiency
and possible contributions from residential sewage inputs and
agricultural runoff (Bibi et al, 2016; Abdoli et al., 2024).

Such wastewater poses a serious risk of metal and nutrient migration into
surface and subsurface water bodies if it is not sufficiently restricted,
particularly along structurally regulated pathways typical of fractured
carbonate terrains (Powell, 1988; Xu et al, 2018). It has been

demonstrated that long-term discharge of nutrient-rich wastewater
increases nitrate persistence in groundwater, especially in semi-arid
aquifers with low natural attenuation capacity (Tumolo et al,, 2020).

5.4 Environmental effect of landfill leachate-affected soils

Extreme heavy metal enrichment in contrast to background soil
concentrations was found in the leachate-saturated soil samples collected
from the solid waste landfill. Significant anthropogenic impact resulting
from landfill leachate infiltration is indicated by particularly high levels of
Fe, Cr, Cd, Pb, Ni, Zn, and Mn; this is consistent with findings from landfill-
impacted soils in semi-arid regions globally (Jiries et al.,, 2009; Xu et al,,
2018). Metal mobility and solubility are improved by neutral pH and high
electrical conductivity, which raises the possibility of movement
downward toward the water table (Botsou et al, 2019; Huang et al,
2024b).

The level of metal enrichment, particularly for cadmium and chromium,
makes the landfill a long-term source of contamination that could
endanger groundwater quality if leachate formation and migration are not
controlled. The area's Karstification, fractured bedrock, and structural
properties may make it more convenient for pollutants to move from the
vadose zone into the aquifer system (Powell, 1988; Jiries et al., 2025).

5.5 Implications for groundwater sustainability

The high metal concentrations detected in soils affected by solid waste
landfill leachate and the ongoing chromium poisoning present serious
long-term risks to aquifer integrity, even if the current groundwater
quality generally exceeds national drinking water regulations. Similar
research has shown that groundwater degradation is often irreversible in
similar hydrogeological situations when intervention is delayed (Tumolo
et al, 2020; Huang et al, 2024a). Continued leachate migration and
untreated wastewater discharge could gradually decline groundwater
quality in the absence of effective management actions, requiring higher
remediation costs.

The study these results highlight the need for integrated groundwater
protection strategies, such as enhanced wastewater treatment efficiency,
engineered landfill liners and leachate collection systems, regular
hydrochemical monitoring, and the integration of hydrogeological and
geophysical investigations to discover preferred contaminant pathways
(Xu etal., 2018; Abdoli et al., 2024).

5.6 Implications for Groundwater Management and Conservation

Groundwater resources are important national resources because
renewable surface water is scarce in semi-arid regions like central Jordan.
Future sustainability and regional water security are essential to the
conservation of the Amman-Wadi Sir (A7/B2) aquifer since it is an
important source of domestic and agricultural resources.

Given that existing hydrochemical data show little seasonal variability and
general groundwater stability, the consistent excess of chromium in all
examined wells is a significant warning signal. Even slight but persistent
trace metal concentration can accumulate over time, especially in aquifers
with prolonged residence times and insufficient recharge rates. As a result,
preventive management techniques are extremely important when
compared to reactive ones.

From a sustainability perspective, the following activities are
recommended:

. Installation of an observation well as part of a specialized
groundwater monitoring network surrounding landfills and
wastewater disposal sites.

. Regular hydrochemical monitoring to identify emerging patterns
with intervals of no more than six months.

. To reduce vertical permeability, engineered landfill liners and
leachate collection systems could be installed or reinforced.

° Use of advanced treatment or leachate recirculation before
discharge.

. Identify preferred contamination routes in fractured carbonate
formations, hydrogeophysical investigations (such as electrical
resistivity) should be integrated every two to three years.

. Using risk-based management frameworks that connect regulatory
response levels to hydrochemical indicators.

Preventing permanent groundwater degradation is more cost-effective
than future remediation due to Jordan's high water scarcity index. Thus, to
ensure aquifer resilience in the face of increasing anthropological and
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environmental challenges, active conservation planning is required.

6. CONCLUSIONS

In accordance with other parallel studies, the results of this study confirm
that the regional groundwater aquifers are typically situated at sufficient
depths to remain isolated from both solid and liquid landfill systems due
to the semi-arid climate and low rainfall (Al-Ramadain et al,, in press). The
hydrochemical properties of groundwater, which indicate no signs of
contamination, confirmed this finding. Significant differences in the
physical, chemical, and biological characteristics of groundwater,
untreated wastewater, and landfill leachate further suggest that there is
currently very little hydraulic mixing or contact.

The findings clearly show that the soil quality at solid waste disposal sites
has been significantly and persistently degraded by landfill leachate. In
order to reduce persistent ecological and public health risks, this
emphasizes the critical necessity for focused remedial actions, efficient
leachate containment, and stringent environmental monitoring. It is highly
advised to merge regular hydrochemical investigations with geoelectrical
surveys at intervals of two to three years as an efficient monitoring
strategy because the landfill sites lack monitoring wells.

Inadequate treatment performance is indicated by significant exceedances
of COD, BOD,, nitrate, phosphate, ammonium, and lead in the untreated
wastewater landfill. This raises major questions about the wastewater's
possible reuse for aquifer recharging or agriculture. Additionally, heavy
metal concentrations in landfill leachate-saturated soils are several times
greater than background levels, with abnormally high levels of iron,
chromium, cobalt, nickel, and lead. Soils from the solid waste dump
showed similar enrichment patterns, especially for Cr, Cd, Pb, and Nij,
indicating that these soils could be secondary sources of groundwater
pollution. High electrical conductivity, near-neutral pH, and active redox
conditions increase metal mobility and make it easier for trace metals to
be released, which over time poses a latent risk to groundwater quality.
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