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Introduction

Surface water and groundwater quantity and quality are 
generally the key concerns in semi-arid and arid climates, 
where evaporation is significantly higher than precipita-
tion. In these climates, aquifers are under stress due to 
over-extraction of groundwater in the agricultural and 
industrial sectors. The aquifer is also under stress due 
to complex hydrogeological conditions, including the 
interaction of surface water and groundwater. This con-
vergence of natural and human-induced stressors poses a 
significant threat to water security, ecosystem health, and 
sustainable development, demanding sophisticated meth-
ods for assessment and management. The Euphrates River 
is one of the largest rivers (2718 km long) and most signif-
icant waterways in the Middle East and Southwest Asia, 
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Abstract
Arid and semi-arid climates are critical for water security in sustainable river systems. The Euphrates River in western Iraq 
has been increasingly stressed by both geogenic and anthropogenic factors. This study analyzed hydro-geochemical pro-
cesses, recharge dynamics, and groundwater flow modeling in western Iraq. Additionally, stable isotope tracing (δ¹⁸O, Cl⁻) 
integrated with hydro-chemical parameters was used to assess water quality and river-aquifer connectivity in both Syria 
and western Iraq. A total of 144 groundwater samples were collected annually across 12 stations in western Iraq. Surface 
water and groundwater data were collected from previous studies at 13 stations in Syria. Results revealed slightly alkaline 
freshwater conditions (pH 7.6–7.9; TDS 627–888 mg/l), evolution attributed to the dissolution of carbonate and gypsum, 
agricultural return flows, and industrial effluents. MODFLOW simulations and lumped-parameter modeling indicate bidi-
rectional river–aquifer exchange, with a net river-to-aquifer flux under typical/average hydraulic conditions, although flow 
may locally reverse toward the river during low-flow periods, with mean residence times of 3–6 years, indicating delayed 
solute accumulation. Stable isotope enrichment supports evaporative concentration towards the downstream. Overall, the 
integrated approach reveals spatio-temporal degradation in the Euphrates River water quality controlled by the combined 
effect of water age, river-aquifer interaction, and anthropogenic inputs. These findings highlighted the need to synchronize 
monitoring with groundwater age structures and to develop integrated transboundary management strategies for sustain-
able water use in arid basins.
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flowing southward from its headwaters on the Armenian 
Plateau through Turkey (28%), Syria (17%), and Iraq 
(41%) (Hipel et al. 2014; Al-Ansari et al. 2019a). Cli-
matic conditions are semi-arid in the upstream and mid-
stream covering Turkey and parts of Syria, while Iraq has 
an arid climate. The recharge zone is mainly upstream, 
where approximately 94% of the discharge originates. 
That is why evaporation (1300 to 2600  mm yr⁻¹ with a 
mean annual value of 2100  mm) exceeds precipitation 
(Daggupati et al. 2017). The spatial distribution of pre-
cipitation in the upstream (Turkey) and downstream (Iraq) 
regions shows a declining trend from 931 mm to 97 mm 
(Tayyeh and Mohammed 2024). River discharge is also in 
a declining trend from upstream to downstream, which is 
expected to further decline by approximately 80% in the 
next two decades (Al-Ansari et al. 2019a). Consequently, 
the region heavily depends on groundwater for intensive 
agricultural practices, and a growing industrial sector 
exemplifies this global challenge.

Previous studies indicate increasing trends in Euphra-
tes River water quality, especially in Iraq. Key physical, 
chemical, and biological parameters, including pH, elec-
trical conductivity, major ions, biological oxygen demand 
(BOD), chemical oxygen demand (COD), Fecal Coliform 
Bacteria (FCB), and E coli, show a relative inclination 
in concentration from upstream to downstream (Al-Dab-
bas et al. 2024). Furthermore, the hydraulic connection 
between the Euphrates River and the underlying aqui-
fer is poorly understood, creating uncertainty in manag-
ing surface and groundwater as a single, interconnected 
resource. Without a holistic understanding of the sources, 
pathways, and dynamics of these stressors, policymakers 
and water managers are operating in the dark, implement-
ing mitigation strategies that may be ineffective or even 
counterproductive.

Groundwater and surface water quality in Iraq is vari-
able and deteriorating due to human activities, geological 
conditions, and climate change (Ismail et al. 2023). The 
semi-arid region of Iraq is experiencing a critical water 
scarcity attributable to several factors, including insuf-
ficient water management, the construction of dams on 
the Tigris and Euphrates rivers in adjacent countries (Iran, 
Syria, and Turkey), reduced precipitation, and elevated 
temperatures leading to increased evaporation (Chabuk 
et al. 2022; Ghalib 2017). As a result, the demand for 
groundwater for residential, commercial, and agricultural 
use has increased (Al-Tameemi et al. 2020).

Water quality degradation is assessed by rising salin-
ity and pollution levels, which pose a significant threat to 
both surface and groundwater resources (Al-Ansari et al. 
2019b). As the flow of the Tigris and Euphrates rivers has 
declined, the salinity of both the water and the land has 

been progressively increasing. Geological factors, such as 
salt dissolution or the upward migration of oil field brines, 
alongside untreated wastewater, solid waste, agricultural 
runoff (pesticides and fertilizers), and industrial waste 
(notably from the petroleum sector), frequently contribute 
to degradation (Al-Tameemi et al. 2020).

Groundwater quality in Iraq exhibits notable variations 
across different geographic regions and over time. In the 
northern Kirkuk Governorate, drinking water deteriorated 
from average (in 2017) to poor (in 2019), including sul-
fate, TDS, and hardness, due to sewage and oilfield brines 
(Al-Tameemi et al. 2020; Al-Abadi et al. 2021). Similarly, 
the water quality of the Shwan and Hawija sub-basins 
ranges from good to very poor due to anthropogenic 
sources. However, the sub-basins that recharged from 
rivers, such as the Lesser Zab River, can have a positive 
diluting effect (Awadh et al. 2016; Al-Gburi et al. 2023). 
In central Iraq, Babylon Province classified groundwater 
as poor to unfit for drinking, primarily due to elevated 
electrical conductivity and chloride (Chabuk et al. 2022; 
Al Mousawi et al. 2023). In southern Iraq, the Dammam 
aquifer in Najaf has poor quality and high TDS. While in 
the Missan Governorate, 41% of samples are unfit for con-
sumption due to being heavily influenced by the Bazergan 
oil field (Al-Bahrani et al. 2022; Al-Gburi et al. 2024). 
The Dibdibba aquifer in Basra is also experiencing water 
contamination, with water becoming brackish (Al-Mallah 
et al. 2022). Contrastingly, the Bai-Hassan Formation 
aquifer in northern Missan and the Western Desert of Al-
Anbar provides better water quality, highlighting the role 
of aquifer lithology and recharge conditions (Al-Gburi et 
al. 2024; Awadh 2018).

The deterioration of surface water and groundwater qual-
ity is getting worse in the main Iraqi river basins. It is wors-
ening due to reduced flow velocities, followed by increasing 
pollution levels. The Tigris River water quality index indi-
cated good at upstream (e.g., Fishkhabour, Mosul, Tikrit), 
but gets worse downstream of Baghdad (e.g., Aziziyah, Kut, 
Amarah) due to rising effluents such as Pb, SO₄²⁻, and TDS 
(Al-Ansari et al. 2021). The Euphrates is already salty and 
undrinkable when it enters Iraq (Al-Ansari et al. 2021). The 
presence of carcinogenic As and Hg in the Diyala-Sirwan 
River highlights the severity of wastewater pollution (Issa 
et al. 2014). In contrast, the Balak Basin in Erbil is typically 
good, despite turbidity problems (Sh et al. 2024).

The Water Quality Index (WQI) and the Groundwater 
Quality Index (GWQI) were used to evaluate the suitability 
of groundwater for drinking or irrigation purposes. Spatial 
mapping is prevalent in geographic information systems 
(GIS) in these investigations (Chabuk et al. 2022). These 
tools have been critical in documenting the widespread 
degradation, revealing a clear and urgent need for targeted 
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research and management strategies to address Iraq’s multi-
faceted water crisis.

Traditional hydrogeological investigations have often 
relied on isolated methods. Hydro-chemical analysis, 
including Piper and Gibbs diagrams, has been widely used 
to identify water types and infer geochemical processes 
(Davraz and Aksever 2025). Stable isotopes of oxygen 
(δ¹⁸O) and hydrogen (δ²H) have proven invaluable as natu-
ral tracers for understanding recharge sources, evaporation 
processes, and the origin of water (Ren et al. 2024; Karimi 
et al. 2025). In the realm of quantitative assessment, stan-
dard MODFLOW groundwater modeling has been the 
cornerstone for simulating flow dynamics and predicting 
aquifer response to pumping (Makhlouf et al. 2024).

Recent studies have begun to integrate these methods. 
For instance, researchers combine geochemistry with stable 
isotopes to distinguish anthropogenic nitrate pollution from 
natural sources. Others have used MODFLOW simulations 
to quantify the impact of pumping on groundwater levels. 
However, these integrations are often partial, focusing on 
either quality or quantity, and frequently lack the explicit 
incorporation of river-aquifer interaction dynamics, a criti-
cal component for holistic basin management.

Despite these advancements, critical gaps remain in 
complex multi-stressor environments. For example, the 
integration of hydro-geochemistry and groundwater flow 
modeling, river-aquifer connectivity, and stress assess-
ment at the regional scale, as well as the contribution 
of natural and anthropogenic factors to water pollution. 
Therefore, the purpose of this study is to conduct a com-
prehensive analysis of the increasing stress on the aquifer 
system in the Euphrates River catchment. It was executed 
by developing a novel, integrated methodology that syn-
ergistically combines hydro-chemical analysis, ground-
water flow modeling, and stable isotope tracing. The 
specific objectives are (i) to characterize the hydrogeo-
chemical processes and recharge dynamics, (ii) to con-
duct and analyze a transient groundwater flow model, and 
(iii) to develop an integrated relationship between hydro-
chemical, isotopic, and modeling results. This study will 
provide a robust and transferable framework for inte-
grated groundwater assessment. It will provide water 
resource managers and policymakers in the Euphrates 
River catchment with a validated, quantitative tool to test 
and implement sustainable management scenarios, such 
as optimized pumping regimes and targeted pollution con-
trol measures. Ultimately, this study aims to contribute 
directly to safeguarding water security and fostering the 
long-term resilience of the region’s aquifer system.

Materials and methods

Study area

The study area spans 455.9 km2 of the Euphrates River in 
the Iraqi Western Desert and eastern Syria (Fig. 1).

In Turkey, the Euphrates River originates from two 
branches, Furat Su and Murad Su, which converge at 
approximately 3,000 m above mean sea level before flowing 
455 km to Jarabulus. It then continues 680 km across Syria 
and 1,200  km through the Western Desert of Iraq. Near 
Ramadi, its channel widens and flattens, eventually joining 
the Tigris at Musayyib to form the Shatt al-Arab (Fig. 1), 
which discharges into the Arabian Gulf. Seasonal tributar-
ies, such as Al-Maneie and Al-Qaiem, add ephemeral flows 
to the desert reaches (Al-Kubaisi et al. 2023). Climatic 
conditions are semiarid (100–150  mm yr⁻¹ precipitation; 
1600–2200 mm yr⁻¹ potential evaporation; mean tempera-
ture 19–25  °C). Lithology is primarily Miocene to recent 
carbonates and gypsum. Throughout its course, the control 
of water quality is affected by both geogenic and anthropo-
genic activities. Carbonate dissolution is the main geogenic 
factor in the Euphrates and Fatha Formations. Whereas, 
anthropogenic influences include dam operations, agricul-
ture, and industrial discharge (Awadh and Ahmed 2013; 
Al-Gurairy et al. 2024; Al-Kubaisi 2024). The amount and 
type of dissolved salts in water determine water quality and 
influence its intended use (Al-Kubaisi et al. 2022). Despite 
historical flood events before dam construction, current 
challenges include reduced flows, salinization, and nutrient 
loading, all of which threaten the water supply for domestic, 
agricultural, and hydropower uses (Al-Ansari et al. 2019a; 
Awadh and Al-Ghani 2014; Awadh et al. 2016). The bed-
rock underlying the Euphrates River consists primarily of 
sedimentary strata, with coarse alluvial deposits forming 
fans where the river exits mountainous terrain in eastern 
Turkey. Downstream in Syria and Iraq, Miocene carbonates 
and gypsum of the Euphrates (Lower Miocene) and Fatha 
(Upper Miocene) Formations predominate (Fig. 2). Terrace 
formation, meandering patterns, sedimentation, and erosion 
cycles reflect both natural hydrodynamics and recent land 
use changes (Awadh and Ahmed 2013).

Limestone dissolution contributes calcium and carbonate 
ions to the river, increasing hardness and alkalinity, while 
gypsum and marl from the Fatha Formation release sulfate 
and increase salinity where groundwater–surface-water 
exchange occurs. Localized sulfidic springs near Heet fur-
ther acidify river waters, creating distinct chemistries over 
short reaches.
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as upstream alterations, such as dam operations, agricul-
tural water extractions, and water management strategies, 
can influence the downstream water quality (Ghadimi et al. 
2025).

Seasonal fluctuations in physico-chemical properties 
were considered to accurately comprehend hydrogeochemi-
cal processes and determine baseline water chemistry for 
the Euphrates River system in western Iraq. Physical param-
eters, such as temperature, electrical conductivity (EC), tur-
bidity, pH, and total dissolved solids (TDS), were measured 
in the field. The pH was measured using a portable HANNA 
pH-213 m, which was calibrated daily with standard buf-
fer solutions of pH values 4.01, 7.01, and 10.01. Tempera-
ture, TDS, and EC were measured using integrated sensors 
of the HANNA HI2300 multiparameter probe. Standard 
coefficients were used to adjust conductivity data for tem-
perature (25 °C) to guarantee consistent results when com-
paring data from various sampling locations and periods. 
Turbidity was measured using a HACH 2100  N turbidity 

Data collection and processing

Rigorous surface-water samples were collected from Octo-
ber 2021 to October 2022 from the Euphrates River system 
along the Syria-Iraq transboundary zone. Ten (10) monitor-
ing stations in Syria (for stable isotopes) and twelve (12) in 
Iraq (for hydrochemistry) were identified along the Euphra-
tes River to track changes in surface water chemistry from 
upstream to downstream. The selection of monitoring sta-
tions was based on hydrological features, including river 
confluences, known discharge stations, dam structures, 
and ease of collecting water samples. This dataset analysed 
hydro-chemical changes along the river, sources of con-
tamination, and hydrogeochemical processes that control 
the water chemistry in the transboundary aquifer. Through-
out the year-long trial, 144 surface water samples were 
collected at a consistent monthly interval. Stable isotope 
data were collected from a previous study (Kattan 2018). 
Temporal resolution is crucial for transboundary systems, 

Fig. 1  The base map of the study area and location of water samples along the Euphrates River
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Anbar Water Directorate laboratory within a day (APHA 
2017).

The laboratory of the Anbar Water Directorate used inter-
nationally accepted and conventional techniques to examine 
the major ions Ca¹, Mg²⁺, Na⁺, K⁺, HCO₃⁻, CO₃²⁻, SO₄²⁻, and 
Cl⁻. Every process was performed in compliance with the 
APHA (1998, 2003) and MGMR (1993) to achieve accurate 
results and compared with data from other countries. EDTA 
titration and flame photometry were employed to analyse 
the principal cations (Ca²⁺, Mg²⁺, Na⁺, K⁺) using the recog-
nized protocols for water and wastewater analysis (APHA 
2017). Anions were measured according to APHA (2017) 
guidelines and analysed utilizing colorimetric, acid-base, 

meter for suspended sediment concentration. Furthermore, 
instruments were calibrated and cleaned with distilled water 
before each measurement.

Surface water samples were collected for ion measure-
ment using sterilized 125 mL high-density polyethylene 
(HDPE) bottles. The samples were filtered using 0.45 μm 
membrane filters to remove suspended particles and get 
the dissolved ionic fraction. The filtrates chosen for cation 
analysis were acidified with a few drops of pure nitric acid 
(HNO₃) to achieve a pH below 2, thereby preventing metal 
precipitation and microbial inhibition. All treated samples 
were stored in cold, dark conditions at 4 °C to prevent phys-
icochemical alterations. The samples were dispatched to the 

Fig. 2  Geological map of the areas through which the Euphrates River passes in the western desert of Iraq
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were assigned (Li et al. 2023). The estimated riverbed con-
ductance, from sediment characteristics, was used. The 
simulation of groundwater flow was using the standard flow 
equation derived from Darcy’s law and mass conservation:

∂

∂ x

(
Kx

∂ h

∂ x

)
+ ∂

∂ z

(
Kz

∂ h

∂ z

)
+ W = Ss

∂ h

∂ t
� (4)

where, h = hydraulic head, Kx, Ky, Kz= hydraulic conduc-
tivity in each direction, W = source/sink term (recharge, 
pumping, river leakage), Ss= specific storage, and t= time. 
Groundwater velocities are derived from Darcy’s law:

−→v = −K

n
∇ h� (5)

where n is the effective porosity. Simulated Darcy velocities 
averaged 0.2 m/d, corresponding to mean travel distances 
of approximately 70 m/yr and residence times of 3–5 years 
across the 300–500  m aquifer thickness. Model calibra-
tion performed using observed groundwater heads from 
monitoring wells along the western Anbar reach. Hydrau-
lic parameters adjusted within physically plausible ranges 
to minimize discrepancies between simulated and observed 
heads. Model performance evaluated through head agree-
ment and consistency of simulated river–aquifer exchange 
with expected field behavior. Simulated travel times were 
validated independently, comparing them with residence-
time estimates, which were calculated from chloride and 
δ¹⁸O data using an exponential–piston lumped-parameter 
model (Win BUGS Piston Mix routine). The agreement 
between numerical and tracer-based results confirmed the 
model’s reliability in representing groundwater flow and 
river–aquifer interaction. The modeling approach assumes 
a two-dimensional representation, homogeneous hydrau-
lic properties within layers, and seasonally averaged river 
stages. The MODFLOW water-budget analysis indicates a 
positive net exchange from the river to the aquifer under 
typical hydraulic conditions, confirming the dominance of 
river leakage toward the groundwater system during the 
simulation period.

The calibration data, including hydraulic conductivity, 
storage properties, and riverbed conductance, were obtained 
from observed groundwater levels from monitoring wells 
along the western Anbar reach. The data is used to adjust 
model parameters and evaluate simulated heads. Assess-
ment of model performance was through the agreement 
between observed and simulated heads to examine the con-
sistency of simulated river–aquifer exchange with expected 
field behavior. A set of parameters was used for calibration 
and validation on an independent dataset that included addi-
tional groundwater-level measurements and residence-time 

silver nitrate, and barium chloride titration methods. Total 
hardness and CaCO₃ were evaluated complexometrically 
with EDTA (Lind 1979). To verify the total ionic concen-
trations, the TDS were quantified gravimetrically at 105 °C 
(APHA 2017). The precision of the analysis was assessed by 
the ionic balance error (IBE) < 5%. (Hounslow et al. 1995). 
Chloride was measured by silver nitrate titration (APHA 
1998); sulfate by BaCl₂ precipitation; nitrate and ammo-
nium using Wagtech WTD and Multi Direct kits.

Tracer based resident time analysis

To complement hydro-chemical trends, tracer-based resi-
dence time analysis was applied using δ¹⁸O and Cl⁻. It 
allows linking observed downstream solute enrichment with 
temporal aquifer processes rather than spatial factors. For 
conservative tracers (Cl⁻, δ¹⁸O) in a well-mixed system, the 
mean transit time t approximates:

t = Tp + α � (1)

where Tp​ is the piston delay, and α is the exponential-mix-
ing time constant.

The probability density of groundwater transit times 
from the river into the aquifer is described by the function:

f (t) = 0, if t < Tp� (2)

For times t < Tp, no new river water has yet arrived, so the 
probability density f(t) is zero. For times t ≥ Tp, water begins 
to arrive, and the likelihood of arrival at time t follows an 
exponential decay:

f (t) = 1
α

e

[
− t−Tp

α

]
� (3)

Groundwater flow modeling and residence time

A two-dimensional, cross‐sectional groundwater flow 
model was developed using MODFLOW v.6.0 to simulate 
river-aquifer exchange along the western Anbar reach. The 
model domain represents a vertical section perpendicular 
to the Euphrates River, extending from the river boundary 
to the distal aquifer limit and from the ground surface to 
the base of the unconfined aquifer. The Euphrates River 
was implemented as a constant-head boundary to represent 
hydraulic control imposed by river stage. The distal bound-
ary was assigned a no-flow condition to reflect negligible 
lateral groundwater inflow. The selection of the recharge 
boundary was based on a distributed flux in regional hydro-
climatic conditions. Hydraulic conductivity (Kx, Kz) and 
storage parameters (Ss) for carbonate–evaporite aquifers 
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0.4 to 43 NTU, which exceeds the WHO limit (5 NTU) at 
S2, S6, S10, and S12. These trends were from carbonate 
dissolution in the Euphrates and Fatha Formations, as well 
as the input of salts and nutrients through agricultural and 
industrial effluents (Al-Rawi et al. 2014; Awadh et al. 2013).

Chemical properties (anions and cations) showed a clear 
increase in pollution gradient downstream. Monitoring sta-
tions can be divided into major inflection points, such as S3 
and S4, which show initial incidents suggesting first anthro-
pogenic inputs. Station numbers S7 and S8 show signifi-
cant jumps, indicating major pollution sources, followed by 
maximum contamination levels from S10 to S12. Sulfate 
ranged from 215 to 401 mg/l, exceeded 30% to 60% WHO 
permissible limit (< 250 mg/l) consistently towards down-
stream (Fig. 3). The average concentration of all parameters 
is given in Table 1.

Major cations (Ca²⁺, Mg²⁺, Na⁺, K⁺) and anions (Cl⁻, 
SO₄²⁻, HCO₃⁻) varied longitudinally (Fig. 4). Sulfate (224–
366 mg/l; mean 305.6 mg/l) and Ca²⁺ (78–116 mg/l; mean 
99.5  mg/l) predominate due to gypsum dissolution in the 
Fatha Formation. Cl⁻ and Na⁺ co-vary (mean 129.5 mg/l and 
106.2 mg/l, respectively), reflecting halite leaching. Salin-
ity in the Euphrates River water depends on the number of 
dissolved ions, evaporation, and natural and human water 
inputs. Figures 4 and 5 show the spatial variation of param-
eters at each station along the Euphrates River. Ternary plots 

estimates derived from chloride and δ¹⁸O lumped-parameter 
modeling. Close consistency between simulated heads, flow 
directions, and tracer-based residence times confirmed that 
the model reliably represents groundwater flow and river-
aquifer interaction.

Results and discussion

Spatio-temporal variation of physico-chemical 
parameters

The relatively high average annual rainfall pattern in Iraq 
is from October to January. It falls until May, followed by 
negligible rainfall until September (Al-Ani et al. 2020). The 
temporal variation of temperature in the study area varies 
(11 to 34 °C) according to the rainfall pattern, which indi-
cates natural variation. pH levels (6.4 to 8.5) were within 
the WHO guideline (6.5 to 8.5), but slightly alkaline in 
the downstream. Electrical conductivity steadily increases 
from upstream (900 µS/cm) to downstream (1250 µS/cm), 
reaching the WHO guideline permissible limit (< 1500 µS/
cm). Total dissolved solids exceeded the acceptable limit 
(950 mg/l) in the downstream stations (S9 to S12). All sta-
tions observed high total hardness, indicating the Euphra-
tes River is hard to very hard. Turbidity values range from 

Fig. 3  Heatmap showing monthly (temporal) and station-wise (spatial) variation of 13 physico-chemical parameters. Each plot refers to a param-
eter. High concentration of ionic parameters indicates groundwater mineralization and anthropogenic inputs
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(Fig. 6) classify river water as freshwater (TDS < 2000 mg/l), 
whereas groundwater exhibits brackish to saline signatures 
(Hem 1985).

Various factors, including geological features, climate, 
human activities, and interactions with other water bod-
ies, influence the chemistry of the Euphrates River in Iraq. 
Some hydrocarbon pollutants pollute the Euphrates River 
in limited areas of Rawa, Hadethah, and Heet (Al-Rawi 
et al. 2014; Awadh et al. 2013). The water chemistry indi-
cates a high degree of weathering of the bed lithology as 
the river passes over various geological formations. Overall, 
the Euphrates River, from upstream to downstream, affects 
water quality in terms of sulfate and salinity. Other param-
eters remained below the permissible limit guideline.

River discharge and water shortage

River discharge in the Euphrates is affected by precipita-
tion, floods, droughts, basin topography, and bed permeabil-
ity. However, upstream dam operations (the GAP project 
in Turkey), irrigation withdrawals, and industrial use have 
substantially reduced downstream flow into Syria and Iraq 
(Yaseen et al. 2018). Long-term drought and altered rain-
fall patterns under climate change exacerbate water scarcity, 
decreasing agricultural productivity and threatening food 
security and public health. In Iraq, the Euphrates inflow is 
declining from 25.52 km³ to ≈ 0.24 km³/yr (i.e., 0.96% per 
year), intensifying competition for limited water resources 
(Issa et al. 2014).

River-aquifer connectivity

Groundwater flow in western Anbar follows the topographic 
gradient toward the Euphrates, with recharge occurring dur-
ing flood pulses and discharge to the river during low stages 
(Hussein 2010) (Fig.  7). This bidirectional exchange sus-
tains baseflow and supports the local water supply. Under 
typical hydraulic conditions, the Euphrates predominantly 
provides net recharge to adjacent aquifers; however, the 
exchange remains bidirectional, and groundwater discharge 
toward the river may occur locally during low-flow periods 
when groundwater heads exceed river stage. However, the 
net flux is from the river to the aquifer under typical flow 
conditions. Here, typical flow conditions refer to the repre-
sentative/average river-stage conditions applied in the base-
line MODFLOW simulations (excluding flood-peak pulses 
and extreme low-stage periods).

Hydrogeological interpretation

Model outputs indicate that the Euphrates River contrib-
utes net recharge to the adjacent aquifer under most flow 
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The pattern supports hydro-chemical and isotopic analy-
ses across the Euphrates Basin (Al-Charideh 2012). The 
consistency between tracer-derived and model-based resi-
dence times underscores the dual influence of carbonate 

conditions, with peak exchange fluxes of 0.05–0.1  m³/
day (Rodell et al. 2004). The calculated travel times (3–5 
years) explain the delayed downstream increment in TDS 
and specific ion ratios relative to seasonal discharge peaks. 

Fig. 5  Spatial distribution of the cations and anions along the Euphrates River

 

Fig. 4  Spatial distribution of 
cations and anions showing pro-
gressive downstream enrichment 
related to carbonate and gypsum 
dissolution
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enables groundwater baseflow to the river, thereby buffer-
ing the surface water chemistry against transient variability. 
These dynamics explain the downstream lag between peaks 
in discharge and maxima in TDS and specific ion ratios, as 
water requires several years to traverse the 30 km modelled 
reach, undergoing progressive geochemical evolution along 
the way. Similar river–aquifer recharge dynamics with 
multi-year residence times have been reported in the Indus 
Basin (Lone et al. 2023), highlighting the importance of 
time-lagged monitoring in transboundary arid basins.

The estimated residence times (3–6 years) for river-
derived recharge in the Euphrates river–aquifer system 
are consistent with multi-year transit times reported for 
other arid and semi-arid settings (Lone et al. 2023; Li et al. 
2024). However, unlike high-gradient systems, where sea-
sonal recharge signals are transmitted rapidly, the Euphra-
tes reaches exhibit delayed salinity responses driven by 

dissolution and legacy nutrient leaching on water chemis-
try (Cook and Bӧhlke 2000; Appelo and Postma 2005). The 
conceptual cross-section diagram of the river-aquifer model 
is shown in Fig. 8. In this conceptual model, the Euphrates 
River stage imposes a hydraulic head that forces water later-
ally into the underlying unconfined aquifer whenever river 
levels exceed the local water table, creating a continuous 
zone of river recharge that gradually diminishes with dis-
tance (Winter et al. 1998).

Due to the aquifer’s high transmissivity relative to its 
thickness, advective flow dominates. This flow carries 
dissolved ions along its paths at an average rate of 0.2 m/
day, resulting in multi-year residence times that align with 
tracer-based estimates (Domenico and Schwartz 1990). 
Seasonal flood pulses steepen the river–aquifer head gradi-
ent, intensifying recharge and accelerating solute transport. 
Under low-flow conditions, the reduced hydraulic head 

Fig. 6  Ternary plots of cations 
and anions for waters from the 
carbonate rock aquifer, using 
the classification system of 
Hem (1985); (a) brines (> 35 
000 mg/l), (b) saline water (10 
000–35 000 mg/l), (c) brackish 
water (2000–10 000 mg/l), (d) 
fresh water (< 2000 mg/l), and 
(e) The Euphrates River water 
(Freshwater). High-TDS waters 
(a, b, and c) are dominantly 
Na–Cl, whereas low-TDS waters 
show a mixing relationship. n, 
number of samples
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Instead, it reflects the combined effects of cumulative 
water–rock interaction (Appelo and Postma 2005) and 
anthropogenic return flows, superimposed on arid-climate 
concentration processes that are commonly identified using 
stable isotopes (Ren et al. 2024). These comparisons under-
score the value of integrating transient flow modeling with 
tracer-based age constraints to distinguish spatial contami-
nation sources from time-lagged geochemical responses in 
transboundary desert basins. Unlike previous studies that 
addressed hydrochemistry or isotopes separately, this study 

prolonged subsurface storage and evaporative concentra-
tion under arid conditions. This behavior is consistent with 
the river–groundwater interaction framework described by 
Winter et al. (1998) and implies a relatively strong buffer-
ing capacity of the alluvial–carbonate aquifer system. In 
addition, the progressive downstream increase in sulfate 
and TDS in Iraq, when viewed alongside the comparatively 
depleted upstream isotope signatures reported for the Syr-
ian Euphrates sector (Kattan 2018), suggests that hydro-
chemical evolution is not controlled solely by evaporation. 

Fig. 8  Conceptual cross-section 
of the Euphrates River–aqui-
fer system showing boundary 
conditions, aquifer geometry, and 
flow directions. River boundary 
at x = 0 with constant head (blue 
line), aquifer top and bottom 
elevations (orange lines), flow 
direction arrows indicating 
groundwater movement, aquifer 
thickness, and ground-surface are 
labelled

 

Fig. 7  Conceptual representation 
of groundwater flow toward the 
Euphrates River under gaining 
(low flow) hydraulic conditions, 
illustrating localized discharge 
from the aquifer to the river. This 
scenario differs from the modeled 
net river-to-aquifer exchange 
observed under typical hydrau-
lic conditions derived from 
the MODFLOW water-budget 
analysis (Hussein 2010)
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Tracer age and water interaction

Tracer age results of stable isotopes reveal that ground-
water originates in upstream (Syria) either through direct 
river-aquifer exchange or via irrigation return flow. They 
also reflect high evaporation effects due to a semi-arid cli-
mate and dissolution of salt (Kattan 2015). Total dissolved 
solids increased from upstream (0.6  mg/l) to downstream 
(16.5 mg/l), indicating downstream salinization due to irri-
gation return flow under high evaporation rates. Estimation 
of groundwater age is modern (< 5 to 10 years), based on 
high tritium (> 7 TU) and radiocarbon (> 90 pmC) values 
indicating a recent upstream recharge zone. Kattan (2015) 
identified chemical evolution in the Euphrates River, show-
ing evolution of water type from Ca-Mg-HCO3 at upstream 
to Na-Cl-SO4 at downstream.

The chloride and δ¹⁸O measurements from Al-Thawrah 
(107.9 mg/l, − 5.12‰), Tabqa (133.0 mg/l, − 4.98‰), Raqqa 
(137.1 mg/l, − 4.75‰), Deir ez-Zor (119.3 mg/l, − 4.60‰), 
and Abu-Kamal (129.8 mg/l, − 4.45‰) were used to cali-
brate an exponential–piston lumped-parameter model of the 
river–aquifer system. In this framework, a discrete piston 
delay Tp ​ represents the minimum travel time before new 
Euphrates water influences the aquifer samples. An expo-
nential‐mixing term with time constant α describes the 
dispersive spreading of tracer ages. By matching the down-
stream enrichment patterns of chloride and the seasonal 
δ¹⁸O shift, both of which gradually increase with distance 
from the river, optimal parameter values of Tp = 3.2 years 
and α = 1.8 years were determined. The resulting probability 
density function: The Results of Cl− and δ¹⁸O of the Euphra-
tes River upstream are mentioned in Table 2.

It predicts that no tracer-bearing water arrives before 
approximately three years and that transit-time probabilities 

quantitatively links transient groundwater flow modeling 
with tracer-based residence time analysis within a trans-
boundary desert setting.

Conceptual model and transit-time distribution plotted 
in Fig. 9, based on the exponential–piston lumped‐param-
eter framework. Piston‐flow component, where a discrete 
“slug” of water moves without mixing for a delay time pT​, 
with an exponential‐mixing tail, represents gradual disper-
sive exchange governed by a mixing coefficient α. Here, 
pT = 3.63 years was derived from the Euphrates Formation’s 
bulk density (2.65  g/cm³) and an assumed average Darcy 
velocity, while α = 1.5 years reflects the aquifer’s heteroge-
neity. The resulting probability density function f(t) quanti-
fies the likelihood of water molecules arriving after time t, 
providing a robust framework for interpreting tracer break-
through data.

In this study, the model was applied to chloride and 
δ¹⁸O tracer data to estimate groundwater residence times 
and validate MODFLOW-derived ages independently. The 
peaked distribution of residence time at the piston delay 
and exponentially decayed, indicating most water parcels 
require 3–6 years to travel from the river into the aquifer and 
back to sampling points. This temporal framework explains 
the observed lag between flow variations and progressive 
increases in dissolved solids and ion ratios downstream. 
By aligning chemical monitoring intervals with modeled 
residence times, the research offers actionable guidance 
for designing sustainable sampling schedules and manag-
ing transboundary water quality. A simple exponential–pis-
ton lumped‐parameter model calibrated to the chloride and 
δ¹⁸O data from Al-Thawrah, Tabqa, Raqqa, Deir ez-Zor, and 
Abu-Kamal is shown in Fig. 9.

Fig. 9  Transit-time probability 
distribution for the Euphrates 
Formation derived from an 
exponential–piston lumped‐
parameter model. The vertical 
dashed line marks the piston‐flow 
delay (3.63 year), after which the 
probability density follows an 
exponential decay with mixing 
time constant (α = 1.5 year)
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Integration of tracer-based results with 
hydrochemistry of groundwater

The progressive downstream enrichment in Cl− and δ18O 
indicates increasing evaporative influence and cumulative 
water–rock interaction along the flow path. It aligns with 
previous studies that show integration of relatively young 
river water with older groundwater. The chemical evolu-
tion of Iraqi groundwater is accelerated and intensified by 
processes from Syrian groundwater. For instance, TDS 
increases from 400 mg/l at S1 to 950 mg/l at S12 in Iraq, 
indicating an exceeding trend from Syria, which may be 
due to intense evaporation or additional solute inputs. Sul-
fate downstream dominance also exceeds the permissible 
limit, likely due to industrial or mining sources. Similarly, 
gradual shifting of Na+ to Ca2+ from S1 to S12 suggests a 
longer contact time with aquifer materials. These examples 
show chemical evolution with the same evaporation, dis-
solution, and ion exchange processes operating from Syria 
to Iraq, and further amplified by new pollution inputs. An 
increase in sulfate sources is also due to industrial or mining 
activities.

Temporal assessment of simulated groundwater flow 
in Iraq showing 38% water has less than 3 months transit 
time, indicating seasonal variations in water quality and 
rapid contaminant transport. While 15% of water persists 
for more than a year, and 60% longer transit time in the 
dry season. It indicates a rapid response to seasonal changes 
coupled with persistent salinity. Overall, it shows that evap-
orated irrigation return flow in Syria mixes as baseflow in 
the downstream of Iraq.

Integrated results suggest three stages of hadrochemical 
evolution due to mineral dissolution or weathering reac-
tions (Mgbenu and Egbueri 2019). In stage 1 (upstream of 
Iraq), water type Ca-Mg-HCO₃ originated and was modified 
through evaporation and irrigation return flow. Evapora-
tion causes a change in the concentration of dissolved ions. 
However, the sulfate addition was due to anthropogenic 
activities. These processes transformed the water type to 
Ca-Mg-HCO₃-SO₄ with sulfate as a dominant anion. Hence, 
this stage represents the initial anthropogenic impact and 
low contribution of groundwater dissolution in a naturally 
controlled system (Sodomon et al. 2025). Stage 2 (mid-
stream of Iraq) indicates sulfate dominance due to the com-
bined effect of evaporation and diffuse agricultural runoff. 
Stage 3 (midstream to downstream of Iraq) suggests evolu-
tion of water type due to industrial and urban wastewater 
point sources with ion exchange processes in the riverbed 
and the hyporheic zone. The exchange process of Ca and 
Mg on clay minerals with Na leads to enrichment of Na in 
water, resulting in a mixed cation-sulfate water type. These 
stages clearly show increasing pollution trends downstream 

decay exponentially. This distribution confirms the 2–6 year 
residence times indicated by the MODFLOW simulation. 
However, it also provides a quantitative basis for schedul-
ing water-quality sampling at intervals that reflect the actual 
groundwater-age structure of the Euphrates River and aqui-
fer. In river systems like the Euphrates, analyzing the spatial 
variation of δ18O along the river’s course can reveal impor-
tant hydrological processes. The increasing δ18O values 
downstream indicate cumulative evaporative enrichment. 
The Na/Cl ratio of 0.82 mg/l in the Euphrates River is much 
lower than that of seawater (Fig.  10). Sodium concentra-
tions closely follow chloride, trending along an evapora-
tion-dilution line, indicating water-rock interaction.

Table 2  Chloride concentrations and stable-isotope (δ¹⁸O) values for 
the Euphrates River upstream in Syria (after Kattan, 2015)
Location δ18O ‰ 

VSMOW
δ2H ‰ 
VSMOW

Cl-
(mg/l)

TDS
(mg/l)

EC
(µS/cm)

Jarablous -8.52 -55.1 17.4 242.0 360.0
Qarqosak -8.39 -54.6 17.9 238.0 353.3
Euphrates Dam -7.41 -49.1 26.5 272.0 403.0
Al-Mansoura -7.31 -48.8 29.5 343.0 497.0
Al-Baath Dam -7.33 -48.5 28.0 273.0 428.0
Al-Raqqa -7.41 -48.4 36.2 302.0 464.0
Halabieh-Zalabieh -7.21 -47.9 52.8 407.0 635.0
Deir-Ezzor -7.24 -48.5 52.9 413.0 641.0
Al-Mayadine -7.29 -48.1 69.8 476.0 727.0
Albu-Kamal -7.01 -46.8 86.7 540.0 853.0
Minimum -8.52 -55.1 17.4 238.0 353.3
Maximum -7.01 -46.8 86.7 540.0 853.0
Average -7.51 -49.6 41.8 350.0 536.1

Fig. 10  Plot of Cl versus Na of the Euphrates River water; trend lines 
are experimentally derived evaporation–dilution curves for seawater 
(Carpenter 1978)
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from previous years. In active recharge zones, groundwater 
abstraction should be regulated carefully to prevent accel-
erated salinization. In irrigation-dominated areas, improved 
drainage and reduced evaporative losses are essential to 
mitigate salt accumulation. Given the transboundary nature 
of the Euphrates Basin, coordinated monitoring and data-
sharing mechanisms between Syria and Iraq are critical for 
sustainable long-term water-quality management.

Conclusions

This study analyzed the hydro-chemical parameters and 
groundwater flow modeling in western Iraq by integrating 
stable environmental isotopes in both Syria and Western 
Iraq. The novelty of this study lies in the integration of sta-
ble environmental isotopes in both Syria and western Iraq to 
identify pollution sources, including isotope residence times 
and seasonal transit delays. The hydro-chemical character-
ization of the Euphrates River within the western Iraqi des-
ert reveals that both natural and anthropogenic mechanisms 
significantly shape the observed water quality patterns. Key 
geogenic controls include the dissolution of carbonate and 
evaporite formations, particularly from the Euphrates and 
Fatha units, which contribute substantial calcium, bicarbon-
ate, and sulfate to the river load. Simultaneously, agricul-
tural and industrial discharges increase nutrient and salinity 
levels downstream. MODFLOW and lumped-parameter 
modeling indicate that the river–aquifer system exhibits 
bidirectional hydraulic exchange, with a net river-to-aquifer 
flux occurring under typical hydraulic conditions. Local-
ized or seasonal reversals toward the river may occur dur-
ing the low-flow periods. The estimated residence times of 
3–5 years regulate the delayed response in solute concen-
trations. Stable isotope signatures (δ18O) and conservative 
tracer behavior (Cl⁻) support these findings by explaining 
the dynamics behind the chemical evolution of the water. 
The seasonal response of the stable isotope indicated an 
increasing mean water transit time (2 to 8 months) in the 
downstream. Overall, the main water stress is due to both 
geogenic and anthropogenic factors. This research high-
lighted the necessity of synchronizing sampling regimes 
with modeled groundwater age distributions to improve 
monitoring accuracy. Collectively, the results advocate for 
integrated water resource strategies that account for both 
surface and subsurface hydrological interactions across 
transboundary desert basins. However, this study is limited 
by uneven isotope data across the transboundary, avoids 
complex flows during simulations, and has a limited focus 
on specific contaminants from point sources. Furthermore, 
this study recommends synchronized monitoring with 
an increment of temporal data, Syrian-Iraqi strategies for 

based on the increment in residence time from recharge to 
discharge areas (Tajbakhshian 2025). It directly correlates 
with increasing water age, surface and groundwater interac-
tion due to dissolution of evaporite minerals, and increas-
ing anthropogenic activities (Sodomon et al. 2025). The 
application of fertilizers in agriculture is the main anthro-
pogenic activity that modifies the hydrochemical facies in 
the region. Long-term monitoring data confirmed the com-
bined effect of mineral dissolution and anthropogenic input 
in many aquifers of Iraq (Abdullah et al. 2025).

Implications for sustainable groundwater 
development

This study provides critical insights for the sustainable man-
agement of groundwater resources in transboundary arid 
regions, such as western Iraq, where the Euphrates River 
plays a dual hydrological role as both a surface watercourse 
and a hydraulically connected system with adjacent aqui-
fers. MODFLOW-based simulations and residence-time 
analysis confirm a net-positive river–aquifer exchange. 
This finding highlighted the need to integrate surface and 
subsurface water governance frameworks to mitigate the 
long-term impacts of climate stress and upstream regula-
tion. River–aquifer interaction in the study area is bidirec-
tional and controlled by seasonal variations in the hydraulic 
gradient between river stage and adjacent groundwater lev-
els, with possible local reversals occurring during low-flow 
periods.

Groundwater systems in arid environments are par-
ticularly sensitive to overexploitation, return flows, and 
delayed solute migration, which may manifest years after 
pollutant entry. As emphasized by Gosselin et al. (2017), 
integrating hydrogeological models with policy instruments 
is essential for addressing sustainability challenges across 
regional aquifer systems. Moreover, recent studies by Chen 
et al. (2020) and Gupta and Sharma (2019) reinforce the 
importance of groundwater age modeling in shaping sus-
tainable abstraction thresholds, particularly where aquifer 
vulnerability is exacerbated by rapid salinization or urban 
encroachment. Findings of this study also align with Li et al. 
(2024), confirming the use of lumped-parameter models and 
stable isotope data to refine water-quality monitoring and 
guide adaptive resource allocation. As groundwater increas-
ingly supplements surface water under variable flow condi-
tions, developing robust transit-time-informed management 
strategies can protect against cumulative degradation, espe-
cially in desert river basins such as the Euphrates corridor.

The identified multi-year groundwater residence times 
(3–6 years) have direct management implications. Monitor-
ing programs should account for delayed salinity responses, 
as water-quality changes may reflect recharge conditions 
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