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Given the shortage of surface water supplies caused by the construction of dams in the upstream
countries of the Tigris River, which has reduced Iraq’s share of water, the increasing demand for

water, and climate change, groundwater has emerged as a critical and essential water resource. This
study aims to find the infiltration capacity and salinization of groundwater in the unconfined aquifer
relationship and sustainable remediation of aquifer storage in the north Baghdad Ishaqi area of central
Iraq in 2024. GIS and Surfer software were used. Ten soil and groundwater samples were extracted
from sites randomly distributed throughout the area of 410 km?, with 10 double-ring infiltrometer
tests being conducted at the same sites. The results of the on-site tests revealed that the central

part of the area was characterized by coarse-grained soil, higher infiltration capacity, and higher
groundwater concentrations, which ranged between 70-82%, 87-183 mm/hr., and 2,050-4,200

m/L, respectively. The opposite was the case in the northern and southern parts of the area. The
desalination process of the Ishaqi aquifer requires a double injection of water with pumping rates of

1, 2, 3, 4, and 5 m?[s of water to reduce salinity from 4,500 to 500 mg/L of 108 m? aquifer volume for
periods of 8,800, 4,620, 3,140, 2,360, and 1,780 days, respectively. These periods were greatly reduced
when the outflow rate became twice the inflow rate. The mitigation equation was derived from basic
assumptions of enclosed aquifer and homogenous mixing. A good coincidence between theoretical
and measured concentrations was obtained. The study concluded that there is a direct mathematical
relationship between aquifer salination and deep filtration with a correlation factor of 0.998, which
led to high total dissolved solids (TDS) accumulations in the groundwater. The desalination process is
possible and requires 2-10 years depending on pumping rates. The saline aquifer mitigation procedure
is a successful and beneficial long-term tool.
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The rise in groundwater salinity above the worldwide recommended concentrations, for various reasons, has
become a global problem as 16% of the total land area of the Earth suffers from groundwater salinization,
which leads to environmental, economic, and social problems [1]. To discuss the reasons for the increase in
groundwater salinity, 520 scientific studies were collected by [2]. The most important papers were focused on
seawater intrusion and the infiltration of irrigation water.[2]. In recent years, the Ishaqi region has been the
home of the Al-Ishaqi Irrigation Project, which uses water for different activities, i.e., agricultural, urban and
industrial. Since farmers have recently begun consuming more water than their water supply allows, they have
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turned to consuming groundwater [3]. Accordingly, they have suffered from groundwater salinization of the
unconfined aquifer in its central section, such that the water has become unfit for drinking and agriculture use
for unspecified reasons. Therefore, this study was undertaken to reveal the causes of salinization and develop
appropriate solutions to desalinate the groundwater. The infiltration rates in sandy soils are usually higher
in silt-clay texture soils because of light texture and high porosity. Also, the increase in the concentration of
salts in groundwater accelerates the infiltration rate [4]. Several experiments were conducted over 20 years in
the Huang-Huai-Hai alluvial plain, China, to measure the movement of salts through saline soils containing
a subsurface clay layer. It was found that clay soil layers with a thickness of>1 m reduced the deep filtration
rate and, thus, helped to increase soil salinization [5]. Consequently, Improving infiltration capacity provides
a feasible solution for remediating deficient groundwater aquifers. Groundwater is more difficult to monitor
and manage than surface water, but it is critical to ecosystems and human needs. Managed infiltration restores
aquifers, promoting sustainable recharge and balancing demand. This method must consider hydrological,
ecological, and social variables. Effective implementation necessitates stakeholder participation and science-
based integrated groundwater management (IGM). Infiltration-based managed aquifer recharge, which uses
basins, trenches, or ponds, is commonly used to increase recharge and reduce salinity. These strategies are
commonly used in dry places around the world for sustainable groundwater management [6]. Over the last 60
years, increased groundwater extraction and advances in water treatment have fueled the global expansion of
managed aquifer recharge (MAR). This research gives the first global estimate of MAR volume and examines its
evolution across different types, technologies, and laws. MAR is becoming increasingly important for protecting
groundwater from climatic stress and extremes. Scientific research has improved MAR design, efficiency, and
water quality management, particularly in urban and mining environments. Despite annual growth of ~ 5%,
MAR still amounts for~1-2.4% of global extraction, with potential to surpass 10% with greater application
[7]. Groundwater salinization may be controlled via abstraction, desalination, and recharge technologies.
Brackish water is extracted, desalinated, and then recharged back into the aquifer. The findings indicate that
enhanced recharge significantly reduces groundwater salinity, whereas increasing abstraction has no effect [8].
To desalinate aquifer water and control groundwater salinization, a recharge technique based on well placement
is implemented. Freshwater is pumped directly into the toe of the saltwater wedge, where it is most effective at
repelling incoming seawater. When recharge rates are the same, both point and line injection systems function
identically. This technique increases desalination by pushing saline water seaward under hydraulic pressure.
Saltwater repulsion efficiency improves when recharge is combined with flow barriers near the coast that extend
deep into the aquifer [9]. MAR is the purposeful recharge of an aquifer for later recovery or environmental
benefits and represents a valuable method for sustainable water resources management. The study encompasses
a survey and an analysis of case studies which apply flow and transport models to evaluate MAR. The observed
modeling objectives include the planning or optimization of MAR schemes as well as the identification and
quantification of geochemical processes during injection, storage and recovery. The water recovery efficiency
and the impact of the injected water on the ambient groundwater are further objectives investigated [10]. Rising
populations and water demand have contributed to global groundwater depletion, particularly in arid and semi-
arid countries that rely on aquifers. MAR has developed as an important approach for restoring groundwater,
with California serving as a prime example. The state is experiencing significant overdraft difficulties, with over
100 km? lost since 1962, forcing widespread MAR implementation. Common methods include injection wells,
infiltration basins, and agricultural MAR, like as winter field flooding. California’s numerous MAR uses highlight
both traditional traditions and novel approaches to future groundwater management [11]. Geochemical,
hydrochemical and stable isotope analyses were conducted in the Karamay area, China, to evaluate the
groundwater quality and to identify the causes of excessive salinization. The addition of irrigation water without
any groundwater withdrawal caused an increase in the groundwater level by 6.9 m between 1997 and 2009 and
an increase in the concentrations of Na- Cl and Na-SO 4 salts, where the TDS values were between 0.5-65 gm/L,
with higher values in the low-lying areas, characterized by surface water-bearing lenses because they provide
greater amounts for deep filtration. Rainwater lenses are an important source of recharge for saline groundwater
[12]. To know the dynamics of the work, monthly samples of soil and water were collected, and groundwater
levels were monitored [13, 14]. It was found that the mixing point between lens water and groundwater was
small and changed over a long time scale. This is known as the slow transient oscillatory flow regime [15].
Mixing processes are faster near the groundwater level, which is characterized by its response to recharge and
evaporation in less than a day. The salinity of the soil may become more than the salinity of the groundwater
due to the capillary action and the accumulation of salts in it after water evaporation, as well as the incomplete
infiltration of fresh water [16]. Excess irrigation water is one of the most important reasons for groundwater
salinization due to deep infiltration. A numerical mathematical model was developed that links deep infiltration
of recycled saline water and the degree of concentration of TDS in a saturated zone. The results showed that
the increase in salt concentrations in groundwater was about 12 mg/L/year. The study concluded that this value
decreased when the irrigation system was converted from flood irrigation to drip irrigation by about 60% [17].
In the Datong Basin, North China, an analysis of trace elements and isotopes was conducted. The water was
dominated by sodium bicarbonate, with high hydrochemical concentrations of TDS and low concentrations of
the solids Na-5O,, Na-Cl, and Na-HCO,.

The main components of groundwater adjacent to the mountains were Mg-CO, and Ca-CO,. The
decomposition of alumina, exchange of cations, and dissolution of evaporites (halite, marabilite, and gypsum)
are the main causes of groundwater salinization, with the effect of rapid recharge by irrigation water. The study
recommended groundwater pumping for irrigation and salt flushing to maintain the quality of the groundwater
[18]. The hydrochemical properties of 73 groundwater and 11 surface water samples in the Manas River Basin,
NW China, were tested to determine the causes and sources of excessive groundwater salinity ranging from
0.2 to 11.91 gm/L. These high concentrations are found in agricultural areas irrigated with groundwater.
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The evapotranspiration contribution was 5.87% and 32.7% for groundwater and surface water salinization,
respectively. The study concluded that the causes of increased salinity were infiltration of the irrigated lands
by groundwater and by evapotranspiration [19]. A laboratory experiment was conducted on three columns of
saline soil (clay, silty and sandy) in cylinders with a diameter of 10 cm and a height of 30 cm. The salinity was
fixed for all three. Different irrigation systems were applied, and the HYDRUS ID model was used to analyze
the results. These showed that intermittent irrigation was the best method for removing salts from the soil by
deep infiltration in unsaturated clay soils by removing 75% of the salt concentrations. The same process did not
make any difference in removing salts in sandy soils. Therefore, it is recommended that farmers use intermittent
irrigation in the reclamation of clay soils and limit the excessive groundwater salinization, if time permits [20].

A layer of clay soil was used to desalinate the saline groundwater migrating from the unconfined aquifer to
the confined aquifer in the lower layers. Chemical tests of the infiltrated groundwater, which lasted 212 days,
proved that the clay layer reduced the salinity of the infiltrated water and did not contribute to the desalination
process by completely removing the salt concentrations in it. This occurred due to the ion exchange of the
element Na* with the elements Ca?* and Mg?* by approximately 30%. The removal of sodium occurred due to
the ion exchange of the element Na2 + [21]. Researchers have been able to measure the hydraulic conductivity
of unsaturated soil above an aquifer. The hydraulic conductivity is calculated based on the depth of water
accumulated by deep infiltration into the groundwater storage over 24 h using Horton’s law and the power
model [22]. To reduce soil salinity, it is necessary to increase the deep infiltration of irrigation water. One of the
most important techniques for this is to spread a layer of wind sand over the original soil surface. Laboratory
results have shown the best option is adding a layer of sand amounting to 8% in weight ratio of the original soil,
as it increases salt infiltration by 55% after seven days of operating the irrigation system [23]. The hydraulic
conductivity in the saturated zone above the shallow groundwater was estimated based on the water infiltration
system using Darcy’s law and the physio-mechanical properties of soil. The practical part of this study was
conducted in an area close to the currently considered study area in central Iraq [24].

Topography plays a major role in controlling the physical properties of soil and groundwater salinity because
it controls the distribution and values of deep infiltration of water [25]. Moreover, the accumulation of surface
water due to topography increases the infiltration rates and the concentration of surface water salinity [26].
All these variables are reflected in the growth of vegetation. Moreover, climate changes in temperature and
rainfall directly affect the level of deep infiltration, which, in turn, changes the concentration of groundwater
salinity [27]. In an experiment, three samples of melted glacial water with salt concentrations of 5, 10 and 15
mg/L were prepared and applied respectively to a saline soil column and the salinity of the soil infiltration
water was measured. The results showed that higher salinity water caused higher infiltration of salt infiltration.
In general, a 30 cm thick desalination layer was obtained and the use of salt infiltration of water with different
salinity levels led to an acceleration of the infiltration process and had a clear effect on soil desalination [28].
A combination of hydrochemical, hydrogeological and remote sensing analyses was combined to understand
the groundwater salinization process of a coastal area. In a further study, between 1990-2020, 223 samples of
groundwater were collected and subjected to comprehensive analysis. It was found that salinization was caused
by groundwater recharge and active evaporation [29]. Many researchers have worked on the desalination of salt
water. In all cases, the method of desalination depends on the purpose of the desalination and the degree of
salt concentration required. Some researchers have used industrial techniques such as rubber membranes and
osmosis pressures [30, 31], while others have recommended achieving desalination by continuously using fresh
water to ensure the renewal of groundwater storage [32].

In summary, the high saline levels in the central area’s groundwater are mostly due to the sandy surface soil’s
high infiltration capacity, which allows for deep percolation. In contrast, the northern and southern areas of the
region are distinguished by silty clay surface soils, with little infiltration ability. This helps to keep more water
near the surface while maintaining moderate salinitylevels.

The goal of this research was to lower the salinity of the aquifer to acceptable TDS levels for agricultural
and drinking uses. This was accomplished through a dual mitigation procedure combining the simultaneous
pumping of saline water and the injection of freshwater via a network of discharge and recharge wells.

Freshwater, generated solely from the Ishaqi Irrigation Project, was injected into the aquifer via wells located
across the area. A portion of the saline water, removed during the discharge process, was reused for irrigation
in the northern and southern regions of the Ishaqi region for tolerated plants, where the salinity levels were
relatively low. However, in the central region, where salinity was higher, the extracted saline water was redirected
and dumped into the southern section of the project.

In general, this study distinguishes itself from earlier studies by providing a mathematical model for
desalination in saline aquifers. It is primarily determined by measured levels of aquifer water salinity, using
TDS, and storage volume. The precision of the model’s inputs, such as the water storage capacity and beginning
total quantity of salts, led to precise outputs, such as desalination durations and the appropriate recharging and
pumping volumes. Although this study was applied locally, it is considered a mathematical model that can be
applied globally, and this technology can be used for desalination in all confined and unconfined saline aquifers,
as well as surface reservoirs.

Area of study

The Al-Ishaqi area is located west of the river Tigris, with an area of about 410 km?, and its agricultural land is
irrigated by surface irrigation [3]. The geographical position lies between longitude (43° 55" 12”- 44°28’ 05”)
E and latitude (33°30’ 28”- 34°03’07”) N. The annual rainfall may reach 200mm/year, with the highest level
occurring in January. The maximum and minimum temperatures range between 25 and 45°C in summer and
0°C-25°C in winter. The relative humidity ranges between 70 and 80%. The wind speed is 1 m/s in December
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and about 3 m/s in March. The sunshine is in the range of 12-14 h/day. Evapotranspiration is 1,700 mm/month
3, 33].

The Ishaqi area is characterized by being flat with an elevation of 45m above sea level (m.a.s.l) and higher
than the water level of the Tigris, adjacent to it from the east (Fig. 1). This area remained uncultivated until the
Ishaqi Canal was constructed in recent years. The canal takes its water from the Samarra Barrage and carries
the water toward the south, meeting all the necessary water demands for the Ishaqi area [34]. From the above,
it can be seen that the quality of Ishaqi canal water from a chemical and biological perspective directly affects
the quality of groundwater storage of the unconfined aquifer, which is fed by the infiltration of irrigation water
through cultivation activities.

The factors that influence infiltration are the soil or the sediment texture, clay mineralogy, depth, pores,
channels, residence time, and infiltration rates [35, 36]. The infiltration rate (the cumulative depth of infiltration
per time interval) is generally highest when the soil is dry. As the soil becomes wet, the infiltration rate slows
to the rate at which water moves through the most restrictive layer, such as a compacted layer or a layer of
dense clay. Many researchers have studied the Ishaqi from different aspects, some focusing on the distribution
of salinity ratios in the soils, while others have investigated the groundwater suitability for various purposes. Yet
others have investigated the environmental assessment of land use in the area [37].

However, the evaluation of the relationship between infiltration and groundwater salinization in this area has
not been yet studied. Accordingly, a hydrochemical investigation of the groundwater in the Ishagi area is essential
to address the problem of salinity and suggest suitable solutions to decrease the harmful effects of different saline
water uses, especially concerning land irrigation. The geology reveals that the region is covered by quaternary
deposits [3]. These deposits consist of sediments filling depressions, formed by the flooding of the Tigris. The
sediments are generally made up of fine sand, silt, and clayey silt. The chemical and biological environment of
the unconfined aquifer in the Ishaqi area has begun to change over time. In this study, it was decided to identify
the causes of the chemical fluctuations of groundwater, which can be attributed to the pollution in the irrigation
water originating from the Ishaqi Canal and further agricultural and urban activities.
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Fig. 1. Location map of Ishaqi area drawn by Surfer™ V.13 https://support.goldensoftware.com/hc/en-us/articl
s/226806288-Download-my-software-online based on the map of Iraq.
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Materials and methods
Soil texture analysis
Random soil samples from 10 sites were extracted from the Ishaqi area for a grain size distribution analysis.
The test sites were distributed evenly over the entire area, as shown in Fig. 2. The grain size distribution tests
included a sieve analysis for coarse aggregates and a hydrometer analysis for fine aggregates (silt and clay). The
tests were conducted according to ASTM D 422 specifications [38]. Most of the samples were characterized by
fine texture of about 70-80% fine-grained soil, while for sites samples 5 and 6, the soil comprised 95% and 70%
coarse-grained sand, respectively. The grain size analysis is shown in (Fig. 3).

It can be seen from Fig. 3, that the soil samples across the considered area were clayey loams. It was anticipated
the soil would be silt and silty clay in the northern and southern parts of the region, and sandy soil in the middle
[40].

Infiltration power model
Many infiltration models have been created since the Horton model in 1940 [39], three of which are designed
to estimate the infiltration potential during the rainstorm or irrigation interval [35, 40]. The power model is the
most powerful. It has been proven to be a better fit and more applicable for the Mediterranean region in general
and Iraq in particular because there are no drawbacks connected to initial low-intensity rainstorms.

The considered model has the following form:

fo ()= f.+at™® (1)

where f,, (t) is the infiltration rate or infiltration capacity; f,, is a final infiltration rate; t is the infiltration time
from the start of the infiltration process; and a and k are coeflicients extracted from the infiltration test data. The
accumulated infiltration, AF',, (¢) , is obtained by integrating Eq. 1 to obtain the form:
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atl—*
AF, (t) = f.t )
P ( ) f c + 1—k
To find an average infiltration rate during a rainstorm, Eq. 2 may be divided by (t), to give;
at™*
AF, (t = 3
p()ave fc+(1_k) ()
To find the coefficients a and k, one may write:
at k
k=log| ————— |Jora= (fp (t) — fe)t (4)
(fp(t)—fa> 0
The infiltration rate, Eq. 1, the accumulated infiltration or the infiltration capacity, Eq. 2 and the average
infiltration rate, Eq. 3, can be represented graphically, as shown in Fig. 4.
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Hydrology of the ishaqi canal

The Ishaqi Canal runs from the Samarra Barrage to the Kadhimiya district, North Baghdad, as shown in Fig. 1. It
is an open channel, flowing to the right of the Tigris, with a discharge of 80 m?>/s. At 30 km distance downstream,
it divides into two branches, the eastern and western canals. The borders of the Ishaqi Canal are divided into two
districts, with the Baghdad-Mosul Road being the dividing line between them [41]. The total water loss through
the infiltration process is about 38.6% of the total water demand for irrigation purposes [3, 42]. The TDS value
of Ishaqi water has the same value as 500 mg/L of the Tigris. (Fig. 5).

Mitigation theory and aquifer sustainability

To reduce the salt concentrations of the aquifer in general, it is preferable to inject it with fresh water and pump
salty water simultaneously for possible uses such as watering crops that are highly tolerant to salinity. Therefore, if
it is assumed that there is an aquifer with a known volume and salt concentration, we can mathematically derive
an equation for the aquifer desalinization. The theory of desalinization is based on the following assumptions:

1. The aquifer is enclosed.
2. The groundwater concentration is kept uniform across all the aquifers.
3. The inflowrate concentration < initial concentration of the groundwater.

If the mass of groundwater at any time t is M (t),M’(t) is the concentration difference per
time, @; is the inflow of salt, C; is the inflowrate concentration, Q. is the outflowrate, and
V is the volume of aquifer storage (Figure 5), as shown in

m/ (t) = Saltin flow rate — Salt out flow rate (5)
Qo

s

Salt in flow rate = Q;C;, and salt out flow rate = M(t)

Thus Eq. 5 becomes:

—QiC; - %: (), or

dM_ ,,_QO
o @Gy

M(t)

Further rearrangement gives:

de _ dM
dt — ViQiCi — QoM(t)

=Vv! (6)

The integration of both sides of Eq. 6 offers:
In([VeQiCs — QoM (t)] = =22t + k1 or,

VoQiCys — QuM (1) = ke~ P2 (7)

The temporal boundary of the problem may be:

Salt inflowrate Salt outflowrate
Qi, Ci Qo

Fig. 5. Inflow and outflow of aquifer salt.
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[At t= 0, M (t) = M'Lnitial]

Where Clinitiar is the initial salt concentration of the aquifer at the beginning of the mitigation process.
Correspondingly, the constant of integration is:

k=V:QiCi — QoMinitial

By substituting k in Eq. 7, we may obtain the general form of the mitigation equation:

M (t) = Vs%@ - (ngici - Minitiu.l) e e (8)
Divide Eq. 8 by the aquifer volume V; to get:
i i _ Qo
C(0)= 3Ci (30, =~ Conim)e " ©)

where C () is the groundwater storage concentration at any time t, andClinitia: is the initial concentration of
the groundwater.

By analyzing Eq. 9, one can conclude that:

Att =0, Eq. 9 reduces to C (0) = Clinitial

Qo

At t = 0o, Eq.9 reduces toC(c0) CiC(c0) =C; (10)

which means at the end of the desalination process, the aquifer concentration is equal to the inflowrate
concentration.

For simplification of the desalination dynamic of Eq. 9, if it is assumed that ), = @, Eq. 9 is reduced to:
Qo
C@t)=Ci—(Ci— Cinitial)eivist (11)

Results and discussion

Chemistry of the Ishaqi region

Studying the effect of the chemistry of the Ishaqi Canal on the salinization of groundwater in the area requires
many chemical tests, which are not necessary in this case. The TDS can be considered an indicator of salinization
as it represents the total dissolved elements in the canal water that are directly transferred to the groundwater.

Groundwater TDS
TDS, or salinity, represents the total of minerals dissolved in water as cations and anions (ppm) [42]. It is a
significant parameter in water quality evaluation. TDS comprises inorganic salt, such as Ca, Mg, Na, K, HCO,,
Cl, So,, NO,, and organic matter that is dissolved in water. The chemical tests in the Ishaqi groundwater revealed
that the TDS values ranged between 2,050 and 4,200 Mg/L, as indicated in Table 1. The locations of the sampling
sites and TDS values are shown in the contour map (Fig. 6).

From the contour map in Fig. 6, it can be seen that the maximum concentrations of TDS in the groundwater
were found in the middle part of the considered area.

Infiltration analysis
The double-ring infiltrometer test was used for measuring infiltration rates in the Ishaqi area according to the
specification ASTMD3385-9403 [33, 42]. The same 10 sites in Fig. 2 were used to carry out the double-ring
infiltrometer test, which almost covered the entire area. The test was usually repeated three times, using the
concept of Eqs.1, 2, 3 and 4 [36], for each site and the infiltration capacity was obtained and is included in Table
1. The measured infiltrations of the tests are represented in the graphs in Fig. 7.

The estimated average infiltration rates in the selected sites by using Eq. 3 were tabulated (Table 1) and are
represented graphically by the contour map (Fig. 8).

From Table 1 and Fig. 8, it can be concluded that the Ishaqi area has the highest infiltration capacity in sites
5 and 6, in the center of the area.

Test site 1 2 3 4 5 6 7 8 9 10

a 7.979393 | 4.511529 | 180.2607 | 16.13605 | 2.106347 | 10.99054 | 6.35507 | 14.40498 | 12.28583 | 4.501313
k 1.2045 1.0995 3.7817 3.0482 1.32514 | 2.19797 1.2364 1.34722 1.34722 | 0.87659
AF,, (t), mm/hr | 103 87 104 100 183 174 98 107 108 95

TDS, mg/L 2,140 2,100 2,050 2,130 4,200 4,100 2,120 2,160 2,170 2,115

Table 1. Infiltration rate (capacity) and TDS at the Ishaqi Area.
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Fig. 6. TDS distribution in Ishaqi groundwater in 2024 drawn by Surfer™ V.13 https://support.goldensoftware.
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This high infiltration rate arose due to the coarse texture of soil around the central part of the area, around
wells No. 5 and 6. According to the grain size distribution of the surface soil in Fig. 3, an aggregate sample of
5% passing by weight for Well No.5 indicates 95% coarse aggregate (sand), and 30% passing by weight for Well
No.6 indicates that 70% coarse aggregate (sand) is retained on sieve No.4. This is an index for high vertical
permeability for surface water [36]. The local infiltration rates shown in Fig. 7 confirm these observations. Wells
No. 5 and No. 6 exhibit higher infiltration rates than other locations, as illustrated in Fig. 7. Correspondingly, the
highest TDS concentration encountered at the central sections of the area are shown in Table 1 for wells No. 5
and 6 (4,200 Mg/L and 4,100 Mg/L, respectively). Similarly, the largest infiltration rates in the middle of the area
seen in Table 1 for wells 5 and 6 (183 mm/hr and 174 mm/hr, respectively) can be attributed to the coarseness
of the soil’s surface layer.

The results reveal that the value of infiltration rate across the considered area ranged between 87-183 mm/hr.
These infiltration capacities have a bad impact on the groundwater and its retention of pollution and salinization.

Infiltration-salinization relationship
By matching the contour map of TDS (Fig. 6) and the contour map of infiltration capacity (Fig. 8), it was
found that there is a direct relationship between them. The greater the infiltration capacity, the greater the
concentration of TDS. The values of Table 1 are represented graphically in Fig. 9. A third-degree mathematical
function between the TDS and infiltration capacity was obtained.

Let us assume the average infiltration capacity to be (IC) . Then, we have:

TDS = —0.0053(IC)* + 2.2546(IC)* — 286.16 (IC) 4 13445 (12)

With correlation coefficient R2 — ().998.

By applying Eq. 12, one can predict the values of TDS at any location within the Ishaqi region. In general,
the main purpose of Fig. 8 is to demonstrate that there is a close and direct relationship between the average
filtration rate and the TDS concentrations.
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Fig. 7. Measured infiltration.

Sustainable desalination
Plant crop tolerance
Figure 6 shows that TDS reaches 4,200 Mg/L in the middle of the Ishaqi region and declines to 2,000 Mg/L in
the northern and southern sections. Table 2 shows that these concentrations are unsuitable for most plant crops.
Table 2 reveals that a TDS equal to 500 Mg/L is suitable for all plants [43]. Concentrations higher than 500 Mg/L
harmful for sensitive plants..

Table 3 Indicates the common plant crops cultivated in Iraq. It also shows their tolerance levels.

Desalination technique
In the case of the Ishaqi aquifer, the volume of the middle part of the aquifer is 10% m? [44] and the initial
concentration of this part, (see Table 1) is 4,200 mg/L or (4,200 ppm). Equation 9 can be reduced to:

Cinitial = 4,20022
Q9,4 Qo = Q:
C (t) = 500 — (500 — 4,200) e 108 Vo oS (13)
C; = 500Mg/L

Equation 9 is adopted to mitigate the aquifer concentration from 4,200 Mg/L to 500 Mg/L.

The results of Eq. 9 are represented graphically in Fig. 10.

As indicated in Fig. 10 and Table 4, the dual-action pumping and injection of the Ishaqi aquifer revealed
that the initial concentration in the middle part of the aquifer of 4,200 Mg/L could be reduced to the inflowrate
concentration of 500 Mg/L by using different pumping rates depending on the plant crop. In the first strategy, five
pumping rates were employed: namely, Im®/s, 2m?/s, ..., 5m*/s. In Table 4, for instance, in pumping rate no.1,
if a recharge and discharge rate of 1 m®/s was used to reduce the initial concentration of the aquifer from 4,200
Mg/L to 500 Mg/L, 8,800 days were needed to complete the desalination process. For recharge and discharge
using 2, 3,4,and 5 m?>/s, the time required to reach a 500 Mg/L concentration was 4,620; 3,140; 2,360; and 1,780
days, respectively (see Table 4). Figure 10 reveals that for the required concentrations of >500 Mg/L, less time
was needed for the pumping and recharging operation.

In the second strategy, the same input and output data were used except the outflowrate was double the
inflowrate rate (Qo = 2@Q);, m®/s). The results are shown in Table 5 and represented graphically in Fig. 11.

By comparing the periods required for the desalination process in Tables 4 and 5, it can be seen that the time
required was much less in the 27 strategy. For instance, in the first strategy, for pumping rate no.1, the required
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Fig. 9. Infiltration-TDS relationship.

period for the desalination process was 8,800 days, whereas in the second strategy, the required period was 3,190
days.

Analysis of the desalination periods
When comparing Tables 4 and 5, it can be seen that in the 1 strategy—where the recharge and discharge rates
were equal (Q,=Q;) and ranged from 1 to 5 m*/s—the required desalination durations were 24.1; 12.6; 8.6;
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4500

2500

2000

Concentration, Mg/L

1000

500

TDS Tolerance | Status
<500 Excellent Suitable for all plants
500-1,000 | Good Suitable for moderately salt-sensitive crops

1,000-2,000 | Permissible | Suitable for tolerant crops with appropriate management

2,000-3,000 | Doubtful Used only with salt-tolerant crops

> 3,000 Severe Severe restrictions on use; only very tolerant crops may survive

Table 2. Use of saline water for irrigation purposes, TDS in Mg/L.

Crop Salinity tolerance | TDS tolerance range, Mg/L
Wheat Moderate 1,000-2,000
Barely High 2,000-4,000
Corn Moderate 1,000-1,500
Cotton High 2,000-3,000
Rice Low- Moderate 750-1,500
Date Palm | Very high Up to 5,000
Tomatoes | Moderate 1,000-1,500
Alfalfa Moderate 1,000-1,500
Onion Low < 1,000
Cucumber | Low <1,000
Potatoes Low-Moderate 500-1,500

Table 3. Common plant crops and their tolerance for TDS concentrations in the Ishaqi Region.

= Qo(1m3/s)

\ \ ——Qo0(2m3/s)

Qo(3m3/s)
\ \ Qo(4m3/s)

Qo(5m3/s)

1000 2000 3000 4000 5000 6000 7000 8000 9000

Time, days

Fig. 10. Aquifer desalination by recharging freshwater and discharging saltwater by using differnt pumping
rates, Qo = Q;, 1% strategy.

6.46; and 4.87 years, respectively. In contrast, when the recharge rates (Q;) remained fixed at 1 to 5 m*/s and the
discharge rates were doubled (Q,=2Q), the required desalination periods significantly decreased to 8.74; 4.38;
2.9; 2.2; and 1.68 years, respectively. This adjustment resulted in an average time reduction of approximately
65.34% between the two strategies, as shown in Table 6.
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Table 4. The recharging and discharging process of the 1% strategy.
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Table 5. The recharging and discharging process of the 2" strategy.
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Fig. 11. Aquifer desalination by recharging freshwater and discharging saltwater when using different

pumping rates: Qo = 2Q;, the 2" strategy.

1 24.1 8.74 63.73
2 12.6 4.38 65.24
3 8.6 2.9 66.28
4 6.46 22 65.94
5 4.87 1.68 65.50
Average 65.34

Table 6. Desalination periods analysis.
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Fig. 12. Comparison between the theoretical and measured concentrations during the desalination process in
2024.

Calibration and verification of the desalination model
The first stage in determining the validity of the desalination theoretical data was to calibrate the model based on
the convergence of the theoretical and observed TDS concentrations. This was accomplished by first estimating
the aquifer storage volume, Vs=369*1,006 m?, and then running the model. The volume was then adjusted until
the theoretical and measured concentrations were in agreement.

The process of abstracting a groundwater sample started in January 2024, when 1 m3/s was injected into
10 wells at the test sites continuously for 24 h per day, as shown in Fig. 2, at a rate of 100 L/second for each
injection well in the Ishaqi Irrigation Project with a salt concentration of 500 mg/L, as mentioned previously.
At the same time, a monthly sample was taken from the observation well (shown in Fig. 2) to test the TDS over
the period from January to December 2024. Agreement was found between the theoretical and actual TDS
results measured from the observation well, although they were slightly higher than the theoretical values, with
a maximum difference in percentage equal to 4.3%. This may be attributed to the incomplete mixing of the
injected water with the groundwater storage (see Fig. 12).

It can also be seen that in November and December, the measured quantities were somewhat higher than the
predicted concentrations of 3,625 and 3,650 Mg/L. This was attributed to the rainy season, which increased the
influx of fresh water (TDS=0 ) into the aquifer storage.

Conclusion

This study has investigated the interplay between infiltration capacity and groundwater salinization dynamics
in the Ishaqi aquifer, in central Iraq, and proposed sustainable desalination strategies. It has highlighted the
feasibility of sustainable groundwater management in arid regions through engineered recharge-pumping
systems. However, assumptions of aquifer enclosure and homogeneous mixing may limit real-world applicability,
necessitating further research into heterogeneous aquifer dynamics and long-term monitoring. Implementing
these strategies could mitigate the agricultural and socioeconomic impacts of salinization, ensuring water
security for Central Iraq. Policymakers and stakeholders are urged to prioritize such interventions to safeguard
groundwater resources against escalating salinity threats.

1. Key findings revealed that the middle region, characterized by coarse-grained soils, exhibited the highest
infiltration rates (174-183 mm/hr) and TDS concentrations (4,100-4,200 mg/L), driven by rapid deep filtra-
tion and salt accumulation.

2. Calibrating the mathematical model can improve the accuracy of estimating aquifer water storage, which is
vital for accurate results.

3. A robust mathematical correlation (R?=0.998) was established between infiltration capacity and TDS, un-
derscoring the role of soil texture in exacerbating salinization.

4. The proposed dual-action strategy—simultaneous freshwater injection and saline groundwater extraction—
proved effective in reducing aquifer salinity from 4,500 mg/L to 500 mg/L for the different intervals of 24.1;
12.6; 8.6; 6.46; and 4.87 years for 1; 2; 3; and 4,5 m?/s equi recharging-discharging processes.

5. Pumping rates of 1-5 m>/s achieved desalination within 8,800-1,780 days, with significant time reductions
when the outflow rates were double the inflow rates (e.g., 3,190 days at 1 m®/s).
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6.

Field validation demonstrated strong alignment between theoretical predictions and measured TDS values,
with minor discrepancies (<4.3%) attributed to incomplete mixing due to complex geological formations
and the heterogeneity of the unconfined aquifer.

This model is easier to apply in confined aquifers because of the ease of calculating its volume and controlling
the pumping and injection operations.

The periods required for desalination of the above-mentioned aquifer are for plants with low tolerance of
salinity, such as potatoes and onions, which can tolerate concentrations of approximately 500 mg/L. Howev-
er, highly tolerant crops, such as cotton and barley, require shorter desalination periods: approximately, one
year. Palm trees do not require any desalination.

Data availability
Data is provided within the manuscript.
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