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Abstract: Seepage velocity is a very important criterion in infrastructure construction. The planning 

of numerous large infrastructure projects requires the mapping of seepage velocity at a large scale. 

To date, however, no reliable approach exists to determine seepage velocity at such a scale. This 

paper presents a tool within ArcMap/Geographic Information System (GIS) software that can be 

used to map the seepage velocity at a large scale. The resultant maps include both direction and 

magnitude mapping of the seepage velocity. To verify the GIS tool, this study considered two types 

of aquifer conditions in two regions in Iraq: silty clayey (Babylon province) and sandy (Dibdibba in 

Karbala province). The results indicate that, for Babylon province, the groundwater flows from the 

northwest to southeast with a seepage velocity no more than 0.19 m/d; for the Dibdibba region, the 

groundwater flows from the west to the east with a seepage velocity not exceeding 0.27 m/d. The 

effectiveness of the presented tool in depicting the seepage velocity was thus demonstrated. The 

accuracy of the resultant maps depends on the resolution of the four essential maps (groundwater 

elevation head, effective porosity, saturated thickness, and transmissivity) and locations of wells 

that are used to collect the data. 

Keywords: darcy velocity large scale mapping; seepage velocity large scale mapping; average linear 

velocity large scale mapping; ArcMap/GIS software; groundwater tools; darcy velocity tool; thermal 

advection losses; heat transfer with porous media; mass transfer porous media; contaminants 

transfer within soil 

 

1. Introduction 

Groundwater represents a promising solution for one of the most significant problems facing 

humanity in recent decades. Amongst many significant complex problems, such as resource 

depletion, poverty, ecosystem service deterioration, pollution, biodiversity loss, and climate change 

and global warming [1–4], the shortage of water represents the greatest threat because it is directly 

related to human wellbeing [5,6]. According to the World Resources Institute (WRI), numerous 

countries have experienced serious problems regarding quality and quantity of water resources, and 

many more countries will face these problems in the future [7,8]. The Tigris and Euphrates river basin 

(spanning parts of Turkey, Syria, Iraq, and Iran) lost about 144 cubic kilometers of fresh water 

between 2003 and 2009. This loss is roughly equivalent to the volume of the Dead Sea [9]. The total 
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loss of all water resources in the basin between 2003 and 2010 has been estimated to be a depth of 

about 200 mm [10], resulting in drought, and affecting the marshes of south Iraq [11–14]. 

Groundwater is the most suitable solution to the problem of water shortages [15] because it is 

more reliable and predictable compared to surface water under current conditions [16,17]. During 

2015, groundwater represented the major source of fresh water for approximately 2 billion people 

globally [17]. 

Although groundwater is more reliable than surface water, it can also be depleted due to 

anthropogenic activities (mismanagement) and global climate change [18,19]. Most aquifers around 

the world are overstressed and subject to depletion because the water withdrawn surpasses the 

recharged volume [17,20]. About 60 percent (equivalent to 90 cubic kilometers) of the loss of the total 

water resources in the Tigris and Euphrates river basin during the 2003–2010 period was attributed 

to the pumping of groundwater from underground reservoirs [9]. The depletion in groundwater for 

the basin was equivalent to a fall in the water level of about 140 mm during the same period (2003–

2010) [10]. 

A large number of applications in civil engineering relate to groundwater flow, such as slope 

stability [21–23]; surface/subsurface soil erosion and sediment transport [24–26]; dam safety, 

including piping under and through dams [27–32]; groundwater contamination [33–36]; stability of 

artificially freezing ground [37,38]; sustainable management of water resources [39–42]; interaction 

between groundwater and surface water [43,44]; and karst collapse pillars [45–47]. 

Two additional important sustainable applications related to groundwater flow are geothermal 

systems and underground thermal energy storage (UTES) systems [48–59]. These systems were first 

used due to the oil crisis of the 1970s to identify alternative sources of energy [60,61], and have 

subsequently been proven to be successful in solving various challenges. Global warming represents 

an additional challenge [62,63]. As a result of their demonstrated feasibility, these systems are now 

wildly spread across Europe and North America [64–66]. However, they are still not well known in 

Middle Eastern countries, despite the potential advantages that the systems could offer in this region 

[67–72]. 

In practice, all of the previously mentioned applications of groundwater engineering are related 

to groundwater seepage. Due to the hydraulic conditions of global groundwater, it is seldom under 

static conditions [73,74], and flows from high to low hydraulic head regions [75,76]. The flow of 

groundwater is subject to Darcy’s law [75,76]. Darcy’s law states that Darcy flux, which can 

misleadingly be called Darcy velocity, is proportional to hydraulic gradient [77]. The constant of the 

proportion is the hydraulic conductivity of the porous medium (aquifer). Darcy flux is also known 

as the specific discharge or the volumetric flow rate per unit area of the aquifer. The velocity of the 

groundwater can be more accurately represented by the seepage velocity, which is also called average 

linear velocity or average pore velocity through a porous medium. Seepage velocity represents the 

average velocity of flowing groundwater within pores of a porous medium, and is derived by 

dividing Darcy flux by the effective porosity [73,75,76,78]. 

In the study area considered for this article (Babylon and Karbala regions in the middle of Iraq), 

it is expected that Aquifer Thermal Energy Storage (ATES) systems will be used in the future rather 

than conventional Heating Ventilation Air Conditioning systems. This expectation is consistent with 

the Middle East and North Africa (MENA) orientation to expand the use of renewable energy instead 

of fossil fuel [79–83]. Feasibility studies of ATES systems should be conducted prior to installation. 

One approach involves numerical simulation of ATES systems to identify potential problems and 

potential solutions [84,85]. Seepage velocity is a significant variable in these simulations, in addition 

to representing the simulation’s boundary conditions. Therefore, it is important to determine the 

seepage velocity within a given study area [86,87]. 

Numerous software packages are used to simulate the movement of groundwater in the soil and 

aquifers, including Groundwater Modelling System (GMS) [88–91]; Visual MODFLOW Flex [92–95]; 

and ModelMuse [96–99]. Most of these packages require inputting the seepage velocity as the 

boundary or initial conditions to conduct the simulation. In this study, Visual MODFLOW Flex was 

used to analyze the utilization of aquifers in the study area (Babylon and Dibdibba within Karbala) 
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as thermal energy storage systems. The MODFLOW software was used to analyze operations under 

different scenarios, and to explore the consequences of using these aquifers as thermal storage. 

Different features and properties of the ATES system must be studied prior to its implementation 

such as storage efficiency, Coefficient of Performance (COP) for the planned heating/cooling system, 

and the effect of the system on the groundwater table and potential soil settlement. Therefore, 

mapping of the seepage velocity at a large scale is required as an input to the analysis software. 

Furthermore, most groundwater simulation packages allow the import of Geographic Information 

Systems (GIS) files, which makes seepage velocity maps produced with a GIS extension useful for 

simulating groundwater systems [100–102]. 

Another benefit of mapping seepage velocity at a large scale is the innovative use of the site 

selection of the UTES system [71,103]. Seepage velocity maps are used in the determination of the 

optimal location to install the UTES systems. These maps are a significant input to the process because 

determining the optimal location requires minimizing the advection losses, i.e., minimizing seepage 

velocity [71,103]. 

Despite the importance of seepage velocity in engineering applications, such as heat transfer 

[34,37,51] and aquifer pollution [104–106], few published papers exist that consider the mapping of 

seepage velocity (direction and magnitude) at a large scale. A large number of studies have been 

conducted to simulate seepage velocity at a small scale [52,107,108], but no previous studies (with the 

exception of those conducted by the authors of the current paper) have investigated seepage velocity 

on a large scale. Therefore, this study presents a straightforward approach to mapping seepage 

velocity at a large scale. In addition, the produced seepage velocity maps can be used in other 

disciplines, e.g., optimizing the water resource management of the study area and preventing 

deterioration of Iraq’s water resources [10], in addition to the engineering applications noted 

previously. Thus, the problem addressed by this study can be formulated as the following two 

questions: “How can seepage velocity maps (direction and magnitude) be produced?”, and “What 

tools are required to produce these maps?”. To provide a better understanding of the considered tools 

and seepage velocity, a third research question can be added: “What are the differences in the seepage 

velocity between two cases of aquifers: silty clayey and sandy?”. 

It should be noted that the use of ATES systems is important for all countries trying to reduce 

their energy consumption. To apply a suitable method or techniques, the seepage velocity must be 

known within the area concerned. In addition, knowledge of seepage velocity also helps in the 

identification of a suitable site to install these systems. This paper advances a tool within ArcMap/GIS 

software that can be used to determine the seepage velocity (magnitude and direction) for large-scale 

mapping. The results can subsequently be used as an input in the simulation of ATES systems using 

MODFLOW Flex, and to find the optimal location for the installation of ATES systems using the site 

selection approach [71,103]. To illustrate the use of the presented tool and determine the differences 

in seepage velocity between two aquifer types (silty clay and sandy), two regions within Iraq were 

considered: Babylon and part of Dibdibba basin within Karbala. 

2. Study Area 

The study area comprises two regions: Babylon province and a portion of the Dibdibba basin 

within Karbala province (Figure 1). A description of each region is provided below. 
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Figure 1. Study area (Babylon and Dibdibba aquifers within Iraq) projected on satellite images [109].  

2.1. Babylon 

Babylon province is located in the middle of Iraq, about 100 km south the capital Baghdad 

(Figure 1). Its area is about 5135 km2, and has a population of about 2 million. It is bounded by the 

longitudes 44°2′42″ E and 45°12′1″ E and the latitudes 32°5′54″ N and 33°7′35″ N; see Figures 1 and 

2a. It is part of the sedimentary plain (Mesopotamia zone) of Iraq (Figure 2a). The ground surface has 

a gentle slope from the northwest toward the southeast. The elevation of the ground in the north is 

about 72 m.a.s.l. (meters above sea level), and is about 11 m.a.s.l. in the southern areas; see Figure 2b. 

The slope of the ground surface ranges from 0% to 16.5%. About 96% of the ground surface in the 

province has a slope less than 2% (20 m/km), and 3.8% has a slope ranging from 2% to 4% (40 m/km). 

The province is mainly covered by Quaternary sediment [110]; see Figure 2. Most of these 

Quaternary sediments are eroded and transported by the Euphrates and Tigris Rivers from the 

northern parts of their basins and along their courses. The Euphrates River flows through Babylon 

province from the northwest toward the southeast. There are mainly two types of Quaternary 

geomorphological units exposed in this region: the prevail flood plain and Aeolian (southeast) 



Hydrology 2020, 7, 60 5 of 30 

 

landforms. Both of these belong to the Holocene epoch, the most recent series within the Quaternary 

Period [110,111]; see Figure 2a. 

 

(a) 
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(b) 

Figure 2. Babylon study area, (a) geomorphology of Babylon study area, (b) ground surface elevation 

(m.a.s.l.) map; a modified after [112]. 

Stratigraphically, the Quaternary sediments in this region can be further divided into layers 

based on the geological epoch (period). Ranked from the bottom to the top, these layers are: 

 Mesopotamia fluvial basin sediments: these are fluvial sediments belonging to the Pleistocene 

epoch and comprising inner bedding varying from sandy gravel to silty clay. Sand prevails in 

this layer followed by silt. Its thickness ranges from 58 to 174 m [111]; 

 river terraces: these are well developed along the cliffs bordering the Euphrates flood plain in 

the vicinity of Iskandariyah. They belong to the Pleistocene epoch. They comprise inter-bedding 

ranging from sandy gravel to sand; however, local laminated horizons of silty clay are also found 

in some places. Their thickness reaches 6 m in the vicinity of Iskandariyah [111]; 

 flood plain sediments: Babylon province can be represented by a vast fertile flood plain 

comprising the Euphrates (primary) and Tigris (secondary) rivers. These sediments belong to 

the Holocene epoch. They consist predominantly of silty clay, but loamy sand and sandy loam 

are also recorded frequently. Their thickness ranges from 15 to 20 m [111]; 

 Aeolian sediments: these are situated in the southeastern parts of the province. It is believed that 

these sediments belong to the late Holocene epoch. The sediments essentially comprise fine 

sand, silt, and clay. The main sources of these sediments are the flood plain sediments of the 

Euphrates and Tigris rivers. Its thickness reaches 5 m [111–113]. 

The Quaternary sediments are underlain by the Pre-Quaternary sediments, which are classified 

into a number of easily distinguishable formations. The Pre-Quaternary formations comprise 

Dibdibba, Mahmudiya, and Bai Hasan formations. All of these are fluvial sedimentary rocks [111]. 

Considering the geo-hydrological conditions, there are two aquifers systems in this region. The 

first is present within the Quaternary system/formations in the region. The upper fine particle layers 

of the sediments represent the aquitards, while the deeper coarse particle layers of the sediments 
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represent the aquifers. The second aquifer system is available within the Pre-Quaternary systems. 

Pre-Quaternary formations, such as Bai Hassan and Mukdadiya, are also in a hydraulic continuity 

with the first system of aquifers, thus, the Quaternary formations produce the second aquifer system 

(Pre-Quaternary system) [114,115]. The groundwater table within the study area is very shallow; it is 

less than 9 m below the ground surface (m.b.g.s.) [115]. Furthermore, some regions have a 

groundwater table of less than 2 m depth [72]; see Figure 3. For the Babylon region, the elevation of 

the water table is not characterized by sensitive variation. This is mainly because of the low 

dependence of the region on groundwater due to the presence of the surface water. Other reasons 

include regional characteristics such as its hydrology, topography, and stratigraphy, and the presence 

of barrages and regulators that control the surface water elevation and thus control the seepage from 

rivers and canals that are not lined. 

 

Figure 3. Groundwater table depth within Babylon study area (meters below the ground surface, 

m.b.g.s.) [71]. 

The climate of Babylon province is arid to semi-arid. The annual average precipitation is 

between 100 and 150 mm/year. The mean annual temperature is about 24 °C. In summer, the 

temperature can exceed 50 °C, can drop below 0 °C at nights in winter. The mean annual evaporation 

ranges from 3.4 to 3.5 m/year [72,115]. 

2.1. Dibdibba Basin 

The second region in the study area is a portion of the Dibdibba basin, which is located in the 

plateau of the Karbala-Najaf region within the Western Desert of Iraq [116]; see Figure 4a. The overall 

Dibdibba basin is cone-shaped and encompasses an area of about 2700 km2 [117]. The studied portion 

is situated in the southeastern area of Karbala province (Figures 1 and 2a). It can be represented by a 

square region with sides of 20 km length and an area of 400 km2. It is bounded by the longitudes 

44°3′55″ E and 44°16′35″ E and the latitudes 32°17′58″ N and 32°28′52″ N; see Figures 1, 2a and 4c. 
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Figure 4. Dibdibba study area, (a) geomography; (b) section A-A in Figure 4a above, (c) ground 

surface elevation (m.a.s.l.); a and b modified after [117]. 

The ground surface in the considered region has a slope from the west (more accurately, 

southwest) toward the east (more accurately, northeast). The elevation in the southwestern corner is 

about 83 m.a.s.l., and is about 25 m.a.s.l. at the east edge of the region; see Figure 4c. The slope of the 

ground surface ranges from 0% to 9.4% (94 m/km). About 80% of the ground surface in the region 

has a slope less than 1.9% (19 m/km), and 19% has a slope ranging from 1.9% to 3.8% (38 m/km). 

The soil types in this region can be classified into two types: Gypcrete and fluvial silty clayey 

loam soil (Figure 4a,b). The Gypcrete type covers the western and southwestern parts of the region, 

while the silty clayey loam soil covers the eastern and the northeastern parts of the region. The 

western part is a portion of Iraq’s Western Desert, and the eastern part is a portion of the 

Mesopotamia Plain. The eastern part is similar to the Babylon region in stratigraphy, and the western 

part is similar to the Western Desert of Iraq; see Figure 4b. Gypcrete, which covers the western portion 

of the Dibdibba study area, is a soil type from Quaternary deposits. Gypcrete can be defined as “a 

gypsiferous (CaSO4·2H2O) soil profile developed in arid regions. Gypcretes are formed by the 

precipitation of CaSO4 from saline waters drawn to the surface by capillary action” [118]. This layer 

is covered by a thin veneer of sand sheets and scattered pebbles. The percentage of SO4 is extremely 

variable. The thickness of the Gypcrete layer ranges from 0.5 to 2.0 m [116]. The Gypcrete layer is 

underlain by the Dibdibba formation, which represents the body of the aquifer, and belongs to the 

Pliocene–Pleistocene epoch; see Figure 4b. It mainly consists of poorly sorted sand and sandstone, 

and gravel of igneous rocks. Its thickness ranges from 3 to 15.5 m [111,116]. The Dibdibba formation 

is underlain by the Injana (Upper Miocene) formation, which is in turn underlain by the Nfayil 

(Middle Miocene) formation, then the Euphrates (Early Miocene) formation; see Figure 4b [119,120]. 

The Injana formation represents an aquitard bed for the Dibdibba formation, such that the 

groundwater flows within the direction of the dip of both the Dibdibba and Injana formations [111]. 

The depth of the water table in this region ranges from 48 m.b.g.s. in the southwestern corner to 

about 2 m.b.g.s. in the northeast corner (Figure 5). The shallow water table is one of the three reasons 

for the development of Gypcrete soil in the region. The other two reasons are groundwater 

composition and the arid climate [121]. Some variation exists in the water table elevations for the 

studied wells in the Dibdibba region between summer and winter. The mean value of the variation 
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for the considered wells is about 0.3 m. The mean values for the elevations of the water table of 

summer and winter were used in the simulation. 

 

Figure 5. Groundwater table depth within Dibdibba study area (m.b.g.s.), modified after Al-

Madhlom et al. (2019) [103]. 

As for the Babylon region, the climate of this region is arid to semi-arid. The annual average 

precipitation is about 100 mm/year. The mean annual temperature is about 24 °C. The temperature 

can exceed 50 °C during the day in summer and fall below 0 °C at night in winter. The mean annual 

evaporation ranges from 3.4 to 3.5 m/year [72,115]. 

3. Materials and Methods 

This section is divided into three subsections: Theory and equations; ArcMap/GIS software; and 

Methodology. The first subsection outlines the theory and equations used in this article. The second 

subsection discusses the software used. Finally, the last subsection describes the methodology used 

in this study. 

3.1. Theory and Equations 

Seepage velocity refers to the velocity of flowing groundwater within the pores of the aquifer 

matrix [75]. It can be defined as “the rate of movement of fluid particles through porous media along 

a line from one point to another” [76]. It is an apparent velocity through the bulk of the porous 

medium [118]. Although it is an apparent velocity, it is more realistic than Darcy flux (misleadingly 

called Darcy velocity) for the expression of the actual velocity of groundwater within the pores of an 

aquifer; this is because the Darcy flux is fabricated and assumes that the flow occurs through the 

entire cross section of the soil, whereas in reality the flow is limited to the space of the pores [122]. 

The seepage velocity can be found by dividing the Darcy flux by the effective porosity, shown in 

Equation (1) [122,123]: 

����� = 
�

����
 (1) 
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where �����  is the seepage velocity (m/s), � is the Darcy flux (m3/s·m2), and ����  is the effective 

porosity of the aquifer (dimensionless). Darcy velocity is equal to the hydraulic gradient multiplied 

by the hydraulic conductivity of the aquifer, as in Equation (2) [73,123]: 

� = −�
∆�

∆�
 (2) 

where � is the hydraulic conductivity (m/s), ∆ℎ is the difference in the hydraulic head (m), and ∆� 

is the distance (m). The hydraulic conductivity can be written in terms of transmissivity and the 

saturated thickness of the aquifer, as in Equation (3) [73,75]: 

� = 
�

�
 (3) 

where � is the transmissivity (m2/s) and � is the saturated thickness of the aquifer (m). 

Equation (3) is useful in groundwater hydraulics because most of the wells’ hydraulic logs, 

calculations, and equations are written in terms of the transmissivity rather than the hydraulic 

conductivity [73,75], and because transmissivity is an aquifer or a well attribute, whereas hydraulic 

conductivity is a soil characteristic. 

According to Equations (1)–(3), the seepage velocity can be written as Equation (4): 

����� = − 
�

� ����
 
∆�

∆�
 (4) 

Equation (4) was modeled in ArcMap/GIS and was used as a map framework to determine 

seepage velocity within the aquifers. 

3.2. ArcMap/GIS Software 

ArcMap/Geographic Information System (GIS), offered by Environmental Systems Research 

Institute (Esri), is powerful mapping software, which includes tools to create maps, perform spatial 

analysis, manage geographic data, and share results [124]. This software includes a tool called Darcy 

Velocity within the Spatial Analyst Tools\Groundwater box (Figure 6a). This tool is used to map 

seepage velocity. To draw seepage velocity using this tool, four raster maps are required to be 

inputted, they are (Figure 6b) [125,126]: 

 groundwater elevation head; 

 aquifer effective porosity; 

 aquifer saturated thickness; 

 aquifer transmissivity. 

Three conditions must be fulfilled within the input raster maps so that they can be used to 

determine seepage velocity [125]: 

 the rasters of the four maps must have the same extent and cell size; 

 the rasters of the four maps must be a floating point; 

 the maps should be dimensionally homogeneous, i.e., data should be consistent in units, using 

the same unit for time (years, days, seconds) and length (meters, feet) for all data. 

Two output raster maps are produced: the seepage velocity magnitude and the seepage velocity 

direction (Figure 6b). 
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(a) 

 

(b) 

Figure 6. ArcMap/Geographic Information System (GIS) tools used: (a) interpolation; (b) Darcy 

velocity interface [109]. 

3.3. Methodology 

The same methodology was used for both regions of the study area: Babylon and Dibdibba. The 

methodology was as follows. The required data were collected from the wells in the region. The 

collected data included: well locations (longitude and latitude); the static water head (m.b.g.s.) (meter 

below the ground surface, which represents the distance between the ground surface and the static 

water elevation in the well); transmissivity of the aquifers at the locations of the wells (m2/d); effective 

porosity of the aquifer (dimensionless); and saturated thickness of the aquifers (m). The homogeneity 

of the units of the input data were considered during the data collection. Since the wells’ logs did not 

state the effective porosity, the values of effective porosity at the well locations were obtained from 

internal reports of the Iraqi Ministry of Water Resources and Al-Qadisiyah University, Iraq (Table 1). 

Therefore, the actual effective porosity values taken in the field (and were used) were less than the 

suggested porosity cited in the literature, see [73] and Table 1. The range of the actual effective 

porosity and the total porosity are shown in Table 1. 

Table 1. Actual effective porosity in the study area (obtained from the Iraqi Ministry of Water 

Resources and Al-Qadisiyah University, Iraq) compared with the total porosity stated in the 

literature. 

Region 
Actual Effective Porosity (as 

Percent) 
Material 

Total Porosity (as 

Percent), [73] 

Babylon 21.9–26.2 
Silt 46 

Clay 42 

Dibdibba 23–29.3 
Sandstone, medium 

grained 
37 

All of the acquired data were converted to Excel files, which were then exported to ArcMap/GIS. 

Then, the wells were projected using WGS1984UTM38N projection type and the well locations 

(latitude and longitude). WGS1984 refers to World Geodetic System 1984, UTM to Universal 
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Transverse Mercator; 38 N is the area bounded by 42 E and 48 E, which includes most of the country 

of Iraq [127,128], i.e., the study area. 

Next, four event layers were made by using the Excel table: static water level; transmissivity; 

effective porosity; and saturated thickness. Using a kriging-type interpolation tool (Figure 7a), the 

four event layers were converted to interpolated maps considering the raster cell sizes (which should 

be the same). Three of the four layers were directly used as inputs in the Darcy velocity command 

window (Figure 6b): transmissivity; effective porosity; and saturated thickness. The static water level 

map could not be used because the command window requires a groundwater head elevation (water 

table elevation) map rather than a static water elevation (water table depth) map. To resolve this 

issue, the Digital Elevation Map (DEM) for the study area was acquired. Then the static water level 

raster map was subtracted from the DEM raster map to obtain the groundwater head elevation map. 

Subtraction was performed using the Map Algebra/Raster calculator tool within Spatial Analyst 

Tools (Figure 7b). The resultant raster map was stored using a significant name. 

After producing the groundwater head elevation map, the inputs were completed and ready to 

be used in the Darcy velocity command window (Figure 6b). By inputting all of the required input 

maps and specifying the desirable paths of the output maps, the tool was used to produce both of the 

seepage velocity maps: magnitude and direction. The directional seepage velocity map needed to be 

reset by accessing “Symbology”; changing the “Show” style to “Vector Field”; and resetting the 

“Single Arrow” as “Symbol” (Figure 7c). 

(a) 

(b) 
 

(c) 

Figure 7. Additional tools and settings used: (a) interpolation tool, kriging type; (b) Map 

Algebra/Raster Calculator; (c) settings window for Darcy velocity direction map [109]. 

4. Results 

The results can be divided into two parts in line with the considered region: Babylon (silty clayey 

aquifer), and Dibdibba region within Karbala province (sandy aquifer). 

4.1. Babylon 

As stated previously, the Darcy velocity tool requires inputting four raster layers (head, effective 

porosity, saturated thickness, and transmissivity) to produce the seepage velocity maps (magnitude 

and direction). The required data was collected from the wells’ logs, which were published in Al-

Jiburi and Al-Basrawi (2011) [114]. The input layers were constructed as follows: 

To draw the groundwater elevation map, an elective and typical reference is needed. In this 

study, the sea level was considered a datum for measuring the groundwater elevation. The study 

area has a graduated change in groundwater elevation from the northwest to the southeast. The 
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groundwater level ranges from 38.27 m above sea level (m.a.s.l.) in the northern parts of the province 

to about 16 m.a.s.l. in the southern parts (Figure 8). 

 

Figure 8. Groundwater elevation map within Babylon province. 

Data obtained from the in situ geo-hydrological surveys, gathered by the Iraqi Ministry of Water 

Resources and Al-Qadisiyah University (Iraq), was used to map the effective porosity within the 

regions of the study area. For the Babylon aquifer, the values of effective porosity ranged from 21.9% 

to 26.2%; see Figure 9. These values are less than those stated in the literature, which are 42% for clay 

and 46% for silt [73]; see Table 1 and Figure 9. 

 

Figure 9. Actual effective porosity map for Babylon aquifer (obtained from the Iraqi Ministry of Water 

Resources and Al-Qadisiyah University, Iraq). 

The saturated thickness represents the thickness of the aquifer surrounded by the water table 

and the bed of the aquifer. Because the wells’ logs included the values of both the water table and the 

aquifer bed, the saturated thickness was able to be calculated. The saturated thickness within the 

Babylon study area varies from 8.8 to 32.5 m; see Figure 10. 
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Figure 10. Saturated thickness map for Babylon aquifer, modified after [71]. 

Transmissivity can be defined as saturated thickness multiplied by hydraulic conductivity 

(Equation (3)). Therefore, its values depend on both saturated thickness and hydraulic conductivity. 

The region has a considerable graduated transmissivity from west to east. The transmissivity within 

the Babylon study area ranges from 52 to 157 m2/d (Figure 11). A general trend can be observed from 

the east to the west. 

 

Figure 11. Transmissivity map for Babylon aquifer, modified after [71]. 

By inputting the four raster maps (hydraulic head, effective porosity, transmissivity, and 

saturated thickness) into the Darcy velocity command window (Figure 6b), seepage velocity maps 

were able to be produced. The resultant maps include: direction (Figure 12a), magnitude (Figure 12b), 

and merged (magnitude and direction) maps (Figure 12c). The results indicate that the groundwater 

in Babylon province flows from the north and the northwest to the south and the southeast (Figure 

12a). The groundwater flow direction is consistent with the ground surface elevation and slope. 

Focusing on magnitude, the seepage velocity ranges from 2.12 × 10−6 to 0.185 m/day (Figure 12b). 

About 86% of the region has a seepage velocity ranging from 2.12 × 10−6 m/d to 5.09 × 10−3 m/d, and 

12% between 5.10 × 10−3 and 1.74 × 10−2 m/d. The remainder of the region (about 2%) has a velocity 

ranging between 1.74 × 10−2 and 0.185 m/d. 
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The groundwater flow direction is consistent with the groundwater elevation. The groundwater 

flow from high to low head elevation within the region is shown in Figure 12d. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 12. Seepage velocity maps for Babylon groundwater: (a) direction map; (b) magnitude map; 

(c) merged magnitude–direction map, (d) seepage direction–groundwater elevation head map. 

The map of the hydraulic gradient of groundwater can be used to examine the behavior of 

groundwater within the region. This map represents the slope of the water table (groundwater 

hydraulic gradient) within the Babylon aquifer. According to the equations, the groundwater 

hydraulic gradient is found by dividing the change in the elevation of the water table (ΔH) (Figure 8) 

by the distance (ΔS), i.e., (ΔH/ΔS). Practically, it can be found by using the Slope tool within the 

ArcMap/GIS software. For the Babylon study area, the map is as shown in Figure 13. The hydraulic 

gradient is represented as a percent, and ranges from 0 to about 0.837% (8.37 m/km). By analyzing 

the hydraulic gradient map and comparing it with the seepage velocity magnitude map, it can be 
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found that a fair match exists between the two maps. This is expected because the hydraulic gradient 

represents the driving force of the seepage velocity; see Equations (1), (2) and (4). 

 

Figure 13. Groundwater hydraulic gradient in the Babylon study area. 

4.2. Dibdibba Region 

Where possible, required data were collected from well logs. In this study, however, required 

data were obtained from maps produced by Al-Ani [129]. Then, the obtained values were used to 

map the four fundamental maps that were required to produce the seepage velocity maps. The results 

for the four maps are as follows: 

Groundwater elevation is graduated from west to east. It ranges from 40.2 m.a.s.l. in the western 

parts of the region to about 17.5 m.a.s.l. in the eastern parts (Figure 14). The difference in the elevation 

of the water table between the western and eastern parts was about 22.7 m. This difference is the 

source of the energy that causes the groundwater flow. The slope of the water table is consistent with 

the slope of the ground surface and the bed of the aquifer (the upper surface of the Injana formation); 

see Figures 14 and 4b. 
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Figure 14. Groundwater elevation map within the Dibdibba region, modified after [120]. 

The effective porosity values, which were obtained from the Iraqi Ministry of Water Resources 

and Al-Qadisiyah University (Iraq), were used to map the effective porosity within the Dibdibba 

aquifer (Figure 15). The values of the actual effective porosity ranged from 23% to 29.3%. These values 

are less than the total porosity values stated in the literature; see Table 1 and Figure 15. 

. 

Figure 15. Actual effective porosity map for Dibdibba aquifer (data obtained from the Iraqi Ministry 

of Water Resources and Al-Qadisiyah University, Iraq). 

The saturated thickness of the study area changes gradually from west to east, and ranges from 

45.5 m in the western parts to 18.8 m in the eastern parts. The difference in the saturated thickness 

between the east and the west is about 26.7 m; see Figure 16a. 
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(a) 

 

(b) 

Figure 16. Maps of Babylon aquifer: (a) saturated thickness; (b) transmissivity of Babylon aquifer. 

Both maps are modified after [120]. 

Transmissivity is another property that showed a marked grading. It graduates from the 

southwest to the northeast direction, and ranges from 29.2 m2/d in the southwestern parts to 426.6 

m2/d in the northeastern parts of the region (Figure 16b). 

By inputting the four previous maps in the Darcy velocity command window and specifying the 

desirable paths of the output maps, the two seepage velocity maps (direction and magnitude) were 

able to be obtained. Considering the directional seepage velocity, it is clear that the groundwater 

flows in one direction, from west to east (Figure 17a). This direction is consistent with the bed of the 

aquifer and the groundwater elevation head. The magnitude of the seepage velocity ranges from 0 to 

about 0.27 m/day; see Figure 17b. About 28% of the region has a velocity between 0 and 1.92 × 10−2 

m/d, 21% between 1.921 × 10−2 m/d and 4.58 × 10−2 m/d, 29% between 4.58 × 10−2 m/d and 7.67 × 10−2 

m/d, 15% between 7.67 × 10−2 m/d and 0.114 m/d, and the remainder (about 6%) between 0.114 m/d 

and 0.272 m/d; see Figure 17b. The combined direction–magnitude map of seepage velocity is shown 

in Figure 17c. 

The groundwater flow direction is consistent with the groundwater elevation. The groundwater 

flow from high to low head elevation within the region is shown in Figure 17d. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 17. Seepage velocity map for Dibdibba groundwater: (a) direction map; (b) magnitude map; 

(c) merged magnitude–direction map; (d) seepage direction–groundwater elevation head map. 

The hydraulic gradient map for the groundwater in the Dibdibba study area is shown in Figure 

18. It ranges from 0 to about 0.595 (5.95 m/km). Focusing on Figures 17b and 18, it can be noted that 

the hydraulic gradient and the seepage velocity magnitude maps have a fair match. The reason for 

this similarity is the same as that which explains the matching of the seepage velocity and the 

hydraulic gradient of the Babylon studied area. 
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Figure 18. Groundwater hydraulic gradient in the Dibdibba study area. 

By examining the maps of the hydraulic gradient of the two study areas (Babylon and Dibdibba) 

(Figures 13 and 18), it can be found that the range for Babylon is 0–8.37 m/km, and that for Dibdibba 

is 0–5.95 m/km. This means Babylon has a higher hydraulic gradient than the Dibdibba area. Despite 

the higher hydraulic gradient of Babylon compared to Dibdibba, the seepage velocity within Babylon 

(0.185 m/d) is less than that of Dibdibba (0.272 m/d). This is due to two geo-hydrological properties: 

First, the different compositions of the two aquifers (soil particle sizes for silty clayey loam and sand); 

second, the different structures of the two aquifers (effective porosity); see Figures 9 and 15. Both of 

these geo-hydrological properties affect the hydraulic conductivity of the two aquifers. 

The comparison of the geo-hydrological properties of the two regions of the study area is 

summarized in Table 2. Table 2 provides the range (where available) of each geo-hydrological 

property; see Figures 8–18. 

Table 2. Comparison of the geo-hydrological properties between Babylon and Dibdibba. 

Property Unit Babylon Dibdibba 

Groundwater elevation m.a.s.l. 16–38.27 17.53–40.19 

Effective porosity range % 21.9–26.2 23–29.3 

Saturated thickness m 8.82–32.51 18.75–45.47 

Transmissivity m2/d 52–157 29.21–426.61 

Hydraulic gradient m/km 0–8.37 0–5.95 

Seepage velocity magnitude m/d 2.12 × 10−6–0.185 0–0.272 

Seepage velocity direction - Northwest to southeast West to east 
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5. Discussion 

Many researchers have studied the geo-hydrological properties of the two regions of the study 

area, but most did not specify the exact location (x and y coordinates, or longitude and latitude) in 

their studies. Rather than providing specific locations, they discussed region-wide ranged values, i.e., 

the data was not precise and lacked accuracy. Nonetheless, some researchers provided specific results 

concerning the geo-hydrological properties within a study area. These are discussed below, and their 

results are compared with the results of this article. The discussion section is divided into separate 

subsections for each of Dibdibba and Babylon. 

5.1. Dibdibba Study Area 

Jassim and Goff [113] stated in their book (Geology of Iraq) the depth of the water table for the 

whole of the country of Iraq. According to their results, the depth of the water table in the Dibdibba 

study area ranges between 5 and 20 m.b.g.s. Compared to the results of the current study (0–48 

m.b.g.s.; Figure 5), there is a significant difference in the value of the upper limit. However, both 

studies suggest the same slope for the water table, from west to east; see Figure 14. 

Al-Jiburi and Al-Basrawi (2007) studied the hydrology of the Western desert (which includes the 

Dibdibba study area) [130]. According to their results, the groundwater flows from the west to the 

east, which is similar to results of the current study; see Figure 17a,c,d [130]. 

Al-Mussawi (2008) used two GIS methods to estimate the groundwater elevation in the Dibdibba 

study area in two cases: dry (August 2002) and wet (March 2003) [131]. The GIS Tools used were 

kriging and inverse distance weighted (IDW). The values for the groundwater elevations using the 

kriging method ranged between 20 and 40 m.a.s.l. for the months of August 2002 and March 2003. 

These are approximately equal to the results of the current study for the groundwater elevations 

(17.5–40.2 m.a.s.l.); see Figure 14. 

Al-Dabbas et al. [132] estimated transmissivity in the area neighboring the Dibdibba study area 

and calculated a range of 55.1–903 [132]. In the same paper, the authors determined the general 

direction of groundwater flow as being from the west to the east. Compared to the current study, a 

significant difference exists for the upper limit for transmissivity, with the current work estimating a 

range between 29.2 and 426.6 m2/d (see Figure 17). Regarding the flow direction, the two sets of 

results are consistent (see Figure 17a). 

The research of Al-Jiburi and Al-Basrawi (2015) included a map of the groundwater flow 

direction within Iraq [115]. The direction of the groundwater flow within the Dibdibba study area 

was from the west to the east, which is consistent with the result of the current study; see Figure 17a. 

Thabit and Khalid (2016) proved that the seepage direction in a small area (30 × 30 m) within the 

region of Dibdibba is from the west (more specifically, the southwest) to the east (more specifically, 

the northeast), which is consistent with the current results [133]. 

Al-Sudani (2018) estimated geo-hydrological properties for the Dibdibba region [134], including 

saturated thickness and transmissivity, deriving a range for saturated thickness of 10–40 m, and a 

range for transmissivity of 10–150 m2/d. This saturated thickness result is consistent with the 

corresponding result in the current work (see Figure 16a), whereas the transmissivity is less than that 

mapped in the present study (Figure 16b). However, both papers agree that the transmissivity 

increases in the same direction, from the southwest to the northeast (see Figure 16b). 

Al-Abadi et al. [135] estimated the ranges of transmissivity and saturated thickness of the right 

edge of Dibdibba basin, including the study area of the current paper. These were 24–605 m2/d and 

11.11–44.88 m, respectively; by comparison, the current work estimated a transmissivity range of 

29.2–426.6 m2/d, and a saturated thickness range of 18.8–45.5 m. These results are consistent because 

the area investigated in the current study was included in the study area of [135]. 

In his study of the Iraq region, Al-Areedhi [136] found a range of groundwater elevation in the 

Dibdibba study area of 15 to 31 m.a.s.l., which is close to that of the current study (17.5–40.2 m.a.s.l.; 

see Figure 14). The direction of the groundwater flow was similar to that in the current study, i.e., 

from the west to the east (see Figure 17a). 
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Saleh et al. [137] studied the groundwater for the whole of Iraq. They estimated the range of 

transmissivity values within the cone-shaped Dibdibba basin, which includes the Dibdibba study 

area, as 29.2–426.6 m2/d. This is precisely the same range that was estimated in the current study; see 

Figure 16b. The same authors estimated the direction of the groundwater flow within Dibdibba study 

area; it was from the west to the east. 

No previous studies estimated the effective porosity, hydraulic gradient, and seepage velocity 

magnitude in the Dibdibba study area. In addition, we could not find any previously published 

materials about the field values of these geo-hydrological properties within the Dibdibba study area, 

with the exception of interior reports produced by the Iraqi Ministry of Water Resources and Al-

Qadisiyah University (Iraq) that included values for effective porosity. 

5.2. Babylon Study Area 

Although a small number of publications exist concerning the seepage velocity within Dibdibba 

study area, the number of publications about the Babylon region is even fewer. This is because of the 

dependence on surface water (the Euphrates River) rather than groundwater in the Babylon region, 

and is in contrast with the Dibdibba study area, in which there is greater reliance on groundwater 

due to a lack of surface water. 

Furthermore, few studies have examined the geo-hydrological properties investigated in this 

article for the Babylon area. The results acquired in previous research are generally limited to 

groundwater elevation and direction of the groundwater flow. Few examinations have been made of 

transmissivity and saturated thickness, and almost no data gathered on effective porosity, with the 

exception of the interior report produced by the Iraqi Ministry of Water Resources and Al-Qadisiyah 

University (Iraq). 

In their book, Jassim and Goff [113] estimated the depth of the water table in the Babylon study 

area [113], finding that it ranged between 1 and 5 m.b.g.s. This is similar to the results of the current 

study, which estimated a range of 1–9 m.b.g.s. (Figure 3). Furthermore, both sets of results indicated 

the same direction for the groundwater elevation decrement, i.e., from northwest to southeast (see 

Figure 8). 

Al-Jiburi and Al-Basrawi [114] published a paper concerning the hydrogeology and large 

morphology of Mesopotamia Plain, which includes the Babylon study area. The authors divided the 

Mesopotamia Plain into three regions: northern, central, and southern. According to [114], the range 

of transmissivity in the Babylon area is 10–165 m2/d, which is consistent with the results of the current 

study (52–157 m2/d; see Figure 11). In the same paper, the authors mapped the groundwater flow 

direction from northwest to southeast, which is also consistent with the results of this work (see 

Figure 12a). In 2015, the same authors published another paper [115], in which they confirmed the 

results of the previous paper [114] regarding the groundwater flow direction in Babylon (i.e., 

northwest to southeast). 

Al-Ansari et al. [138] studied the groundwater in Iraq, including maps of the flow direction. The 

results are consistent with the findings of the current study, with both papers stating that the 

groundwater flows from the northwest to the southeast (see Figure 12a). 

Al Maimuri [139] examined groundwater table elevation, saturated thickness, transmissivity, 

and seepage velocity within the Hashimiya region, which is located within the Babylon study area, 

and estimated ranges for each of groundwater level and transmissivity; these were 21–25 m.a.s.l. and 

250–420 m2/d, respectively. The groundwater elevation range is similar to that of the current work 

because Hashimiya is in the southern part of Babylon, i.e., within the ranges of 16–20.5 m.a.s.l. and 

20.5–24.9 m.a.s.l. shown on the groundwater elevation map (see Figure 8). Regarding transmissivity, 

the results for the Hashimiya region range between 52 and 102 m2/d, compared to the results of the 

current study, which extend across three classes of transmissivity, i.e., 52–67.2 to 82.2–102.7 (Figure 

11). There is thus a significant difference between the two results. The estimated values for the 

seepage velocity from the two papers are consistent, since they are within the ranges of 2.84 × 10−3 to 

3.29 × 10−3 m/d for [139] and 1.34 × 10−6 to 3.45 × 10−3 m/d for the current work. 
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Based on the comparisons outlined above for both regions of the study area (Dibdibba and 

Babylon), the results of the current paper appear to be broadly consistent with those of previous 

research. Furthermore, the results of the current study are important due to the lack of knowledge 

regarding the investigated geo-hydrological properties for the two studied regions. 

6. Conclusions 

Arc Map/GIS provides a suitable tool (Darcy velocity) to determine the seepage velocity and 

depict the results as large-scale maps. Accuracy of the resultant seepage velocity maps depends on 

the resolution of the four necessary underlying maps: groundwater elevation head; transmissivity; 

saturated thickness; and effective porosity. Thus, the accuracy of the resultant maps depends on the 

locations of the wells that are used to collect the data. In the case of complex topography, e.g., a 

mountainous area, more wells are required to reflect the real conditions of the topography and the 

geo-hydrological properties of the region. 

Results of the current study showed that the groundwater in Babylon province flows from the 

northwest to the southeast. The seepage velocity direction is controlled by groundwater gradient. 

The seepage velocity in Babylon province is limited to 0.185 m/d. 

In the Dibdibba formation, groundwater flows from the west to the east, with a velocity reaching 

0.272 m/d. The difference in the velocities between the two aquifers is due to differences in the studied 

geological properties. 

Although the Babylon region has a higher hydraulic gradient than Dibdibba, Dibdibba has 

higher seepage velocity. This is mainly due to the high hydraulic conductivity of the Dibdibba aquifer 

compared to that of the Babylon aquifer. A further explanation is the structure (effective porosity) 

and composition (size of particles) of the two aquifers. 

Due to the importance of seepage velocity in heat/mass transfer applications, primary 

investigations must be conducted before initiating the construction of related infrastructure. These 

studies should include large-scale mapping of the seepage velocity to acquire a comprehensive 

understanding of the behavior of the groundwater within the considered region. This capability is 

provided by the ArcMap/GIS software. 

Furthermore, the results of seepage velocity are useful in the design of landfill and ATES 

systems. In the case of the installation of ATES systems, for example, interference between cold and 

warm well storage should be minimized to prevent the energy losses. As a result, the planning of 

thermal energy storage wells should be perpendicular to the direction of groundwater flow. In 

Babylon, the axis between the warm and cold wells should extend from the southwest towards the 

northeast (perpendicular to the flow direction), and for Dibdibba it should extend from the north to 

the south (perpendicular to the east–west direction). In landfill planning, high seepage velocity 

regions should be excluded from the design to decrease the risk of contaminant spread in case of 

leakage. 
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