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ABSTRACT

THE FRESH GROUNDWATER LENSES IN THE ARABIAN PENINSULA: FORMATIVE,

STABILITY AND MANAGEMENT ASSESSMENTS

The formation of fresh groundwater lenses (FGLs) overlying denser, saline or brackish
groundwater is a fascinating hydrologic phenomenon that creates groundwater supplies of great
potential value for humans and ecosystems in several formation settings, such as coastal areas,
atoll islands, riverine floodplains, and subterranean oases in arid regions. In particular, FGLs in
subterranean oases are a critical source of freshwater supply in arid regions, due to a general lack
of perennial rivers and lakes. These FGLs are in danger of salinization due to natural events and
anthropogenic stresses. Although extensive research has been conducted on FGLs in general, the
FGLs in subterranean oases in arid regions have received less attention. Key knowledge gaps
include the quantity and frequency of natural recharge to these FGLs; reliable estimates of
environmental aquifer dispersivity at the scale of subterranean FGLs; the timing of lens
development; and the impact of anthropogenic activities on lens dynamics.

This dissertation focuses on the FGLs of subterranean oases in the Arabian Peninsula
(AP), using the Rawdatain FGL in Kuwait as a case study. Among the FGLs in the AP, the
Rawdatain FGL in Kuwait is perhaps a unique candidate because of its size and the availability
of extensive subsurface data for the pre-development period. The main objectives of this study
are as follows: (1) estimate long-term average annual recharge for the Rawdatain FGL and
investigate the timing of lens depletion due to climate change; (2) provide a realistic range of

longitudinal (or), horizontal transverse (an), and vertical transverse (aw) dispersivity values for



the aquifer; and (3) assess the impacts of historical and future anthropogenic activities and
evaluate artificial recharge alternatives for lens recovery storage (LSR).

In this study, a 3D density-dependent groundwater flow and solute transport model using
the SEAWAT modeling code is developed using the following pre-development period
calibration targets: (1) groundwater head, (2) spatially-variable total dissolved solids (TDS)
groundwater concentration, (3-5) three groundwater volume targets, (6-8) three vertical thickness
targets of stored groundwater of three different water quality TDS ranges (0—700, 700—1000, and
1000—2000 mg/L), and (9) geometrical shape features of the lens along cross-sections. In
addition, groundwater age data of the Rawdatain FGL was used as an independent factor to
constrain the dispersivity and recharge rate during the simulated period of lens development.
Moreover, a sensitivity analysis was performed to explore the effects of the hydraulic
conductivity, boundary conditions, and vertical transverse dispersivity on lens geometry.

Based on a comparison of twelve annual recharge amount scenarios using a constant
recharge mechanism (CRM) (R1 to R12: 0.2 to 5.0 million m3/year) with data targets, the RS
(0.5 million m*/year) recharge scenario is selected to represent the long-term average annual
recharge. These results demonstrated that the annual natural replenishment of the Rawdatain
FGL is minimal compared with its size. A macro-scale stability assessment shows that a 50%
reduction in annual recharge within a 100-year time frame would reduce the lens volumes by
21%, 17% and 9% for the three water quality categories. A multi-criteria score-based method
was performed to rank the best performance of 28 dispersivity sets (D1 to D28: 1 to 500 m)
among all of the targets with an equal weight, on a scale of 0 to 300 x 10° m>. The results

illustrated that the D16 dispersivity set (o= 50 m: an =5 m: oy = 0.1 m) represents the best



large-scale environmental dispersivity values for the Rawdatain FGL and can be used for
analyzing the natural mixing between the ambient brackish water and fresh water.

A new baseline model for the predevelopment period using a pulse recharge mechanism
(PRM) was established to assess the recharge frequency along with the longitudinal dispersivity.
The results revealed that the 50 m longitudinal dispersivity set and one pulse recharge every two
years had the best performance, and they were selected to simulate the effects of the infrequent
rainfall events and anthropogenic impacts simultaneously. During the groundwater abstraction
from 1963 to 2018, the reduction in the stored volumes was 28%, 17% and 12% for the three
quality categories. The future pumping scenarios (2019-2100) suggested that the 0.16x10°
m?/year is a suitable alternative for long-term use, 0.5x10° m*/year)is an appropriate option for
short-term use, and extraction scenarios greater than 1.0x10° m*/year will cause a remarkable
degeneration of the Rawdatain FGL. Artificial recharge scenarios (2019-2028) imply that a
successful LSR for the Rawdatain FGL depends on selecting appropriate well locations and
amounts of injected water. For instance, the 12 alternative could achieve a 100% storage recovery
within 7.5, 8 and 9 years for the three water quality categories.

This study provides a first attempt to model the formation of a FGL, assess the historical
anthropogenic stresses, and evaluate future management scenarios in subterranean oases in arid
regions. Implementing multiple data targets and water age is a unique process of calibration that
was helpful in eliminating several non-unique calibration parameters and in decreasing the
uncertainty of the calibrated parameters. The methodology presented herein provides a general
approach that can be extrapolated to other FGLs with similar climatic and environmental
circumstances. The outputs of this dissertation enhance the understanding of the formation,

stability, and management of these lenses and will be very valuable to water managers for



establishing appropriate water supply plans for these valuable water reserves, leading to

preferable future water security in the AP.
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CHAPTER 1. INTRODUCTION

In this chapter, the problem statement and the main dissertation objectives are presented.
The modeling tool and previous data survey and availability to conduct this study are briefly
listed. The dissertation organization and outputs are outlined.

1.1 Problem Statement

Freshwater supplies are extremely scarce across the Arabian Peninsula (AP). According
to the global distribution of climatic zones, the aridity index for the region is classified as hyper-
arid to arid (UNESCO, 1979). Desalination provides much of the region’s water. More than 65%
of the world’s desalination capacity was concentrated in the Gulf Cooperation Council (GCC)
countries in 2003 (Dawoud, 2005). There are no perennial rivers or lakes, and the climate and
landforms make it difficult to harvest and store precipitation (Alrashid and Sherif 2000).
Therefore, groundwater is the main source of freshwater supply (Alrashed & Sherif, 2000). FAO
(1979) conducted a comprehensive investigation of the region, which classified the regional
groundwater into two main aquifer systems with various potentialities: Systems A and B. System
A represents the deep, non-renewable (fossil) groundwater aquifers, and System B represents the
shallow, renewable groundwater aquifers. System B mainly includes discontinuous fresh
groundwater lenses (FGLs) that extend over the eastern part of the AP and over deeper brackish
groundwater.

Understanding the formation and hydrogeology of these FGLs in subterranean oases in
the desert has long been of scientific interest (e.g., Senay, 1973, 1977, 1988; Omar et al., 1981;
Macumber 1995; Kwarteng 2000; and others) and is also of great practical importance for their

protection and for their best potential use. Recharge and in-situ mixing are two key factors that



affect freshwater lens formation and flow dynamics. Information on the recharge quantity and
mechanism of these lenses is both scarce and uncertain (SMEC, 2002).

An assessment of the creation and sustainability FGLs in the AP is crucial to help water
managers in analyzing future water security for the region and establishing appropriate short-
term emergency water supply plans. This dissertation focuses on the Rawdatain FGL in Kuwait.
Among the fresh groundwater lenses in the AP, the Rawdatain basin is perhaps the most notable
example because it is very large, and an extensive subsurface data set was collected in 1960-
1962 by the Parsons Corporation before significant groundwater extraction from the lens began.
The existence of that pre-development data, as well as the quality and quantity of that data,
makes Rawdatain an ideal and potentially unique candidate to use for evaluating the formative
and potentially changing dynamics of lenses in arid regions.

1.2 Dissertation Objectives

The overall objective of this dissertation is to provide accurate long-term estimates of
recharge for the Rawdatain FGL and to investigate the timing of lens depletion under scenarios
of decreased recharge. Also a primarily goal is to quantify the current volumes of the stored
water for different water quality categories that can be used during emergency conditions such as
desalination plant breakdown or damage to surface storage. The assessment will be fulfilled by
applying the public domain, three-dimensional, variable-density, transient ground-water flow
numerical model SEAWAT (Langevin et al. 2007), to one of the largest fresh groundwater lenses
in the AP, the Rawdatain basin in Kuwait, for simulating the development and stability of the

freshwater source. The following tasks were carried out to accomplish these objectives:



(1) Develop a 3D density-dependent groundwater flow model for the Rawdatain FGL in
Kuwait that is capable of simulating the interaction between the stored freshwater and
the surrounding brackish water

(2) Establish a baseline model using constant recharge mechanism (CRM) for the lens
using the pre-development data from 1962

(3) Test the model against multiple data targets and water age to estimate long-term
diffuse and focused groundwater recharge

(4) Assess the impact of reduced recharge scenarios that may occur due to changes in
land-use or climate

(5) Provide a realistic range of longitudinal (ar), horizontal transverse (on), and vertical
transverse (oy) dispersivity values for the Rawdatain FGL

(6) Evaluate the original baseline model using a pulse recharge mechanism (PRM) for
different recharge frequency scenarios and a range of different dispersivity sets

(7) Establish a new baseline model using PRM for the predevelopment period to assess
the natural recharge and anthropogenic impacts simultaneously

(8) Assess the effect of 18 years of heavy anthropogenic activities for the period 1963-
1978, evaluate the impact of low pumping rates for the period 1979-2018, and
determine the current quantity and quality of the stored water at different thresholds

(9) Consider six hypothetical future pumping scenarios to evaluate the impact of a wide
range of total annual volume extraction

(10) Use the new baseline model for implementing three artificial injection scenarios to

measure the Rawdatain Lens Storage Recovery (LSR)



1.3 Research Importance

This research establishes a baseline for a fresh groundwater lens using a 3D density-
dependent groundwater flow model tested against multiple raw data targets and water age. This
model is capable of evaluating conceptual models and model assumptions, assessing the
sensitivity of recharge estimates to model parameters, and predicting the effect of future climate
and land use changes on recharge rates. The output of this model provides a reliable assessment
and results that enhance the understanding of the formation and stability of these lenses, and thus
it will lead to better planning and management for these valuable water reserves in the AP.

1.4 The Numerical Model
1.4.1 Simulation Code Selection

To analyze the mixing between the freshwater and brackish groundwater of the
Rawdatain basin, the SEAWAT code (Langevin et al. 2007) was used to simulate the formation
and behavior of the Rawdatain lens. SEAWAT is a three-dimensional finite-difference code
developed by the U.S. Geological Survey. It is capable of simulating transient flow and
advection and dispersion of density-dependent solute transport. Essentially, SEAWAT combines
the established codes MODFLOW and MT3DMS, using the former to simulate groundwater
flow and the latter to simulate solute transport. It uses those two codes iteratively to update the
head solution based on the changes in density caused by changing salinity concentration. The
original SEAWAT code generates a binary salt concentration file for each time step. In this
research, the code was adapted to generate a text file that reports the salt concentrations for the
entire grid model cells at specified time steps. Then, a short code written in MATLAB was used
to read the salt concentration text file and report the volume and thickness of the lens at specific

concentration thresholds.



When selecting an appropriate model for this research, the model must be able to match
the desired hydrological target based on the mass balance principle. The hydrological target
includes the volumes of available fresh groundwater in certain water quality zones at the
appropriate spatial scale. The SEAWAT model was selected for several reasons. First, it can
simulate freshwater lenses on top of brackish groundwater by coupling the USGS groundwater
flow (MODFLOW) and solute transport (MT3DMS) models. Second, it can simulate the mixing
between freshwater and brackish groundwater based on the transition zone approach, rather at a
sharp interface. In this approach, the interaction between fresh water and brackish water is
represented by a transition zone in which water fluid density changes gradually rather than at a
narrow zone with a sharp change in density. Finally, SEAWAT is in the public domain, and it
has been implemented and verified in many applications involving different fluid densities.

1.4.2 SEWAT Assumptions and Governing Equations

SEAWAT is based on a number of assumptions that are common in groundwater flow

and solute transport modeling (USGS, 2002):

e Darcy’s equation is valid (laminar flow).

e The standard expression for specific storage in a confined aquifer is applicable.

e Fick’s law can be applied, i.e. Fickian processes can be used to model the dispersion.

e [sothermal conditions prevail.

e The porous medium is assumed to be fully saturated with water

e The fluid consists of a single, fully miscible liquid phase of very small compressibility.
In MODFLOW, the equation for flow of water in saturated media is modified to solve for

variable density flow as follows:
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where

x,y,z are the orthogonal coordinate axes

Ky is the freshwater hydraulic conductivity (L/T)

hris the freshwater equivalent head (L)

p is the density of the water at a specific concentration C (M/L?)
pr is the freshwater density (M/L)

Z.is the elevation above a datum (L)

Sr1s the specific storage in term of freshwater head (1/L)

tis time (T)

0 is the effective porosity

C is solute concentration (M/L)

gs1s the volumetric flow rate per unit volume of aquifer representing sources and sinks (1/T)

MODFLOW solves Equation (1.1) for the velocity field, and then MT3DMS solves for
concentration in the following transport equation:

a—c=v-(Dvc)—v-(§C)—%.q+iRk (1.2)

ot =1

where



D is the coefficient of the hydrodynamic dispersion (L*/T)

v is the fluid velocity (L/T)

Cs is the solute concentration of water entering from sources or sinks (M/L?)

Ry is the rate of solute production or decay in reaction k of N different reactions (M/L3/T)

After solving Equations (1.1) and (1.2), the code updates the density in each grid cell as follows:
p=p;+EC  (13)

where
E is dimensionless number equal to 0.7143

1.4.3 Graphical User Interfaces

Several commercial and non-commercial graphical user interfaces are currently available
for SEAWAT, which aid in the creation of input files and in visualizing results. In this research,
Groundwater Vistas (Rumbaugh & Rumbaugh, 2011), which runs on Microsoft Windows and is
developed by Environmental Simulations Inc., is used for preparing input files and for running
SEAWAT. Model Viewer, a program for 3D visualization of groundwater model results
developed by the U.S. Geological Survey (USGS), is used for processing output after running
SEAWAT.

1.5 Previous Data Survey and Availability

Fresh water was discovered accidentally in a well (Well ID: R8) that was drilled in the
Rawdatain basin in 1960 for a brackish water supply for the construction of a road between
Kuwait city and Basra city in Iraq. After the well had continued to produce fresh water with total

dissolved solids (TDS) of 600 mg/L for several months, an investigation of the basin became an



interest. The Ministry of Electricity and Water (M.E.W) in Kuwait summoned the Parsons
Corporation, Los Angeles (USA), to conduct an extensive hydrological survey for evaluating the
groundwater potential of the area in 1961. The investigation was carried out by drilling 197 wells
and test holes for the northern part of Kuwait, aggregating more than 18,000 m of drilling, and
several pumping tests. The pre-development data for Rawdatain was collected in 1961-1962 and
consists of TDS at 47 locations (including various depths) and water table data at 42 locations
(Parson corporation, 1964). The volumes of stored water with less than 1000 and 2000 mg/L
TDS in Rawdatain basin were 68.1 and 136.3 million cubic meters, respectively. The volumes of
the stored water were determined from an isopach map and multiplied by an estimated porosity.
A 3D visualization of the 1962 and 1964 TDS data is presented in Figure 1.1. The TDS samples
were taken over approximately 80 km? with well screen depths ranging from roughly 30 meters
below the ground surface (near the water table) to approximately 85 meters deep.

Later in 1964, the Parsons Corporation study was revaluated by experts from the United
Arab Republic (U.A.R, 1964) on the invitation by M.E.W. Their work consisted of a
reinterpretation of Parsons’ data, water quality analysis, and some short-term pumping tests.
Their overall results were the same as those of the Parsons study. They estimated that the
volumes of the stored water with less than 700, 1000, and 2000 mg/L. TDS were 32.6, 60.6 and

161.6 million cubic meters, respectively.



Figure 1.1. Three-dimensional depictions of salinity data in the Rawdatain basin.



1.6 Dissertation Outline and Outputs

Three manuscripts for high-impact journal were written from the dissertation, and each
manuscript is separately addressed in Chapters 3, 4 and 5. The dissertation is organized as
follows:

Chapter (1): introducing the problem statement, dissertation objectives, numerical code, data

availability, and dissertation organization

Chapter (2): providing a brief overview and investigation of the literature regarding the climate,
water resources, and challenges in the Arabian Peninsula, and approaches to estimating

groundwater recharge

Chapter (3): demonstrating the development of the SEAWAT model for the Rawdatain FGL,
testing the model against multiple data targets, estimating the long-term annual recharge rate,

and investigating the timing of lens depletion under scenarios of decreased recharge

Chapter (4): assessing the longitudinal, transverse horizontal, and transverse vertical
dispersivities simultaneously with recharge rate against the multiple data targets, evaluating the
model with three major transport solution techniques based on the grid Peclet number, and then

providing a range of 3D large-scale environmental dispersivity for the Rawdatain basin

Chapter (5): evaluating the model with PRM scenarios, assessing the impact of past
anthropogenic stresses, estimating the current volumes of stored water, and then evaluating

future pumping and artificial injection scenarios

Chapter (6): presenting a summary of the three journal manuscripts and discussing potential

future research challenges and requirements

10



REFERENCES

Al-Rashed, M. F., & Sherif, M. M. (2000). Water resources in the GCC countries: an
overview. Water resources management, 14(1), 59-75.

Dawoud, M. A. (2005). The role of desalination in augmentation of water supply in GCC
countries. Desalination, 186(1-3), 187-198.

FAO. 1979. Survey and evaluation of available data on shared water resources in the Gulf States
and Arabian Peninsula, Three Volumes, FAO, Rome.

Kwarteng, A. Y., Viswanathan, M. N., Al-Senafy, M. N., & Rashid, T. (2000). Formation of
fresh ground-water lenses in northern Kuwait. Journal of arid environments, 46(2), 137-155.

Langevin, C., Thorne, D. J., Dausman, A., Sukop, M., & Guo, W. (2007). User’s Guide to
SEAWAT: A Computer Program for Simulation of Three-Dimensional Variable-Density
Ground-Water Flow. United States Geological Survey.

Macumber, P. G., Barghash, B. G. S., Kew, G. A., & Tennakoon, T. B. (1995). Hydrogeologic
implications of a cyclonic rainfall event in central Oman. Groundwater quality. Chapman and
Hall, London, 87-97.

Omar, S. A., Al-Yaqubi, A., & Senay, Y. (1981). Geology and groundwater hydrology of the
State of Kuwait. Journal of the Gulf and Arabian Peninsula Studies, 1, 5-67.

Parsons Corporation. 1964. Groundwater Resources of Kuwait, vols I, IT and III. Ministry of
Electricity and Water, Kuwait.

Senay, Y. (1973). Geohydrology of Al-Rawdhatain Field. Report to the Ministry of Electricity
and Water, Kuwait, 24-43.

Senay, Y. (1977). Groundwater resources and artificial recharge in Rawdhatain water
field. Ministry of Electricity and Water, Kuwait, 35.

Senay, Y. (1989). Artificial recharge and reproduction of fresh water at Rawdhatain for
emergency use. Report to the Ministry of Electricity and Water, Kuwait.

SMEC (Snowy Mountains Engineering Corporation). (2002). Characteristics of groundwater
quality in Kuwait before August 1990. Report No. 4, GD1.1.

U.A.R (United Arabic Republic) Experts. 1964. Ministry of Electricity and Water, Kuwait.

UNESCO. (1979). Map of the world distribution of arid regions. Man and Biosphere Tech Notes,
no. 7, UNESCO: Paris; 54.

11



CHAPTER 2. LITERATURE REVIEW

In this chapter, a brief overview and investigation of the literature regarding the climate,
water resources, and challenges in the Arabian Peninsula and State of Kuwait, as well as
approaches to estimating groundwater recharge, are presented.

2.1 Arabian Peninsula
2.1.1 Climate, water and challenges in the Arabian Peninsula

The Arabian Peninsula (AP), located in southwest Asia, includes seven countries:
Kuwait, Saudi Arabia (SA), Bahrain, Qatar, Oman, the United Arab Emirates (UAE), and the
Yemen Arab Republic (YAR). The first six political units formed the Gulf Cooperation Council
(GCC), and the YAR will not be discussed in this paper due to a lack of information. According
to the global distribution of climatic zones, the aridity index for the region is classified mostly as
hyperarid, with some mountainous areas in SA and Oman and the northern east side of the AP
being classified as arid (UNESCO, 1979). The region has a harsh climate, and its landforms
make it difficult to harvest and store precipitation (Alrashid & Sherif, 2000).

The AP is located within one of the great desert belts of the world. The majority of the
AP is characterized by high average temperature, erratic sparse rainfall, and high
evapotranspiration rates. In the central part of the AP, shade temperatures frequently exceed
48°C during the summer months. The annual average precipitation received by the region is very
low, typically less than 150 mm/year and ranging from as low as 50 mm in the northern and
central parts to as high as 300 mm/year in the south. The average annual volume of precipitation

over the AP is estimated at 205.93 billion cubic meters (ACSAD, 1997). The annual potential
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evaporation ranges from 2500 mm/year in the coastal areas to approximately 4500 mm in the
central areas (Alsharhan et al., 2001).

Fresh water is extremely scarce over the entire AP. There are no perennial rivers or lakes,
and surface water does not exist with the exception of some mountainous areas in SA, UAE,
Oman, and Yemen. Therefore, groundwater is the main source of freshwater supply. FAO (1979)
conducted a comprehensive investigation of the region, which classified the regional
groundwater into two main aquifer systems with various potentialities: Systems A and B. System
A represents the deep, non-renewable (fossil) groundwater aquifers, and System B represents the
shallow, renewable groundwater aquifers. Authman (1983), BAAC (1980) and MAW (1984)
classified the deep aquifers into more than 20 principal and secondary aquifers based on various
parameters such as specific yield, aquifer thickness, areal extent, and the volume and quality of
stored water. Table 2.1 summarizes several studies that discussed the deep aquifers in the region
(MAW, 1984; Khouri, et al., 1986; De Jong, 1989; Lloyd and Pim, 1990; Edgel, 1990; Danish et
al., 1992; Abdulrazzak, 1994, 1995; Alrashed & Sherif, 2000, FAO 1998; UN-ESCWA & BGR,
2013).

The groundwater reserves in the deep aquifers are estimated at 2330 billion cubic meters
(BCM), with a wide range of total dissolved solids. The reserves represent groundwater
exploitable by lowering the water level to 300 m below the ground surface (the maximum depth
currently possible with modern pumping technology). The total annual recharge of these aquifers
is approximately 0.1% of the total reserved volume, or 2692 million cubic meters per year.
Therefore, the natural recharge of these aquifers is negligible. The main aquifers generally have
higher volumes of stored water with better water quality compared with the secondary aquifers,

except for the Um Er Radhuma, Damman and Minjur-Dhruma aquifers. These three aquifers
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Table 2.1. Main and secondary aquifers in the Arabian Peninsula.

Total Reserve; Annual

Aquifer Name Sharing Countries Formation Thickness (m) Recharge (mem) Water Quality (Use)
Main Aquifers
Saq Saudi Arabia, Jordan* Medium to course grained, brown to tan, 400-928 277000 ; 310 TDS: 300-1500 mg/L
friable, quartzose sandstone (Mainly agricultural)
Tabuk Saudi Arabia, Jordan*, Iraq* Marine to continental sequences of cross Approximately 1070 205000 ; 455 TDS: 200-4000 mg/L
and inter bedded sandstone, shale and (Mainly agricultural)
siltstone
Wajid Saudi Arabia, Yemen Fine to coarse-grained sandstone. 200-900 255000 ; 104 TDS: 500-1200 mg/L
Homogeneous, poorly cemented porous (Predominantly agricultural; limited
rocks municipal and industrial)
Minjur-Dhruma Saudi Arabia Continental sandstone. Coarse quartzitic 300-400 182000 ; 80 TDS: 1100-20000 mg/L
sandstone with thin layers of limestone, (Heavy agricultural activities)
shale, conglomerate and gypsum
Wasia-Biyadh Saudi Arabia, Kuwait, Bahrain, Qatar, Sandstone and shale 50-1000 740000 ;480 TDS: 900-10000 mg/L
UAE, Oman, *Iraq (Domestic and irrigation)
Um Er Radhuma- Northern Part: Kuwait, Saudi Arabia, Iraq* Light colored, dense limestone, dolomitic Um Er Radhuma: 245- Um Er Radhuma: Um Er Radhuma : TDS: 2500-15000
Dammam Central Part: SA, UAE, Bahrain, Qatar limestone and dolomites 700 188,000 ; 406 mg/L
Southern Part: UAE, Oman, Yemen Dammam: 5-250 Dammam: 25,000 ; 200 Dammam: TDS: 2600-60000 mg/L
(Agricultural, industrial and domestic use)
Neogene South-East Part: Kuwait, Saudi Arabia, South-East Part: Predominantly sands and South-East Part: 20-200 130000 ; 290 TDS: 3700-4000 mg/L
Iraq* gravel North-West Part: 500- (Agriculture and domestic)
North-West Part: Saudi Arabia, Iraq*, North-West Part: Sandstones 550
Syria*
Secondary Aquifers
Khuff and Tuwail Saudi Arabia Limestone and dolomites, with some 250-600 30000 ; 132 TDS: 3800-6000 mg/L.
anhydrite aquicludes
Aruma Saudi Arabia, Irag* Fine-grained to chalky or calcarenite 60-140 85000 ; 80 TDS: 1600-2000 mg/L
limestone, with some shale and dolomite
towards the top
Jauf and Sakaka Saudi Arabia, Jordan*, Iraq* Sandstone and sandy shale 100-300 100000 ;95 TDS: 400-5000 mg/L
(Domestic and irrigation)
Jilh Saudi Arabia Thin-bedded limestone, with minor shale 100-400 113000 ; 60 TDS: 3800-5000 mg/L.

and gypsum

(*) indicates that the country is outside the AP
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have high TDS because they are located at the eastern side of the AP and thus interact with the
Persian Gulf. The Wasia-Biyahd aquifer alone holds approximately 32% of the groundwater
reserves in the region.

Significant withdrawals have been reported from these aquifers. For instance, 141.4 BCM
of the reserved amount in the principal aquifers was used in SA between 1984 and 1996 (FAO,
1998). As a result, the water level declined dramatically. For example, the water tables of the
Minjur-Dhruma and Wasis-Biyahd aquifers dropped from 45 to 170 m below the surface
between 1956 and 1980 (MAW, 1982 &1984). A noteworthy increase in salinity was observed in
the Dammam aquifer in Kuwait and Bahrain (Fadlelmawla & Al-Otaibi, 2005; Zubari, 1999).
These aquifers cover two-thirds of SA, and some of them extend into other countries within the
AP or even outside of the AP, as shown in Table 1. At present, this situation has led to another
problem, which is conflict over transboundary aquifers in the region (Puri & Aureli, 2005;
Fallatah et al., 2017; Lee et al., 2018). System B will be discussed in detail in the next section.

With the lack of natural freshwater sources in the region, desalinated seawater supplies
most of the drinking water for the region. Desalination becomes the most feasible alternative for
meeting the current and future water supply requirements, even if it is vulnerable to power
interruptions and various other risks. More than 65% of the world’s desalination capacity was
concentrated in the GCC in 2003 (Dawoud, 2005). SA, Kuwait and UAE ranked within the top
five countries in the world in terms of desalination capacity, which are SA (17.4%), USA
(16.2%), UAE (14.7%), Spain (6.4%), and Kuwait (5.8%) (IDA Desalting Inventory Report,
2004). The desalination capacity of the region is expected to increase exponentially to meet

increasing demand (Saif et al., 2014).
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Treated wastewater in the region is generally used for the irrigation of gardens, highways,
landscaping and limited farming activities, but this resource is not fully utilized. Treated
wastewater that is not reused is discharged into the Arabian Gulf or into wadis to recharge
shallow aquifers (AFED, 2011). Kuwait has the highest rate of wastewater treatment in the
region (62%), and 70% of treated wastewater is reused. In contrast, SA treats only 23% of its
wastewater and reuses only 40% of that treated water (World Bank, 2005).

Water availability is an obstacle to the sustainable development of the region
(Shiklomanov, 1990&1998), and drinking water security is clearly of grave importance in
populated areas in the AP. Abdulrazzah (1995) reported an imbalance between the available
water resources and demand in the region as a result of rapid economic development. The
demand for water increased from 5.95 billion to 22.6 billion cubic meters in the period from
1980 to 1990. The population in the GCC increased rapidly from 7.6 million in 1970 to 48.9
million in 2012, which has resulted in a major increase in the demand for water for municipal,
agricultural, and industrial uses (GCC, 2015). According to the GCC plan, the amount of
renewable water available to the average citizen in the GCC countries is less than 100 cubic
meters per year, which is one of the lowest values worldwide.

Climate change is expected to result in an increase in the severity and frequency of
droughts in the region (Feitelson & Tubi, 2017; Dol et al., 2015). Climate change projections in
the SA show increasing temperature and greater variability in rainfall, which may increase
uncertainty related to the development of sustainable water resource management strategies
(Tarawneh & Chowdhury, 2018). In addition to a scarcity of water resources, the region also
suffers from large-scale water management problems, including over-exploitation of aquifers,

decreasing water quality, and inadequate water availability for optimal irrigation (World
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Bank, 2007). These issues related to water supply and quality affect the potential for social and
economic development in the region (Tropp & Jagerskog, 2006). Future tensions will likely arise
that are related to the management of water resources and food security (Allan, 2001).

2.1.2 Fresh groundwater lenses in the Arabian Peninsula

System B represents discontinuous fresh groundwater lenses (FGLs) that extend over the
eastern part of the AP. The potentiality of these lenses is relatively small, and it depends on
surface runoff from rainfall events, and thus it may vary considerably from one year to the other.
Unlike the System A aquifers, the System B aquifers have a small areal extent. As a result, the
potential for transboundary conflicts is negligible because each known lens falls within the
boundary of one political unit. The groundwater isotopic data provide evidence of recent
recharge and a general dissimilarity with respect to the deeper main aquifers (FAO, 1979). As of
the mid-1950s, several studies have discussed the existence of these FGLs, which are flooded
and surrounded by brackish or saline water. Italcounsult (1969) and BRGM (1977) reported the
existence of FGLs along the eastern coast of SA that are separated by semi-confining beds from
deeper aquifers. This fresh water has been used for a long time for various purposes such as
domestic and municipal uses for Dhahran and Al-Khober cities or agricultural activities in the
Eastern Province (Abderrahman et al., 1995). Since the earliest groundwater studies in Qatar, a
survey of the freshwater resources was conducted by Le Grand ADSCO Ltd., et al (1959), which
recognized the existence of a lens-type aquifer (the Ghyben-Herzberg type). This freshwater
aquifer resides in the Dammam and Rus Formations, and it floats on the Umm Er Radhuma (high
TDS) aquifer. Detailed investigation revealed the existence of a major 40 m thick FGL in Qatar
with a volume of 17.6 million cubic meters and TDS less than 1000 mg/L (FAO, 1979). Lloyd et

al. (1987) studied the hydrogeology of the complex FGLs in Qatar. The authors showed the
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presence of two-layered complex freshwater lenses in the northern and central parts of Qatar.
Extensive historical dissolution of the limestone of the Umm Er Rhadhuma has led to a wide area
of surface collapse, which has provided a mechanism for recharge from storm runoff. Due to an
increase in the extraction rate from 1971 to 1985, the total volume of the freshwater lenses
decreased to almost half of its original size (Lloyd, 1994). The FGLs in the Liwa area in UAE
were also documented and proposed as appropriate locations for artificial aquifer storage
recovery (FAO, 1979; Rizk & Alsharhan, 2003; Al-Katheeri, 2008). In the Wusta region of
central Oman, thin locally derived freshwater lenses were found overlying the saline regional
groundwater (Macumber et al., 1995; 1998; 2003). Theses lenses were formed beneath the
Rawanb Wadi as a result of rapid infiltration and insignificant evaporation during infrequent
cyclonic rainfall events. The lenses are up to tens of kilometers long, 10-100 meters thick, and
several kilometers wide, with average TDS values as low as 200 mg/L and as high as 1750 mg/L.
The same phenomenon occurs on the Al Khawd fan at the eastern edge of the Batinah coastal
plain of northern Oman, but with poorer water quality due to seawater intrusion.

In Kuwait, the FGLs were the subject of comprehensive investigations from the 1960s to
the present because they are the only source of fresh water in Kuwait. Early in the 1960s, the
Parsons Corporation named two large FGLs in the northern part (the Rawdatain and Umm Al-
Aish basins) and several small lenses in the Al-Qashaniya, Mutla and Al-Abdali areas (Parsons
Corporation, 1964). The volumes of stored water with less than 2000 mg/L TDS in these lenses
in the Rawdatain and Umm Al-Aish areas were 136.3 and 71.9 million cubic meters,
respectively. In 1964, the Parsons studies were revaluated by experts from the United Arab
Republic (U.A.R, 1964) at the invitation of the Ministry of Electricity and Water in Kuwait.

These two studies have provided an enormous amount of information and data associated with
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these lenses. The Umm-Aish FGL was affected by hydrocarbon pollution after the 1991 Gulf
War (Mukhopadhyay et al., 2008). Because of that, this area has been of interest to many studies,
such as Bergstrom and Aten (1964), Robinson & Al-Ruwaih (1985), Al-Sulaimi et al. (1997),
Din et al. (2007), Kwarteng et al. (2000), Al-Dousari et al. (2010), Al-Senafy et al. (2013),
Mukhopadhyay et al. (2016), Al-Weshah & Yihdego (2016), and Yihdego & Al-Weshah
(2017)).

2.2 State of Kuwait
2.2.1 Population and Climate

The state of Kuwait is one of the smallest countries in the Middle East, and it is one of
the Gulf Cooperation Council (GCC) countries. It is located in the northwestern portion of the
Arabian Peninsula, where it covers an area of 17,818 km? and has a total coastline of 195 km. Its
geographic coordinates are between latitudes 28.4° and 30.2° N and longitudes 46.4° and 48.5°
E. It shares borders with Iraq to the north and northwest and the Kingdom of Saudi Arabia to the
south and southwest, and the Arabian Gulf bounds Kuwait to the east. Kuwait is divided into six
governorates and has nine islands. The total population of Kuwait was 4,777,433 in mid-2019, of
which only 1,414,297 were Kuwaitis and the rest were foreign, according to the official website
of the Public Authority for Civil Information. The population growth rate has fluctuated rapidly
because approximately 70% of the population are non-citizens. Figure 2.1 shows the total
population and relative growth rate from 2000 to 2016. Based on this figure, the maximum and
minimum growth rates were 8.6% and 1.25%, respectively. Kuwait depends mainly on crude oil
reserves of approximately 104 billion barrels - about 8% of world reserves. The Gross Domestic

Product (GDP) purchasing power is $141.0 billion, and the GDP per capita is $ 45,130. People in
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Kuwait have access to improved water sources and sanitation facilities (99% and 100%,

respectively) (source: World Bank, World Development Indictors, 2015).
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Figure 2.1. Population and growth rates in Kuwait

Like most parts of the Arabian Shield, Kuwait is characterized by a desert-type
environment with scanty rainfall, and a dry, hot climate. Summer is very hot, especially in July
and August, with a mean temperature of 37.4°C and a mean maximum temperature of 45°C. The
average total yearly potential precipitation recorded between 1962 and 2014 was 115 mm, as
shown in Table 2.2. The onset of appreciable rainfall occurs in November and subsides by April.
Although detectable rainfall usually begins in November and ends in April, Almedeij (2012)
described rare occasions in which rainfall occurs in October and May. The maximum and
minimum annual potential precipitation for the same period was 260 mm in 1975 to 1976, and 28
mm in 1963 to 1964. From the number of years of rainfall data available, there appears to be no
conspicuous pattern of highs and lows. In sharp contrast, extreme rainfall events, such as the one

that occurred in Kuwait City on 11 November 1997, can cause excessive rainfall (greater than
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100 mm) in just hours, resulting in large surface runoff and property damage (Al-Rashed and

Sherif 2000).
Table 2.2. Average daily evaporation and monthly precipitation data from Kuwait International Airport
Month Average Pan A Evaporation Average Precipitation
(mm/day) (1968-2002) (mm/month) (1962-2014)
January 32 27.9
February 4.7 14.2
March 6.9 15.5
April 10.2 12.5
May 14.9 3.8
June 20.6 0.0
July 21.0 0.0
August 18.8 0.0
September 14.5 0.0
October 9.1 22
November 54 16.8
December 3.3 22.2
Annual Total (mm/year) 4039.8 115.2

Table 2.2 shows the average rainfall and average Pan A evaporation for the period
between 1968 and 2002. The average monthly potential evaporation exceeds rainfall many times
over. The annual total potential evaporation, as measured using a Pan A evaporimeter, is
approximately 4040 mm, corresponding to a potential evaporation rate of 11.1 mm/day. This
high evaporation results in the concentration of salts near the land surface, thus enriching the
upper surface of the soil with gypsum, common salt, and calcium carbonate. However, there are
periods during which high intensity rainfall far exceeds evaporation rates, resulting in the
formation of water in wadis and, in extreme cases, severe flooding. For example, the highest
daily total rainfall of 65 mm and the highest intensity of 38.4 mm in 20 min were recorded on 4

April 1976.
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2.2.2 Water Resources in Kuwait

As a country where surface water resources such as rivers or lakes do not exist, Kuwait
has very limited natural water resources. The only naturally occurring body of water in Kuwait is
the Arabian Gulf (AG), which is undrinkable due to its high salinity, which exceeds 40,000 mg/L
near the Kingdom of Bahrain (Burashid & Hussian, 2004). The AG, which extends from Shatt
Al-Arab to the Strait of Hormuz, has an area of 240,000 square kilometers (Al Barwani &
Purnama, 2008) and a mean depth of 36 m (Reynolds, 1993). The shallowness and high
evaporation rate of the AG, as well as the low river discharges entering the sea, are the main
factors contributing to its high surface salinity.

Two regional aquifer systems, the Kuwait Group and Dammam aquifers, make up most
of the groundwater resources in Kuwait. These aquifers produce brackish water, with TDS
contents of 2,500-7,500 mg/L, which is mainly used as raw water for desalination and also for
irrigation, watering of gardens, and blending with distilled water to raise TDS. These waters
become more saline as they flow from recharge zones in Saudi Arabia and southern Iraq to the
discharge zone along the cost of the Arabian Gulf (Alsharhan et al., 2001). The stratigraphy of
the aquifer systems in Kuwait is shown in Figure 2.2.

The Kuwait Group, which ranges in thickness from 150 to 400 m, mainly consists of
clastic sediments with minor amounts of gypsum and calcareous limestone. It is divided into
three formations: the Dibdibba, Lower Fars, and Ghar Formations, from youngest to oldest. The
Dibdibba Formation consists mainly of sand and gravel and is only present in the north of
Kuwait (Al-Senafy & Al-Fahad, 2000), and it is host to the freshwater lenses at Rawdatain and

Umm-Al Aish.
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GENERALIZED STRATIGRAPHY HYDROGEOLOGICAL UNITS
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Figure 2.2. Stratigraphy of the aquifer systems in Kuwait

In the Eocene aquifer system, the Rus anhydrite Formation forms an aquitard that
separates the Dammam and Umm Al-Radhuma Formations. The Dammam Formation is one of
the most important aquifers of the Arabian Peninsula. The aquifer is exploited in the

southwestern and central parts of Kuwait, where it produces brackish water with salinity ranging
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from 2500 to 5000 mg/L (Mukhopadhyay, 1995). In Kuwait, the Dammam Formation has a
thickness that ranges from 120 m in the southwest to 280 m in the north and a transmissivity that
ranges from 1000 to 100,000 m?/d (Alsharhan et al., 2001).

2.3 Approaches to Estimating Groundwater Recharge

Groundwater recharge is a hydrologic process where water moves (primarily downward,
but movement can be in any direction) to reach the water table of an aquifer and adds to
groundwater storage (Meinzer, 1923; Freeze and cherry, 1979; Lerner et al., 1990). Recharge
occurs through two types of mechanisms: diffuse and focused (Healy, 2010). Diffuse recharge
(sometimes referred to as direct recharge) is recharge through processes that occur relatively
uniformly over large areas, such as precipitation and irrigation (Simmers, 1997). Focused
recharge is concentrated at topographic lows such as depressions, rivers, and lakes. Lerner et al.
(1990) proposed a distinction between two different types of focused recharge: localized
recharge and indirect recharge. Localized recharge occurs at small depressions, joints, or cracks,
and indirect recharge occurs at larger-scale mappable features such as rivers, canals, and lakes.
Rushton (1997) distinguished actual recharge from potential recharge. Actual recharge, which is
estimated from groundwater studies, is water that is known to reach the water table. In potential
recharge, which is estimated from surface-water and unsaturated-zone studies, the water has
infiltrated but may not actually reach the water table because of unsaturated-zone processes, such
as bank storage and evapotranspiration, or the inability of the saturated zone to accept recharge
due to factors such as low transmissivity or a shallow water table.

Scanlon et al. (2002) discussed various techniques for estimating recharge, ranging from
carrying out a water budget/balance to other, more complicated, techniques involving modeling

or assessing the behavior of surface or groundwater formations. They noted that the simple water
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balance has the advantage of being generally applicable, but it is limited in its eventual
usefulness by the accuracy and precision of the input parameters. In arid regions in particular,
parameter values can be dramatically affected by environmental conditions.

Beyond the water balance approach, Scanlon and coauthors discussed other techniques
that have been used to quantify recharge. For each technique, they discussed its applicable space
and time scales, the range of recharge fluxes that have been estimated, the reliability of the
recharge estimates, and important factors that promote or limit the use of a particular technique.
In their paper, techniques for estimating recharge are subdivided into three types according to the
hydrologic zones from which the data are obtained: surface water, the unsaturated zone, and the
saturated zone. Each of these zones provides recharge estimates over different space and time
scales, and techniques within each zone include physical, tracer, or numerical modeling
approaches.

Additional methods for estimating groundwater recharge have been reported elsewhere in
the literature (e.g., Kumar, 1997; Lerner et al., 1990; de Vrics and Simmers, 2002; Healy, 2010),
but it is often difficult to determine which of a wide variety of techniques is likely to provide
reliable recharge estimates. When choosing a technique, important considerations include the
space/time scales and the range and reliability of recharge estimates associated with the
technique. The goal of the recharge study may also dictate the required space/time scales of the
recharge estimates. For example, some studies concentrate on recharge quantification to assess
water resources (Kumar & Seethapathi, 2002; Manna et al., 2016), and others focus on estimates
used for predicting the fate and transport of contaminants or assessing the vulnerability of the

aquifer to contamination (Bohlke, 2002; Almasri, 2008).
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The techniques for recharge estimation vary depending on the climatic conditions of the
system, which in turn govern the location of recharge. In humid regions, for example, recharge is
generally considered to occur at topographic highs, whereas recharge in arid regions usually
occurs at topographic lows such as stream channels (T6th, 1963; Scanlon et al., 2002).
Additionally, diffuse recharge tends to dominate in wet climates due to shallow water tables and
gaining streams, whereas focused recharge dominates in arid climates where there are deep water
tables and losing streams. This means that surface-water and saturated-zone techniques are more
widely used for assessments in wet climates, and unsaturated-zone techniques are used more
often for arid and semiarid climates. This also means that watershed-modeling approaches may
be more accurate for wet climates, where perennial surface-water flow may be used for
calibrating models.

The required space and time scales of the different techniques also affect their usefulness
in particular situations. For example, surface-water and groundwater approaches tend to provide
regional estimates of recharge, whereas unsaturated zone methods are typically used for point or
small-scale estimates. Similarly, surface-water approaches provide recharge estimates on the
time scale of rainfall events, whereas unsaturated-zone and saturated zone tracer techniques are
good for long-term recharge estimation.

The accuracy and precision that is required for the recharge estimate is also a
consideration. Saturated-zone techniques generally provide more reliable estimates because they
estimate actual recharge, in contrast with surface-water and unsaturated-zone techniques that
estimate potential recharge. Techniques using Darcy’s Law methods and direct groundwater
modeling of the unsaturated and saturated zones have limited accuracy because estimates of

hydraulic conductivity can vary over several orders of magnitude. In addition, hydraulic
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conductivities in unsaturated systems are highly nonlinear with respect to water content, thereby
making their determination more difficult.

In the past, groundwater recharge estimation was carried out by graphically analyzing
flow nets for unconfined and confined aquifers (Cedegren, 1997). This technique has now
largely been supplanted by numerical groundwater flow models. Such models can be used to
predict recharge rates based on information concerning hydraulic head, hydraulic conductivity,
and other parameters (Sanford, 2002). Because recharge is typically highly correlated with
hydraulic conductivity, model inversion using only hydraulic head is limited to estimating the
ratio of recharge to hydraulic conductivity. Errors in modeling may be minimized using a wide
range of recharge and hydraulic conductivity values if the ratio between those parameters is
constant (Luckey et al., 1986). However, because the hydraulic conductivity may range over
several orders of magnitude, the resulting estimate of recharge may not be particularly accurate.
To complicate matters further, the same values of the hydraulic head may be obtained for a range
of recharge rates as long as the ratio of recharge to hydraulic conductivity is constant.

To constrain recharge in inversion groundwater models, recent studies have combined
hydraulic heads and groundwater ages (Bohlke & Denver, 1995; Atkinson et al., 2014). These
studies have employed manual trial and error or automated procedures with nonlinear regression
between measured and simulated data. Whereas hydraulic head is sensitive to the ratio of
recharge to hydraulic conductivity, groundwater age is sensitive to the ratio of recharge to
porosity (Portniaguine and Solomon, 1998). The combination of head and age data provides the
needed constraints on recharge, hydraulic conductivity, and porosity. However, a unique solution

requires some information on one of these three parameters, as they are typically correlated.
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The uncertainties associated with the various approaches for estimating recharge suggest
the use of many approaches to constraining the recharge estimates. Often, different approaches
can be complementary and thus help refine the conceptual model of the recharge processes. For
example, various tracers (such as CI, 36C1, and *H) have been used in combination to estimate
recharge in unsaturated zones (Scanlon, 1992; Allison et al., 1994; Harrington et al., 2002; Wang
et al., 2008; Li et al., 2017; Huang et al., 2017), and other tracers (such as chlorofluorocarbons
(CFCs), *H/’He, and 3°Kr) have been used in saturated zones (Cook & Solomon, 1997; Raiber et
al., 2015). Also, the combination of multiple environmental tracers and numerical modeling has
been used for estimating recharge (Reilly et al., 1994; Liu et al., 2014).

To estimate recharge, it is advantageous to use as many different approaches as possible,
and it is especially useful to combine surface water, unsaturated zone, and saturated zone
techniques. For example, Sophocleous (1991) combined unsaturated-zone water-balance
monitoring with water-table fluctuations to improve the reliability of recharge estimates. Other
studies have used estimates of recharge from catchment-scale surface-water models as input to
groundwater models (Burns et al., 2011; Kahle et al., 2011), and surface water and groundwater
models such as SWAT and MODFLOW have been integrated (Kim et al., 2008; Bailey et al.,
2016). Such integrated approaches provide models for the overall system that can be used to
constrain model parameters and check the continuity of mass balance.

For the reasons discussed above, it is advantageous to use multiple numerical models,
which can be used to evaluate conceptual models and model assumptions, assess the sensitivity
of recharge estimates to model parameters, and predict the effect of future climate and land use
changes on recharge rates. Estimation of recharge using multiple models is carried out

iteratively, as estimates are refined as additional data and results are obtained. Furthermore,
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modeling is the only technique that can be used to predict future recharge rates, and it is also
invaluable for isolating the impacts of different controls on groundwater recharge (Scanlon et al.,
2005; Bailey et al., 2009). Models can also be adapted for large spaces and long time periods,
used over multiple recharge zones, and made more reliable by their use in saturated zones (so

that estimated recharge is based on actual recharge).
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CHAPTER 3. ESTIMATING GROUNDWATER RECHARGE FOR A FRESH
GROUNDWATER LENS IN AN ARID REGION: FORMATIVE AND STABILITY

ASSESSMENT

Overview Summary

e The formation of focused rainfall recharge fresh groundwater lenses floating above
denser, saline or brackish groundwater are a crucial source of freshwater supplies in arid
regions.

e A baseline for an example of these lenses is established by using a 3D density-dependent
groundwater flow model tested against multiple data targets and water age.

e This study assesses the natural dynamic of these lenses and therefore enhances the
understanding of their formation and stability.

X Xyy
\High Permeable Zone/ |

22 y v

Freshwater lens

Regional Brackish or Saline Water Aquifer

A conceptual model of a focused rainfall recharge fresh groundwater lens in subterranean oases
in arid regions
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Highlights

The formation of subsurface fresh groundwater lenses (FGLs) on top of brackish
groundwater is a fascinating hydrologic phenomenon that creates groundwater supplies of great
potential value in arid regions. Information on the recharge quantity and mechanism of these
lenses is both scarce and uncertain. This study examines the formation and macroscale stability
of the Rawdatain FGL in Kuwait, for which significant pre-development data are available. The
Rawdatain is a large (150 million m?) subsurface freshwater lens overlying brackish
groundwater. In this study, a 3D density-dependent groundwater flow model is tested against the
following data targets to estimate long-term diffuse and focused groundwater recharge: (1)
groundwater head, (2) total dissolved solids (TDS) groundwater concentration, (3) volume and
vertical thickness of stored groundwater of three different water quality TDS ranges (0-700
mg/L, 700-1,000 mg/L, 1,000-2,000 mg/L), and (4) geometrical shape features of the lens along
cross-sections. To better represent the spatial variation in TDS, six different recharge zones were
assigned to allocate diffuse and focused recharge conditions. Twelve recharge rate scenarios,
encompassing a wide range of feasible long-term average annual recharge values (200,000 -
5,000,000 m*/year), were tested against the multiple targets and compared with the groundwater
age of the Rawdatain lens. Based on comparison with data targets, the long-term average annual
recharge is estimated to be 500,000 m*/year. Scenarios of reduced recharge, which may occur
due to changes in land-use or climate, demonstrate the extremely slow response of the lens,
which is in agreement with the slow development and formation of the lens (> 2,000 years).
Within a 100-year time frame, a 50% reduction in annual recharge reduces the lens volumes by

21%, 17% and 9% for the three water quality categories, respectively. This study demonstrates

39



the stability of FGLs in arid regions and also provides methodology for similar focused rainfall
recharge FGLs.

3.1. Introduction

Most of the Arabian Peninsula (AP) has a harsh climate characterized by high average
temperature, erratic sparse rainfall, and high evapotranspiration rates, and its landforms make it
difficult to harvest and store precipitation (Al-Rashed & Sherif, 2000). The lack of water
availability is an obstacle to sustainable development in the AP (Shiklomanov, 1990&1998), and
drinking water security is clearly of strong importance in urban and rural areas. The population
in the Gulf Cooperation Council (GCC) countries increased rapidly from 7.6 million in 1970 to
48.9 million in 2012, resulting in a major increase in water demand for municipal, agricultural,
and industrial uses (GCC, 2015). With the lack of natural freshwater sources in the region,
desalinated seawater supplies most of the drinking water (Al-Rashed & Sherif, 2000). In addition
to a scarcity of water resources, the region also suffers from large-scale water management
problems, including over-exploitation of aquifers, decreasing water quality, and inadequate water
availability for optimal irrigation (World Bank, 2007). Challenges of balancing between water
scarcity and food production will likely arise in the future worldwide according to climate
change projections and global population growth, and the AP located within the most critical
areas (Mancosu et al., 2015).

Fresh water is extremely scarce over the entire AP. There are no perennial rivers or lakes,
and surface water does not exist with the exception of some mountainous areas in the southern
and western regions. Therefore, groundwater is the main source of freshwater supply (Al-Rashed
& Sherif, 2000). FAO (1979) conducted a comprehensive investigation of the region, which

classified the regional groundwater into two main aquifer systems with various potentialities:
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Systems A and B. System A represents the deep, non-renewable (fossil) groundwater aquifers,
and System B represents the shallow, renewable groundwater aquifers. System B represents
discontinuous fresh groundwater lenses (FGLs) that extend over the eastern part of the AP and
over deeper brackish groundwater. The longevity and likelihood of creation of these lenses are
both relatively small, as recharge of these lenses depends on surface runoff from rainfall events
that may vary considerably from year to year (FAO, 1979).

Italconsult (1969) and BRGM (1977) reported the existence of FGLs along the eastern
coast of Saudi Arabia (SA) that are separated by semi-confining beds from deeper aquifers.
Since the earliest groundwater studies in Qatar, a survey of the freshwater resources was
conducted by Le Grand ADSCO et al., (1959), which recognized the existence of a lens-type
aquifer (the Ghyben-Herzberg type). Detailed investigation revealed the existence of a major 40
m thick FGL in Qatar with a volume of 17.6 million cubic meters and total dissolved solids
(TDS) concentrations of less than 1000 mg/L (FAO, 1979). The FGLs in the Liwa area in United
Arab Emirates (UAE) were also documented and proposed as appropriate locations for artificial
aquifer storage and recovery (FAO, 1979; Rizk & Alsharhan, 2003; Al-Katheeri, 2008). In the
Wousta region of central Oman, thin locally derived FGLs were found overlying the saline
regional groundwater (Macumber et al., 1995; 1998; 2003). The lenses are up to tens of
kilometers long, 10-100 meters thick, and several kilometers wide, with average TDS values as
low as 200 mg/L and as high as 1750 mg/L.

In Kuwait, the FGLs have been the subject of comprehensive investigations from the
1960s to the present, as they are the only source of fresh water in Kuwait. Early in the 1960s, the
Parsons Corporation identified two large FGLs in the northern part, the Rawdatain and Umm Al-

Aish basins, and several small lenses in the Al-Qashaniya, Mutla and Al-Abdali areas of Kuwait
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(Parsons Corporation, 1964). The volumes of stored fresh groundwater with less than 2,000
mg/L TDS in the Rawdatain and Umm Al-Aish areas were estimated as 136.3 and 71.9 million
m?, respectively.

Among the FGLs in the AP, the Rawdatain basin in Kuwait is perhaps the most notable
example because it is very large and because an extensive subsurface data set was collected in
1960-1962 by the Parsons Corporation before significant groundwater extraction from the lens
began. The existence of that pre-development data, as well as the quality and quantity of that
data, makes Rawdatain an ideal and potentially unique candidate to use for evaluating the
formative and potentially changing dynamics of lenses in arid regions. A number of studies have
been dedicated to the hydrogeological aspects of the depressions in the Rawdatain FGL and the
general hydrogeology of the area (Parsons Corporation, 1964; Bergstrom and Aten, 1964;
Robinson & Al-Ruwaih, 1985; Ebrahim et al., 1993; Viswanathan et al., 1997; Grealish et al.,
1998; Kwarteng et al., 2000; Din et al., 2007; Al-Dousari et al., 2010; Al-Senafy et al., 2013;
Milewski et al., 2014). These studies are discussed in detail in sections 3.2.2 and 3.2.3.

However, estimates of recharge for the lens vary widely (Table 3.1), from 1 million
m?®/year to approximately 47 million m?/year, with average annual areal recharge (mm/yr)
ranging from 4.9 mm/yr to 33.9 m/yr, which is likely because the studies were performed over
short time periods. Also, none of the studies listed in Table 3.1 quantified the spatially focused
recharge beneath the wadis, the center of the depression (playa), and the edges of the depression.
The annual average rate of recharge must be quantified more accurately to assist with water
management strategies in the region. Milewski et al. (2014) discussed the challenges of
estimating the recharge of the freshwater lenses in the deserts due to the unique hydrological

processes such as, infrequent-intensive rainfall events, losses through the wadis, infiltration
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capacity, and salinity of the hosting aquifers. Inclusion of dispersion to allow for mixing of
recharge water with ambient groundwater yields a better representation of the recharge
mechanism, with the former remaining an open question in the literature (Garabedian et al.,
1991; LeBlanc et al., 1991; Gelhar et al., 1992; Schulze-Makuch, 2005).

In general, estimating recharge rates for groundwater in arid regions has been known to
be difficult through the decades (Lloyd, 1986; Gee, 1988; Lerner et al., 1990; de Vrics and
Simmers, 2002; Healy, 2010). Recently, several studies have provided new approaches to
constrain the uncertainties associated with groundwater recharge estimations. Integrating
different approaches of estimating recharge can be complementary and thus help refine the
conceptual model of the recharge processes. For example, various tracers (such as Cl, 36Cl, and
3H) have been used in combination to estimate recharge in unsaturated zones (Wang et al., 2008;
Lietal., 2017; Huang et al., 2017) ), and other tracers (such as chlorofluorocarbons (CFCs))
have been used in saturated zones (Raiber et al., 2015). Also, the combination of multiple
environmental tracers and numerical modeling has been used for estimating recharge (Liu et al.,
2014). Atkinson et al. (2014) used an inversion groundwater model that combines hydraulic
heads and groundwater ages.

Other studies have used estimates of recharge from catchment-scale surface-water models
as input to groundwater models (Burns et al., 2011; Kahle et al., 2011), and surface water and
groundwater models such as SWAT and MODFLOW have been integrated (Kim et al., 2008;
Bailey et al., 2016). Jeong et al. (2017) combined a water-table fluctuation model with
unsaturated-zone gravitational flow to demonstrate the effect of the unsaturated zone drainage

and a delayed recharge flux in the water-table fluctuation.

43



Table 3.1. Summary of recharge estimate studies for the Rawdatain basin

Reference

Space Scale
(km?)

Time Scale

Recharge Estimation Method

Estimated Recharge
Volume (million m*/year)

Average Areal
Recharge (mm/year)

Bergstrom and Aten (1964)
Kwarteng et al. (2000)

Ud Din et al. (2007)
Al-Dousari et al. (2010)
Al-Senafy et al. (2013)
Al-Senafy et al. (2013)
Milewski et al. (2014)

75
75
2879
3696
3696
75
241

1 year (1961)

17 years (1962-1978)

1 year (2003)

9 years (1998-2006)

10 years (2000-2009)

6 months (Oct. 2010-Apr.2011)
12 years (1998-2009)

Saturated Zone-Darcy's Law

Saturated Zone-Water Budget Equation
Surface Water-Physical Techniques

Surface Water-Numerical Modeling (SWAT)
Surface Water-Numerical Modeling (SWAT)
Saturated Zone-Water Table Fluctuation

Surface Water-Numerical Modeling (SWAT)

1

2
22.38
46.8
18
NA
8.17

13.3
26.7
7.8
12.7
49
25
339
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Such integrated approaches provide models for the overall system that can be used to constrain
model parameters and check the continuity of mass balance.

Different formation settings and recharge mechanisms of the FGLs have reported from
fifteen locations worldwide (Laattoe et al., 2017). The recharge mechanisms found to vary
between surface and subsurface water interactions, topographic mounding, focused rainfall
recharge, and recharge from anthropogenic activities. Within the AP, Laattoe et al. (2017)
classified the Rawdatain and Umm-Al-Aish FGLs in Kuwait and FGLs in the Wusta region of
central Oman as focused rainfall recharge type. Similar recharge mechanisms were found on the
Eyre Peninsula and Stockyard Plain in South Australia (Laattoe et al., 2017).

The objective of this study is to provide accurate long-term estimates of recharge for the
Rawdatain FGL and to investigate the timing of lens depletion under scenarios of decreased
recharge. Such information is valuable for formulating water management strategies for the
region. A primary focus is to establish a reliable, well-constrained estimate of the balance
between the main formative factor (i.e., recharge rate) and the major pre-development loss factor
(i.e., natural dispersive mixing). The recharge rate estimate is based on multi-target calibration of
a three-dimensional (3D) density-dependent groundwater flow and solute transport model using
the following pre-development period calibration targets: (1) spatially-variable groundwater
head, (2) spatially-variable TDS concentration, (3) volumes and thicknesses of stored
groundwater at three different water quality categories (TDS of 0-700 mg/L, 700-1,000 mg/L,
1,000-2,000 mg/L), and (4) the geometrical shape of the lens along aquifer cross sections.

The methodology presented herein is a general approach to estimating recharge rates for

focused rainfall recharge freshwater lenses in arid regions. Furthermore, dispersion parameters at
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the relevant scales have not been quantified for Rawdatain, and these may not be well-quantified
in many similar basins. This additional factor must be considered when using lens observations
to estimate recharge rates.

3.2. The Rawdatain Basin
3.2.1 Physical Description and Climate

The Rawdatain basin is a closed topographical depression located approximately 60 km
north-northwest of Kuwait City. Fresh water was discovered accidentally in a well (Well ID: R8)
that was drilled in the Rawdatain basin in 1960 for a brackish water supply for the construction
of a road between Kuwait city and Basra city in Iraq. After the well had continued to produce
fresh water with TDS of 600 mg/L for several months, an investigation of the basin became an
interest. The Ministry of Electricity and Water (M.E.W) in Kuwait summoned the Parsons
Corporation, Los Angeles (USA), to conduct an extensive hydrological survey for evaluating the
groundwater potential of the area in 1961. Later, the project objectives expanded beyond the data
survey to develop and construct the Rawdatain freshwater production field. On September 19,
1962, the officially opening of the Rawdatain facilities was held, and the significant pumping
was begun at a rate of 9,000 m*/day in October 1962 (Parsons Corporation 1964). In this study,
the volumes of the stored water, groundwater head measurements, and TDS data points that was
collected in 1961-1962 prior to the sustained pumping is considered to represent the pre-
development period.

Summers in the study area are long, hot, and dry, and winters are short, which is typical
for the AP. Temperatures reach daytime highs averaging 44-C and 15°C and nighttime lows
averaging 23°C and 3°C in summer and winter, respectively (Almedeij, 2012). Most of the

annual precipitation falls between November and April, and the average total annual
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precipitation is 115 mm for the period 1962 to 2016. For this period, the highest annual
precipitation was 260 mm in 1975-1976, and the lowest was 28 mm in 1963-1964. The average
daily potential evaporation varies from as low as 3.2 mm/day in January to as high as 21.0
mm/day in July, with an annual total of approximately 4040 mm. Although the average climate
is very dry, high-intensity rainfall can occur, resulting in flowing water in wadis and sometimes
severe flooding. For example, the highest recorded intensity of rainfall of 38.4 mm in 20 min
occurred on 4 April 1976.

The depression has an area of approximately 75 km?, but its catchment area is
approximately 3696 km?. Numerous wadis converge and terminate in the basin (Figure 3.1).
Based on the lower permeability of shallow soils in the center of the basin, researchers have
suggested that recharge occurs primarily in the wadis and along the margins of the basin, with
the recharged water then flowing toward the center of the basin through the subsurface (Grealish
et al., 1998; Fadlelmawla et al., 2008). Even so, surface runoff through the wadis does
occasionally result in water being ponded relatively deep across the lower depression, forming a
lake that may last several days before infiltrating or evaporating (Senay, 1977).

The Rawdatain FGL, as mapped to date, is roughly 10 km long and 5 km wide, with an
average thickness of approximately 25 m and a maximum thickness of 35 m. The freshwater
volume based on pre-development data (Parsons Corporation 1964, UAR 1964) has been
estimated at 33 million m? of groundwater below 700 mg/L TDS, 64 million m? below 1000
mg/L, and 149 million m? below 2000 mg/L (Table 3.2). Pumping from the lens was as high as 4
million m*/year in 1967, but has been limited to approximately 0.2 million m*/year in recent

years (MEW, 2015).
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Figure 3.1. State of Kuwait and the Rawdatain model domain

Table 3.2. Volumes of stored water in the Rawdatain basin (Senay, 1977)

Data Source

Volumes of Stored Water (million m*) with TDS equal or less than

700 ppm 1000 ppm 2000 ppm
Parsons Corporation (1964) ~ -—--- 68.1 136.3
U.AR Experts (1964) 32.6 60.6 161.6
Average 32.6 64.4 149.0

3.2.2 Previous Studies of Recharge Mechanisms

The topic of recharge mechanism and phenomena has been of interest to many studies

because of the uniqueness of FGLs hydrology in deserts. Bergstrom and Aten (1964) used

piezometric water levels to identify possible recharge locations in the area. Based on a contour

map of the heads, the local water flow was identified as flowing northward from the central area

of the lens and fanning outward to the west, north and east. Based on this observation, the

authors concluded that recharge generally occurs at the central area of the lens, and they further
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identified three localities as the specific recharge areas within the central area of the lens based
on surface water accumulations attributed to direct rainfall.

However, the soil infiltration rates within the depression were low (Parsons Corporation,
1964; Grealish et al., 1998), so the mechanism of recharge was unclear. Robinson & Al-Ruwaih
(1985) and Ebrahim et al. (1993) used stable isotope ratios of groundwater at Al-Rawdatain to
constrain the age of recharge associated with recent rainfall events. Because the §'®0 and &°H
values showed no sign of evaporation, they concluded that infiltration of rainwater was fast.
Grealish et al. (1998) reported that the wadi beds in the area had vertical infiltration rates of up to
60 cm/h, which were much larger than those of the inter-wadi soils at Al-Rawdatain (2 cm/h),
and higher infiltration rates were found near the periphery of the main depression. Viswanathan
et al. (1997) developed a conceptual model for recharge to the freshwater aquifers in the area, in
which water in the main depression migrates laterally along low-permeability calcrete horizons
to the center of the depression, where it then infiltrates vertically to the freshwater lens through
discontinuities in the cemented horizon.

3.2.3 Previous Studies of Recharge Quantity

Several studies have quantified the recharge rate in the Rawdatain basin, as shown in
Table 3.1. These studies used a wide range of spatial and time scales and different methods of
recharge estimation. Bergstrom & Aten (1964), Kwarteng et al. (2000), and Al-Senafy et al.
(2013) used techniques based on the saturated zone to estimate the actual recharge to the
Rawdatain depression (approximately 75 km?). Actual recharge, which is estimated from
groundwater studies, is water that is known to reach the water table (Rushton, 1997). Their
estimates ranged from 1 to 2 million m*/year (13.3 to 26.7 mm). These authors used different

techniques: Darcy’s law, Water Budget Equation, and Water Table Fluctuation, respectively.
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Saturated zone techniques are applicable for arid regions, where focused recharge tends to
dominate, to provide actual regional estimates of recharge based on long-term recharge
estimation (Scanlon al et al., 2002).

Potential recharge, which is estimated from surface-water and unsaturated-zone studies,
is water that has infiltrated but may not actually reach the water table because of unsaturated-
zone processes, such as bank storage and evapotranspiration, or the inability of the saturated
zone to accept recharge due to factors such as low transmissivity or a shallow water table
(Rushton, 1997). Compared with actual recharge, potential recharge estimates based on the
surface zone were higher and had a wider range of values, ranging from 4.9 to 33.9 mm/year for
the entire Rawdatain watershed (8.2 to 46.8 million m3/year) (Din et al., 2007; Al-Dousari et al.,
2010; Al-Senafy et al., 2013; Milewski et al., 2014). Their studies used SWAT model
simulations and modern precipitation records to estimate the potential recharge, with the
exception of Din et al. (2007), who used physical techniques. Their approaches (watershed
modeling) may be more accurate in humid regions, where perennial surface-water flow can be
used for model calibration. Unsaturated zone methods are typically used for point or small-scale
estimates of potential recharge in arid and semiarid climates (Scanlon al et al., 2002).

Senay (1973) found that estimated recharge by Bergstrom & Aten (1964) was high based
on the rapid increase in the TDS of produced water from 1963 to 1973, when the average annual
water extraction was approximately 3.6 million m®. Thus, the published recharge estimates in
Table 3.1 are highly uncertain and likely substantially overestimate recharge, and relying on
them for water resources planning is risky. Moreover, it has been directly observed that over-
pumping (i.e., when pumping rates likely exceeded recharge rates) can damage the groundwater

quality of the Rawdatain basin (Senay, 1977; Mukhopadhyay, 2016). However, the water quality
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degradation could also occur from accelerated mixing between freshwater and brackish
groundwater due to pumping.

3.3. Methods

3.3.1 Approaches to Estimating Groundwater Recharge

In this study, numerical modeling of the saturated zone was used to estimate long-term
recharge over a large area, including both diffuse and focused actual recharge. Diffuse recharge
(sometimes referred to as direct recharge) is recharge through processes that occur relatively
uniformly over large areas, such as precipitation and irrigation (Simmers, 1997), and focused
recharge is concentrated at topographic lows such as depressions, rivers, and lakes. To constrain
the uncertainty of numerical modeling, multiple calibration targets and groundwater age data
were used to constrain the uncertainty in the groundwater recharge models (discussed in sections
3.4 and 3.5). This method was selected because of the wealth of data available in the saturated
zone and the capability of such models to evaluate conceptual models and model assumptions,
assess the sensitivity of recharge estimates to model parameters, and predict the effect of future
climate and land use changes on recharge rates.

The recharge estimation techniques based on surface water or unsaturated zone models
were eliminated from consideration because of their limited capability in our study area and the
limited availability of relevant data. The surface water approaches may be less accurate for the
Rawdatain basin, where perennial surface-water flow data are not available for calibrating
models. In our case, the unsaturated approaches are not appropriate because of the thick
unsaturated zone, ranging between approximately 25 and 40 m in depth. In addition, hydraulic
conductivities in unsaturated systems are highly nonlinear with respect to water content, thereby

making determination more difficult (Scanlon al et al., 2002).
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3.3.2 Model Code

The SEAWAT code (Langevin et al. 2007) was used to simulate the formation and
behavior of the Rawdatain lens. SEAWAT is a 3D finite difference code developed by the U.S.
Geological Survey, capable of simulating transient density-dependent flow and advection and
dispersion of solutes by combining MODFLOW (McDonald & Harbaugh, 1988) and MT3DMS
(Zheng & Wang, 1999), using the former to simulate groundwater flow and the latter to simulate
solute transport. The two codes are run iteratively to update the head solution based on changes
in fluid density caused by changing solute concentration. Numerous applications of SEAWAT
have been published, including the simulation of coastal seawater intrusions (Qahman & Larabi,
2006; Goswami & Clement, 2007) and the behavior of freshwater lenses that form on islands
(Comte et al., 2014; Holding and Allen, 2015; Wallace and Bailey, 2017; Alsumaiei & Bailey,
2018).

3.3.3 Model Construction

The model domain is depicted in Figures 3.1 and 3.2. It has a uniform 100 m x 100 m
grid spacing with 155 rows and 105 columns (total number of cells is 553,350), aligned with true
north and centered on the surface depression. The model uses 34 computational layers to
represent three aquifer zones (Upper A, Upper B, and Lower) and two aquitards that separate
them (Table 3.3). Horizontally, each layer has homogenous hydraulic conductivity values (Table

3.3). The hydraulic conductivity values were obtained from Parsons Corporation (1964) and

52



Senay (1988), which were based on results from 14 pumping tests. The authors also estimated

the specific yield and porosity to be 0.12 and 0.22, respectively.
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dependent flux conditions)
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Table 3.3. Model layer details and hydraulic conductivity values (Senay, 1988)

Aquifer Units Thickness (m) Number of layers K: (m/day) K, (m/day)
Upper Aquifer-A 15 13 24.5 245
Aquitard 3 3 0.86 0.086
Upper Aquifer-B 10 10 24.5 245
Aquitard 4 2 0.86 0.086
Lower Aquifer 18 6 12.2 1.22

There is no well-defined large-scale environmental dispersivity estimate for the
Rwadatain FGL because there are multiple recharge zones, as shown in Figure 3.2. Estimating or
using a value of dispersivity for the FGL is an open topic of research and uncertain in several
studies (Mukhopadhyay et al., 1994; Yihdego & Al-Weshah, 2017). Gelhar et al. (1992) found
that there are no reliable 3D dispersivity values at scales larger than 300 m. Beyond that scale,
almost all dispersivity estimates are from contaminant transport and environmental tracer studies.
In such studies, solute input is typically poorly defined, and controlled input tracer experiments
have not been conducted at larger scales because of the very long time periods required. Gelhar
et al. (1992) suggested that values of dispersivity for uncontrolled environmental events (such as
seawater intrusion) are commonly determined by fitting a solute transport model to historical
data. In this study, dispersivity values were altered to achieve the best match, resulting in values
of 50 m, 5 m, and 0.1 m in the longitudinal, transverse horizontal, and transverse vertical
directions, respectively. The higher dispersivity values promote more mixing and result in a
smaller freshwater lens and vice versa.

Six recharge zones were used (Figure 3.2). Zones 1, 2 and 6 represent regional diffuse

recharge rates (estimated to be very low). Zones 3, 4 and 5 represent focused recharge beneath
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the depression, playa, and wadis, respectively. Recharge zones were allocated based on
depression topography, water age (Fadlelmawla et al., 2008), and spatial TDS data. Each zone
was assigned a fixed percentage of the total annual recharge volume, as listed in Table 3.4.

Table 3.4. Model recharge zones

Recharge Zone Area Recharge Zone

Zone (km?) Percentage (%)
Zone 1 133.1 19.4
Zone2 9.9 10.8
Zone 3 1.9 35.7
Zone 4 0.8 14.8
Zone 5 9.6 18.1
Zone 6 7.6 1.1

There are no natural hydrologic boundaries within nor near to the domain of our study.
Hydrologically, the Rawdatain FGL is floating above brackish groundwater of a regional
extended country-wide hosting aquifer. In such conditions, implementing specified-head
boundary conditions that represents the natural balance between the formative and loss factors
(i.e. head gradient, density gradient and buoyancy phenomena) would be the most feasible and
reliable option. The boundary conditions were extended beyond the Rawdatain depression to
cover the surrounding hosting aquifer (Figure 3.2). This would help to better simulate the
regional flow regime and allow for natural mixing of recharge water with ambient brackish
groundwater beneath the recharge zones, thus; minimize the effects of the boundary conditions
on recharge zones.

The values of the specified heads and concentrations of the boundaries were initially
assigned based on field measurements collected by Parsons Corporation (1964) prior to sustained
pumping from Rawdatain field. These values were slightly adjusted until a basic head calibration
was achieved. Specified-head conditions were set along the east boundary that spatially varying

from 13 m above sea level (asl) from lowest southern cell to 10.25 m asl at the highest northern

55



cell, whereas 13 m asl was set along the south boundary. Head-dependent flux conditions were
set along the north and east boundaries that spatially varying from 13 m asl at the south eastern
corner and 10.25 m asl at the north western corner to 9.25 m asl at the north eastern
corner.During preliminary simulations, we found that the head-dependent flux boundary
condition more accurately handled the flux of solute leaving the model domain along the north
end.

Bergstrom and Aten (1964) found that the general flow regime is from south west to
north east and the head gradients were from about 0.0001 to 0.0008. The natural flow regime
was successfully reproduced and the simulated head gradient (i) was 0.0002. Note, the simulated
head gradient represents the effects of the boundary conditions only (i.e. no recharge was
applied). However, as will be discussed later, the recharge rates and the location of recharge
zones did have some further effect on groundwater head values and gradients. Later, the
simulated head gradients with applied recharge will be comparable with the values reported by
Bergstrom and Aten (1964). The boundary conditions were not further adjusted in the
simulations presented herein. A sensitivity analysis was applied to explore the effects of different
Specified-head boundary conditions for both development and stability simulations.

Each model simulation began with no freshwater present, i.e., an initial TDS
concentration set to increase gradually from 4,000 mg/L at the top layer to 12,000 mg/L at the
bottom layer. These values are representative of TDS values reported outside of and below the
Rawdatain FGL. Vertical recharge was then applied to the top layer, and the simulation was run
until the FGL approached a steady-state configuration and volume. The TDS concentration of the
recharge water was assumed to be 200 mg/L, which was the best water quality found in the lens.

Also, Fadlelmawla et al. (2008) found that the main geochemical processes controlling the
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salinization of the recharge is mixing with regional brackish water, whereas the magnitude of
salinization during infiltration, subsurface runoff and percolation to the water table is minimal.

3.3.4 Multi-Target Calibration Approach

To provide accurate estimates of recharge, the constructed SEAWAT model was tested
against multiple data targets to limit what otherwise were a wide variety of non-unique possible
parameter sets. This concept has been addressed extensively in the literature, including many
examples regarding the importance of multi-target calibration (e.g., Kim et al. 1999; Saiers et al.
2004).

The pre-development data for Rawdatain FGL were collected in the early 1960s and
consist of TDS at 47 locations (including various depths) and water table data at 42 locations
(Parsons Corporation, 1964). Locations of the wells providing the groundwater head and TDS
data are shown in Figure 3.2, and more details (such as, date of measurements) are presented in
Table A&B in the appendix A. These data provide information on the lens’s pre-development
volume and depth at three different water quality levels (0-700 mg/L, 700-1000 mg/L, and 1000-
2000 mg/L TDS), as well as insight into the 3D spatial variability of salinity. These data were
used to guide and constrain the construction and calibration of the groundwater flow and salt
transport model.

A strong focus was placed on calibrating to the 1962 estimates of freshwater volume
because of the interest in using the Rawdatain FGL as a freshwater resource. The volume
estimates were based on TDS data at the same point, yet this still provides two different types of
calibration targets. As noted by Hill & Tiedeman (2006), the use of point data in calibrating
transport models can be problematic because concentrations can vary by orders of magnitude

over short distances. Furthermore, this variability is partly due to subsurface heterogeneities,
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often at a scale that can never be known or modeled in sufficient detail. For these reasons, a close
match of point data is not expected. Calibration to the total mass of a contaminant plume
(freshwater lens, in this case) is more feasible, and perhaps even more informative, than attempts
to calibrate to highly variable point concentration data (Feehley et al., 2000). Other examples of
alternatives to using point concentration measurements are discussed by Julian et al. (2001),
Barth and Hill (2005a,b), Anderman at el. (1996), and Bailey et al. (2014). Still, although
calibrating to the volume (mass) of the freshwater lens is a primary goal, the point data do
provide useful information about the shape and distribution of the lens. For this reason, the
model’s fit to the point TDS data was also monitored during calibration.

The freshwater thickness (i.e., depth) calibration targets were of course ultimately based
on the original point TDS data, but some specific thickness targets of the freshwater lens were
also based on diagrams created by Senay (1989). The thickness targets were helpful in
eliminating several non-unique combinations of calibrated parameters.

3.3.5 Groundwater Age Constraint

Groundwater age data help to constrain the rate of recharge, the residence time of aquifer
storage, and the time frame of contaminant fate and transport (McCallum et al. 2017). In the
Rawdatain basin, Fadlelmawla et al. (2008) collected 24 samples for radioactive carbon isotope
analysis (*H and '*C). The samples were collected within the 2000 mg/L TDS contour, and their
average depths ranged between 3 to 39 m below the water table. The analysis of the samples
indicated that the groundwater age ranges from less than 500 years to 2043 years. A more
thorough quantitative comparison is difficult because age depends on both depth and location,
and also on the sampling location with respect to the complex flow dynamics within the lens

(Sanford, 2002). In this study, the age of the lens volume with TDS less than or equal to 2000
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mg/L is used only to constrain the simulated period of lens development (i.e, groundwater age is
not tracked during simulation). Multiple calibration targets were compared with the simulated
results at 2000 years. This approach provides an independent factor that constrains the hydraulic
conductivity, recharge rate, and dispersivity.

3.3.6 Scenarios

Twelve recharge rate scenarios (Table 3.5) were simulated, starting with no freshwater
lens present and then running for 4000 years. The R9 to R12 recharge scenarios test the high
range of average annual recharge values from previous studies shown in Table 3.1. Based on
interpolation of extraction rate and water quality in comparison with natural recharge, Senay
(1973 & 1977) and Mukhopadhyay (2016) concluded that the studies listed in Table 3.1 clearly
overestimated recharge. Thus, the R1 to R8 recharge scenarios were implemented to test a lower
range of annual recharge rates. The recharge scenario that best matches the data targets at 2000
years was used for the stability assessment. In the stability assessment, the shrinkage scenarios
started from the lens condition at 2000 years and ran for more 2000 years, with reductions of 10,
20, 30, 40, 50, and 100% of the initial recharge rate to determine likely effects of future changes

in land-use or climate.

Table 3.5. Annual volume recharge scenarios

Recharge Annual Volume Recharge Annual Volume
Scenario  Recharge (m*/year) Scenario Recharge (m*/year)

R1 200,000 R7 600,000

R2 300,000 R8 800,000

R3 400,000 R9 1,000,000

R4 450,000 R10 1,200,000

R5 500,000 R11 2,000,000

R6 550,000 R12 5,000,000

A sensitivity analysis was carried out by varying hydraulic conductivity values in the best

recharge scenario. A range of multipliers (0.1, 0.5, 1.5, 2, 3 and 4) was applied to the hydraulic
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conductivity set K in Table 3.3 to test against the volumes and vertical thicknesses of stored
groundwater of the three different water quality ranges. The anisotropy ratio values were always
set to 10. Also, a sensitivity analysis was performed to assess the effects of different specified-
head boundary conditions for both development and stability simulations. For the development
period, four new sets of specified-head values were assigned by changing the specified-head
values along the west and south boundaries and the specified-head values along the east and
north boundaries as the following pairs: (+1, +0.82), (+3, +2.63), (-1, -0.81) and (-3, -2.62) m,
respectively. Each of those pairs led to change the original head gradient (i) as following: +5%i1,
+10%i, -5%i, and -10%i, respectively. For the stability assessment, additional eight simulations
were run to assess the effects of the change in the head gradients and the change in both recharge
and head gradients, and then compared with the change in recharge only.

3.4. Results
3.4.1 Simulations of Lens Formation as a Function of Recharge

Figure 3.3 1s a plot of the simulated freshwater lens volume over time, starting at the
initial condition and continuing until a steady configuration was approached. Three different
volume targets are shown: (a) 700 mg/L (32.6 million m?), b) 1000 mg/L (64.4 million m?), and
(c) 2000 mg/L (149 million m?). Curves for the many simulated recharge rates (Table 3.5) are

shown for 4000 years.
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Figure 3.3. Scenarios of Rawdatain FGL development: A) 700 mg/L, B) 1000 mg/L, and C) 2000 mg/L

water quality categories.

Figure 3.3A shows the development of the Rawdatain FGL against the first volume target

of 700 mg/L. Recharge scenarios R2, R3 and R4 never exceeded the target volume, whereas RS,

R9 and R10 met the target volume in less than 400 years and did not tend to reach a steady
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volume. Scenarios RS, R6 and R7 reached the closest to the target volume, but R6 and R7 tended
to meet the target faster and then continued to increase over time to a greater extent than R5. RS
met the target volume within 1400 years. Figures 3.3B and 3.3C show similar overall trends for
the second and third volume targets. RS met the second and third volume targets within 2200 and
2600 years, respectively. R1, R11 and R12 are not shown in the figures because the recharge
fluxes in the scenarios were either too low or too high to develop the lens.

As evidenced from Figure 3.3, the lens volume is sensitive to the recharge rate, with the
best fit found for an overall basin recharge rate of 500,000 m>/year (Scenario R5). In this model,
increases and decreases in recharge on the order of 10% (i.e R6 and R4) clearly miss the volume
targets by +/- (20% to 60%). Note that when starting from an initial no-freshwater condition, the
simulated lens with RS required from 1400 to 2600 years to reach its final volume in the model
domain.

Figure 3.4 summarizes the data from the three plots of Figure 3.3 by including all three
volume targets at one simulation time (2000 years). Again, the good fit for RS is apparent, along
with the relative sensitivities of the increases and decreases for R4 and R6. RS performed the
best among the scenarios, as it minimized the absolute errors between the simulated volumes and
the three volume targets. The absolute errors were 12.9%, 5.3% and 6.9% for the three volume
targets, respectively. The high absolute error for the first volume target could be because we
compared the simulated volume with one field estimate from U.A.R., as shown in Table 3.2.
Figure 3.4 also indicates that low recharge scenarios would not be able to create the lens, and the

high recharge scenarios developed very large lenses.
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A greater emphasis was placed on achieving a close calibration to lens volume targets
than to TDS point data, for reasons explained above. Indeed, point concentration results show the
expected degree of scatter for the concentrations, with results for scenarios R1, RS, and R10
shown in Figure 3.5. Nevertheless, this measure of calibration was also sensitive to recharge
rates. As shown in Figure 3.5, the RS rate (500,000 m*/year) achieved a reasonably good fit. In
comparison, the low recharge value of 200,000 m m?®/year (R1) greatly over-predicts TDS,
whereas the high recharge value of 1,200,000 m?/year (R10) greatly under-predicts TDS point
concentration data. The range of the Scaled Root Mean Square Error (S-RMSE) of TDS was
found to be between 0.167 and 0.447, as shown in Figure 3.6. In terms of the S-RMSE values,
the best three recharge scenarios were R7, R6 and RS, with values of 0.167, 0.174 and 0.188,

respectively.
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Calibrating the model to groundwater head is not a particularly robust or stringent

method for solute transport models. Indeed, we found head calibration to have a lower sensitivity

to recharge than other calibration targets. Still, the higher and lower recharge rates (0.2 and 1.2

million m?/year) did noticeably degrade the head calibration (Figure 3.7). As shown in Figure

3.6, the narrow range of S-RMSE values (0.121 and 0.132) for the groundwater head did not help

to distinguish the performance of the different recharge scenarios, unlike the range of TDS S-

RMSE values. These results demonstrate the usefulness of combining groundwater transport and

flow models.

64



13.0
| | ,r/
[ ] n "/
12.5 2 3%
™ - | | Rl |
g [
=120 n R 6
9 = o " x > ° :
S u Ly A
T ° A 347, A A R1
o s o A amg” * A
3 L., Lt s ° RS
5} ® RI0
2110 |= R ,."i: ot
2 ° - am - t ----- 45° Line
A [ ] : .{ﬁ
10.5 2 I'/‘ 2
s | |
10.0 =2
10 10.5 11 115 12 12.5 13

Observed Head (m)

Figure 3.7. Observed vs. modeled head for the R1, R5, and R10 recharge scenarios.

The final calibration target was the maximum lens thickness, as presented by Senay
(1989). The thickness of a lens can be an important factor for the feasibility of recovering
(pumping) the freshwater without causing excessive mixing of the underlying brackish waters.
Figure 3.8 is a plot of simulated maximum thickness for scenarios R1-R10. Once again, it is
apparent that RS has the best fit, and small changes in recharge (R4 and R6) result in a poor fit.
Overall, scenario R5 performed the best, as it minimized the absolute errors between the
simulated maximum lens thickness and the three thickness targets. The absolute errors were
10.5%, 3.9% and 2.6% for the three thickness targets, respectively. Also, Figure 3.8 indicates
that low recharge scenarios developed very thin lenses, and the high recharge scenarios
established very deep lenses. It is difficult to distinguish between the three thickness targets for
R9 and R10 because the lens hit the model depth base at 50 m. These simulations suggested that
water with 700 mg/L TDS exists at 50 m, which is more than twice the depth at which
concentrations this low were measured in the field. In fact, lenses of that thickness did not exist
with any of the three TDS targets, so the higher recharge scenarios (R11 and R12) were

eliminated from further analysis.
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In addition to using freshwater thickness as a quantitative target, we also considered lens
thickness and overall lens shape qualitatively. This criterion also helps to confirm the accuracy
of the recharge zones, as it represents the shape of the lens under the recharge zones. Figure 3.9
depicts the longitudinal and transverse cross-sections of the lens presented by Senay (1977).
Figure 3.9 (C, D) shows the corresponding cross-sections through the simulated lens from

scenario RS, showing a favorable visual comparison with the observed cross-section of TDS.
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Figure 3.9. (A) & (B) Rawdatain cross-sections A-A' and B-B ', respectively (modified after Senay,

1977). (C) & (D) Modeled cross sections A-A 'and B-B ', respectively (not to scale) using the RS
recharge scenario

3.4.2 Simulation of Lens Stability under Changes in Recharge

The Rawdatain FGL is a unique and potentially valuable natural resource. One concern
about its reliability and security is the degree to which land-use changes or climate changes may
affect the historical average recharge rate in the basin and thereby affect the lens. The best-fit
recharge model (R5) was used to predict how future recharge reductions may affect the volume
of the lens inside the model domain. These simulations do not consider the pumping that has
taken place from 1962 to present. Rather, these simulations start with the formation model at
time t = 2000 years (after a creation period) and implement a sudden recharge reduction for the
remainder of the simulation. The simulations included reductions of 10, 20, 30, 40, 50, and 100%
of the calibrated recharge rate (500,000 m?/year).

The results are plotted in Figure 3.10. The results confirm an expectation that was
intuitive from the formation simulations, i.e. because recharge is small compared with the lens
volume and because the lens required approximately 2000 years to form at such low recharge
rates, a reduction in recharge would not have an immediate impact. In the worst case scenario,
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assuming a 100% reduction in recharge (i.e., no recharge), the three different volumes would be
depleted after approximately 300, 400 and 700 years, respectively. This shows that the zone of
700 mg/L TDS is more sensitive to reduction in recharge than the zone of 2000 mg/L TDS. The
simulated lens required approximately 500 to 1000 years to reach a newly equilibrated volume
after the change in recharge rate. With a 20% reduction in recharge and 1000 years, the new
simulated volumes of the 700, 1000, and 2000 mg/L water quality zones would be reduced by
43%, 40%, and 26% from the original volumes, respectively. Within the next several decades or
even a century, the effect of recharge reduction would have less impact on the lens volume. For
instance, within 100 years and with a 20% reduction in recharge, the lens will shrink only by 8%,
6% and 3% for the three water quality volume targets, respectively. Within a century, the lens

still had a significant volume even with a 100% reduction in recharge.
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Figure 3.10. Development period and shrinkage scenarios for the A) 700 mg/L, B) 1000 mg/L, and C)
2000 mg/L water quality categories.

3.4.3 Sensitivity Analysis

The capability of the tested groundwater model was used to assess the sensitivity of the

Rawdatain FGL to hydraulic conductivity and boundary conditions. A sensitivity analysis was
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carried out by varying hydraulic conductivity under the RS recharge scenario. The x-axis in
Figure 3.11 represents different hydraulic conductivity sets. Hydraulic conductivity set K
represents the values of horizontal and vertical hydraulic conductivity in Table 3.3, whereas the
values 0.1, 0.5, 1.5, 2, 3 and 4 are multipliers. The anisotropy ratio values were always set to 10.
Figure 3.11 shows results for the three water quality categories, showing that K has a strong
influence on the volume and thickness of the lens. Results show that the set of K values provided
by Senay (1988) (the “K” scenario in Figure 3.11) satisfies all three water quality categories,
their corresponding maximum thicknesses, and the age of the stored groundwater. This indicates
that the K set is reasonably representative of the entire aquifer domain. The lower values of K
(0.1K, 0.5K) result in a large volume and a thick freshwater lens compared with the other sets,
which presumably implies a fast freshwater development and therefore a younger age of stored

water. In contrast, the higher values of the K set prevent the existence of the lens.
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Figure 3.11. Sensitivity of lens volume and thickness to hydraulic conductivity with the R5 recharge

scenario: A) 700 mg/L, B) 1000 mg/L, and C) 2000 mg/L water quality categories. (Max Z stands for

maximum lens thickness) (Red lines represent the targets of the volumes of stored water at each water
quality category and the corresponding lens thickness)
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For development period, the base scenario in Table 3.6 represents the simulations
resulted from using R5 and original head gradient (i). The model was re-run from the initial
condition (i.e., no freshwater present) with the new four head gradients (+5%i, +10%i, -5%i, and
-10%i) using the RS for 2000 years. Then, the performance of the additional 4-runs were tested
against the targets data and compared with the base scenario. An increase in the head gradient by
5% would lead to a slight decrease in simulated volumes of stored water by 6.3 to 7.9% and no
significant change in simulated lens maximum thickness compared to the base scenario. The
+10%i scenario indicates more flows from the ambient water towards the freshwater lens
resulting in decrease in its volume. In the other hand, no significant effects on the simulated

volumes and maximum thickness with the -5%:i and -10%i: scenarios.
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Table 3.6. Sensitivity of lens development to boundary conditions

Base Scenario Sensitivity Analysis Scenarios
Comparison criteria Targets . Error  +5% Error Change +/0% Error Change 5% i Error Change -10% Error Change
(%) i (%) (%) i (%) (%) (%) (%) i (B (R
Volume of Stored Water (10°m?)
700 mg/L 32.6 36.8 +12.9 339 +4.0 -7.8 309 -49 -15.8 36.7 +12.8 -0.1 369 +13.2 403
1000 mg/L 64.4 61.0 -53 562 -12.7 -79 51.3 -204 -159 60.9 -53 -0.1 61.1 -50 +0.3
2000 mg/L 149.0 138.7 -6.9 1299 -12.8 -6.3 119.2 -20.0 -14.1 1388 -69 +0.1 1394 -64 +0.5
Lens Maximum Thickness (m)
700 mg/L 21.80 24.08 +10.5 2329 +69 -33 2233 +24 -73 24.10 +10.6 +0.1 24.13 +10.7 +0.2
1000 mg/L 30.50 29.30 -39 2924 41 -0.2 29.15 -44 -05 29.30 -39 0.0 29.31 -39 0
2000 mg/L 35.00 34.08 -2.6 33.81 -34 -0.8 33.50 43 -1.7 3408 -2.6 0.0 34.09 -2.6 0
S-RMSE forTDS - 0.188 ----- 0.201 -----  -—--- 0.215 ----- - 0.190  -----  ---—- 0.190 -----  -—---
S-RMSE forhead ~ ----- 0.122  ----- 0.297 -----  -—--- 0.846 -----  ---—- 0.319  ----- - 0.884 ----- -
Mean Error forhead(m) - 0.01  ----- -093 --ee- - 289 - e 1.02 - e 302 - -
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The mean error (ME) for head (observed minus simulated) was added as a new
comparison criterion to assess the magnitude of the errors. It can be clearly seen that the
simulated heads are very sensitive to the boundary conditions. The MEs demonstrate that the
freshwater lens is shifted up or down as a corresponding to the change in specified-head
boundary. These analysis illustrate that the original head gradient (i) is a very well representative
of the natural gradient across the Rawdatain depression. Indeed, without the natural mild head
gradient, the Rawdatain FGL would have not formed.

Table 3.7 shows the simulations of the lens stability under change in the head gradients
(+5%i, +10%i, -5%i, and -10%1) and change in both recharge and head gradients (-
10%R5&+5%i, -10%R5&-5%i, -50%RS5&+5%i, -50%R5&-5%i). These simulations start with
the same initial conditions that reduction in recharge scenarios started with in section 3.4.2. The
results of -10%RS and -50%R5 scenarios in (Figure 3.10) are represented in (Table 3.7) for
comparison purposes. In general, the simulated volumes of stored water are more sensitive to the
reduction in recharge than an increase in the head gradients. The 5% increase in the head
gradients associated with the -10%RS scenarios leads to a consistent increase in salinization of
45, 65, and 100% within 100 to 1000-years for the three water quality volume categories,
respectively. In contrast, the 5% decrease in the head gradients reduces the salinization by 21,
22, and 42% within 100-years for the three water quality volume categories, respectively. The
benefit of the decrease in gradients on the salinization reduction is monotonically decrease as the

freshwater lens reaches a new steady state volume condition.
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Table 3.7. Sensitivity of the lens stability to boundary conditions

Change in Recharge Change in Gradient Change in Both Recharge and Gradient
Years -10% R5  -50% RS +5%i +10%i -5%i -10%i  -10%RS5 & +5%i -10%R5 & -5%i -50%R5 & +5%i -50%R5 & -5%i
Change in Volume of Stored water 700 mg/L (%) ( started from initial volume at 2000 years = 36.8 (10 ’m j))
2100 -3.4 -21.2 -2.5 -5.4 -1.1 -1.4 -4.9 -2.6 -22.3 -21.3
2500 -13.3 -92.2 -8.8 -15.9 -3.1 -2.6 -18.7 -12.0 -94.1 -92.2
3000 -17.7 -95.3 -10.6 -19.1 -2.6 -1.9 -24.6 -16.1 -96.0 -95.3
Change in Volume of Stored water 1000 mg/L (%) ( started from initial volume at 2000 years = 61.0 (10 °m?))
2100 -2.0 -17.0 -1.4 -4.0 -0.2 -0.4 -3.3 -1.6 -18.1 -17.0
2500 -8.1 -73.9 4.4 -10.4 0.4 0.8 -12.5 -7.2 -80.2 -73.7
3000 -13.4 -90.6 -6.6 -15.6 1.6 2.4 -20.8 -12.3 -92.0 -90.6
Change in Volume of Stored water 2000 mg/L (%) ( started from initial volume at 2000 years = 138.7 (10 m?))
2100 -1.0 9.1 -0.9 -2.6 0.2 0.6 -1.9 -0.6 -10.0 -8.9
2500 -4.2 -43.7 -3.2 -9.6 0.9 1.5 -8.6 -3.6 -46.0 -43.5
3000 -7.5 -70.2 -5.4 -12.6 2.1 2.8 -15.1 -6.9 -75.8 -70.0
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3.5. Discussion
3.5.1 Lens Formation and Stability

Many aspects of the Rawdatain FGL have been documented and well-studied, but we
believe that we have developed the first model of its formation and pre-development conditions,
along with its macro-scale stability. We have provided a quantitative estimate of annual recharge
for the lens (500,000 m?/year) that is consistent with Senay’s (1973) conclusion that prior
recharge estimates by Bergstrom and Aten (1964) and Kwarteng et al. (2000) were too high.
Their estimates were tested in the R9 (1 million m3/year) and R11 (2 million mS/year) recharge
scenarios, and it was clear that both overestimated recharge based on comparison with TDS, lens
volume, and lens thickness. Studies that used the surface water zone to estimate the potential
recharge also overestimated actual recharge (Table 3.1). That said, the prior estimates (Table 3.1)
may have been correct for the time scale, spatial scale, and modern precipitation periods on
which they were based, but our estimate is a long-term average rate. As such, we suggest that our
rate is more appropriate for considering the hydrodynamics of the lens.

Unlike our study, none of these studies estimated the focused recharge under the main
depression (playa) and wadis (ephemeral stream). Our study estimates the focused recharge at
the center of the Rawdatain depression and playa locations (recharge zones 3 and 4) to be 96
mm/year. This value is similar in magnitude to a recorded recharge of 109 mm in well R-39 at
the center of the depression corresponding to a water table rise of 910 mm (Sy = 0.12) after a
rain storm on December 29, 1976 (Senay, 1977). Similar focused recharge estimates beneath
playas in Texas, USA ranged from 60 to 120 mm/year (Scanlon & Goldsmith, 1997). The
focused recharge beneath the wadis (zone 5) is 9.4 mm/year, which is similar to estimates of

recharge from ephemeral streams at two different locations in Saudi Arabia, ranging from 6.1 to
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20 mm (Subyani, 2004&2005). Recharge estimates outside of the playas and wadis (Zones 1, 2,
and 6) are between 0.7 and 5.5 mm/year. These recharge values correlate well with recharge
estimated for shallow aquifers in the Arabian Peninsula (Bazuhair & Wood, 1996; Al-Senafy et
al., 2013).

With an annual recharge rate of 500,000 m?/year, the lens would require over 2000 years
to initially form or to naturally reform if depleted. At the same time, this low recharge rate and
the slow formation of the lens also means that the lens is relatively stable, in the near term, with
respect to changes in natural recharge potentially caused by land-use changes or climate changes.
Our simulations indicate that there would be minor changes in the overall lens volume within the
timeframe of typical civil planning horizons (e.g., 50 years). These conclusions suggest that the
lens could be a reliable emergency water reserve. They further suggest that there would be a
need to artificial recharge the lens if continued or increased usage is planned. Finally, these
simulations suggest that there is merit in recharging the lens in that the lens appears to be a stable
reserve, at least at the macro-scale, assuming artificial recharge and pumping methods were
conducted in a manner that would not trigger mixing with the underlying brackish waters.

3.5.2. A Tool for Future Work

Al-Senafy et al. (2013) recommended using a suitable numerical modeling package to
study the dynamics of the groundwater flow and solute transport at Rawdatain FGL. They
believed that this type of model will provide estimates of the volume and quality of recoverable
groundwater based on reserve mining utilization scenarios. Several studies have drawn attention
to Aquifer Storage & Recovery (ASR) in Kuwait (Senay, 1977; Mukhopadhyay et al., 1994,

2004; Al-Otaibi & Mukhopadhyay, 2005; Darwish & Al Awadhi, 2009). These studies
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highlighted the need for maintaining a large volume of stored groundwater to meet the demand
for water under emergency conditions.

With results from this study, we now have a well-founded and calibrated model that can
be used to interpret how the intensive pumping of the 1963-1973 period damaged the lens in
places and how pumping may be done more carefully in the future. This model can be used to
further quantify the current volume of the lens and the portion that may be safely extracted in
times of emergency, which in turn can be used to consider the potential to augment the lens via
artificial recharge. The use of coupled numerical groundwater flow and transport models for
ASR is the best method for assessing the effects of interactions between hydrogeologic and
operational parameters on predictions of recovery efficiency (Lowry & Anderson, 2006).
Artificial recharge could be conducted using Kuwait’s seasonal excess freshwater capacity that
comes from seawater desalination or from its highly treated wastewater sources. The use of
highly treated wastewater for recharge may also provide a solution to the negative public
reception toward immediately and directly using treated wastewaters.

3.6. Summary and Conclusions

Among the fresh groundwater lenses (FGLs) in the Arabian Peninsula, the Rawdatain
FGL in Kuwait is an ideal and potentially unique candidate to use for evaluating the formative
and potentially changing dynamics of groundwater lenses in arid regions. In this study,
numerical modeling of the saturated zone was used to estimate long-term recharge for
Rawdatain, including both diffuse recharge within the regional system and focused recharge
along wadis. Groundwater age data and multiple calibration targets (groundwater TDS
concentration, groundwater head, lens volume, lens thickness) were used to constrain the

uncertainty in the applied recharge rate. This method was selected because of the wealth of data
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available in the saturated zone and the capability of such models for evaluating conceptual
models and model assumptions, assessing the sensitivity of recharge estimates to model
parameters, and predicting the effect of future climate and land use changes on recharge rates.

Twelve recharge amount scenarios, encompassing a wide range of long-term average annual
recharge values (200,000-5,000,000 m3/year), were tested against the multiple targets and
compared with the groundwater age of the Rawdatain lens (500-2043 years). The model
calibration suggests that the long-term average annual recharge is approximately 500,000
m?/year. The rates of both diffuse and focused recharge are in agreement with several similar
studies. At this recharge rate, the lens formed very slowly and would require over 2000 years to
reform if depleted.

The tested model was used to consider the macro-scale stability of the lens (lens volume)
under changes in natural recharge potentially caused by land-use changes or climate changes.
The simulations suggest that the lens volume would change slowly in the near term (e.g., the first
50 to 100 years) after a change in recharge. Within a 100-year time frame, a 50% reduction in
annual recharge would reduce the lens volumes by 21%, 17% and 9% for the 700 mg/L, 1000
mg/L, and 2000 mg/L water quality categories, respectively. This conclusion is understandable
given that the lens has a slow rate of formation and a volume that is much larger than the annual
recharge volume.

The slow natural changes expected for the lens means it could be a reliable short-term water
supply in a time of emergency. This also means that pumping needs to be carefully managed so
as to not damage this natural resource. Finally, the simulated stability of the lens suggests that
there is merit in considering artificial recharge of the lens to augment its ability to serve as a

short-term emergency water supply.
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This study successfully establishes a baseline for a focused rainfall recharge FGL in arid
regions. The use of a 3D density-dependent groundwater flow model tested against multiple data
targets and water age was capable of evaluating conceptual models and model assumptions,
assessing the sensitivity of recharge estimates and boundary conditions to model parameters, and
predicting the effect of future climate and land use changes on recharge rates. The output of this
model provides a reliable assessment and results that enhance the understanding of the formation
and stability of these lenses, and thus it will lead to better planning and management for these

valuable water reserves in the region.
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CHAPTER 4. DETERMINING VALUES OF LARGE-SCALE DISPERSIVITY FOR A

FRESH GROUNDWATER LENS IN AN ARID REGION

Highlights

The phenomenon of fresh groundwater lenses (FGLs) overlying saline or brackish
groundwater in subterranean oases in the Arabian Peninsula (AP) provides a potential source of
fresh water in an extremely arid region. These FGLs in the AP are proposed as suitable locations
for aquifer storage and recovery to serve as long-term storage for emergency uses. Because of
this, it is important to simulate mixing between fresh water and seawater or brackish water,
which requires characterization of the large-scale dispersivity of the FGL. In this study, a 3D
density-dependent groundwater flow and solute transport model is tested against several data
targets to estimate the dispersivity values, including groundwater head, spatially-variable total
dissolved solids (TDS) concentration in groundwater, three lens volume targets, three lens
thickness targets, and geometrical shape features of the lens along a cross-section. A total of 28
different sets of 3D dispersivity values, encompassing a wide range of feasible longitudinal
dispersivity values for the Rawdatain FGL (1-500 m), were tested against the multiple targets
and compared with the groundwater age of the Rawdatain FGL in Kuwait. The power of the
multi-calibration targets approach aids in eliminating several non-unique calibration parameters
and in decreasing the uncertainty of the calibrated parameters. Based on a multi-criteria score-
based method, the D16 dispersivity set ranked best in performance among all of the targets, with
the longitudinal, horizontal transverse, and vertical transverse dispersivity values estimated to be
50 m, 5 m and 0.1 m, respectively. A sensitivity analysis found that vertical transverse

dispersivity values of greater than one meter prevent the formation of the Rawdatain FGL. The
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methodology presented herein shows that it is feasible to estimate large-scale environmental
dispersivity, and it can be applied to other FGLs to overcome the limitations and cons of in-situ
large-scale dispersivity measurement.

4.1. Introduction

The formation of fresh groundwater lenses (FGLs) floating above denser, saline or
brackish groundwater is a fascinating hydrologic phenomenon that creates groundwater supplies
of great potential value for humans and ecosystems in several formation settings, such as coastal
areas, atoll islands, riverine floodplains, and subterranean oases in arid regions. FGLs are in
danger of salinization due to natural events (e.g., seawater intrusion due to sea level rise (Werner
& Simmons, 2009), groundwater inundation (Rotzoll & Fletcher 2013), and tsunami events
(Illangasekare et al., 2006) in coastal areas, drought conditions due to El Nifio events (Bailey et
al., 2009; Barkey and Bailey, 2017), and storm-induced overwash events (Chui & Terry, 2012;
Bailey & Jenson, 2014) on atoll islands), or anthropogenic activates (e.g., losing river conditions
induced by pumping (Berens et al., 2009) in riverine floodplains, and upconing of brackish water
due to pumping (Kwarteng et al., 2000) in subterranean oases in arid regions).

Among the different formation settings of FGLs, the FGLs in subterranean oases in the
Arabian Peninsula (AP) are a crucial source of fresh water for local populations. Freshwater
supplies are extremely scarce across the AP, as there are no perennial rivers or lakes, and the
climate and landforms make it difficult to harvest and store precipitation (Alrashid and Sherif
2000). Desalination becomes the most feasible alternative for meeting the current and future
water supply requirements, although vulnerable to power interruptions and various other risks.
More than 65% of the world’s desalination capacity was concentrated in the Gulf Cooperation

Council (GCC) in 2003 (Dawoud, 2005). Abdulrazzah (1995) reported an imbalance between the
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available water resources and demand in the region as a result of rapid economic development.
The lack of water availability in the AP has been shown to be an obstacle to sustainable
development (Shiklomanov, 1990&1998), and drinking water security is a major concern in
populated areas. Climate change is expected to result in an increase in the severity and frequency
of droughts in the region (D6ll et al., 2015; Feitelson & Tubi, 2017). In consequence, water wars
and disputes are likely to be triggered between neighboring countries and to threaten political
stability in the Middle East in future decades (Gleick, 1994; Amery, 2002&2015).

The functional significance of the FGLs has also been reported worldwide, such as in
Israel (Vengosh & Rosenthal, 1994), Argentina (Jayawickreme et al., 2011), Australia (Jolly et
al., 1993&1998; Cendon et al., 2010), Paraguay (Houben et al., 2014), Pakistan (Asghar et al.,
2002), Botswana (Bauer et al., 2006&2008), the USA (Panday et al., 1993; James et al., 1996),
and atoll islands (Bailey et al., 2009; Terry and Chui, 2012; Werner et al., 2017). Understanding
the formation and hydrogeology of FGLs in arid and semi-arid climates has long been of
scientific interest in the AP (e.g., Kwarteng et al., 2000; Macumber, 1995; Senay, 1973&1977;
Omar et al., 1981; Young et al., 2004; and others), as well as globally (e.g., Cendén et al., 2010;
Werner & Laattoe, 2016; Laattoe et al., 2017; Stofberg et al., 2017; Cartwright et al., 2019).

Methods for investigating FGLs have ranged from field data surveys, analytical solutions,
and simple empirical relationships to three-dimensional density-dependent models (Holding &
Allen, 2015; Werner at el., 2017; Wallace and Bailey, 2017). Field data surveys include direct
sampling approaches (e.g., Bergstrom and Aten, 1964; Terry and Falkland, 2010), as well as
indirect measurement techniques such as geophysical surveys (e.g., Stewart, 1988; Anthony,
1992) and remote sensing (e.g., Din at el., 2007; Milewski et al., 2014). Although the indirect

techniques tend to be less expensive than the direct sampling methods, their results are non-
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unique (i.e., the same set of observation can be explained by more than one model) (Falkland,
1993). However, field data have been used as a foundation for empirical, analytical and
numerical models used to understand the formation and hydrogeology of FGLs. Although the
empirical approaches bypass the need for large amounts of data and provide rough estimates of
recharge in the FGLs (Oberdorfer and Buddemeier, 1988), Woodroffe and Falkland (2004) and
Bailey et al. (2008&2010) discussed significant limitations of the empirical models because of
their simplification of aquifer properties and recharge mechanisms. In particular, the analytical
solutions used for FGLs rely on various assumptions that are inherent in the Ghyben-Herzberg
approximation. They only consider simplified, steady-state conditions, and they exclude aquifer
heterogeneity, as well as dispersive and transient effects, which results in the overestimation of
FGL resources (Oberdorfer et al., 1990; Bailey et al., 2010).

Numerical solutions have been widely applied because they overcome the limitations of
the analytical and empirical solutions, as they allow for transient density-dependent flow and
transport involving dispersivity and aquifer heterogeneity. Examples of using numerical models
for specific investigations include assessing the effect of change of river stage on the FGLs under
riverine floodplains (Alaghmand et al., 2014), the effect of climate change (Alam and
Falkland,1997) and overwash (e.g., Bailey & Jenson, 2014) on FGLs in atoll islands, the impact
of sea-level rise on FGLs in coastal areas (Masterson & Garabedian, 2007), and the effect of
reduction of natural recharge (Alrashidi & Bailey, 2019a) on FGLs in subterranean oases in an
arid region.

Numerical modeling of FGLs relies on several aspects, such as boundary conditions (e.g.,
flow fluxes and salt concentration), geometry (e.g., grid discretization), and aquifer properties

(such as hydraulic conductivity, dispersivity, and porosity) (Eeman et al., 2011). The effects of
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boundary conditions can be illustrated by numerical modelling of the effects of tidal activity on
seawater intrusion in an unconfined aquifer by Ataie-Ashtiani et al. (1999), who found that the
tidal fluctuations resulted in a thicker interface than would occur in the absence of tidal effects.
Similar findings were reported for the FGLs in atoll islands, such as in a comparison of tidal and
nontidal models in terms of the dynamics of FGLs (Underwood et al., 1992) and sea level rise
(Alsumaiei & Bailey, 2018). On the other hand, a modelling effort by Karasaki et al. (2006)
failed to predict a wide mixing zone when imposing a tidal boundary condition unless a large
dispersion coefficient was used. To successfully simulate the FGLs, an appropriate grid
discretization should be implemented based on the grid Peclet number (Pe) (Voss and Souza,
1987). Voss (1984) and Zhang et al. (2004) discussed choosing the appropriate transport solution
techniques based on Pe to solve the advection-dispersion equation. Although heterogeneity in
hydraulic conductivity contributes to mixing, Abarca et al. (2006) showed that moderate
heterogeneity has relatively little effect on the width of the mixing zone.

Although many of these factors can be measured or assessed, dispersivity is particularly
difficult to quantify (Eeman et al., 2011). The issue of how to characterize large-scale
dispersivity in aquifers remains an open question in the literature (Garabedian et al., 1991;
LeBlanc et al., 1991; Gelhar et al., 1992; Schulze-Makuch, 2005). It has been found through both
theoretical and experimental studies that field-scale dispersivities are up to several orders of
magnitude greater than lab-scale dispersivities for the same material. Most investigators agree
that this difference in dispersivity is due to natural heterogeneities at the field scale, which
produce irregular flow patterns (Gelher et al., 1992). This leads to the problem in parameter
estimation known as “scale-up”, meaning that quantities measured at the laboratory scale cannot

be extrapolated to the field scale. This is because parameters such as diffusion, porosity, and
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permeability used for field-scale simulations are not simple volume averages of the same
quantities at smaller spatial scales. Thus, such simple scaling approaches are precluded by the
nonlinearity of the relationships involved (Glimm et al., 1993). As a consequence, laboratory
dispersivity measurements cannot be used to predict field-scale dispersivity, and investigation of
field-scale transport must be performed at the field scale.

Many theoretical and experimental investigations of dispersion in aquifers have indicated
that solute longitudinal dispersivities are scale-dependent, meaning that solute dispersion is
dependent on the distance traveled by the particle (Gelher et al., 1992; Xu & Eckstein, 1995;
Hunt & Skinner, 2010; Hunt et al., 2015). Hence, some empirical equations can be found in the
literature relating longitudinal dispersivity to field transport distance (Arya et al., 1988; Neuman,
1990; Schulze-Makuch, 2005). However, scaling laws of this type are inconsistent with the
findings of Zech et al. (2015), who analyzed field data from more than 70 field experiments and
found that an increase in dispersivity with scale is not supported by the available data.

Characterization of the dispersivity at a particular field site is essential to any effort to
simulate mixing between fresh water and seawater or brackish water, and it provides a reliable
assessment and leads to better planning and management of FGLs. Underwood et al. (1992)
found that an increased longitudinal dispersivity resulted in increased mixing and a decrease in
the lateral extent of the numerically predicted FGL, or even prevented the FGL from forming. As
another example, field observations from Enjebi Island (Marshall Islands) indicated that the
mixing zone is so broad that the usable freshwater in the lens is negligible (Buddemeier and
Oberdorfer, 2004). Eeman et al. (2011) examined several parameters (including longitudinal and
transverse dispersivities) that dominate the mixing processes for physically feasible ranges of

parameters by using dimensionless groups and scaled sensitivities. They found that the early

93



stages of lens formation are dominated by longitudinal dispersion, whereas diffusion and
transversal dispersion dominate under steady state conditions.

4.2. Research Objective

The Rawdatain basin in Kuwait is a notable example of a FGL in the AP due to its size
and because of the extensive subsurface data set (Parsons Corporation, 1964) collected before
significant groundwater extraction began. The quality of this data set makes Rawdatain ideal for
investigating the formation and dynamics of FGLs in arid regions. The Rawdatain basin, as well
as other lenses in the AP, were proposed as suitable locations for aquifer storage and recovery
(ASR) to serve as long-term storage for emergency uses (Senay, 1989; Rizk & Alsharhan, 2003;
Al-Katheeri, 2008). Therefore, reliable dispersivity values are required to successfully assess the
recovery efficiency (Lowry & Anderson, 2006; Ward et al., 2009).

There is no well-defined large-scale environmental dispersivity estimate for the
Rawdatain basin because there are multiple recharge zones. Estimating or using a value of
dispersivity for the basin was an open question and uncertain in several studies (Mukhopadhyay
et al., 1994; Yihdego & Al-Weshah, 2017). Gelhar et al. (1992) found that there are no reliable
three dimensional dispersivity values at scales greater than 300 m. Beyond that scale, almost all
dispersivity estimates are from contaminant transport and environmental tracer studies. In such
studies, solute input is typically poorly defined, and controlled input tracer experiments have not
been conducted at larger scales because of the very long time periods required. Gelhar and
coauthors (1992) suggested that values of dispersivity for uncontrolled environmental events
(such as seawater intrusion) are commonly determined by fitting a solute transport model to

historical data.
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Because dispersivity is an important factor in variable density groundwater flow
(Simmons, 2005), assessments of 3D large-scale environmental dispersivity are discussed in this
paper. The objective of this study is to provide a realistic range of longitudinal (o), horizontal
transverse (on), and vertical transverse (o) dispersivity values for the Rawdatain FGL, with a
general methodology that can be used for other FGLs. The dispersivity estimates are based on
multi-target calibration of a 3D density-dependent groundwater flow and solute transport model
using the following pre-development period calibration targets: (1) groundwater head, (2)
spatially-variable total dissolved solids (TDS) groundwater concentration, (3-5) three
groundwater volume targets, and (6-8) three vertical thickness targets of stored groundwater of
three different water quality TDS ranges (0—700, 700—1000, and 1000—2000 mg/L). Then, a
multi-criteria score-based method with an equal weight for all the targets was applied to rank the
best performance of the dispersivity sets. In addition to the eight quantitative targets, the overall
lens shape and thickness were compared qualitatively with geometrical shape features of the lens
along cross-sections.

4.3. Background
4.3.1. Study Area

The AP is located in southwest Asia, within one of the great desert belts of the world, as
shown in Figure 4.1. The aridity index for the AP is classified as hyper-arid to arid according to
the global distribution of climatic zones (UNESCO, 1979). The majority of the AP is
characterized by high average temperature, erratic sparse rainfall, and high evapotranspiration
rates (Alrashed & Sherif, 2000). In the central part of the AP, shade temperatures frequently
exceed 48°C during the summer months. The annual average precipitation received by the region

is very low, typically less than 150 mm/year and ranging from as low as 50 mm in the northern
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and central parts to as high as 300 mm/year in the south (Alsharhan et al., 2001). The annual
potential evaporation ranges from 2500 mm/year in the coastal areas to approximately 4500 mm

in the central areas (Alsharhan et al., 2001).
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Figure 4.1. The Arabian Peninsula (left) and the model domain at the Rawdatain Basin in Kuwait (right)
Because of the arid climate, groundwater is the main source of freshwater supply in the
AP. FAO (1979) classified the regional groundwater in the AP into two main aquifer systems:
Systems A and B. System A represents the deep, non-renewable (fossil) groundwater aquifers,
and System B represents the shallow, renewable groundwater aquifers. Authman (1983), BAAC
(1980) and MAW (1984) subdivided the deep aquifers into more than 20 principal and secondary
aquifers based on various parameters such as specific yield, aquifer thickness, areal extent, and
the volume and quality of stored water. The groundwater reserves in the deep aquifers are
estimated at 2330 billion cubic meters (BCM), with a wide range of total dissolved solids. The
total annual recharge of these aquifers is approximately 0.1% of the total reserved volume, or

2692 million cubic meters per year (Abdulrazzah, 1994&1995). Significant withdrawals have
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been reported from these aquifers (FAO, 1998). As a result, the water levels have declined
dramatically (MAW, 1982 &1984) and salinity increases have been noted (Fadlelmawla & Al-
Otaibi, 2005; Zubari, 1999). All of the deep aquifers extend into two or more countries within
the AP or even outside of the AP. This situation has led to conflicts over transboundary aquifers
in the region (Puri & Aureli, 2005; Fallatah et al., 2017; Lee et al., 2018).

In contrast, System B represents discontinuous FGLs occurring over deeper brackish
groundwater. These FGLs extend over the eastern part of the AP. Because recharge to these
lenses depends on surface runoff from rainfall events that may vary considerably from year to
year in timing and magnitude, these lenses have relatively small longevities and likelihood of
formation (FAQO, 1979). As of the mid-1950s, several studies have discussed the existence of
these freshwater lenses, which are flooded and surrounded by brackish or saline water. Examples
of the studies include Italconsult (1969) and BRGM (1977) in Saudi Arabia, Le Grand ADSCO
et al. (1959) and FAO (1979) in Qatar, Rizk & Alsharhan (2003) and Al-Katheeri (2008) in
United Arab Emirates (UAE), Macumber et al. (1995; 1998; 2003) and Young et al. (2004) in
Oman, and Parsons Corporation (1964), Kwarteng et al. (2000), and Milewski et al. (2014) in
Kuwait. Unlike the System A aquifers, the System B aquifers have small areal extents. As a
result, the potential for transboundary conflicts is negligible because each known lens falls
within the boundary of one political unit.

Several studies have discussed the practical importance of water production from the
FGLs and their best potential use in the AP. FGLs have been exploited for domestic and
municipal uses by Dhahran and Al-Khober cities and agricultural activities in the Eastern
Province in SA (Abderrahman et al., 1995). The freshwater lenses have been used as potable

water supplies in the Al-Wusta Region of Central Oman (Macumber et al., 1995) and as an
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irrigation water source for several small farms near the Al-Ma’abar depression (Macumber,
1995). In the Liwa area in the UAE, freshwater lenses were also documented and proposed as
appropriate locations for artificial aquifer storage and recovery (Rizk & Alsharhan, 2003; Al-
Katheeri, 2008). The freshwater lenses in the Rawdatain and Umm Al-Aish depressions
represent the only natural freshwater source in Kuwait (Kwarteng et al., 2000). Senay (1989)
highlighted the need for considering artificial recharge for the freshwater lenses in Kuwait to
meet the demand for water under emergency conditions. These lenses were pumped extensively
for water supply during 19621974 (Kwarteng et al., 2000), and afterwards the production
decreased due to an increase in salinity (Al-Ruwaih et al., 2000). Currently, the Rawdatain
freshwater lens is used for commercial bottling of drinking water (Din et al., 2007), while the
entire field is acting as a strategic reserve for use during an emergency (Mukhopadhyay et al.,
2016).

4.3.2. Previous Studies
4.3.2.1. Dispersivity Data from Field Studies

Investigation of dispersivity values from field data was an interest as early as studies
conducted by Arya et al. (1988), Neuman (1990), and Gelhar et al. (1992). Recently, Schulze-
Makuch (2005) and Zech et al. (2015) reanalyzed the data provided by Gelhar et al. (1992) and
added more recent field studies since then. They analyzed only the longitudinal dispersivity,
unlike Gelhar et al. (1992) who documented more information for the transverse horizontal and
vertical dispersivities, which makes the Gelhar et al. (1992) study more beneficial for
constructing 3D flow-transport models. Because of that, we will focus on the studies from Gelhar

et al. (1992), which have more than 1800 citations in the literature.
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Gelhar et al (1992) conducted an extensive literature review for 74 publications that
reported the dispersivity values from 59 fields in a tabular summary and included several figures
for the scales of observations with the longitudinal, horizontal transverse, and vertical
dispersivities (106, 24, and 10 values, respectively) . In their study, the dispersivity values were
calculated or inferred from large-scale, uncontrolled subsurface solute transport events (with
environmental or contamination tracers) or controlled tracer tests. The environmental tracers
represent the natural, uncontrolled and unknown input history events over hundreds of meters
(regional scales), such as tritium in groundwater from recharge, seawater intrusion, and mineral
dissolution. The contamination tracers characterize human-induced and uncontrolled events,
including leaks, spills, and infiltration from landfills, storage tanks, and infiltration basins into
the groundwater. Pulse (instantaneous) or step (continuous) tracers represent the controlled
events where the quantity and duration of solute input are known. They have also classified the
dispersivity data based on their criteria of evaluating the data quality into three reliability classes:
low, moderate and high. The details of the reliability criteria will not be restated here and can be
found in the original study.

From a critical review of data on field-scale dispersion in aquifers, Gelhar et al. (1992)
suggested that the longitudinal dispersivity values in fields generally range from the pore scale of
0.01 m to large scales of 10 km at observations scales of 0.75 m to 100 km, with no high-
reliability points at scales greater than 300 m. The methods of data interpretation applied to
determine the dispersivity values commonly include breakthrough curve analysis or the method
of spatial moments for flow tests and numerical methods for contamination events. Based on the
Gelhar classification for dispersivities, the dispersivity for the FGLs is considered as an

environmental type. For the interests of our study, only eight environmental dispersivity values
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were reported from simulation studies in Table (4.1A), showing that the range of the longitudinal
dispersivity values is from 6.7 m to 40 km at observation scales of 100 m to 100 km. Only two of
these values are classified as high-reliability data, corresponding to two data sets from Hoehn
and Santschi (1987). Ten transverse vertical dispersivity values were reported from both
simulations and experimental studies in Table (4.1B), showing that the range is between a few
millimeters and 0.67 m. Unlike the longitudinal and transverse horizontal dispersivities, Gelhar
et al. (1992) concluded that the transverse vertical dispersivity data do not indicate any

noteworthy trend with the scale of the observations.
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Table 4.1.A. Environmental longitudinal dispersivity data from field studies (Gelher et al., 1992)

. Aquifer Method of Data Scale of . .. Study/DuraFlon/
Site Name . . - . Dispersivity Hydraulic
Reference Material/Aquifer Tracer (Type) Interpretation Observation .
(Country) OOty 0Ly (M) Conductivity (K) or
Name (Model Name) (m) L7
Transmissivity(T)
Rabi it 4G Roswell Basin, H One-dimensional Simulation/
a 1n0v(vi 9272;; TOSS New Mexico fractured limestone (environmental) uniform flow 32,000 20-23 e /
(USA) solution T= 864 - 25060 m2/d
Sutter sandstone, shale, cr three-dimensional Simulation/
Gupta et al (1975) Basin, California sand, . R § 50,000 80-200/8-20 -~ /
(USA) and alluvial sediments (environmental) numerical model 7777 e
fractured limestone Simulation/
Segol and Pinder Cutler area, and calcareous Cr two-dimensional
(1976) Florida (USA) sandstone/ Biscayne (environmental) numerical model 490 6.7/----10.67 1 week/
Bay K, Ky=390, 0.8 m/d
Aquia Na * One-dimensional Simulation/
Wood (1981) Formation, sand (environmental) uniform flow 100000 5600-40000 108 years/
Maryland (USA) solution T=25-75 m¥d
Borden, Ontario ) . H One—.dlmenswnal Simulation/
Egboka et al (1983) (Canada) glaciofluvial sand (environmental) uniform flow 600 30-60 27 years/
v solution K=4.32 m/d
Hoehn and Santschi lo“\//ear”gl]att layered gravel and *H two-dimensional }?8 (;(Z ilomrﬁfrﬁﬁr;//
(1987) (Switzerland) silty sand (environmental) temporal moments 500 53 K=70- 570 m/d
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Table 4.1.B. Vertical dispersivity data from field studies (Gelher et al., 1992)

. Aquifer Method of Data . .. Study/Dura.tlon/
Site Name . . . Scale of Dispersivity Hydraulic
Reference Material/Aquifer Tracer (Type) Interpretation . .
(Country) Observation Olp/Oty/OLy (M) Conductivity (K) or
Name (Model Name) L7
Transmissivity(T)
fractured limestone Simulation/
Segol and Pinder Cutler area, and calcareous Cr two-dimensional
(1976) Florida (USA) sandstone/ Biscayne (environmental) numerical model 490 6.7/----10.67 I week/
e Ry K. K,= 390, 0.8 m/d
. . - 82 1.4- Experiment/
1) Roys Hill (New gravel with cobbles/ I, RhWt, **Br,
Zealand) Heretaunga CI, E. Coli (pulse) 34-59 e /
& o P 3.3/0.04-0.1 T= 25000 m%d
New Zealand . R
Ministry of 2) Flaxmere (New alluvium (gravels)/ RRW¢, ©Br (pulse)  three-dimensional 25 0.3-1.5/---- Experlment/———z—————/
Works and Zealand) Heretaunga uniform flow /0.06 T= 32000 m~/d
Development . . solution
(1977) 3) Hastings City ‘ ) Experiment/
rubbish alluvium (gravels)/ CI
dump (Ne Heretaunga (contamination) 250 4110007 = = /
ump (New ung tnat T= 12100-30240 m%d
Zealand)
Barstow, alluvial sediments/ TDS two-dimensional Experiment/3.5 years/
Robson (1978) California (USA) Twin Lake (contamination) ~ numerical model 3200 61/-/02 K=432 m/d
Borden, Ontario B two-dimensional Simulation/1 year/
Sykes et al (1982) (Canada) sand CI" (pulse) numerical model 700 7.6/----/0.31 K= 5.0 t0 6.2 m/d
Mobile, Alabama . three-dimensional 0.76/---- Simulation/------- /
Sykes et al (1983) (USA) sand, silt, and clay heat (step) numerical model 57.3 10.15 K, Ko= 432, 2.2 m/d
Cape Cod, medium to coarse ) ) )
Garabedian (1987) Massachusetts sand, some gravel Br (pulse) three.-dllmenswnal 250 0'96/0'? 18/ EX}? er;(rrl eT§/217
(USA) overlying silty sand spatial moments 0.0015 months/ K= m/d
two-dimensional 0.06-0.16
Moltyaner and Killey Chalk River, . 131 . [--=--/ Experiment/2 years/
(19884, b) Ontario (Canada) fluvial sand I (pulse) unlfom flow 40 00006 s
solution
0.002
Rajaram and Gelhar Borden, Ontario . i . three-dimensional 0.5/0.05/ Experiment/3 years/
(1991) (Canada) glaciofluvial sand Br', CT (pulse) spatial moments %0 0.0022 K= 6.2 mid

102



4.3.2.2. Dispersivity Data from FGLs Studies

The phenomenon of dispersive mixing between the natural recharge and the host aquifer
water (brackish water in subterranean oases or saline water in atoll islands), or between the
seawater and fresh water in coastal areas, is not well defined. A wide range of scales have been
used in several studies as shown in Table (4.1C). The longitudinal dispersivity values proposed
in numerical modeling studies for FGLs range from the scale of centimeters (Oberdorfer et al.,
1990; Comte et al., 2010) to the scale of meters (Oude Essink et al., 2010; Delsman et al., 2014)
or even to hundreds of meters (Cobaner et al., 2012; Ataie-Ashtiani et al., 2013). As a further
example, Werner et al., (2017) reviewed 24 case studies of numerical modeling of FGLs in atoll
islands and found that the longitudinal, transverse horizontal, and transverse vertical
dispersivities ranged from 0.05 to 50 m, 0.001 to 1 m, and 0.01 to 1 m, respectively.

Because of limited field data, site-specific dispersivity models are difficult to derive
(Fetter, 2000). Thus, some studies have implemented assumed dispersivity values during the
simulations, without calibration. These assumptions were either based on previous studies for the
same study area (e.g., Oude Essink et al., 2010; Alsumaiei & Bailey, 2018), based on the scaling
approach where the dispersivity values were assumed to be a function of the observation scale
(e.g., Delsman et al., 2014; Yihdego & Al-Weshah, 2017), or the dispersivity values were
assumed at to be least equal to a quarter of the grid size to keep the grid Peclet number less than
one (Anderson and Woessner, 2015) to minimize numerical dispersion (e.g., Wilson, 2005;
Cobaner et al., 2012). Other studies have applied the dispersivity values as variables tested

during the simulations using different calibration or comparison data, as shown in Table (4.1C).
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Table 4.1.C. Dispersivity data from FGLs studies

Timescale/ Hydraulic

Reference Site Name (Country) FGL Formation Model (Dimensions) Calibration or Comparison data Conductivity (K) or Dispersivity Calibrated Sensmv.lty
L 0Olp/Olp/ 0Ly (M) Analysis
Transmissivity(T)
Coastline between RST2D code topography-driven flow, millions of vears/ varics as
Wilson (2005) Pamlico-Cape Fear, coastal areas (Raffensperger, 1996) (2- seawater recirculation, and a flinctizn of de th‘ ’ 100/---/10 *® No Yes
North Carolina (USA) D) geothermal convection P
electrical resistivity
Mba Island . SEAWAT (3-D) _
Comte et al. (2010) (NewCaledonia) atoll islands SUTRA (2-D) tomography, grOIIJn.dwater head K=10-900 m/d 0.7/0.02/0.1 Yes No
and salinity
. . MOCDENS3D code
Oude Essink etal.  Dutch delta region coastal areas  (Vandenbohede, 2007) (3 groundwater head 100 years/ K= 0.1- 40 m/d 10/1/1¢ No No
(2010) (Netherlands) D)
Cobaner et al. Goksu delta, Silitke groundwater head and TDS 822 years/ N
2012) (Turkey) coastal areas SEAWAT model (3-D) concentration K= 0.8- 648 m/d 100/10/10 No Yes
Alaghmand et al. Lower Murray River riverine HGS model (Therrien et fver St;izfi’gz(:lzdgﬁ?eaquer 2070 days/ K= 0.1, 35, and 3/0.3/03 Yes No
(2014) (Australia) floodplains al., 2006) (3-D) ) . 40 m/d e ‘
concentrations.
Delsman et al. south Amsterdam city groundwater head, chloride b
2014) (Netherlands) coastal areas SEAWAT model (2-D) concentration, and tracers 8500 years 1/0.1/0.01 No Yes
Ataie-Ashtiani et Kish island, Persian island in Inverse modeling SUTRA ints of pressure and
are=As ant € S Isanc, Tersta semiarid verse mocelng POIN'S O pressure & K=0.01-86 m/d 335/34/34 Yes Yes
al. (2014) Gulf (Iran) . (3-D) concentration
regions
several atoll islands 14 years/
Bailey et al. (2014) (Republic of atoll islands SUTRA (2-D) freshwater lens thickness y 6/----/0.05¢ No No
) K= 75-5000 m/d
Maldives)
Yihdego & Al- Rawdatain and Umm- subterranean MODFLOW-SURFACT roundwater head and TDS (@0/4/04,
& . . g . 73 years/ T= 10-980 m*d 500/50/5, No Yes
‘Weshah (2017) Aish (Kuwait) oases model (3-D) concentration 1/0.1/0.01)"
Alsumaiei & four atoll islands 54 years/
Bailey (2018) (Repul?hc of atoll islands SEAWAT model (3-D) freshwater lens volume K= 75-5000 m/d 6/0.05/0.05 No No
Maldives)
L . dwater head, TDS
Alrashidi & Bailey . . subterranean groun( N ’ ) 2000 years/ . .
(current study) Rawdatain (Kuwait) oases SEAWAT model (3-D) concentration, and volume and K= 12-25 m/d 50/5/0.1 Yes Yes

thickness of lens

Implementing dispersivity values were based on: (a) a grid Peclet number, (b) a function of the observation scale, and (c) previous studies
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The data on vertical transverse dispersivity are much more limited. The range of field-
scale vertical dispersivity values has been reported as low as a few millimeters to one meter
(Gelher et al., 1992). In numerical studies, it is common practice to relate the vertical and
longitudinal dispersivities according to a constant ratio, ranging between 0.01 and 0.001 (Voss,
1984; Marsily, 1986; Gelher et al., 1992). Using such a ratio has led to the use of high values of
vertical dispersivity in the numerical modeling of FGLs, such as 10 m (Wilson, 2005) or even up
to 30 m (Ataie-Ashtiani et al., 2013). Underwood et al. (1992) showed that the component of the
vertical transverse dispersivity controls the mixing zone width between seawater and fresh water.
Neglecting the vertical transverse dispersivity would lead to a sharp interface (Maas, 2007) and a
poor representation of the salinity distribution (Sakr, 1999). Vacher (2004) found that the vertical
mixing within the transition zone separating fresh water and seawater in atoll FGLs affects the
depths at which potable water is assessable. However, Eeman et al. (2011) investigated the
thickness of the mixing-zone between a freshwater lens and upwelling saline water, and they
found that vertical transverse dispersion may become less important than longitudinal dispersion
if the lens thickness fluctuates significantly.

4.3.2.3. Dispersivity Data from Studies in Kuwait

Information on the dispersivity values in Kuwait aquifers is both uncertain and limited to
a few experimental and numerical studies, as shown in Table (4.1D). Mukhopadhyay et al (1994)
conducted an artificial groundwater recharge field experiment around Well SU-135A in the
Kuwait Group Aquifer (KGA), and the injection/withdrawal data were analyzed numerically
(FLOTRA model) to estimate the longitudinal dispersivity value. A high recovery efficiency
indicated a low longitudinal dispersivity value (1 m) for the KGA around the well. Two more

field experiments were conducted around Wells SU-10 and C-105 in the Dammam aquifer.
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AlRukaibi & McKinney (2013) evaluated the efficiency of ASR with a multi-cycle concept in
the Dammam Aquifer using MT3D to simulate TDS transport. A 10 m longitudinal dispersivity
value was used to analyze the mixing between brackish water and injected water. Yihdego & Al-
Weshah (2017) assessed the impact of saline sea water that was imported to extinguish the oil
well fires during the Gulf war on the Rawdatain and Umm-Aish freshwater aquifers in 1990-
1991. The MODFLOW-SURFACT model was used to simulate several scenarios for the areal
extent of the TDS plume in the Rawdatain and Umm-Aish freshwater lenses. Different
dispersivity values and transport solution techniques were used, and significant changes in TDS

were noticed as a result of changing the longitudinal dispersivity between 1 and 500 m.
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Table 4.1.D. Dispersivity data from studies in Kuwait

. Aquifer Method of Data . .. .
Reference ?lctzgl?flf Material/Aquifer Tracer (Type) Interpretation Ol?;;l\?a(t)ifon lzlsge;s?/rﬁiz Tsrgrll?r]r/lll)slsl:\ittlo(n”l/“)
y Name (Model Name) /O ¥
Sulaibiya, Well . . .
Mukhopadhyay et al 1A sand and gravel/ - radial numerical 100 1 VS Experiment/2 weeks/
(1994) SU-135A Kuwait Group tritium (pulse) model (FLOTRA) 0-100 1.0/ T=250-300 m%d
(Kuwait)
Mukhopadhyay et al Sulaibiya, Well . Cl-, TDS, EC radial numerical Experiment/4 months/
(1994) SU-10 (Kuwaity ~ lmestone/ Dammam (pulse) model (FLOTRA) 0-100 107/ T= 30-50 m¥d
Mukhopadhyay et al Shigaya, Well limestone/ Dammam sodium fluorescein radial numerical 0-100,7000 20-200/--- Experiment/8 months/
(1994) C-105 (Kuwait) (pulse) model (FLOTRA) /--- T= 4000 or higher m%d
AlRukaibi & Kabd Area limestone/ Dammam TDS ;ﬁ;ggg;n Eiggz} 200 1O/ oenf e Simulation/4 years/
McKinney (2013) (Kuwait) (contamination) (MT3D) T=200-400 m?/d
. three-dimensional
Yihdego & Al- R?J“;Sraf:j;?d sand and gravel/ TDS numerical model 5000 g(())(/)‘/tg(())/‘;’ Simulation/73 years/
Weshah (2017) . Kuwait Group (contamination) (MODFLOW- i T=10-980 m*d
(Kuwait) SURFACT) 1/0.1/0.01
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4.4. Methods
4.4.1. Dispersivity Value Sets

A total of 28 different sets of 3D dispersivity values are selected to be tested in this study,
as shown in Table 4.2. These sets encompass all of the feasible longitudinal dispersivity values
for the Rawdatain basin that could be suggested by the literature based on the scale of the
observations or previous studies in the same aquifer. The lower range of the longitudinal
dispersivity sets (D1 to D4: 1 to 3 m) represents the previous studies conducted in the same
aquifer (KG) (Mukhopadhyay et al., 1994; Yihdego & Al-Weshah, 2017). The main ranges of
longitudinal dispersivity sets (D5 to D25: 5 to 250 m) were selected based on the lens size and
scale-based ranges suggested by Gelhar et al. (1992). In our case, there is no well-defined scale
of our study area because there are multiple recharge zones, as shown in Figure 4.2A. However,
based on the plume length, the scale could be as high as 1 to 3 km, and the corresponding
longitudinal dispersivity values are between 5 and 250 m. The upper range (D26 to D28: 300 to
500 m) represents high dispersivity values that have been used for the FGLs in the Rawdatain
basin in the AP (Yihdego & Al-Weshah, 2017) and Kish Island in the Persian Gulf (Ataie-
Ashtiani et al., 2014). The ratio of horizontal transverse dispersivity to longitudinal dispersivity

was assumed to be 0.1 for all sets.
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Table 4.2. Dispersivity set IDs and values, grid Peclet numbers, and numerical methods
Dispersivity (m)

Grid .
Range 3;2 Longitudi Horizontal Vertical Peclet Nl\lj[mfhnflal
) ongitudinal Transverse  Transverse ~Number eHe

9% D1 1 0.1 0.001 100.0 TVD
5 D2 1 0.1 0.01 100.0 TVD
% D3 3 0.3 0.003 333 TVD
- D4 3 0.3 0.03 33.3 TVD
D5 5 0.5 0.005 20.0 TVD

D6 5 0.5 0.05 20.0 TVD

D7 10 1 0.01 10.0 TVD

D8 10 1 0.1 10.0 TVD

D9 20 2 0.02 5.0 TVD

D10 20 2 0.2 5.0 TVD

D11 25 2.5 0.025 4.0 TVD

D12 25 2.5 0.25 4.0 TVD

D13 30 3 0.03 33 FD

g‘) D14 30 3 0.1 33 FD
< |bis 50 5 0.05 20 FD
§ D16 50 5 0.1 2.0 FD
D17 60 6 0.06 1.7 FD

D18 60 6 0.1 1.7 FD

D19 100 10 0.1 1.0 FD

D20 150 15 0.15 0.7 FD

D21 150 15 0.1 0.7 FD

D22 200 20 0.2 0.5 FD

D23 200 20 0.1 0.5 FD

D24 250 25 0.25 0.4 FD

D25 250 25 0.1 0.4 FD

g‘) D26 300 30 0.1 0.3 FD
é D27 400 40 0.1 0.25 FD
D& D28 500 50 0.1 0.2 FD

109



752000 754090 ‘ 7560?0 ‘ 758090‘ 760090 : 762090

3319000

1+ Targets
(e |
i Recharge Zones|’

1 10213

3319000

H
1

3316000

1
i
s
[3)
o

3316000

Lan:

3313000
3313000

g

ena

3310000
3310000

3307000
3307000

HHHT H

Esri, HERE, Garmin, © OpenStreetMap contributors, and the GIS
user community
T

3304000

South Well R13 Well R19 Model Layer North

B % .

K Zone 1
=5

3304000 m UTM north
3319500 m UTM north

Cross-section along model column 58

Figure 4.2. (A) Recharge zones, data target points, and boundary conditions (*BC where the south and
west boundaries represent specified-head conditions and the north and east boundaries represent head-
dependent flux conditions). (B) Vertical cross-section of model grid.
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Because of limited information on the vertical transverse dispersivity and its influence on
controlling the vertical mixing between fresh water and saline or brackish water, two ratios of the
vertical transverse dispersivity were assessed for each longitudinal dispersivity value. For D1 to
D12, the lower and upper ratios are 1/1000 and 1/100, respectively. For D13 to D28, the lower
ratio is 1/1000 and the upper vertical transverse dispersivity is fixed at 0.1 m. Without assuming
a fixed upper limit, the vertical transverse dispersivity will exceed the reliable values that are
reported for similar aquifer material and hydraulic conductivities but different tracers and
subsurface solute transport events (Robson, 1978; Sykes et al., 1982; Sykes et al., 1983), as
shown in Table 4.1B. However, a sensitivity analysis was applied to explore the effects of using
higher vertical transverse dispersivity values resulting from tying av to large-scale ay.

4.4.2. Model Code

SEAWAT (Langevin et al. 2007), a 3D finite difference code developed by the U.S.
Geological Survey, was used to simulate the formation and behavior of the Rawdatain lens. The
code is capable of simulating transient density-dependent flow and advection and dispersion of
solutes. This is accomplished using a combination of MODFLOW (McDonald & Harbaugh,
1988) for simulating groundwater flow and MT3DMS (Zheng & Wang, 1999) for simulating
solute transport. MODFLOW and MT3DMS are run iteratively in order to update the head
solution based on changes in fluid density caused by changing solute concentrations.
Groundwater Vistas (Rumbaugh & Rumbaugh, 2011) was used to generate the model grid,
prepare input files, and interpret the model outputs. Model Viewer (Hsieh &Winston, 2002) was
used to display and visualize the results in 2D cross-sections. Many applications of SEAWAT

have been published, such as the simulation of FGLs in coastal areas (Oude Essink et al., 2010;
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Delsman et al., 2014), in atoll islands (Comte et al., 2010; Alsumaiei & Bailey, 2018), and in
subterranean oases in arid regions (Alrashidi & Bailey, 2019a).

The MT3DMS code provides three major transport solution techniques for solving the
advection-dispersion equation: the standard finite difference method (SFD), the Eulerian-
Lagrangian methods, and the total variation diminishing method (TVD). In these three solution
options, the dispersion, sink/source, and reaction terms are treated in the same way using the
block-centered finite-difference method (explicit or implicit schemes), but they differ in the
approach to solving the advection term. However, none of these techniques can produce highly
satisfactory solutions under a wide range of hydrogeologic conditions. Zhang et al. (2004)
reviewed some common transport solution techniques, discussing their strengths and limitations,
and other studies have discussed the sensitivity of model results to the choice of technique (Mehl
& Hill, 2001; Lowry & Anderson, 2006; Konikow, 2011). Voss (1987) reported that particular
attention to the numerical methods is required for successfully simulating groundwater systems
where the transition zone between fresh and salt water is narrow.

When simulating variable density-transport problems, it is important to adopt an adequate
spatial discretization scheme. The appropriateness of the spatial discretization can be evaluated
using a grid Peclet number (Pe), which is a measure of the local advective transport relative to
the local hydrodynamic dispersion. In cases where the molecular diffusion is small relative to the
mechanical dispersion, the grid Peclet number can be defined as Pe=Ar/aL, where AL is the grid
element length parallel to flow and av is the longitudinal dispersivity (Voss and Souza, 1987).

As noted by several sources, the SFD with upstream or central-in-space weighting is
reasonably accurate and can thus be used with confidence when the grid Pe is less than 4

(indicating a system dominated by dispersion). When advection dominates (Pe > 4), the
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numerical techniques are plagued by oscillations, and use of the TVD method is recommended.
In this study, SFD and TVD were implemented based on the Pe that resulted from testing the
wide range of longitudinal dispersivities reported in Table 4.2.

4.4.3. Model Construction
4.4.3.1 Model Grid and Boundary Conditions

The model domain (Figures 4.1 and 4.2) covers the entire surface area (162.75 km?) to a
depth of 50 m. The model has a uniform 100 m x 100 m cell size with 155 rows and 105 columns
(the total number of active cells 1s 553,350). The grid is aligned with true north and is centered
on the surface depression. The model utilizes 34 computational layers to represent three aquifer
zones (Upper A, Upper B, and Lower) separated by two aquitard zones (Figure 4.2B). Fine
layering in the upper layers was used to accurately represent the vertical salinity profile within
the aquifer.

The boundary conditions constraining the general groundwater flow regime include
spatially varying specified-head boundary conditions along the south and west model boundaries,
as well as spatially varying head-dependent flux boundary conditions along the north and east
boundaries (Figure 4.2A). During preliminary simulations, we found that the head-dependent
flux boundary condition more accurately handled the flux of solute leaving the model domain
along the north end. The boundary conditions were adjusted until a basic head calibration was
achieved but were not further adjusted in the simulations presented herein. The lower boundary
of the model was designated as a no-flow boundary.

4.4.3.2. Aquifer Parameters and Recharge Rates

The initial conditions for each model simulation included an absence of fresh water, such

that the initial TDS concentration increased gradually from 4000 mg/L at the top layer to 12000
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mg/L at the bottom layer. These are representative of measured TDS values outside of and below
the freshwater lens. Next, vertical recharge was applied to the top layer, and then the simulation
was run until the configuration shape and volume of the freshwater lens approached a steady
state. Fadlelmawla et al. (2008) found that the magnitude of salinization during infiltration,
subsurface runoff and percolation to the water table is minimal. Thus, the TDS concentration of
the recharge water was assumed to be 200 mg/L, representing the lowest TDS value observed in
the freshwater lens.

Each layer is assumed to be horizontally homogenous. The hydraulic conductivity values
(K) were based on results from 14 pumping tests reported by the Parsons Corporation (1964) and
Senay (1988). The anisotropy ratios were set to 10, and the authors estimated the specific yield
and porosity to be 0.12 and 0.22, respectively. Alrashidi & Bailey (2019a), in estimating
recharge rates for the same aquifer, carried out a sensitivity analysis by varying horizontal K
values by a factor ranging from 0.1 to 4. Their results indicated that the K set is reasonably
representative of the entire aquifer domain.

Long-term average annual recharge for each simulation is set to 500,000 m?/year based
on the study by Alrashidi & Bailey (2019a). Six recharge zones are used (Figure 4.2A). Regional
diffuse recharge rates are represented by Zones 1, 2 and 6, and focused recharge beneath the
depression, playa, and wadis are represented by Zones 3, 4 and 5, respectively. Depression
topography, water age (Fadlelmawla et al., 2008), and spatial TDS data were used as the basis
for delineating the recharge zones. Based on a fixed percentage of the total annual recharge
volume and each zone area, steady recharge rates were assigned as follows: 96 mm/year for
Zones 3 and 4, 9.4 mm/year for Zone 5, 5.5 mm/year for Zone 2, and 0.7 mm/year for Zones 1

and 6.
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4.4.4. Testing Processes

To provide accurate estimates of large-scale environmental dispersivity, the model was
tested against multiple data targets to limit what otherwise would be a wide variety of non-
unique possible parameter sets. This approach has been extensively discussed in the literature,
and many examples illustrating the importance of multi-target calibration have been presented
(e.g., Kim et al. 1999; Saiers et al. 2004).

The pre-development data for the Rawdatain basin include TDS at 47 locations at various
depths and water table data at 42 locations (Parsons Corporation, 1964); the locations are shown
in Figure 4.2A. These data provide insight into the 3D spatial variability of salinity, as well as
information used to determine the lens’s pre-development volume and depth at three different
water quality levels (0—700 mg/L, 700—1000 mg/L, and 1000—2000 mg/L TDS) and to constrain
the construction and calibration of the groundwater flow and salt transport model.

Because of the interest in using the Rawdatain basin as a freshwater resource, a strong
focus was placed on calibrating the model to the 1962 estimates of freshwater volume. The
volume estimates were based on the 3D spatial distribution of salinity, yet the volumes and TDS
data points provide two different types of calibration targets. Hill & Tiedeman (2006) noted that
the use of point data in calibrating transport models can be problematic because the
concentrations can vary by orders of magnitude over short distances. This variability is partly
due to subsurface heterogeneities that are often at a scale that can never be known or modeled in
sufficient detail. Because of the high spatial variability of TDS values and subsurface
heterogeneities, a close match with point data is not expected.

The freshwater thickness (i.e., depth) calibration targets were mainly based on the

original point TDS data, but some specific thickness targets were also based on diagrams created
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by Senay (1989) (shown in Figure 4.3). The thickness targets aided in the elimination of several

non-unique combinations of calibrated parameters.
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Figure 4.3. (A) & (B) Rawdatain cross-sections A-A' and B-B ', respectively (modified after Senay,
1977).

Groundwater age data can be used to constrain the rate of recharge, the residence time of
aquifer storage, and the time frame of contaminant fate and transport (McCallum et al. 2017). In
the Rawdatain basin, Fadlelmawla et al. (2008) collected 24 samples for radioactive carbon
isotope analysis (‘*C and *H) from within the 2000 mg/L TDS contour, with average depths
ranging from 3 to 39 m below the water table. The analysis of these samples indicated
groundwater ages ranging from less than 500 years to 2043 years. Because the groundwater age
depends on both depth and location, as well as on the sampling location with respect to the
complex flow dynamics within the lens, it is difficult to conduct a more thorough quantitative
comparison (Sanford, 2002). In this study, the simulated period of lens development was
constrained using the age of the lens volume with TDS less than or equal to 2000 mg/L (i.e,
groundwater age was not tracked during the simulation of this period). As part of the calibration,
multiple targets were compared with the simulated results at 2000 years, which constrains the

hydraulic conductivity, recharge rate, and dispersivity of the system.
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Finally, a multi-criteria score-based method was employed to evaluate the performance of
each of the dispersivity sets based on the multiple data targets at 2000 years of simulation. To
assess the performance, the absolute error was calculated for each simulation compared with
seven data targets, and then the error was ranked for each model with an equal weight for all
targets. This step helped determine the best dispersivity set that satisfies all of the data targets
with an absolute error that should not exceed 10% for each data target.

4.5. Results and Discussion
4.5.1. Dispersivity Sets Simulation

Figure 4.4 is a plot of the simulated freshwater lens volume at 2000 years against the
three volume targets for the 28 different sets of dispersivity values, on a scale of 0 to 300 x 10°
m?>. The lower dispersivity values promote less mixing and result in a larger freshwater lens with
less distinction between the three volume targets, whereas the higher dispersivity values prevent
extensive development of fresh water. For example, longitudinal dispersivity values less than 5
m result in simulated volumes of up to 86—587% and 149—-242% more than the targeted volumes
at 700 mg/L (32.6 million m®) and1000 mg/L (64.4 million m?), respectively. In contrast,
longitudinal dispersivity values of 200 m or more result in simulated volumes that are 20 to 70%
less than the three targeted volumes. The best three dispersivity sets are D18, D14 and D17 for
volumes targets below 700 mg/L, 1000 mg/L, and 2000 mg/L, respectively, with absolute errors

of 8.7%, 1.2% and 3.4%.
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Figure 4.4. Volumes predicted for different dispersivity sets at 2000 years compared with target volumes

(red lines).

The second calibration target was the maximum lens thickness, as presented by Senay

(1989). The thickness of a lens can affect the feasibility of recovering (pumping) fresh water

without causing excessive mixing with the underlying brackish waters. Figure 4.5 is a plot of the

simulated maximum thickness at 2000 years tested for the 28 dispersivity sets. It is apparent that

the higher dispersivity values provide an accurate match of the three lens thicknesses targets

because they allow for more mixing, whereas the lower dispersivity values fail to do so. Figure

4.5 indicates that lower longitudinal (< 5 m) and vertical transverse (< 0.06 m) dispersivities

developed a thick freshwater lens with 700 mg/L TDS (i.e. with low TDS). These dispersivity
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values suggested that water with 700 mg/L. TDS exists at depths between 28 to 32 m, which are
up to 9 to 45% more than the targeted maximum thickness for the 700 mg/L (21.8 m) level
quality. The best three dispersivity sets are D21, D9 and D5 for the three thickness targets,

respectively, with absolute errors of 0.4%, 0.6% and 0.1%.

D16 D15 D14

700 mg/L [ 1000 mg/L M 2000 mg/L
— 700 mg/L ———- 1000 mg/L ——- 2000 mg/L

Figure 4.5. Maximum lens thickness predicted for different dispersivity sets at 2000 years compared with
target values (red lines).

For reasons explained above, more emphasis was placed on achieving a close calibration
to lens volume and maximum thickness targets than to TDS point data. Nevertheless, the Scaled
Root Mean Square Error (S-RMSE) of TDS was found to be sensitive to dispersivity values, as
shown in Figure 4.6. The general trend is that the high longitudinal dispersivity values (> 30 m)
and their corresponding transverse dispersivities achieved a reasonably good fit between the
measured and simulated TDS point data. In terms of the S-RMSE values, the best dispersivity
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sets are D13 to D19, with values between 0.185 and 0.195. In comparison, the S-RMSE values

of lower dispersivities (< 25 m) and their corresponding transverse dispersivities are more than

0.256.
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Figure 4.6. S-RMSE for TDS and MAE for head with different dispersivity sets

The calibration of solute transport models to groundwater head is not a particularly robust
or stringent method. Indeed, we found groundwater head calibration to have a lower sensitivity
to dispersivity values than to other calibration targets because the water density does not change
very much during the simulation processes, as shown in Figure 4.6. The range of the Mean
Absolute Error (MAE) of the groundwater heads was found to be between 0.31 and 0.33 m. The
reason is that the initial TDS concentration is set to between 4,000 mg/L (1000.3 kg/m?) and
12,000 mg/L (1007.3 kg/m?), and the final simulated TDS range is between 200 mg/L (998.4
kg/m?) and 8000 mg/L (1004.3 kg/m?) within the groundwater head target’s location (assuming
that the water temperature is constant at 20°C). However, groundwater heads have been used
effectively on FGL modeling in coastal areas and atoll islands because of the large difference
between the fresh water and seawater densities: 1000 kg/m? and 1025 kg/m?, respectively (Oude
Essink et al., 2010; Comte et al., 2010; Cobaner et al., (2012).

A multi-criteria score-based method was applied to assess the performance of each of the
dispersivity sets based on the multiple data targets. The data targets included the volume and

vertical thickness of stored groundwater of three different water quality TDS ranges (0—700
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mg/L, 700—1,000 mg/L, 1000—2,000 mg/L), as well as total dissolved solids (TDS)
concentrations in groundwater. The groundwater head data were excluded because of the result
discussed above. To evaluate the performance, the absolute error was calculated for each
simulation compared with seven data targets, and then the errors were ranked for each model
with an equal weight for all of the targets. These results show that simulations are more sensitive
to the volumes targets than to the other targets because the ranges of the absolute errors were
8.7-587.4%, 1.2-275.2% and 3.4-91.7% for the three volume targets, respectively. At the same
time, the range of the S-RMSE values of the TDS point data was between 0.185 and 0.305. In
fact, it is more feasible and perhaps even more informative to calibrate to the total mass of a
contaminant plume (a freshwater lens in this case) than to attempt to calibrate to highly variable
point concentration data (Feehley et al., 2000). Other alternatives to using point concentration
measurements are discussed by Julian et al. (2001), Barth and Hill (2005a,b), Anderman at el.
(1996), and Bailey et al. (2014). Nonetheless, although calibration to the point data is not a
primary goal, the point data do provide useful information about the shape and distribution of the
lens, and hence the model’s fit to the point TDS data was monitored during calibration.

Results are shown in Table 4.3. The highest two ranked dispersivity sets were D16 and
D18, with total scores of 49 and 50, respectively. Indeed, the D18 set satistied all three volume
and lens thickness targets with an absolute error of less than 9%. The D16 set achieved the same
targets except for the targeted volume and lens thickness at 700 mg/L, where the absolute errors
were 12.9% and 10.5%, respectively. These slightly high absolute errors for the two targets could
be because we compared the simulated volume with one field estimate from the U.A.R.

The power of using the multi-target calibration approach can be seen in Table 4.3, which

shows how one set of the dispersivity values can satisfy one or two targets but be significantly
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inaccurate in a third target. For example, D17 ranked first in both the targeted volume at 2000
mg/L (absolute error 3.4%) and in the S-RMSE values of the TDS point data, but it ranked 14th
(absolute error 64.5% ) and 7th (absolute error 29.0%) for the targeted volumes at 700 mg/L and
1000 mg/L, respectively. The D9 and D5 sets had the best performance (ranked 1st) for the lens
maximum thickness for 1000 and 2000 mg/L, respectively, whereas they ranked 23rd and 25th

for the lens volume at the same quality.
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Table 4.3. Multi-criteria score-based method results

Target criteria
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In addition to using quantitative targets, we also considered lens thickness and overall
lens shape qualitatively. This criterion also helps to confirm the accuracy of the freshwater
plumes, as it represents the shape of the lens under the recharge zones (Alrashidi & Bailey,
2019a). Figure 4.7 shows the corresponding cross-sections through the simulated lens through
time for dispersivity sets D1 (ranked 28™), D8 (ranked 14"), and D16 (ranked 1*!). The D1 cross-
section represents a large lens with low TDS at the top layers and then a sharp increase in TDS
with depth due to less mixing between the recharge and brackish groundwater. The D8 and D16
sets show a favorable visual comparison with the longitudinal and transverse cross-sections of
the lens presented by Senay (1977), as shown in (Figure 4.3). However, the D16 set is better than
D8 in terms of the TDS range. In addition to lens shape, the D16 set shows a range of TDS
between 210 and 9300 mg/L, which is close to the field range of 200 to 8000 mg/L (Alsanafy,
2010). Therefore, the D16 (aL= 50 m: an = 5 m: ay = 0.1 m) dispersivity set can be used when

applying the model to water management scenarios.
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Figure 4.7. Modeled cross sections B-B ' (not to scale) for the D1, D8, and D16 dispersivity sets
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4.5.2. Sensitivity Analysis

The model was used to assess the sensitivity of freshwater lens volumes at three quantity
categories to the vertical transverse dispersivity, as shown in Figure 4.8. The sensitivity analysis
was carried out by two sets of dispersivity values: D and D'. The D set represents the fixed
vertical transverse dispersivity at 0.1 m, whereas the D' set represents the vertical transverse
dispersivity tied to the longitudinal dispersivity by a factor of 1/100 (i.e., oy equals 0.2 to 2.5 m
as a function of ar in the x-axis). The ratio of horizontal transverse dispersivity to longitudinal
dispersivity is kept equal to 0.1. The results of this analysis indicate that oy has a more significant
influence on the simulated freshwater volumes than ar. The higher ay values for D' promote
more vertical mixing and result in a greater decline in simulated stored water compared with the
D set, ranging between 29 and 99%, 27 and 81%, and 8 and 89% for the three water quality
categories, respectively. The results also indicate that the freshwater at the quality equal to or
less than 700 mg/L (Figure 4.8A) is more sensitive to oy than the other TDS ranges (Figure
4.8B&C) because there is a more than 90% reduction in the simulated volumes with ay values
greater than or equal to 1.5 m. When using 1 m < oy < 2.5 m, the absolute errors of the simulated
volumes at the three quality categories with respect to the volume targets were (89—100%),
(64—89%), and (79—91%) respectively. This is in agreement with the Gelhar et al. (1992) study,
which suggested that no av values greater than one meter could be found from field

investigations.
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4.6. Summary and Conclusions

Fresh groundwater lenses (FGLs) have functional significance known worldwide in
several formation settings, such as coastal areas, atoll islands, riverine floodplains, and
subterranean oases in arid regions. Recently, the formation of these FGLs has received particular
attention and extensive research, as they create groundwater supplies of great potential value for
humans and ecosystems, and they are in danger of salinization due to natural events and
anthropogenic activities. Numerical modeling solutions have been widely applied to
investigating FGLs because they allow for transient density-dependent flow and transport
involving dispersivity and aquifer heterogeneity.

However, characterization of the large-scale dispersivity for a FGL is essential to any
effort to simulate mixing between fresh water and seawater or brackish water. From several
studies, information on the large-scale dispersivity for FGLs is both uncertain and limited to
approaches based on the scaling approach, grid Peclet number, or on previous studies of the
same study area without calibration. These approaches to implementation have requirements
beyond the limited field data and are hindered by the difficulty of measuring the large-scale
dispersivity in situ because it needs long-term monitoring (years) over large spatial scales in
order to capture the natural environmental processes of the mixing. Therefore, a realistic and
feasible method to assess the uncontrolled environmental events of the FGLs is to fit a
groundwater flow and solute transport model to historical data.

The availability of an extensive pre-development subsurface dataset collected in the
Rawdatain basin in Kuwait makes the Rawdatain FGL an ideal case among the FGLs in the
Arabian Peninsula (AP) for determining values of large-scale dispersivity. The main objective

was to provide a realistic range of longitudinal (ar), horizontal transverse (an), and vertical
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transverse (o) dispersivity values for the Rawdatain FGL. In this study, a 3D density-dependent
groundwater flow and solute transport model was tested against the following data targets to
estimate the dispersivity values: groundwater head, spatially-variable total dissolved solids
(TDS) concentration in groundwater, three lens volume targets, three lens thickness targets, and
geometrical shape features of the lens along a cross-section.

A total of 28 different sets of 3D dispersivity values, encompassing a wide range of
feasible longitudinal dispersivity values for the Rawdatain FGL (1-500 m), were tested against
the multiple targets and compared with the groundwater age of the Rawdatain lens. D18, D14
and D17 were the best dispersivity sets in terms of performance, based on the three volume
targets of 700 mg/L, 1000 mg/L, and 2000 mg/L, respectively, with absolute errors of 8.7%,
1.2% and 3.4%. Based on the three thickness targets, the best three dispersivity sets were D21,
D9 and D5, respectively, with absolute errors of 0.4%, 0.6% and 0.1%. In terms of the Scaled
Root Mean Square Error (S-RMSE) of TDS point data, the range of S-RMSE for all of the
dispersivity sets ranged from 0.185 to 0.305, where the best dispersivity sets were D13 to D19,
with values between 0.185 and 0.195. In contrast, there was no best performance of the
dispersivity sets that could be distinguished in terms of the Mean Absolute Error (MAE) of the
groundwater heads. The MAE range for all dispersivity sets was between 0.31 and 0.33 m,
indicating a lower sensitivity to dispersivity values than to other calibration targets.

Finally, a multi-criteria score-based method was performed to rank the best performance
of the dispersivity sets among all of the targets with an equal weight. The highest ranked
dispersivity was D16, with a total score of 49. Indeed, the D16 set satisfied the three volume
targets with absolute errors of 12.9%, 5.3% and 6.9%, respectively, and it satisfied the three lens

thickness targets with absolute errors of 10.5%, 3.9%, and 2.6%, respectively. In addition, the
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D16 set achieved a good fit between the measured and simulated TDS point data, with an S-
RMSE of TDS equal to 0.188. Regarding the qualitative assessment of the overall lens shape, the
D16 set displayed a favorable visual comparison with the longitudinal and transverse cross-
sections and a close match to the field range of TDS. Hence, the D16 dispersivity set (oL = 50 m:
on =5 m: oy = 0.1 m) represents the best large-scale environmental dispersivity values for the
Rawdatain FGL.

The method presented herein demonstrates the capability of estimating 3D large-scale
environmental dispersivity by using a density dependent groundwater flow and solute transport
model tested against multiple calibration targets. This method would not have been successful
without implementing the multi-calibration targets approach, which was helpful in eliminating
several non-unique calibration parameters and in decreasing the uncertainty of the calibrated
parameters. This methodology can be applied to other FGLs to overcome the limitations and
cons of in-situ large-scale dispersivity measurement. Identifying reliable and presentable 3D
environmental dispersivity values for a FGL will be very valuable to water managers for
analyzing future water security in the AP and establishing appropriate water supply plans. In
particular, the mixing rate would affect any use of these FGLs as long-term storage for

emergency uses.
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CHAPTER 5. ASSESSMENT OF THE NATURAL AND ANTHROPOGENIC IMPACTS

ON A FRESH GROUNDWATER LENS IN A SUBTERRANEAN OASIS IN KUWAIT

Highlights

The sole natural source of fresh water available in Kuwait is the Rawdatain Fresh
groundwater lens (FGL), and it stands as a secured strategic reserve for emergency uses.
Understanding the natural formation, assessing the effect of historical and future anthropogenic
activities and evaluating artificial recharge for lens recovery storage (LSR) is essential to better
planning and management for this valuable resource. In this study, a 3D transient density
dependent baseline model was established for the predevelopment period (2000 years) using a
pulse recharge mechanism (PRM), including an assessment of recharge event frequency and a
range of large-scale environmental dispersivity values as natural formative and destructive
factors, respectively. Based on model testing against multiple data targets and water age, the 50
m longitudinal dispersivity set and a frequency of pulse recharge (1x10° m®) of once every two
years were selected to represent the natural dynamic of the Rawdatain FGL. The initial volumes
for the three quality categories in 1963 were 28x10° m* (700 mg/L), 69x10° m* (1000 mg/L) and
142x10° m? (2000 mg/L) before any significant pumping. Due to pumping (1963-2018), the
volumes of the stored water decreased by 28%, 17% and 12% for the three water quality
categories. For future annual pumping extractions (2019-2100), a rate of 0.16x10° m? per year is
appropriate for saving significant storage for emergency uses if needed, whereas higher pumping
rates accelerate salinization. A future increase of 20% in natural recharge will not lead to
significant recovery, and continued decline of the lens is expected even with no pumping. The

artificial injection scenarios revealed that up to 100% LSR could be attained within 6 to 9 years,

142



depending on the amounts of injected water and the locations of injection wells. This study
provides a first attempt to model the past, present and future of a FGL, and the methodology
presented herein is suitable for similar FGLs in arid regions.

5.1. Introduction

As a country where surface water resources such as rivers or lakes do not exist, Kuwait
has very limited natural water resources. The only naturally occurring body of water in Kuwait is
the Arabian Gulf (AG), which is undrinkable due to its high salinity and exceeds 40,000 mg/L
near the Kingdom of Bahrain (Burashid & Hussian, 2004). The AG, which extends from Shatt
Al-Arab to the Strait of Hormuz, has an area of 240,000 square kilometers (Al Barwani &
Purnama, 2008) and a mean depth of 36 m (Reynolds, 1993). The shallowness and high
evaporation rate of the AG, as well as the low river discharges entering the sea, are the main
factors contributing to its high surface salinity. In Kuwait, approximately 90% of the potable
water production comes from the unconventional resource of seawater desalination from the AG,
even if it is vulnerable to power interruptions and various other risks. However, Kuwait has
recently started a program to reuse treated municipal wastewater to supplement its available
freshwater resources. In Kuwait, municipal wastewater is treated at four main plants located in
the Um-Al-Haiman, Riqqa, Jahra and Sulaibiya areas (Al-Anzi et al., 2011). Treated wastewater
is generally used for the irrigation of gardens, highways, landscaping and limited farming
activities.

Kuwait was classified within the most critical areas worldwide in terms of challenges of
balancing between water scarcity, population growth, and food production (Mancosu et al.,
2015). As consequences, water wars and disputes are likely to be triggered between neighboring

countries and to threaten political stability in the Middle East in future decades (Gleick, 1994;
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Amery, 2002&2015). Climate change is expected to result in an increase in the severity and
frequency of droughts in the region (D&l et al., 2015; Feitelson & Tubi, 2017). Although a
reliance on seawater desalination has been in place for many decades and most likely will
continue into the foreseeable future, complete dependence on a highly industrialized source for
fresh water has major drawbacks such as the lack of a secured strategic water reserve. As such,
the very limited fresh and brackish groundwater resources in the region must be maintained
responsibly.

Two regional groundwater aquifer systems, the Kuwait Group and Dammam aquifers,
make up the only conventional water resources in Kuwait. These aquifers produce brackish
water, with TDS contents of 2,500-7,500 mg/L, which is mainly used as raw water for
desalination and also for irrigation, watering of gardens, and blending with distilled water to
raise TDS. These waters become more saline as they flow from recharge zones in Saudi Arabia
and southern Iraq to the discharge zone along the coast of the Arabian Gulf (Alsharhan et al.,
2001). The occurrence of fresh groundwater is restricted to discontinuous fresh groundwater
lenses (FGLs) in the northern parts of Kuwait, where it occurs in the form of freshwater lenses
floating atop brackish water in the aquifer sediments. The potentiality of these lenses is relatively
small and depends on surface runoff recharge from rainfall events, and thus it may vary
considerably from one year to another.

The FGLs in Kuwait have been the subject of comprehensive investigations from the
1960s to the present because they are the only source of fresh water in Kuwait. Early in the
1960s, the Parsons Corporation named two large FGLs in the northern part (the Rawdatain and
Umm Al-Aish basins) and several small lenses in the Al-Qashaniya, Mutla and Al-Abdali areas

(Parsons Corporation, 1964). The volumes of stored water with less than 2000 mg/L TDS in
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these lenses in the Rawdatain and Umm Al-Aish areas were approximately 136 and 72 million
m?, respectively. In 1964, the Parsons studies were reevaluated by experts from the United Arab
Republic (U.A.R) at the invitation of the Ministry of Electricity and Water in Kuwait. These two
studies have provided much data associated with these lenses. The Umm-Aish FGL was affected
by hydrocarbon pollution after the 1991 Gulf War (Mukhopadhyay et al., 2008). Because of that,
the Rawdatain FGL has been of interest to many studies, such as Bergstrom and Aten (1964),
Robinson & Al-Ruwaih (1985), Al-Sulaimi et al. (1997), Din et al. (2007), Kwarteng et al.
(2000), Al-Dousari et al. (2010), Al-Senafy et al. (2013), Mukhopadhyay et al. (2016), Al-
Weshah & Yihdego (2016), and Yihdego & Al-Weshah (2017).

Several studies highlighted the need for maintaining a large volume of stored
groundwater in the Rawdatain FGL to meet the demand for water under emergency conditions
(Senay, 1977; Al-Otaibi & Mukhopadhyay, 2005; Darwish & Al Awadhi, 2009). Al-Senafy et al.
(2013) recommended using a suitable numerical modeling package to study the dynamics of
groundwater flow and solute transport in the Rawdatain basin. They believed that this type of
model could provide estimates of the volume and quality of recoverable groundwater based on
reserve mining utilization scenarios. Alrashidi & Bailey (2019a) have successfully established a
baseline model that represents the natural development and stability of the Rawdatain FGL using
a 3D density-dependent groundwater flow model with constant recharge mechanism (CRM)
tested against multiple data targets and water age. They found that the long-term average
recharge (500,000 m*/year) is very minimal compared with the Rawdatain freshwater lens
volume. Additionally, the best ranges of the environmental dispersivity values for the Rawdatain
FGL that characterize the natural mixing between the main formative factor (i.e., recharge rate)

and the major pre-development loss factor (i.e., regional brackish water) were 30-60 m, 3-5 m,
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and 0.1 m in the longitudinal, transverse horizontal, and transverse vertical directions,
respectively.

The objective of this study is to assess the Rawdatain freshwater lens in Kuwait and its
effective management and conservation, as it constitutes a strategic natural source in the country.
The main aims of this study are to assess the effect of historical pumping patterns on freshwater
lens volumes, which consists of a high-pumping period (1963-1978) and a low-pumping period
(1981-2018), followed by the evaluation of future scenarios of pumping rates, natural recharge
rates, and artificial recharge rates on lens dynamics through the year 2100. The methodology and
model can be used for other freshwater lenses in Kuwait and the Arabian Gulf countries, which
are characterized by similar prevalent climatic and environmental conditions.

5.2. Background
5.2.1 The State of Kuwait

The state of Kuwait is one of the smallest countries in the Middle East, and one of the
Gulf Cooperation Council (GCC) countries. It is located in the northwestern portion of the
Arabian Peninsula, where it covers an area of 17,818 km? and has a total coastline of 195 km. Tts
geographic coordinates are between latitudes 28.4° and 30.2° N and longitudes 46.4° and 48.5°
E. It shares borders with Iraq to the north and northwest and the Kingdom of Saudi Arabia to the
south and southwest, and the Arabian Gulf bounds Kuwait to the east. Kuwait is divided into six
governorates and has nine islands. The total population of Kuwait was 4,777,433 in mid-2019, of
which only 1,414,297 were Kuwaitis and the rest were foreign, according to the official website
of the Public Authority for Civil Information. The population growth rate has fluctuated rapidly
due to the large population percentage of foreigners. Kuwait depends mainly on crude oil

reserves of approximately 104 billion barrels - approximately 8% of the world reserves. People
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in Kuwait have access to improved water sources and sanitation facilities (99% and 100%,
respectively) (source: World Bank, World Development Indictors, 2015).

Like most parts of the Arabian Shield, Kuwait is characterized by a desert-type
environment with scanty rainfall, and a dry, hot climate. Summer is very hot, especially in July
and August, with a mean temperature of 37.4°C and a mean maximum temperature of 45°C. The
average total yearly potential precipitation recorded between 1962 and 2014 was 115 mm. The
maximum and minimum annual potential precipitation for the same period was 260 mm in 1975
to 1976, and 28 mm in 1963 to 1964, respectively. Although detectable rainfall usually begins in
November and ends in April, Almedeij (2012) described rare occasions in which rainfall
occurred in October and May. From the number of years of rainfall data available, there appears
to be no conspicuous pattern of highs and lows. In sharp contrast, extreme rainfall events, such
as the one that occurred in Kuwait City on 11 November 1997, can cause excessive rainfall
(greater than 100 mm) in just hours, resulting in large surface runoff and property damage (Al-
Rashed and Sherif 2000). The average daily potential evaporation varies from as low as 3.2
mm/day in January to as high as 21.0 mm/day in July, with an annual total of approximately
4040 mm.

5.2.2 The Rawdatain Freshwater Lens

The Rawdatain FGL is located in the topographically closed Rawdatain depression,
which is approximately 60 km north-northwest of Kuwait City, as shown in Figure 5.1. The
Rawdatain basin has a unique drainage system, which includes 12 wadis that drain into the
depression. The drainage system lies approximately between latitudes 29° 40’N and 29° 59°N
and longitudes 47° 20'E and 47° 44'E. The lithology shows that the Rawdatain FGL is hosted

within the unconfined Dibdibba Formation, which consists mainly of sand and gravel and is only
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present in the north of Kuwait (Al-Senafy & Al-Fahad, 2000). The Kuwait Group, which ranges
in thickness from 150 to 400 m, mainly consists of clastic sediments with minor amounts of
gypsum and calcareous limestone. It is divided into three formations: the Dibdibba (Pleistocene),
Lower Fars (Lower-Middle Miocene), and Ghar (Oligocene-Lower Miocene) Formations, from
youngest to oldest. The Kuwait Group system overlies the Dammam aquifer (Eocene), which is
exploited in the southwestern and central parts of Kuwait where it produces brackish water with

salinity ranging from 2500 to 5000 mg/L (Mukhopadhyay, 1995).

Kuwait City
x

Al Jahra

Figure 5.1. State of Kuwait and the Rawdatain model domain
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The Rawdatain FGL, as mapped to date, is roughly 10 km long and 5 km wide, with an
average thickness of approximately 25 m and a maximum thickness of 35 m. The average
freshwater volume based on pre-development data (Parsons Corporation 1964, UAR 1964) has
been estimated at 33 million m® of groundwater below 700 mg/L TDS, 64 million m?® below
1000 207 mg/L, and 149 million m* below 2000 mg/L. Since the start of freshwater production
(i.e. pumping) in 1964, the groundwater quality in the lens has changed significantly, such that
the quality of freshwater produced from the lens has deteriorated with pumping time due to
increased mixing between the freshwater of the lens and the underling brackish water body
(Kwarteng et al., 2000; Mukhopadhyay et al., 2016). This will be discussed more in Section
5.3.2.

5.2.3 Comparison with Other Freshwater Lenses

The phenomenon of subsurface freshwater lenses overlying saline or brackish
groundwater is more common worldwide in places such as Israel (Vengosh & Rosenthal, 1994),
Argentina (Jayawickreme et al., 2011), Australia (Jolly et al., 1993&1998; Cendo6n et al., 2010),
Paraguay (Houben et al., 2014), Pakistan (Asghar et al., 2002), Botswana (Bauer et al.,
2006&2008), and the USA (Panday et al., 1993; James et al., 1996). The FGLs in coastal areas
and small atoll islands have received particular attention and extensive research in recent years
because they are more in danger of salinization due to natural events than FGLs in subterranean
oases in arid regions. Examples of the natural events in coastal areas include seawater intrusion
due to sea level rise (Werner & Simmons, 2009), groundwater inundation (Rotzoll & Fletcher
2013), and tsunami events (Illangasekare et al., 2000), whereas events on atoll islands include
drought conditions due to El Nifio events (Bailey et al., 2009), and marine overwash events

(Bailey & Jenson, 2014). In contrast, the FGLs in subterranean oases in arid regions are typically
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far from coastal areas and less sensitive to reduction in annual recharge rates. However, they are
more sensitive to anthropogenic activities because the annual replenishment form natural
recharge is minimal compared to their storage volumes and pumping rates.

The formation setting of the Rawdatain FGL and other lenses in the subterranean oases in
arid regions is different than the fresh groundwater lenses in the coastal and atoll islands settings
in terms of geology, recharge mechanisms and boundary conditions. For instance, there is a
sharp change in the hydraulic conductivity between the formations hosting the freshwater lens
and seawater, such as the Holocene and Pleistocene aquifers in the atoll islands and terrestrial
and marine formations in coastal areas, respectively. In contrast, the Rawdatain FGL floats above
and is surrounded by the regional brackish or saline water within the same aquifer formation.
Another factor is the density difference between the freshwater lens and the surrounding water.
For instance, the Rawdatain lens is surrounded by brackish water with TDS values up to 5,000 to
8000 mg/L, whereas the seawater concentration in the coastal and atoll islands is up to 35,000
mg/L (i.e. the concentration of ocean water). The lower density difference between the fresh and
brackish waters may lead to the Rawdatain freshwater lens being more susceptible to mixing.

In terms of recharge, the volumes of FGLs on atoll islands respond significantly and
instantaneously to changes in precipitation due to the thin vadose zone (Alsumaiei & Bailey,
2018), where the average annual precipitation ranges from 1700 to 2350 mm/year. In contrast, a
50% reduction in annual recharge does not lead to a significant decline in the volume of the
Rawdatain freshwater lens within a 100-year time frame (Alrashidi & Bailey, 2019a). Moreover,
the recharge occurrence for the Rawdatain FGL depends on infrequent intensive rainfall events,
and is classified as focused recharge beneath the playa and wadis. Regarding the boundary

conditions, the sea level at coastlines and island perimeters represent a constant head condition
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for the coastal areas and atoll islands, respectively. Furthermore, the effects of tidal activity on
the dynamics of the freshwater lenses in those settings can be illustrated by numerical modeling
using transient boundary conditions such as tidal fluctuations (Underwood et al., 1992; Ataie-
Ashtiani et al., 1999) and sea level rise (Alsumaiei & Bailey, 2018). In contrast, there are no
natural hydrologic boundaries within or near the Rawdatain freshwater lens. Thus, these different
features should be assessed while establishing the first attempt to model the formation, stability
and anthropogenic impacts of fresh groundwater lenses in subterranean oases in arid regions.

5.3. Methods

In Alrashidi & Bailey (2019a, 2019b), the original baseline model for the Rawdatain
aquifer was developed using a constant recharge mechanism (CRM) to assess the formation and
stability conditions of the lens, estimate long-term diffuse and focused groundwater recharge,
and provide a realistic range of longitudinal (av), horizontal transverse (on), and vertical
transverse (o) dispersivity values. In this study, a pulse recharge mechanism (PRM) is applied
to assess the effects of natural, infrequent recharge events and anthropogenic pumping on the
dynamics of the freshwater lens during both historical (1963-2018) and future (2019-2100) time
periods. Lens storage recovery scenarios also will be explored. The model grid, boundary
conditions, and other aquifer parameters are the same as in the baseline modeling studies
(Alrashidi and Bailey, 2019a,b).

5.3.1 Pulse Recharge Mechanism (PRM)

The recharge for the Rawdatain FGL depends on surface runoff from infrequent cyclonic
rainfall events that may vary considerably from year to year in terms of timing and magnitude.
Table 5.1 shows the likelihood of potential runoff (excess precipitation) that may have occurred

during 1962-2014 with different curve numbers. Senay (1977) found that the water table in Well
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R-39 at the center of the depression of the Rawdatain FGL continued to rise for 10 days after a
single rainstorm on December 29, 1976, and then the water table remained static afterward.
Alrashidi & Bailey (2019a) estimated the long-term average annual recharge for the Rawdatain
FGL to be 500,000 m?/year, distributed into six recharge zones that represent both regional
diffuse recharge and focused recharge beneath the depression, playa, and wadis. Instead of
dividing the annual volume recharge over 365 days (i.e., the CRM scenario) as in the baseline
model, in this study the annual recharge volume was divided into 10 days of recharge (i.e., the
PRM scenario). Table 5.2 shows the annual volume recharge and annual recharge rate for each
recharge zone, as well as a comparison between the CRM and PRM based on the duration and
frequency. Three PRM scenarios are tested: once every 1 year (500,000 m?/year), once every 2
years (1,000,000 m?/year), and once every 4 years (2,000,000 m*/year), as shown in Table 5.2.
For each PRM scenario, five longitudinal dispersivity values were also tested: 10, 30, 50, 60 and
100 m. The ratio of horizontal transverse dispersivity to longitudinal dispersivity was assumed to

be 0.1 for all sets, and the vertical transverse dispersivity is fixed at 0.1 m
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Table 5.1. Occurrence of potential runoff associated with different curve numbers from 1962 to 2014

Occurrence of Potential Runoff Occurrence of Potential Runoff
(Excess Precipitation) (R) (mm/day)* (Excess Precipitation) (R) (mm/day)*

Year Year

P>262 P>239 P>218 P>19.8 P>262 P>239 P>21.7 P>19.8

(CN=66) (CN=68) (CN=70) (CN=72) (CN=66) (CN=68) (CN=70) (CN=72)
1962 - . 22.6 . 1988 . . .
1963 . 1989 - - - -
1964 _ 1990/1 NA NA NA NA
1965 _ _ . 20.0 1992 . . . .
1966 _ 1993 45.1 26.0 21.9 .
1967 26.9 24.2,25 . . 1994 37.0 . . .
1968 . 1995 . 24.0 . 19.9
1969 . 1996  36.4,30.2 23.0 . .
1970 . . . 20.1 1997 65.0 . . .
1971 323 1998 . . . .
1972 _ _ 21.9 20.2,20.6 1999 60.2 . . .
1973 _ 2000 - - - -
1974 _ 25.4 . . 2001 38.0 . . 19.9
1975 38.2 2002 31.1 . . .
1976  38.4,48.4 . . 204 2003  37.7.43.5 . . .
1977 . . 22.6 . 2004 31.4,31 . 22.4,22.0 20.2,20.0
1978 . 244 . . 2005  45.6,30.5 . 22.3 20.0
1979 27.6 2006 28.3 23.3
1980 24.0 23.8 2007 - - - -
1981 . 2008 o - - -
1982 324 2009 427 23.6
1983 . 2010 o - - -
1984 _ 2011 . . . 20.9
1985 . . 23.6 . 2012 _ _ _ 21.2
1986 . 2013 31.1,33.8 25.6 . .
1987 2014 23.3

* Potential Runoff (R) = total precipitation (P) — initial abstraction (I,)
where I, = 0.2S 4 ; Smax 1 the potential maximum retention
Siax (mm) = 25400/CN — 254; CN is curve number
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Table 5.2. Model recharge zones and annual volume recharge scenarios

Recharge Scenarios

Annual 7 A !
Recharge Volume one nnua Constant Recharge Pulse Recharge Frequency
7 Rech Area  Recharge
one eg:/ arge (km?) (mm) Duration Recharge Duration 1-year 2-year 4-year
(m°/year) (day) (mm) (day) Recharge (mm)
1 91500 133 0.7 365 0.002 10 0.069 0.137 0.275
2 54000 9.9 55 365 0.015 10 0.545 1.091 2.182
3 182000 1.9 95.8 365 0.262 10 9.579 19.158 38.316
4 76500 0.8 95.6 365 0.262 10 9.563 19.125 38.250
5 90500 9.6 9.4 365 0.026 10 0.943 1.885 3.771
6 5500 7.6 0.7 365 0.002 10 0.072 0.145 0.289

5.3.2 Historical Abstraction (1963-2018)

There are 26 production wells for the Rawdatain FGL, as shown in Figure 5.2. A total of
14 wells started pumping in 1963, and the remaining wells started one year later in 1964, as
shown in Figures 5.3A and 5.3B, respectively. More details are provided in Table 5.3. Two
historical abstraction regimes were considered, referred to as the periods of 1963-1978 and 1979-
2018. The Rawdatain FGL was pumped extensively for water supply during the former period,
with a total annual production between 1 and 4 million m?, as shown in Figure 5.4A. Afterwards,
the production decreased in the later period due to an increase in groundwater salinity, in which
the annual production rate has been limited to approximately 0.2 million m? in recent years
(MEW, 2015), as shown in Figure 5.4B. The Rawdatain freshwater lens is currently used for
commercial bottling of drinking water (Din et al., 2007), whereas the entire field is standing as a
strategic storage for use during an emergency (Mukhopadhyay et al., 2016). The new baseline
model is used to assess the impact of the historical abstraction and to estimate the current lens
volume. The total annual production volumes are divided by the number of active wells for each

year, as shown in Table 5.4.
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Figure 5.2. Model domain, boundary conditions, and production wells (GHB stand for general head
boundary)
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Figure 5.3. Wells operations: A) wells started from 1963. B) Wells started from 1964.
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Table 5.3. Well data (Parsons Corporation, 1964)

asin
szz illle Well ID East(m)  North (m) DeTp?}t)a(lm) (]:)eptlig ;. ngge(‘l’)gl‘)’}’ Sciif;‘ (ls;’g?m Leifgrtie?m)
(m) (bgl)
R1 K6490-Q2686 756490 3312686 5638 56.4 33.5 54.9 182
R3 K7500-Q2000 757500 3312000  47.24 46.9 32,0 44.8 8.5
RS K5960-Q3883 755960 3313882 73.15 732 48.8 732 243
R6 K7729-Q3018 757728 3313017 54.86 549 314 53.3 17.3
R7 K5048-Q2280 755047 3312279 4571 45.7 36.6 442 76
RS K7581-Q3624 757580 3313623  107.89 45.7 36.9 445 76
RO K6520-Q2183 756520 3312183 70.10 66.1 347 66.1 173
RIS K8411-P9420 758411 3309420  42.67 427 35.1 41.1 6.1
R16 K6068-Q5769 756068 3315769 5333 533 36.6 50.3 13.7
R20 K5292-Q4899 755292 3314899  50.29 503 39.6 48.8 9.1
R22 K9082-Q4247 759082 3314247  59.43 59.4 427 57.9 9.1
R27 K6890-Q1121 756890 3311121 45.71 45.7 32,0 442 122
R33 K5999-Q6878 755999 3316878 518l 51.8 39.6 48.8 9.1
R43 K5712-Q1593 755712 3311593  53.03 53.0 38.7 51.8 14.0
R44 K5101-Q3932 755101 3313932 4267 427 372 418 45
R4S K4382-Q4547 754382 3314547  42.06 421 36.3 40.8 45
R46 K4621-Q5709 754621 3315700 44.50 44.5 39.0 43.6 45
R50 K9513-P8892 759513 3308892 4571 45.7 39.9 445 45
RS2 KO170-P7678 760170 3307678  56.99 57.0 49.7 55.8 6.1
RS3 K8866-Q1337 758866 3311337 6095 472 39.6 46.3 6.7
RS54 K5056-Q6600 755056 3316600  44.80 442 38.7 433 45
R56 K9620-P9901 759620 3309901 60.95 56.4 41.1 55.2 14.0
R58 LO114-P6631 760114 3306631 59.13 58.5 43.6 57.3 10.6
R61 K8510-Q2294 758510 3312294  49.98 50.0 40.5 48.8 6.1
R63 K9219-P6219 759219 3306219 44.50 44.5 37.9 43.6 5.6
R64 L1076-P6506 761076 3306506  70.10 70.1 427 68.9 20.1
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Table 5.4. Production wells time series (1963-2018)

Toml
Year Velume =ofWalls Operated Wells
(E_. dav)
R . 14 Rl R3 RS R6 RT R8 R0 | R15 | Ri1s | R20 | R?2 | R27 | Ra3 | R43
_ Ave Pumping (m ‘day) | 682 2 632 2 682 682 682 682 2 682 682 2 632 2
Log . 26 R1 R3 RS R6 RT RE RO | R15 | Ri6 | R20 | R22 | R27 | R33 | R43 | R4d | R45 | R46 | RS0 | RS2 | R53 | Rsd4 | R56 | RS8 | R6l | R63 | Re4
- Avg Dumping (m day) | 330 330 330 330 330 | 330 330 330 330 330 330 330 | 330 330 330 330 330 330 330 | 330 330 330 330 330 330 330
— i 26 R1 R RS R6 BT RS RO | R15 | R16 | R20 | R22 | R27 | R33 | R43 | R44 | R45 | R46 | R50 | R52 | R53 | Rsd | R56 | RS8 | R61 | Ro3 | Re4
1905 11 =3 3
Avz Dumping (m day) | 42 426 426 426 42 26 426 426 426 426 426 42 26 426 426 426 426 426 42 £26 426 426 426 426 426
— — 26 R1 R3 RS RT RS RO | R15 | Rl& | R20 | R22 | R27 R43 | R44 | R45 | R46 | RS0 | Rs2 | Rs3 | RS54 | RS6 | R58 | Rel | R63 | Red
I I L h.2¥ 2
Ave Dumpine (m dav) | 400 400 400 400 400 409 400 400 400 | 400 | 400 409 400 400 400 | 400 400 4 409 400 400 400 | 400 400
- - 26 R1 R3 RS RT R8 Ro | R1s | Ris | R20 | R22 | R27 R43 | R44 | R45 | R46 | Rs0 | R52 | Rs3 | Rs4 | RS6 | Rs8 | Re61 | R63 | Réd
= S5 Ave Pumpine (m day) | 450 | 450 450 450 | 450 450 | 450 450 450 450 | 450 | 450 450 450 450 450 450 | 450 450 450 450 450 | 450 450 | 450 430
. . 26 R1 R3 RS R6 RT RE RO | R15 | Ri6 | R20 | R22 | R27 | R33 | R43 | R4d | R45 | R46 | R50 | RS2 | Rs3 | Rs4 | R56 | RS8 | R61 | Ré3 | R64
1Y 1 L) E
Ave Dumping (m /dav) | 430 | 430 439 432 439 | 438 | 430 | 430 439 430 | 430 439 | 430 439 | 430 439 439 | 430 439 | 430 439 | 430 | 43 439 | 430 439
i i 26 R1 Ra RS R6 BT RS Ro | R15 | R1s | R20 R27 | R33 | R43 | R44 | R45 | R46 | Rs50 | R52 | Rsa | RS54 | Rs6 | Rss | R61 | Rea
1907 2. £
Ave Dumping (m day) | 328 328 328 28 328 328 28 328 328 328 328 328 28 328 328 328 328 328 328 28 328 328 328 3228
i o 26 R1 R3 RS RT RS RO | R1s | Ri1s | R20 R27 | R33 | R43 | R44 | R45 | Rd46 | R50 | Rs2 | Rsa | RS54 | Rs6 | Rss | R61 | Rea
187 I 3
Ave Dumping (m /day) | 333 335 335 335 335 335 335 335 335 335 335 335 335 335 335 335 3 335 335 335 333 335 335
. 25 R1 R3 RS RT R8 Re | R1s | Ris | R20 R27 | R33 | R43 | R44 | Re5 | R46 | Rs RS2 | R53 | Rs4 | RS6 | RS8 | Rel | Rea
= Avz Dumpine (m day) | 363 365 365 365 365 365 365 365 365 365 365 365 365 385 365 365 365 365 365 365 385 365
. w55 24 R1 R3 RS RT RE R9 | R15s | Ris | R20 R27 | R33 | R43 | R4d | Re5 | R46 | Rs0 | RS2 | Rsa RS6 | R53 | R61 | R63
| L) =T E
Avz Pumping (m /day 357 357 357 357 357 357 357 357 357 357 3357 357 357 357 357 357 357 357 357 357 357 357
o 24 R1 Ra RS RT RS Ro | R15 | R16s | R20 | R22 | R27 | R33 | R43 | R44 | Re5 | R46 | Rso | RS2 | Rmsa RS6 | R53 | R61 | Re3
Avz Dumping (m /day) | 346 346 346 346 346 346 346 346 346 346 346 346 346 ELE 346 346 346 346 346 ELE 346
i it 21 R1 R RS RT RS RO | R1s | R1s | R2o | 22 | Ro7 | Ra3 | R43 | R44 | Re5 | R46 | Rso | Rs2 | Rsa RS6 | R58 | R61 | R&3
1974 3
" Ave Dumping (m /day) | 157 L 157 157 157 157 157 157 157 157 157 157 157 137 157 157
0% . 21 Rl R3 RS RT RE RO R20 | R22 | R27 | B33 | R43 | R44 | R4s | Ra6 | Rso | RS2 | Rsa RS6 | R58 | R61 | Re&a
1875 3
= |ave Pumpine (e | 230 | 230 230 230 | 230 230 230 2 230 2 230 230 2 230 230 2 230 230 | 23 230
1676 o8 21 R1 R3 RS R6 RT RE Ro | R15 | Ris | R20 | R22 | R27 | R33 | R43 | R4d | Re5 | R46 | Rso | RS2 | Rsa RS6 | R53 | R61 | R63 | Ré4
Lo AL 3
Avz Pumping (m /day 251 251 251 251 251 251 2351 251 251 251 251 2351 251 25 251 2351 251 251 251 251 251
i 21 R1 Ra RS R6 BT RE Ro | R15s | R16 | Roo | R22 | R27 | Ra3 | R43 | R44 | Re5s | R46 | Rso | Rs2 | Rsa | Rs4 | Rs6 | Rss | R61 | Re3 | Res
" |Avz Pumping (miday) | 201 201 201 201 200 201 201 201 201 201 201 201 201 201 201 201 201 201 201 201 201
- _— 17 R1 R3 RS R6 RT RS RO | R1s | R1s | R20 | R22 | Ro7 | Ra3 | R43 | R44 | Re5 | R46 | Rso | RS2 | Rsa | Rs4 | Rs6 | Rsa | R61 | Red | Re4
= — |Ave Dumping (mday) | 407 207 407 407 407 407 407 407 207 407 407 407 407 407 407 407 407
o 17 R1 R3 RS R6 RT RS RO | R15 | Ri6 | R20 | R22 | R?7 | R33 | R43 | R44 | Rds | R46 | R50 | RS2 | R53 | Rsd | R56 | RS8 | R61 | R63 | R64
= |ave Pumpine (iday | 42 2 42 42 B 2 £} 42 42 2 B 42 42 42 42 2 42
o % 16 R1 R3 RS R6 RT RS RO | RIS | R16 | R20 | R22 | R27 | R33 | R43 | R44 | R45 | R46 | RS0 | RS2 | R53 | Rsd | R56 | RS8 | R61 | Ro63 | Ra4
15 100 3
Avz Pumping (m /day o8 o8 o8 o8 o8 28 o8 o8 o8 o8 o8 o8 o8 98 o8 og
i Sis 16 Rl R3 RS R6 RT R3 RO | R15 | R16 | R20 | R?2 | R2?7 | Ra3 | R43 | R44 | R45 | R46 | Rs0 | Rs2 | R53 | RS54 | R56 | RS8 | R6l | Ro3d | Re4
1Hel et § 3
Avz Dumping (m /day) 135 135 135 135 135 135 135 135 135 135 135 135 135 135 135
— i 16 R3 RS R6 RT RS RO | R15 | R16 | R20 | R22 | R27 | R33 | R43 | R44 | Rd5 | R46 | RS0 | RS2 | R53 | Rsd | R56 | R58 | R6l | Rod | Red
= ~ |Ave Pumpine (m iday) o5 o3 a3 o3 93 o5 a3 o3 o3 o5 a3 o3 93
— — 16 R3 RS R6 RT RS RO Ri6 | R20 | R22 | R27 | R33 | R43 | R44 | R45 | R46 | RS0 | Rs2 | Rs3 | Rsd RS3 | R61 | Ro63 | R64
) Avs Dumpine (m /day) a3 o3 o3 o3 o3 93 @5 a3 a3 o3 o3 o3 a3 o3 23
= = 16 R1 R3 RS R6 RT RE RO | RIS | RI6 | R20 | R22 | R27 | R33 | R43 | R44 | R45 | R46 | R50 | Rs2 | Rsa | msd RS | R61 | R63 | RG4
- B Avz Pumping (m /day 75 75 75 75 75 75 75 75 75 75 75 5 75 75 75
= S 16 Rl R3 RS R6 RT R3 RO | R15 | RI6 | R20 | R22 | R27 | Ra3 | R43 | R44 | R45 | R46 | Rs0 | RS2 | Rsa | Rs4 R61 | Ro3 | R64
1%ad P Ui, 3
Ave Pumping (m /dav) | 66 &6 &6 66 &6 &6 &6 &6 66 &6 &6 &6 &6 &6
G| 39 1 R1 R3 RS R6 RT B8 Ro | R15 | R16 | R20 | R22 | R27 | R33 | R43 | Red | Re5 | Re6 | Rso | Rs2 | msa | ms4 R61 | R63 | R64
L -1 o 2. i
Ave Dumpine (m/dav) | 22 2 22 322 2 2 22 22 b} 2 2 2 b} 22
— = 1 R1 R3 RS RG RT RS RO | R15 | Ri6 | R20 | R22 | R27 | R33 | R43 | R44 | Res | R46 | Rso | Rs2 | Rsa | mRs4 | Rse R61 | R63 | R64
1990 3. 3
Ave Dumpine (m dav) 31 31 31 31 31 31 31 31 31 51
MA NA | maA | wa | wa | wa | wa | wa | wa | w4 | ma | ma | na | wa | N4 | wa | wa [ na | wa | ma | wa | na | ma Na | wa | ma
Ave Pumping (miday) | Ma | Ma | Ma | Na | Na | oMa | Na | Ma | Ma | Ma | Ma | Ma | s | Ma | wa | Ma | ma | oMa | na | Na | ma | Ma MA | Na | Ma
s i 11 R1 R3 RS R6 RT RS RO | R15 | R16 | R20 | R22 | R27 | Raa | R43 | R44 | R45 | R46 | Rso | Rs2 | Rsa | Rs4 | Rse R61 | R63 | R64
|| MR Ave Dumping (m day) | 41 11 41 41 a a1 41 2 P 41
sietsiiie|| 1adn g R1 R3 RS R6 RT RE Ro | R15 | R16 | R20 | R22 | R27 | R33 | R43 | R4d4 | Re5 | Ra46 | Rso | Rs2 | msa | Rs4 | Rse R61 | R63 | R64
= Ave Dumping (m ‘day) 56 36 56 56 56 56 36 56

159




5.3.3 Future Pumping Scenarios (2019-2100)

Six hypothetical future pumping scenarios were considered to evaluate the impact of a
wide range of total annual volume extractions, as shown in Table 5.5. The SO scenario represents
the no pumping condition, S1 and S2 represent the historical low pumping period of 1979-2018,
S3, S4 and S5 represent the historical high pumping period of 1963-1978, and S6 represents an
extreme pumping scenario. The groundwater head and groundwater salinity concentration for
each grid cell at the end of 2018 served as initial conditions for the simulations, and the
simulation period is from 2019 to 2100. The maximum pumping capacity of the wells in the
Rawdatain water field is 908 m*/day (350 gallon/min). As all pumping are no longer active, the
criterion for assigning the number and names of wells for the simulations involves choosing the
most recent active wells and not exceeding the maximum pumping capacity. The daily pumping
rate of each well was calculated by dividing the total annual production volumes by the number
of active wells for each scenario. Both the quantity and quality of the stored water (subsurface)

and quality of pumped water (water supply) were evaluated for each scenario.

Table 5.5. Extraction scenarios

. Total Annual Volume ——— Number of Daily Pumping
Scenarios Extraction ( m*/year) Operated Wells Operated Wells Rate (m*/day)
S0 0 — 0
S1 160,000 8 56
S2 500,000 8 RI1, R3,R6, R9, R16, R58, R61, R64: 171
S3 1,000,000 8 343
S4 3,000,000 15 Above plus: RS, R7, R15, R20, R27, 346
S5 4,000,000 15 R44, R56 730
S6 8,000,000 26 537

Above plus: R8, R22, R33, R43, R45,
R46, R50, R52, R53, R54, R63

Impact of climate change on the water resources remains uncertain and becomes an

interest of comprehensive and extensive studies of the entire region of the Middle East. Lelieveld
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et al. (2012) stated that the region is likely to be significantly affected by the climate change, as a
result of a decline in precipitation and an increase in the intensity and frequency of drought
periods. However, Chenoweth et al. (2011) found that there will be an increase in precipitation in
Kuwait by 2040-2099. In contrast, a reduction in precipitation in Kuwait was predicted in 21st
century (Evans, 2009; Terink et al., 2013). In the future scenarios, the long-term annual average
recharge R (500,000 m3/year) was used for all of the future scenarios, and a sensitivity analysis
was performed to consider the effect of increasing or decreasing annual recharge by + 20% to
600,000 m3/year and 400,000 m3/year, respectively, to account for possible changes in climate.

5.3.4 Lens Storage Recovery (LSR)

The use of coupled numerical groundwater flow and transport models for Aquifer Storage
Recovery is the best method for assessing the effects of interactions between hydrogeologic and
operational parameters on predictions of recovery efficiency (Lowry & Anderson, 2006). Here,
the new baseline model was used to assess the Rawdatain Lens Storage Recovery (LSR) for ten
years (2018-2028). Three artificial injection scenarios were conducted using different proposed
annual injected volumes and number of wells, as shown in Table 5.6. The criterion for assigning
the number and names of wells is the same as above.

Table 5.6. Injection scenarios

Scenarios Total Annual Volume Number of Operated Wells Daily Injection
Injection ( m*/year) Operated Wells P Rate (m?/day)
I 1,000,000 8 R1,R3, R6,R9, R16, R58, R61, R64 342
Above plus: RS, R7, R15, R20, R27,
12 3,000,000 15 RA4, RS6 548
3 5,000,000 2% Above plus: R8, R22, R33, R43, R45, 507

R46, R50, R52, R53, R54, R63
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5.4. Results and Discussion
5.4.1 Aquifer Properties for Baseline Model

Figure 5.5, 5.6 and 5.7 are plots of the simulated Rawdatain FGL volumes, starting from
no lens present and running for 4000 years, against the three volume targets for the three PRM
scenarios associated with five different dispersivity sets. The three different volume targets are
700 mg/L (32.6 million m?), 1000 mg/L (64.4 million m?), and 2000 mg/L (149 million m?).
Curves for all of the simulated volumes show that the PRM scenarios reached relatively flat
steady state volumes compared with the CRM scenarios. This supported the choice of using of
the PRM (formative factor) to represent the natural hydrological processes of the mixing
between the recharge water and the ambient brackish water. The PRM scenarios with 10 m
longitudinal dispersivity set tended to overestimate all of the volume categories, whereas the
PRM scenario with the 100 m dispersivity set tended to underestimate all of the volume
categories. In a general comparison between the three PRM scenarios based on the recharge
frequency only, there were similar trends in the Rawdatain FGL formation. These results indicate
that the Rawdatain FGL formation is not sensitive to the recharge event frequencies if the long-
term average recharge is kept the same, which is in agreement with the slow development of the

lens (approximately 2000 years) (Alrashidi & Bailey, 2019a).
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Figure 5.5. Pulse recharge scenario with one pulse per year and different longitudinal dispersivity values.
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Figure 5.6. Pulse recharge scenario with one pulse every two years and different longitudinal dispersivity
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Figure 5.7. Pulse recharge scenario with one pulse every four years and different longitudinal dispersivity
values.

Table 5.7 summarizes the performance of the CRM and PRM scenarios against the three
volume targets at 2000 years. In general, the performance of the PRM scenarios improved with
using less frequent recharge events for the 10 m longitudinal dispersivity set for all three targets,
whereas the performance of the PRM scenario with the 100 m dispersivity set worsened with less

frequent recharge events. In terms of the dispersivity set values, the 10 m longitudinal
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dispersivity set resulted in volumes up to 115%, 69% and 31% more than the 700, 1000, and
2000 mg/L targeted volumes, respectively. In contrast, the 100 m longitudinal dispersivity set

underestimated the simulated volumes by 56%, 58% and 68%, respectively.
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Table 5.7. Results of the simulated volumes of stored water using constant recharge and pulse recharge scenarios with different longitudinal
dispersivity values at 2000 years.

Constant
Recharge Pulse Recharge
Comparison criteria Targets
0o,=50 Error o.=10 Error a.=30 Error 0.=50 Error 0,=60 Error 0.=100 Error
(m) (%) (m) (%) (m) (%) (m) (%) (m) (%) (m) (%)
Volume of Stored Water (106 m3) Once Every Year
700 mg/L 33 37 13 70 115 37 13 29 -11 25 -22 14 -56
1000 mg/L 64 61 -5 111 72 78 22 70 9 67 4 55 -15
2000 mg/L 149 139 -7 198 33 158 6 142 -4 138 -7 123 -17
Volume of Stored Water (106 m3) Once Every Two Years
700 mg/L 33 37 13 69 111 36 11 28 -12 25 -24 14 -58
1000 mg/L 64 61 -5 109 69 76 19 69 8 66 2 54 -17
2000 mg/L 149 139 -7 194 31 155 4 142 -5 136 -9 120 -19
Volume of Stored Water (106 m3) Once Every Four Years
700 mg/L 33 37 13 68 110 34 5 28 -13 25 -25 10 -68
1000 mg/L 64 61 -5 109 69 75 16 67 4 63 2 49 -24
2000 mg/L 149 139 -7 188 26 151 2 139 -7 133 -11 118 221

167



Overall, the 30 m, 50 m and 60 m longitudinal dispersivity sets had the best performance,
which is in agreement with the best ranges of the environmental dispersivity values using CRM
(Alrashidi and Bailey, 2019b). However, the 30 m longitudinal dispersivity set overestimated the
1000 mg/L volume target by 22%, 19% and 16% for the three PRM scenarios, and the 60 m
longitudinal dispersivity set underestimated the 700 mg/L volume target by 22%, 24% and 25%.
The 50 m longitudinal dispersivity set with all PRM scenarios performed the best, obtaining an
error percentage less than 10% for the 1000 mg/L and 2000 mg/L volume targets. The slightly
high errors (—11%, —12% and —13%) for the 700 mg/L volume target are acceptable because we
compared the simulated volume with one field estimate from the U.A.R. Therefore, the 50 m
longitudinal dispersivity set with the once every two year PRM was selected to be the new
baseline model for assessing water extraction and management under the historical and future

scenarios.

5.4.2 Historical Period (1963-2018)

The volumes of stored water at the three volume categories that represent the
predevelopment period in 1963 were 28x10° m? (700 mg/L), 69x10° m* (1000 mg/L) and
142x10° m? (2000 mg/L), and they were used as the initial conditions for the model used to
assess the impact of historical groundwater abstraction from 1963-2018. Figure 5.8 shows the
simulated volumes of stored water and the changes in volume during the pumping period 1963-
2018 for the three water quality categories. The results showed a significant reduction in the
stored water during the period of extensive pumping in 1963 to 1978. These reductions within 11
years represented 79%, 82% and 83% of the total reduction during the 54 years of pumping
(1963-2018). Afterwards, the changes in volume stabilized with a very low rate of reduction as a

consequence of the low pumping rates in the 1979-2018 period. Figure 5.9 demonstrates the
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pumping-induced depletion of the lens plotted versus the total abstraction volume. A total of
83% of the pumping volume occurred during the period 1963-1978 when the lens was
considered as a water supply source, resulted in a significant shrinkage in the lens volume. Later,
only an additional 9x10° m® was pumped between 1978 and 2018, when the majority of the
Rawdatain water field closed and was considered as a strategic reserve for emergency use. These
results illustrate that the change in pumping rate saved the Rawdatain FGL, and it continues to

store a significant volume of water.
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Figure 5.8. Simulated volumes of stored water and the reduction in volumes during the pumping period
1963-2018: A) 700 mg/L, B) 1000 mg/L, and C) 2000 mg/L water quality categories.
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Figure 5.9. Simulated volumes of stored water and the reduction in volumes vs. total abstraction volume:
A) 700 mg/L, B) 1000 mg/L, and C) 2000 mg/L water quality categories.
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5.4.3 Future Period (2019-2100)

The results for the assumed future pumping scenarios (2019-2100) combined with the
historical conditions are shown in Figure 5.10 and Table 5.8. It can be clearly seen that the 700
mg/L water quality category is more sensitive than the other categories. The no-pumping
scenario (S0) will not prevent the reduction in the volumes of the stored water. However, the
percentages of the reductions were negligible: 5%, 2% and 2% for the three water quality
categories. This is because the 54 years of historical pumping caused brackish water to rise and
an increase in the mixing rates, which affects the natural stability of the lens. If the current low
pumping (S1, 160000 m?/year) is kept the same, the changes in the stored water would be small
(17%, —6% and —5%) because the pumping rate is less than one third of the long-term average
recharge rate (500000 m*/year). Moreover, this scenario would lead to sustainable pumped water
quality between 850 and 1000 mg/L, and the fluctuation in TDS shown in Figure 5.11 indicates
that S1 emphasizes the effect of the PRM. Thus, S1 would be safe and acceptable as a long-term

pumping scenario and will not impact the storage of the lens significantly.
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Table 5.8. Prediction of volumes of stored water with different pumping and recharge scenarios from 2019 to 2100

Pumping Analysis - Simulated Stored Volumes (10 m?) (reduction in stored volumes (%))

Historical (1963 to 2018)

Future Scenarios (2019 to 2100)

¥01‘m:e Initial Tnitial
argets Condition (1963- Condition
(1963) 1978) (1979-2018) (2018) SO S1 S2 S3 S4 S5 S6
700 mg/L 28.3 22.1 (22) 20.4 (28) 20.4 19.4 (5) 16.9 (17) 11.7 (43) 6.5 (68) 1.8 91) 0.8(96) 0.4 (98)
1000 mg/l.  69.2 50.6(14)  57.7(17) 577 564(2)  544(6) 40.1(31) 224(61) 12.8(78) 83(86) 3.8(93)
2000 mg/L 141.8 127.2 (10) 124.2 (12) 124.2 122 (2) 118 (5) 95.3 (23) 63.6 (49) 41.4 (67) 26.6(79) 10.1(92)
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Figure 5.10. Simulated volumes of stored water for historical conditions (initial condition in 1963;
intensive pumping period 1963-1978; low pumping rate period 1979-2018) and future scenarios (SO to S6
for 2019-2100): A) 700 mg/L, B) 1000 mg/L, and C) 2000 mg/L. water quality categories.
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Figure 5.11. Simulated TDS of the pumped water for a range of annual volume extraction scenarios for
2019-2100.

S2 resulted in a remarkable decline in the 700 mg/L water quality category up to 43% and
moderate decay (31% and 23%) in the other categories. The quality of the produced water
exceeded 1200 mg/L after 20 years and continued to increase up to 1600 mg/L, and it became
less sensitive to natural recharge events. Thus, the pumping rate of 500000 (m?/year) is only a
sustainable option for a short-term use. S3 introduced more negative impacts than S2 because it
worsened the rate of degeneration for all of the water quality categories by 49% to 68%. The
produced water was insensitive to recharge, and the TDS quickly became elevated. S4, S5 and
S6 caused a deterioration of the Rawdatain FGL, indicating that the high pumping rates used in
1963 would not be suitable for the current condition. The lens did not recover during the 1979-

2018 period because the recharge was very minimal compared with the volume of stored water.
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The capability of the tested groundwater model was used to assess the sensitivity of the
S0, S1 and S2 pumping future scenarios to a change in the natural recharge amount. A sensitivity
analysis was carried out by varying the recharge by £20R, where R is the long-term average
recharge (500000 m?*/year). The y-axis in Figure 5.12 represents the percentage change in stored
water compared with the initial condition in 2018. There are three main findings: (1) within the
same extraction scenarios, the range of the change of stored water narrowed from the 700 mg/L
to the 2000 mg/L water quality categories, (2) among the extraction scenarios, the model
sensitivity to the changes in recharge decreased as the annual extraction increased. The former
finding is in agreement with the results of the produced water TDS in Figure 5.11, where the
fluctuation of the TDS was very distinguishable with S1 and then reduced with S2 and became
indistinguishable with the high pumping scenarios, and (3) An increase of 20% in the recharge

will not lead to a significant recovery of the lens even with the no-pumping alternative.
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Because the decline of the Rawdatain FGL is expected to continue even with no pumping
activities, and because of the very slow response to any increase in natural recharge rates, an
artificial recharge solution should be implemented to accelerate the stored water recovery. The
results of a brief modeling of three injection scenarios was conducted to evaluate the Lens
Storage Recovery for the Rawdatain, as shown in Figure 5.13. Within 10 years, a recovery of
67%, 61% and 43% of the storage lost since original initial volumes in 1963 could be achieved
by implementing the I1 alternative for all of the water quality categories, respectively. The 12
could reach the 100% storage recovery within 7.5, 8 and 9 years for all of the water quality
categories, respectively. The I3 attained the 100% storage recovery within 6 years and add
additional storage volumes of up to 80% by the end of the injection period. The volume of the
injected water in I1 represents 33% and 20% of the injected water in 12 and 13. However, 11
achieved a reasonable storage recovery because of choosing appropriate locations for the
injection. Indeed, the eight wells used for the I1 scenario are the same as the wells that are still
operating and producing the best water quality. Thus, choosing suitable locations and amounts of
injection would lead to a successful LSR.

5.5. Summary and Conclusion

Freshwater resources are extremely scarce in Kuwait because the harsh climate and
landforms prevent the existence of surface water bodies and make it difficult to harvest and store
precipitation. The majority of the potable water supply comes from the unconventional resources
of seawater desalination and treated wastewater. Limited fresh and brackish groundwater are the
main conventional source of usable of water supply. Indeed, the occurrence of fresh groundwater
is restricted to two main FGLs, namely the Umm-Aish and Rawdatain. The former was

contaminated by hydrocarbon pollution, and the latter is currently the only potential sizable

179



freshwater storage in the country. Thus, understanding the natural formation and current and
future stability of the Rawdatain FGL is essential and will be very valuable to water managers
analyzing future water security for the country and establishing appropriate water supply plans.

In this chapter, a new baseline model was established for the Rawdatain FGL
predevelopment period using a pulse recharge mechanism (PRM) to simulate the effects of the
infrequent rainfall events and anthropogenic impacts simultaneously. Three frequencies of PRM
scenarios, one pulse every 1 year (500,000 m3/year), one pulse every 2 years (1,000,000
m?/year), and one pulse every 4 years (2,000,000 m>/year), with five longitudinal dispersivity
values (between 10 m and 100 m) were evaluated against three volume targets: 700 mg/L (32.6
million m?), 1000 mg/L (64.4 million m?), and 2000 mg/L (149 million m?). The results
indicated that the Rawdatain FGL formation is more sensitive to the dispersivity set than to the
recharge event frequencies. The model associated with the 50 m longitudinal dispersivity set and
one pulse recharge every two years had the best performance among the three volume targets,
and thus it was selected to be the new baseline model representing the condition of the
Rawdatain FGL in 1963.

The new baseline model was used to assess the impact of historical groundwater
abstraction from 1963 to 2018, starting from the initial volume conditions 28%10° m3, 69x10° m?
and 142x10° m? for the three quality categories, respectively. The majority of the reduction in
the lens storage occurred in the extensive pumping period between 1963 and 1978, resulting in a
decline in the volumes of the three quality categories by 22%, 14% and 10%, respectively.
Subsequently, the annual pumping rates were lowered dramatically from up to 4x10° m? to less
than 1x10° m® during 1979-1985, and then no higher than 0.16x10° m* from 1986 to 2018. As a

consequence, the changes in the volumes stabilized with no significant reduction. By 2018, the
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amounts of stored water in the Rawdatain FGL were estimated to be 20x10% m?, 57x10° m? and
124x10° m? for the three quality categories, respectively.

Six future pumping scenarios were assessed from 2019 to 2100, starting from the initial
condition in 2018. The results revealed that the size of the Rawdatain FGL will not recover with
the no-pumping scenario (S0). The lowest pumping scenario (S1 = 0.16x10° m?/year) had no
major effect on the stored volumes, whereas the second lowest pumping scenario (S2 = 0.5x10°
m?/year) caused a notable decay in the water quality category with the lowest TDS. Moreover,
the produced water quality was sustained between 850 and 1000 mg/L until 2100 with S1, and it
exceeded 1200 mg/L with S2 by 2040. Therefore, S1 is an appropriate scenario for keeping a
significant storage available for an emergency use if needed, and S2 is a practical selection for
short-term use. The rate of degeneration accelerated as the pumping rates increased with the S3
to S6 scenarios, reaching a damaging deterioration of the Rawdatain FGL by 2100,
predominantly in the 700 mg/L water quality category. There was a fluctuation in the quality of
the produced water in S1 and S2, indicating that the TDS of the produced water was more
sensitive to the low-pumping scenarios and becomes less sensitive as the pumping rate exceeds
the annual recharge.

A sensitivity analysis of the no-pumping and low-pumping scenarios to a change in the
long-term recharge by #20% showed that the 700 mg/L water quality category is more sensitive
than the other water quality categories, and the model became less sensitive as the annual
extraction increased. Indeed, an increase of 20% in the recharge will not lead to a significant
recovery of the lens by 2100 even with the no-pumping alternative. Thus, three artificial recharge
alternatives were applied to accelerate the Rawdatain lens storage recovery (LSR). A 100%

storage recovery to the initial predevelopment volumes of 1963 was simulated by implementing
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the 12 scenario in 2027. The I1 scenario could not reach a full recovery within 10 years, whereas
the I3 achieved a full recovery within 6 years. Hence, the LSR approaches indicated that the
recovery percentage depends not only on the amounts of injected water but also on choosing
suitable locations for injection wells.

This study provides a first attempt to model the natural creation of a FGL in a
subterranean oasis in an arid region. The baseline model was developed through transient 3D
density-dependent simulations that allow simulation of the natural mixing between the pulse
recharge events and the environmental dispersivity for 4000 years of simulation time until the
FGL reaches equilibrium. A unique example of a calibration approach was implemented by
using multiple data targets and water age, which led to the elimination of several non-unique
calibration parameters and reduced the uncertainty of the calibrated parameters. The model was
capable of evaluating the effects of the historical and assumed future abstractions and assessing
the benefits of LSR. The methodology presented herein can be applied to other FGLs with

similar climatic and environmental circumstances.
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CHAPTER 6. SUMMARY, CONCLUSIONS, AND FUTURE WORK

In this chapter, the problem statement and research objectives are summarized, the main
findings and outputs for each task are concluded, and possible areas for future research are listed.

6.1 Summary for Problem Statement and Research Objectives

The FGLs in subterranean oases in the AP are considered as a critical source of
freshwater storage because the harsh climate and landforms prevent the existence of surface
water bodies and make it difficult to harvest and store precipitation. These FGLs are in danger of
salinization due to heavy anthropogenic activities. The recharge mechanism of FGLs in
subterranean oases is classified as a focused recharge and depends on surface runoff from
infrequent cyclonic rainfall events that may vary considerably from year to year in terms of
timing and magnitude. Hence, the natural recharge quantity and frequency are both scarce and
uncertain. Moreover, there is no reliable three dimensional large-scale environmental dispersivity
value at the scale of these lenses, this being an open question and recognized uncertainty in
several studies. These FGLs are also proposed as suitable locations for aquifer storage and
recovery to serve as long-term storage for emergency uses. Because of this, it is important to
simulate mixing between fresh water and seawater or brackish water, which requires
characterization of the large-scale dispersivity of the FGL.

The Rawdatain FGL was selected among the FGLs because of its size and the availability
of extensive subsurface data for the pre-development period. The first main objective of this
study was to provide accurate long-term estimates of recharge for the Rawdatain FGL and to
investigate the timing of lens depletion under scenarios of decreased recharge. The second aim

was to provide a realistic range of longitudinal (av), horizontal transverse (o), and vertical
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transverse (oy) dispersivity values for the Rawdatain FGL. The last purpose was to assess the
current and future conditions of the Rawdatain FGL and its effective management and
conservation, as it constitutes a strategic natural resource in the country, by an evaluation of the
effect of historical and future anthropogenic activities and natural recharge versus artificial
recharge alternatives for lens recovery storage (LSR). The methodology presented herein
provides a general approach that can be applied to other FGLs with similar climatic and
environmental circumstances.

6.2 Conclusion for Estimating Groundwater Recharge for a Freshwater Lens in an Arid

Region: Formative and Stability Assessment

The recharge rate estimates were based on multi-target calibration of a three-dimensional
(3D) density dependent groundwater flow and solute transport model using a constant recharge
mechanism (CRM). The groundwater age and the following pre-development period calibration
targets were used with twelve recharge amount scenarios (R1 to R12): (1) volumes and
thicknesses of stored groundwater at three different water quality categories (TDS of 0-700
mg/L, 700-1,000 mg/L, 1,000-2,000 mg/L), (2) spatially variable TDS concentration, (3)
spatially-variable groundwater head, and (4) the geometrical shape of the lens along aquifer cross
sections.

The R5 (0.5 million m?/year) recharge scenario satisfied the three volume targets with
absolute errors of 12.9%, 5.3% and 6.9%, respectively, and it satisfied the three lens thickness
targets with absolute errors of 10.5%, 3.9%, and 2.6%, respectively. When starting from an
initial no-freshwater condition, the simulated lens with RS required from 1400 to 2600 years to
reach its final volume in the model, which is in agreement with the groundwater age of the

Rawdatain FGL. For RS, the Scaled Root Mean Square Error (S-RMSE) of TDS and the
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groundwater head were 0.188 and 0.125, respectively. A qualitative comparison with the overall
lens shape reveals that RS compares well with the observed cross-section of TDS. Therefore, the
long-term average annual recharge of 0.5 million m*/year can be used when applying the model

to water management scenarios.

These results demonstrated that the annual natural replenishment of the Rawdatain FGL
is minimal compared with its size, which is in agreement with the slow formation and
groundwater age of the Rawdatain FGL. Hence, if this lens is depleted, it will require over 2000
years to reform again. A macro-scale stability assessment under changes in natural recharge due
to climate or land-use changes suggested that the lens storage would respond slowly to these
changes within a 100-year time frame. For instance, a 50% reduction in annual recharge would
reduce the lens volumes by 21%, 17% and 9% for the three water quality categories.

A sensitivity analysis was carried out to assess the effects of the hydraulic conductivity
values and boundary conditions on the Rawdatain FGL storage during the development period.
The results proved that the hydraulic conductivity set K from field pumping tests was an
appropriate set representing the entire aquifer domain. Applying higher values of the K set
resulted in prevention of the existence of the lens, whereas the use of lower values of K led to
faster lens development. Regarding the boundary conditions, an increase of 10% in the head
gradient across the Rawdatain basin would lead to an upward shift in the lens and increased
salinization, whereas a decrease in the head gradient had no significant effects. Moreover, the
simulated storage became more sensitive to the changes in head gradients when it was

accompanied with changes in natural recharge, with the latter being more dominant.
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6.3 Conclusion for Determining Values of Large-Scale Dispersivity for a Fresh

Groundwater Lens in an Arid Region

A multi-criteria score-based method was performed to rank the best performance of 28
dispersivity sets (D1 to D28) among all of the targets with an equal weight to find a reliable
range of longitudinal (ar), horizontal transverse (o), and vertical transverse (o) dispersivity
values for the Rawdatain FGL. These dispersivity sets include a wide range of feasible
longitudinal dispersivity values for the Rawdatain FGL (1-500 m), on a scale of 0 to 300 x 10°
m?>. The performance of the dispersivity sets against the data targets was varied. For instance,
D18, D14 and D17 were the best in terms of the volume targets, D21, D9 and D5 were the best
in terms of the thickness targets, D13 to D19 were the best in terms of the S-RMSE of TDS point
data, and there was no significant distinction in terms of the Mean Absolute Error (MAE) of the
groundwater heads. Overall, D16, D18 and D14 had the highest rank based on their satisfaction
of all targets, with total scores of 49, 50 and 53, respectively. Hence, the D16 dispersivity set (oL
=50 m: an = 5 m: av = 0.1 m) represents the best large-scale environmental dispersivity values
for the Rawdatain FGL and can be used for analyzing the natural mixing between the ambient
brackish water and fresh water.

An additional benefit of the multi-calibration targets approach is that it excluded several
non-unique calibration parameters and lowered the uncertainty of the calibrated parameters. For
example, one set of the dispersivity values can fulfill one or two targets but be significantly
inaccurate in a third target. In addition, the model was used to assess the effect of vertical
transverse dispersivity on the stored water volumes at the three quantity categories. The results
indicated that vertical transverse dispersivity values of greater than one meter prevent the

formation of the Rawdatain FGL.
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6.4 Conclusion for Assessment of the Natural and Anthropogenic Impacts on a Fresh

Groundwater Lens in a Subterranean Oasis in Kuwait

A new baseline model for the predevelopment period was established using a pulse
recharge mechanism (PRM) for the Rawdatain FGL to simulate the effects of infrequent rainfall
events and anthropogenic impacts simultaneously. Three frequencies of PRM scenarios (one
pulse every 1 year, one pulse every 2 years, and one pulse every 4 years) and five longitudinal
dispersivity values (10, 30, 50, 60 and 100 m) were tested to provide realistic aquifer properties
for the new baseline. Generally, the results demonstrated that the PRM is better than the CRM as
a formative factor for the natural hydrological processes during the FGL formation because the
simulated volumes show that the PRM scenarios reached relatively flat steady state volumes
compared with the CRM scenarios. Also, the model was found to be sensitive to the longitudinal
dispersivity values and not sensitive to the recharge event frequencies. Overall, the model
associated with the 50 m longitudinal dispersivity set and one pulse recharge every two years had
the best performance, and it was selected as the new baseline for the Rawdatain FGL prior to its
official opening for water production.

The new baseline was used to assess the impact of historical groundwater abstraction
from 1963 to 2018, determine the effect of six future pumping scenarios from 2019 to 2100, and
evaluate three artificial recharge alternatives from 2019 to 2028. The initial volume conditions in
1963 were 28x10° m?, 69x10° m? and 142x10° m>, and these volumes decreased to 20x10° m?,
57x10° m? and 124x10° m?, respectively, for the three quality categories as a result of the
pumping activities from 1963 to 2018. However, most of the decline in the lens storage occurred
during the heavy extraction period between 1963 and 1978. Regarding future pumping, S1

(0.16x10° m*/year) was found to be a suitable scenario because it had no major effect on the
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stored volume and the produced water quality was sustained between 850 and 1000 mg/L.
Therefore, significant storage will be available for emergency use if needed. S2 (0.5x10°
m?/year) resulted in a remarkable decline in the 700 mg/L water quality category up to 43% and
a moderate decay (31% and 23%) in the other categories, and the TDS of the produced water
exceeded 1200 mg/L after 20 years. These findings suggested that S2 is only a sustainable option
for short-term use. Pumping scenarios with an annual volume extraction greater than one million
cubic meters caused a notable deterioration of the Rawdatain FGL.

A sensitivity analysis was applied to assess the sensitivity of the SO, S1 and S2 pumping
future scenarios to a change in the long-term recharge RS scenario by £20%. The results
illustrated that the best water quality category is more sensitive than the other two categories, and
the model became less sensitive as the rate of annual extraction increased. Also, an increase of
20% in the recharge will not lead to a noteworthy recovery of the lens by 2100 even with the no-
pumping alternative. Thus, the only feasible solution to enhance the Rawdatain FGL storage is
artificial recharge. By implementing artificial recharge scenario I1, a significant recovery
percentage up to 67%, 61% and 43% for the three quality categories could be reached within 10
years. 12 and I3 achieved a 100% storage recovery within shorter time frames: 9 and 6 years,
respectively. The overall outcome, an effective LSR for the Rawdatain FGL, depends on

selecting appropriate well locations and an appropriate amount of injected water.
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6.5 Future Work

Possible areas of future research are grouped into short-term and long-term categories:
e Short-term category

A short-term future goal is to modify the LSR of the Rawdatain FGL with new locations
and types of well injection and injection cycles. Instead of using the existing wells, the new
injection well locations will be located within the best-quality TDS layers to minimize the
mixing between the brackish water and injected fresh water. This step will help with reaching a
high recovery percentage within a shorter period of time and with a lower amount of injected
water. Furthermore, skimming and scavenger well systems will be implemented to reduce the
up-coning of the underline brackish water during pumping. The skimming well system is a low-
discharge cluster of wells extracting groundwater from relatively shallow depths without
significantly lowering the pressure head in the vicinity of the well, whereas the scavenger well
system installs a production well within the freshwater zone and a scavenger well within the
brackish water zone in a single-bore hole or side-by-side bore holes to prevent the fresh—brackish
interface from rising to reach the effective pumping zone. The performance of these systems will
be determined based on the quality of the produced water from the Rawdatain FGL and then
compared with the current traditional well system. Last, a determination the number of injection
cycles and their repetition is essential to keeping a significant storage available for emergency
use if needed.

e Long-term category

Although the methodology presented in this dissertation was implemented for only one

FGL in the AP, it can be extrapolated to other FGLs that share the same hydrogeological

settings. For instance, the model capability can be assessed by modeling the second largest
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freshwater lens in Kuwait (Umm-Al-Aish). However, this future research cannot be conducted
without more detailed data that are required by the multiple data targets approach. More data
collection efforts are needed to make further contributions to the field of FGL hydrology in
subterranean oases in arid regions. Enhancing the water manager’s knowledge of the FGLs in the

AP would help to establish an optimum short/long-term utilization strategy at each state scale.
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APPENDIX A

Table A. TDS data (Parsons Corporation, 1964)

Bottom

East North Elevation Total depth Top screen TDS
Well Name  Well ID m Date  (ams  (mybgh  (mybeh® ey mEL)
gl)

R-01A-0W  K6316-Q2408 756316 3312406 20-May-62 35.1 57.0 335 54.9 370
R-01-PW K6490-Q2686 756490 3312686  5-May-62 353 56.4 335 54.9 375
R-02A-TW  K5224-Q0577 755223 3310576  20-Dec-61 38.4 42.7 36.6 41.1 4628
R-06-TW  K7729-Q3018 757728 3313017  31-Dec-61 37.0 54.9 31.4 53.3 328
R-08-OW  K7581-Q3624 757580 3313623  14-Feb-61 39.3 107.9 36.9 44.5 588
R-09-PW K6520-Q2183 756520 3312183 4-Feb-61 35.1 70.1 34.7 66.1 600
R-12B-TW  K6879-Q4262 756879 3314261 27-May-62 38.6 67.1 60.0 66.1 3700
R-12D-OW  K6585-Q4670 756585 3314670 10-Jul-62 40.6 56.4 37.5 55.8 795
R-12-TW  K7148-Q4990 757148 3314988  27-May-62 41.2 54.9 50.6 54.0 2970
R-13A-TW  K8217-P9775 758216 3309773  18-Apr-62 38.9 50.3 38.1 50.3 7470
R-13-TW K8209-P9767 758209 3309765  18-Apr-62 38.7 76.2 59.4 71.6 7470
R-14-OW L2031-Q1955 762030 3311953 4-Feb-61 54.9 55.8 435 53.3 3360
R-16A-PW  K6068-Q5769 756068 3315769  18-Apr-62 41.2 53.3 36.6 50.3 800
R-16-OW  K5941-Q4479 755941 3314478 2-Apr-62 41.2 50.3 38.1 50.3 800
R-17-TW K7683-P9192 757682 3309191 9-Feb-62 38.4 54.9 32.6 46.9 4108
R-18-OW  K8712-Q1171 758712 3311170  27-Jan-62 38.0 50.3 32.0 41.1 1048
R-19-TW  K8226-Q3463 758225 3313462  23-Jan-62 41.6 57.0 50.3 56.4 1082
R-20B-TW  K5198-Q4677 755197 3314675 12-May-62 39.2 50.3 36.6 48.8 940
R-20C-PW  K5292-Q4899 755292 3314899 2-Jun-62 39.2 50.3 39.6 48.8 940
R-20-TW K5144-Q4692 755143 3314691 4-Feb-62 39.8 50.3 39.6 47.2 2104
R-21A-TW  K4600-Q8649 754599 3318648 4-Feb-62 47.2 43.6 38.1 43.0 3756
R-21-TW K4592-Q8641 754591 3318640 5-Feb-62 47.2 82.3 41.1 51.2 7704
R-22A-PW  K9082-Q4247 759082 3314247 15-Jul-62 46.0 59.4 42.7 57.9 1085
R-22-TW  K8921-Q3950 758920 3313949  30-Jan-62 46.0 64.9 45.7 57.9 1300
R-23A-TW  10144-Q4870 760143 3314869  15-Feb-62 55.6 50.9 44.2 50.3 1692
R-23-TW L0149-Q4871 760149 3314869  13-Feb-62 55.6 76.2 53.3 61.9 1652
R-27A-PW  K6890-Q1121 756890 3311121  27-May-62 35.8 45.7 32.0 44.2 725
R-27-TW K6749-Q0897 756748 3310896  21-Apr-62 35.8 45.7 32.0 44.2 615
R-28A-TW  K8919-Q5460 758919 3315459 4-Apr-62 51.8 57.9 45.7 57.9 3625
R-28-TW K8935-Q5463 758934 3315462 4-Apr-62 52.0 76.2 64.0 73.2 3625
R-29-TW K5949-P9093 755948 3309091  25-Apr-62 40.3 54.9 30.5 42.7 7975
R-30A-TW  K8916-Q2092 758915 3312091 10-Apr-62 40.1 62.5 36.6 61.0 1885
R-30-TW  K8906-Q2089 758905 3312087  10-Apr-62 40.1 76.2 64.0 76.2 5440
R-31-TW L0086-Q3010 760086 3313009  21-Apr-62 47.9 76.2 41.1 53.3 3260
R-33A-PW  K5999-Q6878 755999 3316878 20-Jul-62 42.8 51.8 39.6 48.8 1375
R-33-TW K5866-Q6985 755865 3316984  24-Apr-62 43.7 75.9 38.1 47.2 1380
R-34-TW K4608-Q6161 754608 3316160  27-Apr-62 42.6 61.0 36.6 48.8 1885
R-35-TW K3572-Q3552 753571 3313550  2-May-62 41.5 60.3 42.7 57.9 7975
R-36-TW L0767-P4993 760766 3304992  5-May-62 40.0 76.2 30.5 36.6 5075
R-37-TW K6802-P6702 756801 3306701 24-Jul-62 42.7 38.1 29.0 37.5 6890
R-38-OW L0536-P6722 760535 3306720  28-Jul-62 39.8 38.1 274 332 725
R-39A-OW  K6975-Q1584 756974 3311584  19-Sep-62 359 82.3 35.1 42.7 205
R-39B-OW  K6971-Q1606 756970 3311605 1-Oct-62 352 59.4 27.2 31.9 435
R-39C-RW  K6979-Q1559 756978 3311558  10-Oct-62 36.0 32.0 25.3 29.9 400
R-39D-OW  K6585-Q4668 756585 3314668  12-Oct-62 36.3 32.0 24.4 29.0 215
R-39-RW  K6979-Q1561 756978 3311560  17-Oct-62 35.9 48.8 33.5 45.7 360
R-40-OW  K6034-Q0910 756033 3310908  13-Oct-62 35.0 45.7 29.0 44.2 470

(a = above mean sea level; b = below ground surface level)
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Table B. Head data (Parsons Corporation, 1964)

Elevation Water Total depth Water head
Well Name Well ID East (m) North (m) Date (m)(ams])* de(p;)ﬂgjl)(;n) (m) (bglI;b (m) (amsl)®
R-01A-OW K6316-Q2408 756316 3312406 26-May-62 35.1 23.6 57.0 11.5
R-01-PW K6490-Q2686 756490 3312686 4-Apr-62 35.3 23.6 56.4 11.7
R-06-TW K7729-Q3018 757728 3313017 30-Dec-61 37.0 27.3 54.9 10.7
R-07A-PW K5048-Q2280 755047 3312279 12-Jun-62 37.9 27.0 45.7 10.9
R-07-PW K5155-Q2545 755155 3312545 3-Jan-62 37.9 26.5 45.7 11.3
R-09-PW K6520-Q2183 756520 3312183 2-Jun-62 35.1 235 70.1 11.6
R-12B-TW K6879-Q4262 756879 3314261 1-Jun-62 38.6 27.6 67.1 11.0
R-12D-OW  K6585-Q4670 756585 3314670 14-Jul-62 40.6 29.6 56.4 11.0
R-12-TW K7148-Q4990 757148 3314988 11-Jan-62 41.2 30.5 54.9 10.8
R-13A-TW K8217-P9775 758216 3309773 30-Apr-62 38.9 27.3 50.3 11.6
R-13-TW K8209-P9767 758209 3309765 13-Apr-62 38.7 26.3 76.2 12.4
R-15A-PW K8411-P9420 758411 3309420 1-Jul-62 38.7 27.2 42.7 11.6
R-16A-PW K6068-Q5769 756068 3315769 1-Apr-62 41.2 31.3 53.3 9.9
R-17-TW K7683-P9192 757682 3309191 16-Jan-62 38.4 26.1 54.9 12.3
R-20A-OW K4551-Q4730 754550 3314728 30-Jan-62 39.2 28.2 35.1 11.0
R-20B-TW K5198-Q4677 755197 3314675 7-May-62 39.2 28.2 50.3 11.0
R-20-TW K5144-Q4692 755143 3314691 25-Jan-62 39.8 28.9 50.3 11.0
R-21A-TW K4600-Q8649 754599 3318648 3-Feb-62 47.2 36.9 43.6 10.3
R-21-TW K4592-Q8641 754591 3318640 31-Jan-62 47.2 36.2 82.3 11.0
R-22A-PW K9082-Q4247 759082 3314247 11-Jul-62 46.0 355 59.4 104
R-22-TW K8921-Q3950 758920 3313949 22-Jan-62 46.0 35.0 64.9 11.0
R-23-TW L0149-Q4871 760149 3314869 9-Feb-62 55.6 45.1 76.2 104
R-25-TW K3541-Q8545 753540 3318545 5-Feb-62 46.0 35.8 50.6 10.2
R-26-TW K9542-P8087 759542 3308086 26-Feb-62 40.2 28.3 91.4 11.9
R-27A-PW K6890-Q1121 756890 3311121 30-Apr-62 35.8 23.4 45.7 12.3
R-27-TW K6749-Q0897 756748 3310896 18-Apr-62 35.8 23.5 45.7 12.3
R-28A-TW K8919-Q5460 758919 3315459 31-May-62 51.8 41.6 57.9 10.2
R-28-TW K8935-Q5463 758934 3315462 29-Mar-62 52.0 41.6 76.2 104
R-29-TW K5949-P9093 755948 3309091 1-Apr-62 40.3 28.4 54.9 11.9
R-30A-TW K8916-Q2092 758915 3312091 3-Apr-62 40.1 28.6 62.5 11.5
R-30-TW K8906-Q2089 758905 3312087 3-Apr-62 40.1 28.6 76.2 11.5
R-31-TW L0086-Q3010 760086 3313009 7-Apr-62 479 36.9 76.2 11.0
R-32-TW L0076-Q0398 760075 3310396 17-Apr-62 40.6 29.2 76.2 11.4
R-33A-PW K5999-Q6878 755999 3316878 23-Jul-62 42.8 32.7 51.8 10.1
R-33-TW K5866-Q6985 755865 3316984 20-Apr-62 43.7 33.2 75.9 10.6
R-34-TW K4608-Q6161 754608 3316160 22-Apr-62 42.6 31.8 61.0 10.8
R-35-TW K3572-Q3552 753571 3313550 27-Apr-62 41.5 30.3 60.3 11.2
R-36-TW L0767-P4993 760766 3304992 1-May-62 40.0 27.9 76.2 12.0
R-37-TW K6802-P6702 756801 3306701 22-Jul-62 42.7 30.5 38.1 12.2
R-38-OW L0536-P6722 760535 3306720 26-Jul-62 39.8 28.0 38.1 11.8
R-39A-OW  K6975-Q1584 756974 3311584 25-Sep-62 35.9 23.9 82.3 12.0
R-39-RW K6979-Q1561 756978 3311560 7-Sep-62 35.9 24.8 48.8 11.2

(a = above mean sea level; b = below ground surface level)
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