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Preface

The use of groundwater can be traced back to a millennium ago. However, the
research on groundwater quality has seen an exponential increase in the last few
decades. This is due to increased groundwater pollutants through various geogenic
or anthropogenic means. In arid and semi-arid regions, groundwater is the most
important/only resource fulfilling the demands of millions of populations. There-
fore, an in-depth understanding of groundwater resources is required through
science-based studies. Thus, a book covering various facets of groundwater con-
tamination, particularly in arid and semi-arid areas, is imperative to understand and
combat the pollutants.

This book is the outcome of hard work from both the editors and selected
worldwide authors who contributed their high-quality chapters on groundwater
quality in arid and semi-arid regions. Both the editors worked closely with the
authors, who implemented several revisions in response to the comments from
editors, reviewers, and the Springer team to ensure high-quality contributions and
to ensure that the readers would find this book handy. All authors have extensively
presented their contribution concerning groundwater quality, highlighted various
challenges in the arid and semi-arid regions and concluded with concrete conclu-
sions and a set of recommendations.

This book contains 12 chapters covering various domains of groundwater
quality. Broadly, this book is divided into two themes: the first is about the
assessment of groundwater quality and is written in nine chapters, while the second
is about major global contaminants in groundwater and includes three chapters.

The first chapter in this book is entitled “Unveiling the Hidden Depths: A Review
for Understanding and Managing Groundwater Contamination in Arid Regions”.
The authors conducted a comprehensive review of groundwater contaminants and
explored various protection techniques for safeguard of groundwater quality in arid
regions. The second chapter entitled “Risk Assessment of Potential Groundwater
Contamination by the Agricultural Drainage Water in the Central Valley Water-
shed, California, USA”. The authors used various statistical methods to analyse
nitrate contamination in the groundwater of the Central Valley of California in the

vii
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USA and recommended various measures to minimize the impacts of the agricul-
tural contaminants. The next chapter titled “Impact of Bugun Reservoir on Ground-
water and Soil: A Case Study from South Kazakhstan” presents the results of
investigating the effect of reservoir on groundwater quality and soils in the vicinity
of reservoir in Kazakhstan. The authors highlighted various environmental conse-
quences of the reservoir.

The authors of the chapter titled “Impact of Climate Changes on Seawater
Intrusion in the Nile Delta Aquifer (Egypt)” applied and documented various
numerical models and investigated how climatic change vis-a-vis. over-exploita-
tion along coastal area influence seawater intrusion in the Nile Delta Aquifer in
Egypt.

Furthermore, the chapter titled “Groundwater Quality Prediction in Upper and
Middle Cheliff Plain, Algeria Using Artificial Intelligence” applied machine learn-
ing to improve the prediction of water quality in Cheliff plain in Algeria, while the
authors of the chapter titled “Evolution of Groundwater in the Cheliff and Mitidja
Agquifers (North Algeria) in Qualitative and Quantitative Terms” investigated two
potential plains of Algeria i.e., Cheliff and Mitidja and presented status of both of
these aquifers concerning their deterioration both quantitatively and qualitatively.
Consequently, the authors proposed numerous recommendations to combat the
quality and quantity of the aquifers. The chapter titled “Groundwater Pollution
Sources and Its Quality in Kingdom of Saudi Arabia- State-of-the-Art” presents the
state-of-the-art review on groundwater quality issue in various aquifers throughout
Saudi Arabia. Additionally, the chapter entitled “Isotopic and Chemical Composi-
tion of Egypt’s Groundwater Resources” presents the compiled and published
historical water isotopes and chemical (salinity) compositions for seven important
aquifer systems in Egypt. The compositions were used to understand country-wide
groundwater resources and investigated the recharge and contamination sources.
The authors further provided sustainable management scenarios for the seven
potential Egyptian aquifers. The last chapter in the first theme is titled “Under-
standing Seawater Intrusion by Hydrochemical Parameters and Stable Water Iso-
topes along the Coastal Alluvial Aquifers of the Essaouira Basin, Morocco”. The
authors used hydrochemical parameters along with stable water isotopes to inves-
tigate salinization processes along coastal aquifers of Morocco. The authors suc-
cessfully identified the aquifers that are mostly exposed to sea-water intrusion.

On the other hand, the first chapter in the second theme is titled “Geochemical
Controls on Fluoride Enrichment in Groundwater of a Geologically Heterogeneous
Part of Ghana: Implications for Human Health Risk Assessment”. The authors
investigated hydro-geochemistry of groundwater in the northern region of Ghana
and evaluated the human health risk assessment due to consumption of fluoride
contaminated groundwater. On the other hand, the chapter titled “Uncovering
Fluoride Contamination in Groundwater of Arid and Semi-Arid Regions: Stigma
to Solutions” documented and investigated the fluoride contamination in arid and
semi-arid regions. The author highlighted various challenges and suggested poten-
tial solutions in providing sustainable fluoride-free water in the regions. The last
chapter is entitled “Nitrate Contamination in Groundwater of Arid and Semi-Arid
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Regions: Ecotoxicological Impacts and Management Strategies”. The authors
presented the review results of nitrate contamination in the groundwater of arid
and semi-arid regions. The chapter also focuses on health and environmental
impacts due to the presence of nitrate contamination in groundwater. The authors
also compiled and highlighted various management strategies and feasible options
for safe water supply.

The efforts done to finalize this book indicated that more books on groundwater
quality and management in arid and semi-arid regions are needed to benefit the
understanding of the scientific communities concerning various dimensions, chal-
lenges, and opportunities.

Last but not least, the editors thank all the authors for their invaluable, high-
quality contributions. Thanks are extended to Springer’s team, editors, and the
entire editorial board of the HEC series, for their kind pieces of advice and critical
and constructive comments that helped in producing this high-quality book.

Delhi, India Shakir Ali
Zagazig, Egypt Abdelazim Negm
November, 2023
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Abstract Groundwater, as a vital freshwater source in arid regions, faces significant
risks of contamination from various natural and anthropogenic sources such as
agricultural and industrial activities, sewage ponds, open drains, and saltwater
intrusion. This chapter provides a comprehensive review of the contamination
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sources affecting groundwater aquifers in arid regions and explores diverse protec-
tion techniques employed to safeguard groundwater quality. The review encom-
passes an assessment of different investigative methods used to understand aquifer
contamination, including geophysical, hydro-geochemical, experimental, and math-
ematical approaches. Furthermore, the study highlights proven methods for effec-
tively protecting groundwater in arid regions, such as aquifer operation, hydraulic
barriers, material management, and physical barrier management. By
comprehending the sources and protection techniques associated with groundwater
contamination, we can implement effective measures to prevent contamination and
ensure the availability of clean groundwater for future generations. Thus, the future
application of these protection methods holds immense promise in ensuring the
availability of pristine freshwater and safeguarding human health, particularly in
regions facing high water stress such as Egypt, and the adverse effects of climate
change, notably arid and semi-arid regions. By adopting and integrating these
approaches, water resources management can significantly address the challenges
posed by groundwater pollution and secure sustainable water supplies. This chapter
serves as a valuable resource for researchers and practitioners involved in the
management and conservation of groundwater resources.

Keywords Aquifer operation, Arid regions, Experimental, Geophysical,
Groundwater contamination, Groundwater management, Hydraulic barriers, Hydro-
geochemical, Material management, Mathematical, Physical barriers

1 Introduction

Freshwater scarcity in arid and semi-arid regions, particularly in relation to ground-
water, is a significant environmental and socio-economic challenge in many coun-
tries around the world. Arid regions are characterized by very low rainfall and high
evaporation rates due to the limited surface water resources. As a result, groundwater
becomes a critical water source for domestic, agricultural, and industrial purposes in
these regions [1, 2]. In addition, the mounting water demand resulting from rapid
population growth and evolving living standards has engendered a multitude of
environmental, economic, and social problems. These predicaments have
underscored the significance of effective water resource management, rendering it
an intricate and imperative undertaking, particularly in arid and semi-arid regions
(Fig. 1a). Accordingly, numerous regions across the globe are grappling with the
pressing issue of water scarcity as seen in Fig. 1b. In these complex environments,
the groundwater is a vital source of drinking water, providing approximately 31% of
the world’s drinking water supply. As a result, water supply engineers and managers
are increasingly focused on the exploitation of fresh groundwater resources
[1, 5]. Figure 2 illustrates a comprehensive global map of groundwater resources.
The depicted map utilizes a colour scheme to convey valuable information; the
predominant blue hues indicate major groundwater basins, categorized based on
their recharge rates. The green areas correspond to hydrogeological environments
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(a)
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Projected Global Water Scarcity, 2025

B Physical water scarcity: More than 75% of river flowsare () Economic water scarcity: Water resources are abundant

allocated to agriculture, industries, or d relative to water use, with less than 25% of water from rivers
This definition of scarcity — relating water availability to withdrawn for human purposes, but malnutrition exists.
water demand — implies that dry areas are not necessarily @ Little or no water scarcity: Abundant water resources
Valerscarce. relative to use. Less than 25% of water from rivers is
Approaching physical water scarcity: More than 60% of withdrawn for human purposes.

river flows are allocated. These basins will experience physical Not estimated

water scarcity in the near future.

Fig.1 World maps show the distribution of (a) aridity index and arid regions [3], and (b) projected
global water scarcity [4]

encompassing aquifers situated within or proximate to non-aquifer strata. Finally,
the brown shades indicate local and shallow aquifers characterized by the presence
of dense rock formations in close proximity to or at the surface.

The over-extraction of groundwater, resulting from increased water demand in
arid regions and a lack of sustainable management practices, poses one of the most
significant challenges, leading to the depletion of groundwater resources. Over-
pumping can result in declining water tables, reduced well yields, and even the
drying up of wells, causing severe water scarcity. In coastal arid regions like the Nile
Delta, over-pumping groundwater can cause saltwater intrusion. Excessive ground-
water extraction from coastal aquifers creates a pressure gradient that draws in saline
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Groundwater recharge (mmj/a)

very ; : very
Groundwater resources: high high medium low low

in major groundwater basins _[
in areas with complex hydrogeological structure _
in areas with local and shallow aquifers

Fig. 2 World map of groundwater distribution displaying groundwater aquifers and the recharge
rates with different hydrogeological conditions [6]

water from the adjacent sea or ocean. This intrusion contaminates the fresh ground-
water, making it unsuitable for use without costly desalination processes.

In the Mediterranean basin, there is strong development with high concentrations
of water-demanding human activities, leading to poorly controlled groundwater
withdrawal and increased groundwater salinization. This has significantly deterio-
rated groundwater quality, particularly in certain regions [7, 8]. Groundwater is an
essential component of the hydrological cycle and a crucial water source for meeting
domestic, industrial and commercial water demands [9]. Despite its importance,
groundwater resources are often overlooked. In fact, groundwater represents approx-
imately 22% of all freshwater on Earth, with polar ice accounting for nearly 77% and
freshwater in rivers and lakes representing just 0.30% [10]. Therefore, it is critical
that we recognize the importance of groundwater as a vital resource and take
measures to protect and manage it effectively. This will require a combination of
effective policies, management strategies, and technological solutions to ensure this
valuable resource’s sustainable use and protection for future generations. According
to the World Health Organization (WHO), more than 50% of the developing
countries’ population is suffering from health problems due to a lack of clean
drinking water [11]. In arid regions, the sustainable management of natural water
resources and food security is crucial to mitigate the adverse effects of changing
climate conditions on coastal communities. Increasing inundation and groundwater
contamination will likely adversely affect agricultural production [12].

Globally, groundwater resources provide about 50% of drinking water and 40%
of industrial needs [13]. Groundwater pollution is usually traced back and damaged
by four sources: environmental, domestic, industrial, and agricultural [14]. Water
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resources in hyper-arid and arid regions are limited compared with humid and wet
regions [15]. Effective management strategies are required to preserve fresh ground-
water resources [16]. Several methods can be employed to understand the pollutants’
transportation mechanism and recharge processes in the vadose zone. For instance,
the high-resolution geophysics, hydro-geochemical, and analytical and numerical
models techniques can be used as a monitoring tool for detecting the flow of
pollutants and migration patterns in the subsurface from disposal systems
(e.g. [17-22]). In addition, the chemical characteristics, multivariate statistics, and
spatial analysis can be applied to study the origin of TDS and contaminants in the
groundwater ([23—-30]). These integrated approaches have been applied in different
environments to obtain direct quantitative information about the source and level of
pollution.

The objective of the current chapter is to provide a comprehensive overview of
groundwater as a vital source of drinking water, and the challenges it faces in arid
regions due to population growth, climate change, and pollution from various
sources. This chapter highlights the importance of understanding groundwater
pollutant’s sources and transportation mechanisms and recharge processes. It also
discusses the various techniques and strategies that can be employed to protect and
manage groundwater resources effectively, including high-resolution geophysics,
hydro-geochemical, analytical, and numerical models, as well as chemical charac-
teristics, multivariate statistics, and spatial analysis. By understanding these chal-
lenges facing groundwater sustainability and the techniques and strategies that can
be employed to manage them effectively, we can take steps to protect this vital
resource and ensure its availability for years to come.

2 Aquifers Contamination

Groundwater quality is an important issue in developing and managing water
resources in many parts of the world. Groundwater pollution is usually traced back
to seven sources as seen in Fig. 3 and could be summarized after Bear [10], and
Zaporozec and Miller [31] as follows:

Natural and other sources: including lakes and spills, natural leaching, water from
fault zones, acid rains, and volcanic origin [32]. Saltwater intrusion (SWI) is due to
the interface between the freshwater and saline water in the coastal regions. This
occurs due to the high density of saline water heads compared with the freshwater.
The water resources salinity is a worldwide problem, particularly in coastal aquifers
[33]. SWI into freshwater coastal aquifers is due to the over-pumping of freshwater
and sea level rise, it causes profound changes in the biogeochemistry of groundwater
and the dynamic systems changes called subterranean estuaries [34]. Storm water
can be one of the main sources of pollutants (heavy metals, hydrocarbons, and other
organic compounds) produced by cities. As a result, conventional urban drainage
systems have given rise to numerous technical and environmental challenges, with a
notable concern being the contamination of surface receptor media [35].
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Fig. 3 Potential sources of groundwater contamination [31]

(M)

(ii)

(iii)

(iv)

Environmental factors that influence the flow of groundwater. For example, the
characteristics of the surrounding environment play a significant role in ground-
water contamination. This can occur when wastewater passes through fractured
carbonate or permeable cap zones, introducing pollutants into the groundwater.
Additionally, seawater intrusion and the infiltration of brackish water from
adjacent aquifers can further contribute to groundwater pollution [36-39].
Human sources of water pollution can arise from various factors. These include
the accidental breaking of sewer lines, which can release untreated sewage into
the environment. Additionally, percolation from septic tanks and cesspools is
commonly used in areas without centralized sewage systems. Rainwater infil-
tration through sanitary landfills is another potential domestic source of water
pollution, as heavy rainfall can cause leachate-containing harmful substances to
seep into nearby water sources [12, 17, 40].

Industrial pollution originates primarily from the disposal of sewage generated
by industrial activities, encompassing the presence of heavy metals,
non-degradable compounds, radioactive materials, and industrial landfills
[12, 41, 42].

Agricultural pollution arises from various sources, including the dissolution
and transportation of fertilizers, salts, herbicides, and pesticides by irrigation
water and rainwater. Additionally, the return flow from irrigation systems can
transport solutes, contributing to groundwater contamination. Animal waste,
dryland farming practices, vegetation evapotranspiration, and feedlots contrib-
ute to agricultural pollution. The literature supports these findings, as
highlighted by Bouderbala and Gharbi [43], Dugga et al. [44], and Abd-Elaty
etal. [12].
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(v) Oil and mining fields serve as significant sources of water pollution, primarily
attributed to activities such as petroleum production and development, the
presence of abandoned oil wells and test wells, buried pipelines and storage
tanks, the improper disposal of oil field brines, as well as mining activities
encompassing mine drainage and mine tailings [45, 46].

(vi) Hydraulic activities contribute to water pollution through various mechanisms,
including the disposal, drainage, and abandonment of wells, excessive pumping
of water resources, inadequate well construction practices, river infiltration, and
the encroachment of seawater into freshwater aquifers [27, 32, 47, 48].

3 Assessment of Aquifers Contamination Methods

3.1 Geophysical Investigations

Geophysical methods play a crucial role in the identification and mapping of areas
affected by soil and groundwater contamination [49, 50]. These methods enable the
differentiation of lithological units and their respective water contents, thereby
aiding in the assessment of subsurface conditions. Geophysical techniques are
essential tools for measuring the spatial distribution of physical properties within
the Earth’s subsurface, including the electrical conductivity of geological materials.
Moreover, geophysics is highly valuable for the detection, delineation, and moni-
toring of ground pollution resulting from spills, leaks, or unauthorized discharges,
which can significantly alter the conductivity/resistivity of the affected area [49, 51,
52].

For instance, Gemail et al. [36] utilized the DC resistivity method to evaluate the
vulnerability of an aquifer to industrial wastewater in the central Nile delta, as
illustrated in Fig. 4. The study focused on mapping sand bodies within the protective
clay cap, forming a vital component in assessing the aquifer vulnerability index
[41]. This approach involved interpreting layer resistivity and thickness values
above the aquifer zone to derive the integrated electrical conductivity (IEC). The
IEC serves as an indicator of groundwater vulnerability, with the impermeable upper
zone playing a pivotal role in controlling potential contamination.

Apart from the DC resistivity technique, other geophysical methods can also be
employed for hydrogeological investigations. Surface geophysical methods, includ-
ing induced polarization (IP), electromagnetic (EM), and ground penetrating radar
(GPR), offer valuable insights into the subsurface characteristics. These methods aid
in delineating aquifer boundaries, assessing water quality, and determining flow
direction [10]. Furthermore, borehole logging tools such as Electric logs, Gamma-
ray, and SP logs, provide additional information for understanding aquifer properties
and dynamics at various depths. These logging tools contribute to the characteriza-
tion of aquifer boundaries, evaluation of water quality, and assessment of flow
patterns [10]. By employing a combination of these geophysical methods,
hydrogeologists can enhance their understanding of aquifer vulnerability and gain
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Fig. 4 Application of DC resistivity for mapping the heterogeneities in the clay cap in the enteral
Nile Delta: (a) the estimated vulnerability index from DC resistivity soundings (IEC), (b) the
apparent resistivity distribution along a profile closed to an open industrial wastewater drain, and (c)
the infiltration of wastewater in the upper zone of the aquifer layer [36]

insights into the subsurface hydrogeological conditions, enabling informed decision-
making for sustainable groundwater management.

The integration between multidisciplinary techniques to investigate hazardous
waste and groundwater pollution sites is now at a rapid increase and cost-effective
means of preliminary evaluation. The information obtained from a geophysical
investigation can be used to determine the subsurface site conditions. Such condi-
tions include; hydro-stratigraphic framework, depth to bedrock, the extent of con-
centrated groundwater contaminant plumes, the location of voids, and faults or
fractures. In recent years, the growing demand for groundwater pollution investiga-
tions has coincided with notable advancements in geophysical data resolution,
acquisition, and interpretation. It is worth noting that this process is continuously
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evolving, and as improvements are made in instrumentation and interpretation
algorithms, the outlines of geophysical techniques and procedures are subject to
revision [53]. In a study conducted by Benabdelouahab et al. [54] in northern
Morocco, geo-electrical investigations were employed to characterize the aquifer
and assess the geo-environmental conditions. The findings of the study revealed that
the coastal aquifer under investigation consists of extensive deposits of coarse sand,
gravel, and pebbles, overlaying substrata with varying hydrogeological and electri-
cal properties.

It is evident that the integration of geophysical techniques has proven to be
instrumental in enhancing our understanding of aquifer systems and their
geo-environmental characteristics. As research in this field continues to evolve,
advancements in instrumentation and interpretation algorithms further contribute
to the refinement and optimization of these techniques, enabling more accurate
assessments of groundwater pollution and aquifer characterization.

The use of multidisciplinary geophysical, hydro-geochemical, microbiological,
and statistical approaches can be considered a good practice for revealing the
migration of surface pollutants within the vadose zone and their flow paths in
urban regions with local scale and high-resolution imaging. In this context, Abu
Salem et al. [17] have used this integrative approach to validate the electrical
resistivity tomography (2D-ERT) for mapping the permeable zones in the hazardous
groundwater pollution sites in the Nile Delta where the wastewater from open
sewage drain preferentially flows towards the shallow aquifers as illustrated in
Fig. 5.

3.2 Hydro-Geochemical Investigations

The distinction of different salinization mechanisms is vital to the evolution of water
origin, pathways, rates, and future salinization. Several geochemical criteria could be
used to identify the origin of salinity in coastal aquifers [10]. Table 1 presents
groundwater quality standards based on the guidelines set by the WHO and Egyptian
drinking water standards.

The weighted arithmetic index method described in a research publication [56]
was used for the evaluation of the water quality index (WQI). The quality rating was
evaluated using:

_100[V,, — V0]
= [Sn - VIO] (1)

Water quality index (WQI) is calculated by taking aggregates of the products of
determined parameter qualities and the unit weights divided by aggregates of the unit
weight using:
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==Cluster A
== Cluster B

Fig. 5 Application of electrical resistivity tomography for mapping the flow paths of wastewater in
the southeastern part of the Nile Delta aquifer: (a) the cluster map hierarchical cluster analysis
(HCA) shows the rapid changes in the groundwater quality based on the statistical analysis of the
total coliform, fecal coliform, and nitrate concentrations, and (b) the inverted ERT sections and the
suggested wastewater flow paths projected onto the Landsat image of the boundaries cluster A
(moderate vulnerability) and cluster b (high vulnerability) [17]

E qn W,

WQI SW, (2)
where ¢,,: is the quality rating for the water quality parameter, V,, is the estimated
value of the water quality parameters of collected samples, S, is the standard
permissible value of the water quality parameter, V, is the ideal value of the
water quality parameter impure water, and W, is the unit weight (1/parameter
value). Table 2 lists the classification of water according to the water quality index
(WQD.

In a recent study, Ismail et al. [58] employed a comprehensive approach to
investigate groundwater quality in the west Assiut and El-Minia districts of Egypt.
Their investigation encompassed geo-electrical, hydro-geochemical, and stable iso-
tope (Oxygen-18 and Deuterium) analyses. The results revealed that the collected
groundwater samples were suitable for irrigation purposes. Furthermore, the oxygen
and hydrogen isotope values indicated that the Eocene aquifer received recharge
from both surface water and the Nubian aquifer.

Similarly, Fallatah and Khattab [59] conducted an assessment of groundwater
quality and its suitability for irrigation and human consumption in Saudi Arabia.
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Table 1 Physical and chemical parameters [55]
Egyptian standard WHO [11] Standard

Item Unit Drinking Irrigation Drinking Irrigation
Temperature c° Max 5°C Max 3°C Max 5°C Max 3°C
PH - 6.5-8.5 6.5-8.5 6.5-8.5 6.5-8.5
EC mS/cm 0.4 0.4 0.4 0.4
Turbidity NTU - - - -

TDS mg/L 500 1,000 300 1,500
TSS mg/L - - 10 50
COD mg/L 10 50 10 50
BOD mg/L 6 30 6 30
CO; mg/L 1.25 2.5 - -
HCO; mg/L 50 400 — —

TA mg/L — — —

Ca mg/L 100 200 100 200
Mg mg/L 30 50 30 50

Na mg/L 20 200 20 175

K mg/L 10 12 10 12

Cl mg/L 25 250 25 200
SO, mg/L 200 - - -

NO; mg/L 2 45 25 50
NO, mg/L 0.02 0.02 - 0.1
PO, mg/L 0.4 5 0.4 5

S mg/L 10 10 — 0.01
Cr mg/L 0.05 0.05 - 0.05
Cu mg/L 0.01 1 0.1 3

Fe mg/L 0.5 3 0.05 0.2

Mn mg/L 0.2 2 0.02 0.05
Ni mg/L 0.02 0.1 - 0.05
Pb mg/L 0.01 0.1 - 0.05
Zn mg/L 0.01 5 0.1 5

Total coliform CFU/100 ml N/D

Fecal coliform CFU/100 ml N/D

Table 2 Water quality index
and water quality status [57]

Water quality index

Water quality status

0-25 Excellent water quality
26-50 Good water quality
51-75 Poor water quality
76-100 Very poor water quality
>100 Unsuitable for drinking
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Their findings demonstrated that, following appropriate treatment processes, approx-
imately 92.5% of the collected groundwater well samples were deemed suitable for
drinking and irrigation purposes.

In another study, Giao et al. [60] evaluated the quality of groundwater for
drinking purposes in the Mekong Delta, Vietnam. The researchers utilized the
irrigation water quality index (IWQI) to assess the groundwater samples. The results
indicated that 53.1% of the samples were classified as excellent, 25% as good, 9.4%
as poor, 4.7% as very poor, and 7.8% as undrinkable. These variations in quality
were primarily attributed to coliform contamination. These studies highlight the
significance of assessing groundwater quality using multidisciplinary approaches
and provide valuable insights into the suitability of groundwater for different
purposes in various regions.

3.3 Experimental Studies

A number of experimental studies investigate groundwater contamination. Physical
models (e.g. a sand tank) replicate physical processes, often on a smaller scale than
encountered in the field [61]. A sandbox model consists of a tank filled with an
unconsolidated porous medium through which water is induced to flow. A major
drawback of sandbox models is the problem of scaling down a field situation to the
dimensions of the laboratory model. It is not a practical tool to simulate the real
situation under different boundary conditions and heterogeneous media [62]. Remya
et al. [9] presented experiments to investigate the fate and transport of two significant
anions through the soil to explore their potential as groundwater contaminants using
by use of an adsorption test and an adsorption-diffusion column test. The results
indicated that chloride ions and sulphate ions can serve as reliable chemical indica-
tors of groundwater contamination from various sources. The results from the batch
adsorption test indicated a maximum chloride adsorption capacity of 3.7 and
1.16 mg/g in different characteristics of soil-1 (high clay) and soil-2 (high sand)
respectively while the corresponding values for sulphate were 24.09 and 13.83 mg/g
in the two soils.

Sharma and Jyoti [63] applied an experimental study of groundwater quality
improvement by recharging the rainwater. The results showed an improvement of
groundwater quality using this method to the developed aquifer strata in a laboratory
with the controlled laboratory setup. Ohta et al. [64] applied an experimental and
numerical study of the groundwater quality in the Hakkouda Tunnel in the Sankaku-
dake Mountains, Aomori prefecture, northern Japan. The test results demonstrate
that the chemical composition of the leaching water from the altered rock sample
closely resembles that of the groundwater present within the same rock mass.
Abdoulhalik et al. [65] investigated how layered heterogeneity affects transient
saltwater up coning in a laboratory-scale coastal aquifer using an experimental
study. The results highlighted the increased vulnerability of such layered aquifer
systems to saltwater up coning compared to homogeneous systems. Zhu et al. [66]
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applied sand tank experiments for studying the intermittent abstraction on SWI, the
study showed that this method enhances the mixing zone width relative to constant
pumping. Also the constant pumping causes a larger seawater in the aquifer than
using the intermittent abstraction.

3.4 Mathematical Studies

Analytical and numerical models have recently been developed to investigate
groundwater contamination in polluted aquifers. The modelling process is translat-
ing the physical properties into mathematical terms and the groundwater flow model
is used to calculate head and flow characteristics, but the transport model is used to
calculate concentration [67]. Groundwater models were used and continued in use to
answer specific questions or to achieve a specific objective. Modelling objectives
and methods vary depending on the nature of the question being asked and the site’s
or system’s characteristics. The necessary level of detail or accuracy of results can
vary, depending on the objective. Within the natural resource industry, groundwater
models are used for many purposes. In terms of environmental effects, models are
used for environmental assessments or other permitting requirements. Typical uses
of groundwater models include the following [68]:

— Conceptualize and quantify current conditions (synthesize existing information)

— Understand system dynamics to identify and quantify controlling and significant
processes (e.g. surface water — groundwater interactions, recharge areas, seepage
rates, transport dynamics, etc.)

— Predict a future change or impact in response to a planned or potential stress, such
as water table drawdown related to a planned extraction well or construction of a
given mine plan component (e.g. inflow to open pits, seepage from tailings
facilities, etc.)

— Evaluate the sensitivity of the system to model uncertainty and/or magnitude of
stresses

— Identify capture zones or source protection areas (for groundwater resource
projects)

— Assess mitigation options (e.g. seepage interception, pump and treat, etc.) to
guide future data collection

— Improve the design of monitoring networks (e.g. determine aquifer units and/or
specific areas requiring additional monitoring)

— Act as a management tool (e.g. assess different proposed management scenarios
in managing a multiple-use aquifer)

— Evaluate engineering designs (e.g. phreatic surface in a tailings dam, mine
dewatering systems, detailed mitigation designs)

In their study, Ger et al. [69] developed a program in the C++ programming
language specifically designed to address groundwater contamination problems.
This program offers a range of capabilities, including the visualization of
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groundwater head, contamination distributions, and velocity fields within the
discretized aquifer domain. Additionally, the program provides users with multiple
output file options to save and analyse the obtained solutions. Further details about
the program can be found in their publication available at (https://open.metu.edu.tr/
handle/11511/53670). Abd-Elaty et al. [70, 71] developed a numerical study to
investigate the effect of climate changes on groundwater quality and quantity. In a
simulation conducted by Chen et al. [72] on groundwater contamination in Tainan
City, Taiwan, the study findings revealed a significant 72% increase in the total mass
of pollutants within the aquifer over a span of 10 years. Li and Yin [73] developed an
analytical solution for the convection-diffusion equation considered by the
two-dimensional and inverse Fourier transform. The study provided a quick and
intuitive decision-making basis for water resources protection, especially in dealing
with water pollution emergencies. Abd-Elaty et al. [74] conducted a comprehensive
investigation on soil and groundwater contamination resulting from fertilizer usage
in arid and semi-arid regions with intensive pumping. The study revealed that
excessive pumping activities led to a decline in groundwater levels, thereby reducing
the transfer of fertilizers to the groundwater and increasing soil contamination.
Abd-Elaty et al. [75] investigated and evaluated groundwater salinity related to
groundwater abstraction and desalination brine deep injection on a coastal aquifer.
Bahrami and Zarei [76] conducted an assessment and modelling of groundwater
quality in a fissured aquifer in Iran, focusing on its suitability for various purposes
such as drinking, irrigation, and industrial use. The study employed water quality
indices and leveraged the GIS technique to provide comprehensive insights into the
groundwater quality dynamics in the region. The results showed that reduction of
water quality from the dry season to the wet season shows the destructive effect of
anthropogenic activities such as agriculture on groundwater quality. In a recent
study, Khiavi et al. [77] applied machine learning algorithms (MLAS) to assess
groundwater quality (GWQ) across the Central Plateau region of Iran. Their analysis
of water quality parameters revealed that approximately 42.71% of the area had poor
GWQ. Additionally, they found that 18.93% and 38.36% of the region fell within the
moderate and high GWQ classifications, respectively. Eid et al. [78] applied support
vector machine regression (SVMR), geographic information systems (GIS), and the
irrigation water quality index (IWQI) to evaluate the groundwater quality Souf
Valley, Algeria; the study showed that the combination of IWQIs, SVMR, and
GIS was effective and an applicable technique for interpreting and forecasting the
irrigation water quality used in both arid and semi-arid regions.

4 Aquifers Protection Techniques

The growing environmental awareness and the recognition of the need for protection
have led to a heightened focus among researchers on studying solute transport and its
relationship to groundwater contamination [79]. Abd-Elaty and Straface [80]
presented a numerical study to manage groundwater salinity in coastal aquifers.
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4.1 Operation Management

Groundwater aquifers are recharged from rainfall and seepage from canals and
drains. The discharge occurs by irrigation and drinking water abstraction. Over-
pumping is considered the main cause of groundwater salinity [10]. Ezzeldin et al.
[81] employed an artificial jellyfish search algorithm to develop an optimal man-
agement model for the coastal El-Arish Rafah aquifer in Egypt. Their model
developed under constraints to control saltwater intrusion into pumping wells
successfully simulated the management of the unconfined coastal aquifer system.
Through the application of this computational approach, the study demonstrated the
potential of the artificial jellyfish search algorithm for determining groundwater
abstraction strategies that could sustainably balance freshwater demands while
minimizing intrusion risks over both the short- and long-term. With further refine-
ment and validation using local aquifer data, models of this nature may offer national
water regulators and local authorities an effective tool to guide evidence-based
groundwater governance into the future.

Vahdat-Aboueshagh et al. [82] applied machine learning for multi-objective
optimization of aquifer storage and recovery (ASR) operations under uncertainty
via surrogates. The results showed that optimal ASR operations are highly
influenced by hydraulic conductivity and longitudinal dispersivity. The high values
of hydraulic conductivity lead to a higher number of active stress periods during
storage and recovery phases, which requires a large volume of extraction to recover
the dispersed injectate while the higher ratios of longitudinal dispersivity to hydrau-
lic conductivity adversely impact the injectate recovery efficiency. Zhu et al. [66]
developed a new technique for aquifer operation using intermittent pumping on
SWI; the study showed that intermittent pumping increases the freshwater storage to
be extracted before well salinization. This method could be good for non-pumping
which allows the aquifer to recover.

4.2 Hydraulic Barrier Management

To safeguard the quality of freshwater within the aquifer, it is imperative to effec-
tively manage the irrigation and wastewater drainage systems. Additionally, the
modification of boundary conditions pertaining to head and concentrations in these
networks can be accomplished through three specific measures, as depicted in Fig. 6
and outlined by Abd-Elaty et al. [71].

4.2.1 Reuse of Agricultural Drainage Water

The agricultural wastewater is initially utilized separately from domestic-industrial
wastewater. Subsequently, it undergoes a blending process with fresh water,
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Fig. 6 Managed aquifer recharge cycle [83, 84]

considering the required salinity level for water supply systems and irrigation canals.
This integration helps in maintaining the water level within irrigation networks,
ensuring adequate support for irrigation purposes. Abdelhalim et al. [85] conducted a
study on this subject, providing valuable insights into this practice. The study carried
out a numerical modelling for groundwater management applied to the Samalut area
in the Minia Governorate, Egypt where the River Nile acts as a drain in the area,
while El-Ibrahimiya Canal and Bahr Yusef act as a source of aquifer recharge. The
proposed scenarios showed that surface water is important in recharging the aquifer
during increasing groundwater extraction. The findings of the study indicate a
notable decrease in aquifer storage change, transitioning from +48,125 m® day
in the current state (2013) to +27,134 m> day ' and —869 m> day ' when ground-
water extraction is increased by 25% and 50% respectively. In a separate investiga-
tion by Ashu and Lee [86], focused on the reuse of agricultural drainage water within
a mixed land-use watershed situated in the Osan River watershed of central Korea, it
was observed that the quantities of reused water accounted for 77.2% and 49.8% of
the available ADW during the summer and winter seasons respectively. These
figures corresponded to 49.1% and 54.5% of the seasonal canal delivery in the
study area.

4.2.2 Constructed Wetlands (CWs)

Constructed wetlands (CWs) have emerged as effective methods for mitigating
pollution in waterways and water bodies. These engineered systems mimic the
natural processes that occur in wetlands, utilizing a combination of vegetation,
soil, and microorganisms to treat and improve polluted water quality. CWs are
designed to receive and treat various sources of pollution, including urban runoff,
industrial effluents, and agricultural runoff. As polluted water flows through the
wetland system, it undergoes a series of physical, chemical, and biological processes
that remove or transform contaminants [87].
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4.2.3 Natural and Artificial Recharge

Natural and artificial recharge methods play a crucial role in replenishing aquifers
and mitigating the pollution load in waterways. One effective approach involves
utilizing the hydraulic method, which entails mixing domestic-industrial wastewater
with submerged porous media that are lightweight and capable of overlapping. This
process facilitates water turnover and enhances the dissolved oxygen content,
thereby aiding in the reduction of pollutants. Recognizing the need for alternative
water resources, managed aquifer recharge (MAR) utilizing treated wastewater
(TWW) has emerged as a viable solution [88]. MAR constitutes an essential
component in addressing water scarcity, safeguarding water security, combating
declining water quality, stabilizing falling water tables, and protecting
groundwater-dependent ecosystems. It is considered a cost-effective, environmen-
tally friendly, resilient, and socially acceptable solution. However, the widespread
implementation of MAR has been hindered by factors such as limited awareness,
inadequate understanding of aquifers, incomplete risk perception, and insufficient
policies for integrated water management, including the integration of MAR with
demand management strategies [89]. Recharging aquifers can be achieved through
various sources, including surface water from rivers, storm water, and treated
wastewater [90]. The following technologies can be employed for MAR:

(1) Natural recharge by infiltration ponds or tanks into the aquifer’s unsaturated
zone. The water structures with Ponds infiltration dams, reservoirs, storm water
management or runoff, and individual wastewater treatment units [90, 91].

(i1) Artificial recharge can be accomplished through injection wells, employing
methods such as aquifer storage (AR), aquifer storage and recovery (ASR),
and aquifer storage transfer and recovery (ASTR). This approach proves par-
ticularly effective for recharging confined or semi-confined aquifers. Another
technique, known as induced recharge or riverbank filtration, involves the
installation of pumping wells near the shoreline of rivers...

The injection of treated wastewater (TWW) into the aquifer serves the purpose of
creating a hydraulic barrier to prevent seawater intrusion while simultaneously
enhancing water quality in the vicinity through the implementation of soil aquifer
treatment (SAT) techniques [88]. Chocat et al. [35] demonstrated that the manage-
ment method of utilizing managed aquifer recharge (MAR) is widely adopted by
large cities, including notable examples such as Berlin, Paris suburbs, Lyon, Dun-
kirk, and Geneva. This technique effectively manages storm water by capturing
surface runoff and directing it into infiltration basins for recharge into the aquifer.
Ivén et al. [92] used managed aquifer recharge (MAR) by proposing the recharge of
island aquifer by deep wells with regenerated water in Gran Canaria (Spain). The
study revealed that the implementation of MAR holds the potential to complete the
water cycle in the Canary Islands. By utilizing reclaimed water as an alternative
resource, the dependency on the aquifer can be alleviated, thereby reducing the strain
on its reserves. Furthermore, MAR gains significant momentum in the face of a
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changing island climate. Page et al. [93] showed that the suitable location for the
MAR scheme is typically in areas of low topographic relief; and the organizational
capability, institutional arrangements, and supportive policies to operate the scheme
sustainably and economically. Furthermore, several factors contribute to the feasi-
bility of MAR implementation. These factors include the ongoing demand for water
in high-value agriculture, the availability of water for recharge, and the presence of a
suitable aquifer capable of storing and recovering water. In their research, Perzan
et al. [94] examined the controls on flood-managed aquifer recharge within a
heterogeneous vadose zone, focusing on the infiltration rate at the surface. Their
findings suggest that the method can lead to an increase in saturated-zone storage
beneath a specific site, as well as an enhancement in flux recharge. Moreover, it can
result in an augmented lateral discharge away from the site, occurring beneath the
water table.

4.2.4 Positive and Negative Hydraulic Barriers

Pool and Ramirez [95] studied the dynamics of negative hydraulic barriers to prevent
seawater intrusion, the study showed three cases for the pumping rate, the first is a
high pumping rate in which drawdowns cause saltwater to flow along the aquifer
bottom around the seawater well, contaminating the freshwater well. The second is
low pumping rate at the seaward well leads to insufficient desalinization at the
freshwater well. The third is the critical pumping rate at the seawater well is defined
as that which produces optimal desalinization at the freshwater well. In their study,
Ozaki et al. [96] highlighted the widespread utilization of a negative hydraulic
barrier approach, which involves the implementation of barrier wells that extract
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Fig. 7 Conceptual diagram of saltwater pumping by a barrier well [96]
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saline or brackish water (Fig. 7). By maintaining pumping rates below the critical
ratio, the study demonstrated that the critical pumping ratio between the barrier and
the production well can effectively control saltwater intrusion. Saad et al. [97]
developed optimal management of mixed hydraulic barriers in coastal aquifers
using multi-objective Bayesian optimization; the results showed that the injection
barriers have higher control over the remediation system while the abstraction
barriers are useful as an alternative source of water. In addition, the average amount
of water required for abstraction ranged from 1.5% to 25% of that for injection.

4.3 Material Management

The material management (MM) method has been devised to assess the influence of
lining materials on groundwater and surface water contamination. This method
involves modifying the conductance of polluted drains by implementing linings
composed of low-permeability materials. The selection of appropriate lining mate-
rials is crucial for effectively safeguarding the aquifer against contamination. The
following materials have been considered for lining purposes:

4.3.1 Geo-synthetic Materials

Geo-synthetic materials (i.e. geo-textiles, geo-nets, geo-membranes, geo-synthetic
bentonite, and others) are crucial in protecting groundwater from pollution in various
applications. These materials provide impermeable barriers, filtration, and separation
solutions, preventing the migration of contaminants and preserving groundwater
quality. Geo-synthetic bentonite and geo-membranes are commonly employed in
landfill liners and caps. These materials act as impermeable barriers, preventing the
leachate from surface landfills and dump sites. Geo-synthetic bentonite is composed
of bentonite clay and geotextiles, and provides excellent hydraulic containment
properties, while geo-membranes provide a continuous impermeable layer
[98, 99]. In addition, geo-textiles and geo-membranes are employed as barriers to
isolate contaminated soil or waste materials from the surrounding environment,
preventing the spread of pollutants to shallow groundwater aquifers. It’s important
to note that the selection and design of geo-synthetics for groundwater protection
depend on site-specific conditions, regulatory requirements, and the nature of the
pollutants involved.

Geo-membrane can vary depending on various factors such as the specific
formulation of the material, its thickness, and the testing conditions. For example,
the permeability coefficients for high-density polyethylene ranged from 10! to
1077 cr/s. Moreover, it boasts stable chemical properties, corrosion resistance, and
a well-established track record in project implementation [100, 101]. Lambert
and Touze-Foltz [102] estimated the geo-membranes’ permeability is less than
107® m day~'. In contrast, a typical nonwoven needle-punched geotextile has a
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hydraulic conductivity below 4 x 10~® m s~ under normal conditions, although it
can reach approximately 1 x 107" m's™" or higher [103, 104]. In a study conducted
by Elkamhawy et al. [105], the effectiveness of different liner materials was evalu-
ated. The findings indicated that the concrete liner exhibited the highest efficiency,
followed by the geo-membrane liner, and then the bentonite liner, with efficiencies
of approximately 99%, 96%, and 54 %, respectively.

4.3.2 Natural Materials

To protect the shallow groundwater aquifers, natural materials (compacted clay
soils, natural fibres, vegetation) are sometimes used in combination with
geo-synthetic materials to enhance the performance of landfill and dumpsite liner
systems [106]. For example, natural clay soils, such as bentonite or kaolin, are often
used as a component in composite liners or as geo-synthetic clay liners (Fig. 8). It
consists of a layer of bentonite clay sandwiched between geotextiles. The swelling
properties of bentonite clay provide an additional barrier to the migration of liquids
and contaminants, enhancing the overall performance of the liner system
[107, 108]. Compacted clay is used as a natural soil with low permeability to
manage groundwater contamination where the compacted clay liner permeability
is 1 x 1077 cm s~ at a thickness of 100 cm. In particular, Abd-Elaty et al. [87]
conducted research demonstrating the considerable effectiveness of clay covers in
confined aquifers for mitigating groundwater contamination from polluted water-
ways. Their findings indicate that such protective measures are notably more suc-
cessful in confined aquifers compared to unconfined ones.

4.3.3 Mixed Materials

Mixed materials can play a crucial role in landfill liner systems by combining the
advantages of different components to enhance overall performance. Mixed mate-
rials can help manage hydraulic conditions within the landfill liner system. The liner
system can control the flow of water or leachate by combining layers with varying

Rainwater/surface water
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Fig. 8 Landfill liner system using geo-membrane and natural clays
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permeability, such as geo-textiles, geo-composites, or geo-nets. This promotes
proper drainage and prevents the build-up of hydraulic pressure that could lead to
liner failure [109]. It’s important to note that the selection and combination of mixed
materials in landfill liner systems should be based on site-specific conditions,
regulatory requirements, and engineering considerations. Professional geotechnical
and environmental engineers assess these factors to design and implement liner
systems that effectively contain and manage waste while minimizing environmental
impacts [110].

Here are some examples of using mixing materials in landfill and dumpsite liner
systems. The mixing cement and bentonite has a remarkable strength and exhibits
low compressibility, rendering it particularly suitable for deployment on steep slopes
characterized by unstable soil conditions. Its hydraulic conductivity measures
approximately 10~® cm s~ [111]. Nevertheless, comprehensive research and prac-
tical insights gained across the United Kingdom and Europe have revealed the
potential to attain a hydraulic conductivity of less than 9~'° m s~' by introducing
ground granulated blast furnace slag as a supplement to the cement-bentonite
mixture, as demonstrated by the work of Jefferis [112]. The hydraulic conductivity
of concrete and mortar materials were found; 5.67 x 107" ¢cm s~ for concrete and
5.87 x 107 % cm s~ ! for mortar [113].

4.4 Physical Barriers Management

The physical barrier walls are intricately designed structures, strategically positioned
at different depths and intervals, customized to suit the specific characteristics of the
aquifer and the contaminated watercourse. Utilizing a combination of chemical or
cement grout and sheet piling, these cut-offs wall materials play a vital role in
restraining the migration of polluted groundwater. These barrier walls effectively
impede the flow of contaminated groundwater by employing materials such as
chemical or cement grout and sheet piling. The physical barrier walls are meticu-
lously designed, taking into account the geological properties of the aquifer (Fig. 9).
For instance, in sandy aquifers prone to rapid water flow, barrier walls are strategi-
cally placed at varying depths to ensure maximum efficiency in blocking the
movement of contaminants [87, 115]. The physical barrier walls include: (i) cutoff
wall, (i) subsurface dam, and (iii) earth fill.

Vertical barriers with low permeability are extensively utilized in environmental
control systems to effectively manage the migration of contaminants from polluted
sites. In the United States, soil-bentonite slurry wall technology is commonly
preferred, whereas in the United Kingdom, cement-bentonite slurry wall technology
is favoured [116]. Slurry walls are widely recognized as one of the most commonly
employed subsurface barrier technologies, serving as a fundamental benchmark in
barrier construction [111]. These walls have been extensively utilized as passive
vertical barriers to regulate the horizontal movement of groundwater and contami-
nants, effectively curtailing the migration of pollutants through the subsurface
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[106]. They are composed of vertical trenches filled with permeable materials
(Fig. 9) exhibiting a hydraulic conductivity of 1 x 107® cm s~' or lower
[117]. Luca et al. [118] installed a vertical slurry wall around an Italian
quarry lake: complications arising and simulation of the effects on groundwater
flow, the study showed that the construction of the slurry wall would not cause any
change in the piezometric head in the area where there are municipal wells; hence, it
will not have any negative effect on the functionality of the municipal wells. Plastic
concrete barriers are a modified type of slurry wall with permeability ranging from
107% to 107® cm s™' [117]. Sheet pile wall is a conventional type of subsurface
barrier adapted to geotechnical construction and groundwater contamination [119].

The subsurface dam, composed of an impermeable wall, is strategically
constructed at the bottom of the aquifer, allowing for the discharge of fresh upstream
groundwater through an opening in the upper aquifer. Conversely, the cut-off wall,
depicted in Fig. 10, consists of an impermeable barrier constructed in the upper
aquifer, with an opening at the bottom of the aquifer [120].

McMahon [121] evaluated the flow through sheet pile walls for vertical barriers
using two studies, the first is bentonite slurry and an organic polymer was used to
seal the interlocks between the panels of waterloo barrier sheet piles. With
the bentonite slurry as an interlock sealant, a bulk hydraulic conductivity of
6 x 107" m s~!, whereas the bulk hydraulic conductivity for the Waterloo sheet
pile wall using the organic polymer sealant is less than 1 x 10~ "' m s~ The second
is a sheet pile barrier using Arbed sheet piles (European sheet piles with a different
interlock system than sheet piles manufactured in the United States) that was driven
through a silty sand deposit into an underlying clay deposit and a field pumping test
was performed using a pumped well and four observation wells. In this case, no
interlock sealant was used and the measured bulk hydraulic conductivity of the wall
system was 7 x 10™" ms™'. Luyun et al. [122] showed that the subsurface dams with
smaller heights could achieve faster removal of inland residual saltwater as well as
more reduction of the expected increase of the saltwater wedge height along the
coastline boundary than higher dams. Elkhawas [110] carried out a numerical study
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Fig. 10 (a) Schematics of a subsurface dam and (b) a cut-off wall [120]

using a 2-D finite element model, Z-Soil finite elements program, and experimental
study to develop a mix, as a construction material, for a cut-off wall containing sand,
silt, bentonite, and cement by-pass dust. The result of the experimental study showed
that the minimum permeability was achieved for a mixture of 10% CBPD, 15%
bentonite, 15% silt, and 85% sand by weight of the native soil which was represented
in the laboratory program by the weight of sand and silt. The permeability value
obtained using this mix was in the order of 10°° cm s L. Chang et al. [123]
developed the concept of minimum effective height for the subsurface dams to
mitigate aquifer salinity and the influence of subsurface dams on the freshwater
discharge. Abdoulhalik et al. [124] proposed the mixed physical barrier method
which combines an impermeable cut-off wall with a semi-permeable subsurface dam
on the seaward side. This method caused a visible saltwater lifting process whereby
freshwater flowing below the wall opening with increased velocity transported a
dispersive flux of salt above the subsurface dam and discharged it towards the outlet.
Abd-Elaty et al. [8§7] found that installing cut-off walls along drainage sides led to a
reduction in the spread of contamination within shallow aquifers. Abd-Elaty et al.
[87] demonstrated that the cut-off walls can effectively help manage contaminant
plumes in shallow underground water systems. However, the study also showed
such barriers have little impact on contaminant mobility. While, Qian et al. [125]
used a composite cut-off wall consisting of HDPE geomembrane combined with
soil-bentonite backfill that can be effectively applied to site remediation projects.
The study showed that this wall is considered to be currently the safest and most
effective vertical barrier technique to block horizontal pollution migration as
presented in Fig. 11.

Gao et al. [126] applied an experimental study for mixed physical barriers on
residual saltwater removal and groundwater discharge in coastal aquifers. The
efficiency of MPB in removing residual saltwater could be 40-100% and 0-56%
higher than that of traditional subsurface dams and cut-off walls, respectively. Zheng
et al. [127] studied the dynamic desalination of SWI after the construction of cut-off
walls in a coastal unconfined aquifer, the results showed that the desalination
performance degrades dramatically when the hydraulic conductivity of the wall is
greater than a certain threshold (8 x 10~ m/s in the simulated cases). Chang et al.
[123] studied the SWI repulsion driven by groundwater level differences around
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Fig. 11 Schematic diagram of the function of geomembrane composite cut-off wall [125]

cut-off walls on seawater intrusion in unconfined aquifers. The results showed that
any way to increase the inland hydraulic head upstream of the wall would improve
the efficiency of cut-off walls such as the freshwater recharge, the air injection, and
the subsurface dam.

Oude Essink [128] showed that the landfill provides the land area required to meet
growing urbanization and population increase and create a foreland that may develop
a new zone for a freshwater body. Hu and Jiao [129] concluded that groundwater
discharge and the head were increased after land reclamation and had a long-lasting
impact on the aquifer system. Abd-Elaty et al. [12] studied cost-effective manage-
ment measures for coastal aquifers affected by saltwater intrusion and climate
change. The study showed that the coastal land reclamation is useful for the
integrated management of coastal zones by delaying aquifer salinity, protecting
fresh groundwater bodies, increasing agricultural lands, supporting surface water
supplies by harvesting rainfall and flash flooding, and desalinating saline water using
wave energy. Abd-Elaty et al. [130] showed that a comprehensive cost-benefit
analysis is required in order to further account for the feasibility and the economic
costs related to the construction of physical subsurface barriers for groundwater
protection in coastal aquifers.
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5 Conclusion

To face the water scarcity challenge in arid regions, effective water management
policies are essential for sustainable development. These strategies may include
implementing water conservation technologies, improving the traditional irrigation
system, promoting the use of drought-resistant crops, and adopting efficient water
demands in urban and industries. Sustainable groundwater management, such as
monitoring and regulating groundwater extraction, implementing recharge projects,
and promoting water recycling, can help ensure long-term water availability. In
some cases, arid regions explore alternative water sources to supplement groundwa-
ter. This may include seawater desalination, wastewater treatment and recycling,
rainwater harvesting, and importing water from other regions. While, these options
can provide additional water supplies, they often come with high costs and energy
requirements.

In arid regions, groundwater is considered an important water source and
involves a variety of inputs such as precipitation, river leakage, drainage canals,
and excess irrigation. However, groundwater contamination is considered a signif-
icant threat, leading to the degradation of freshwater storage due to agricultural,
industrial, sewage, open drains, and saltwater intrusion.

6 Recommendations

Through the following recommendations groundwater resources management can
achieve remarkable progress in effectively facing the challenges of groundwater
contamination and ensuring the long-term availability of sustainable water supplies.

1. Geophysical techniques, such as electrical resistivity, seismic surveys, and
ground-penetrating radar, provide valuable insights into the subsurface charac-
teristics of a site. These methods help identify geological formations, lithology,
structural features, and the presence of aquifers or pollution flow paths. A
thorough understanding of site characterization is crucial for effective ground-
water conservation and management.

2. Integration of hydrogeological and geophysical surveys can be employed for
long-term monitoring of groundwater systems. Regular monitoring allows for
tracking changes in groundwater levels, and water quality, identifying trends, and
evaluating the effectiveness of conservation measures. Geophysical techniques,
such as time-lapse resistivity surveys, geophysical well logging, and the GRACE
satellite dataset provide valuable data for assessing aquifer recharge rates, map-
ping variations in groundwater storage, and detecting potential anomalies or
subsidence.

3. It is highly recommended to prioritize the installation of wastewater drains,
landfills, disposal dumpsites, and wastewater ponds in low permeability and
thick layers, such as clays or consolidated bedrock, as a key strategy to minimize
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contamination. Extensive research and practical experience have consistently
demonstrated that this approach yields superior results compared to installing
drains in high permeability or fractured layers, such as sandy-rich soils, where the
presence of a protective clay cap is absent. By focusing on low permeability
layers, the risk of contaminants infiltrating is significantly reduced, ensuring
effective groundwater conservation and safeguarding the quality of this vital
resource.
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Abstract Risk assessment of potential groundwater contamination is essential for
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ecological balance. Groundwater, a primary source for drinking and irrigation, is
threatened by pollutants. Proactive risk assessments prevent costly remediation and
guide informed policy making and community actions, ensuring a clean and sus-
tainable water source for current and future generations. The Central Valley aquifer
in California had extensive groundwater nitrate (NO5) contamination due to exces-
sive nitrogen fertilizer seeping into the aquifer. Numerous hydrogeological condi-
tions of the region affect the percolation of NO3. Hydrogeologic conditions are used
in groundwater contamination vulnerability mapping to identify susceptible regions.
This chapter introduced DRASTIC and geodetector-based frequency ratio (GFR)
methods to develop indices for NO;3 vulnerability. In this study, seven different
variables with different weights and rating values were combined using the DRAS-
TIC method. The vulnerability index was improved by the quantitatively derived
rating values and weights used in the GFR methods compared to the DRASTIC
method. These values showed superior concordance with the observed NO; con-
tamination pattern to map the vulnerability to groundwater contamination, indicating
that GFR was a superior method. Moreover, to create a NOj sensitivity index map,
the geodetector method (GED) was combined with the frequency ratio (FR) method
to derive rating values and the geodetector method to derive relative power of
determinant (PD) values as weights. Furthermore, geodetector (GED), principal
component analysis (PCA), and geographically weighted regression (GWR) were
used in a comparison study to find the most effective technique for identifying
environmental elements influencing GW-NO; concentration. The outcomes revealed
that the San Joaquin and Tulare Lake Basin watersheds had notably higher pro-
portions of wells with NOj3 concentrations exceeding 5 mg/L. compared to the
Sacramento Valley. Overall, the GED method performed better in identifying the
impact of explanatory variables on GW-NO; contamination than the PCA and GWR
methods.

Keywords Centre Valley California, DRASTIC, Frequency ratio, Geodetector,
GIS, Groundwater contamination, Statistics

1 Introduction

The Central Valley aquifer is one of the USA’s greatest agricultural regions, where
fruits and vegetables are grown year-round. It is one-sixth of the country’s irrigated
area and one of the most intensively irrigated in the world [1]. The Central Valley
contains 17% of all irrigated territory in the country and roughly 75% of all irrigated
land in California [2]. However, for the past 50 years, this intensive level of
agriculture, particularly the rising fertilizer application rate, has resulted in ground-
water contamination with NO3. Numerous studies have demonstrated the connection
between Central Valley land use practices and groundwater nitrate (NO3) contam-
ination. A high GW-NO; vulnerable area in the nation had already been found in
parts of Central Valley. According to statistics from 2007, 6.7 x 10° acres of irrigated
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lands in CA received 740,000 tons of nitrogen fertilizer [3]. Nearly 40% of shallow
wells in the USA had GW-NOj concentrations higher than the maximum contam-
ination safe limit (MCL = 10 mg/L) according to a national assessment of ground-
water survey results by the US Environmental Protection Agency (US EPA).
Shallow wells are particularly vulnerable since NO; needs time to seep into the
deeper aquifer. It had been discovered that several wells in the Sacramento Valley,
Tulare Lake Basin, and San Joaquin Basin were above the MCL.

Drinking water NOj3 could pose a health risk and, if consumed in quantities above
the maximum contamination limit, might have serious adverse effects on one’s
health. The CA State government heavily prioritized NO;3; contamination in the
Central Valley to ensure clean drinking water. The leading causes of NO3 contam-
ination in the groundwater of the Central Valley were also thought to be household
animals, septic tanks, and fertilizer applications [4]. However, environmental vari-
ables may affect aquifer NO; concentrations, such as permeability, rainfall, soil
quality, and the geochemical condition of the watershed. Although the Central
Valley had seen many municipal-level studies, only a few for the entire aquifer
had been conducted [3, 5, 6]. Conducting aquifer elevation studies was crucial in
creating regional-scale policies to safeguard the viability of the Central Valley
aquifer, considered one of the most important aquifers in the USA. The USGS
National Water-Quality Assessment Program (NAWQA) examined groundwater
quality and trends at the aquifer level for each of the 52 major aquifers in the
USA. For instance, the groundwater center region of the Central Valley had an
additional reducing environment that caused NO; to be converted to nitrogen gas. As
a result, NO; levels were lower than in the Central Valley eastern region.

The eastern region had more rainfall and coarse-grained alluvial sediments,
leading to an oxic environment. However, small-grained sediments and the
prolonged groundwater residence time lessen the problem as the water flows toward
the valley’s axis [7, 8]. The northern SM Valley receives more rainfall than the
southern San Joaquin Basin and Tulare Lake Basin, which can lower the NO;
concentration or allow dissolved NOj3 to seep into the aquifer’s deeper layers.
Groundwater pumping in the Central Valley had already drastically altered the San
Joaquin Valley’s hydrogeology. Due to this, most of the groundwater has begun to
change its directions into the groundwater depression cone [9]. This modification to
the groundwater flow pattern may also affect how NO; dissolved in the groundwater
is transported. The relation between GW-NO; contamination and predictor variables
has been studied using statistical methods. For instance, numerous studies have
employed multidimensional statistical techniques such as ordinary least squares
regression (OLS) to examine the connection between land use and GW-NO; con-
tamination [10—12].

OLS had the issue of overfitting the data when there were numerous variables by
regressing random error rather than the correlation between the variables. The OLS
made many assumptions about the data, including their linearity, homoscedasticity,
normality, and multicollinearity. However, implementing these assumptions could
be challenging because NO3 data were skewed in Tulare Lake depending on the
researcher’s expertise or the application of statistical techniques that minimized the
total amount of variables. Logistic regression is another popular statistical method
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determining the likelihood that NO; concentration would rise above a particular
level [13]. Nonetheless, its effectiveness might not have been immediately apparent
to decision-makers due to its omission of instructions for Tulare Lake to analyze and
compare NOj5 content. A statistically significant difference between the GW-NO;
concentration during two different time intervals was determined by the Wilcoxon-
Pratt signed rank test [12].

The DRASTIC method could create an index by combining seven variables with
different weights: hydraulic conductivity, topography, aquifer media, recharge rate,
and depth to water [14]. The pre-assignment of the model’s determining variables
increased the chance of overlooking other crucial variables that might be common in
the study area. The drawback of this method is that each variable is subjectively
weighted. Process-based methods required extensive data coverage and were only
practical at the neighborhood level. This complex method used groundwater flow
models like Darcy’s Law to simulate the transport of contaminants and water
movement in the environment [15]. It might be possible to identify the variables
that contribute to the NO3 contamination of groundwater by understanding aquifer
vulnerability depending on the spatial distributions of the contributing variables (i.e.,
land use or fertilizer rate). For instance, multiple linear regressions could calculate a
positive or negative coefficient for each independent variable and only establish a
linear relationship with them, with higher coefficient values showing a more signif-
icant impact on the dependent variable [16]. Another drawback was that the R?
(coefficient of variation) would always increase as the number of independent vari-
ables increased. Geodetector (GED) was a comparatively new statistical method
assessing the significance of spatially stratified heterogeneity [17, 18]. It could
identify significant contributing explanatory variables as well as contamination
danger zones. It could also measure the significance of particular geographical strata
of another suspected variable compared to other geographical strata (associated with
a particular hypothesized explanatory variable). The method also examined whether
two variables can combine to change the likelihood of aquifer contamination
[17, 19]. The analysis of GW-NOj contamination was done using the GED
method [20].

Numerous methodologies have been employed globally to assess groundwater
vulnerability and contamination. These approaches encompass a range of tech-
niques, including index-based methods, interpolation techniques, process-based
models, and statistical models. Index methods involve assigning weights to param-
eters based on expert’s knowledge, exemplified by the DRAV model [21], Suscep-
tibility Index (SI) technique [22], GOD technique [23], ANIMO and EPIC models
[24], and the DRASTIC model [25]. Interpolation methods utilize sensors and
devices and rely on techniques like indicator kriging (IK) based on geostatistical
procedures and the kriging interpolation algorithm [26—-29]. Although these methods
provide a convenient means of assessing groundwater pollution risk, they are
hampered by the necessity for data-rich points and associated output uncertainties.
Process-based models, such as agricultural management systems (GLEAMS) [30-
33], the pesticide root zone model (PRZM-3) [30, 31], the water flow and nitrate
transport global model (WNGM) [34, 35], and the groundwater flow model
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(MODFLOW) [36], are sophisticated, yet their reliance on extensive input data
hinders them. Moreover, these models often lack applicability at local scales due
to their complexity [37-39]. In contrast, statistical models employ linear and
nonlinear regression techniques to analyze the relationship between contaminant
density and influencing parameters [40, 41]. These models require expert input for
causal inference, which can challenge reaching a consensus.

Recently, the application of soft computing approaches, such as artificial intelli-
gence (AI) and machine learning (ML) techniques, has gained prominence in
predicting environmental risks and hazards [42-48]. While acknowledging the use
of ML in groundwater assessment, this study emphasizes its broader application
beyond the field. For example, ML has been utilized for modeling groundwater level
changes in US agricultural regions [49], mapping groundwater contamination risk in
multiple aquifers [50], and predicting groundwater nitrate concentrations from
spatial data [31, 51, 52]. Researchers have employed advanced ML techniques
such as K-nearest neighbor algorithms, random forests, and support-vector machines
(SVM) to spatially model groundwater nitrate concentrations [53]. Moreover, ML
has been used to assess environmental risks, engineering risks, and bioconcentration
factors in various contexts [54-56].

Based on the aforementioned, the research gap identified revolves around the
need to comprehensively understand and accurately assess the vulnerability and
contamination of groundwater with nitrate (NOj3) in the Central Valley aquifer, a
crucial agricultural region in the USA. Despite numerous studies demonstrating the
connection between land use practices and groundwater NO; contamination, there is
a lack of detailed and holistic studies that cover the entire aquifer. This gap is
particularly evident in the Central Valley, a vital agricultural area with a significant
groundwater NO;3; contamination issue due to intensive farming practices. While
various statistical and process-based methods have been employed to assess ground-
water vulnerability and contamination, there is room for improvement in accuracy
and reliability, especially when considering the complex and varied factors affecting
contamination.

This chapter aims to present an accurate GW-NOj3 vulnerability map using the
GED and DRASTIC methods for the Central Valley, CA’s most productive agricul-
tural region. An evaluation of the methods is performed to identify which is better for
mapping GW-NO; vulnerability. Additionally, comparisons were made between
GED, PCA, and GWR results. This analysis aimed to ascertain the most effective
approach for pinpointing environmental variables that have a greater impact on
GW-NO3 concentrations. The goal was to enhance comprehension of the contam-
ination process and to investigate Central Valley contamination. This endeavor
contributes to a more profound insight into the contamination process and provides
valuable perspectives for the development of efficient management strategies aimed
at preserving the integrity of the aquifer.
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2 Methods

The methodological approach used in this chapter can be described as shown in
Fig. 1. Firstly, an introduction to DRASTIC and geodetector (GED) methods is
presented. Then, indices for GW-NOj vulnerability are developed using the predic-
tive variables for each method. Thirdly, the selection of the accurate method for
mapping GW-NOj; vulnerability. Moreover, to create a NOj3 sensitivity index map,
the geodetector method (GED) was combined with the frequency ratio (FR) method
to derive rating values and the geodetector method to derive relative power of
determinant (PD) values as weights. Furthermore, geodetector (GED), principal
component analysis (PCA), and geographically weighted regression (GWR) were
used in a comparison study to find the most effective technique for identifying
environmental elements influencing GW-NOj3; concentration.

2.1 Study Area Description

The Central Valley, covered by marine and continental sediments, was regarded as
one of California’s main structural troughs. The Central Valley was also known as
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Fig. 1 Flow chart of the methodological approach adopted for this study
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Fig. 2 Central Valley aquifer system [57]

the Great Valley of CA. It covered about 20,000 square miles, bounded by the
Cascade Range to the north, the Sierra Nevada to the east, the Tehachapi Mountains
to the south, and the Coast Ranges and San Francesco Bay to the west, as shown in
Fig. 2. SM Valley, from which the SM River drained, occupied the northern part of
the valley. The San Joaquin Valley comprised the southern two-thirds of the valley
and was further split into the Tulare Lake Basin and San Joaquin Basin by the San
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Joaquin River. The Central Valley aquifer system comprised mainly sand, gravel,
and clay deposits, approximately 400 miles long and 20-70 miles wide. Although
the Central Valley was filled with tens of thousands of unconsolidated sediments,
most fresh groundwater is found at depths of less than 2,500 feet (762 m; [57]).
Approximately, 83% of agricultural groundwater use in CA was extracted from the
Central Valley’s three sub-aquifers.

One of CA’s significant structural troughs, the Central Valley, was primarily
covered with the continental and marine sediments. Another name for the Central
Valley is the Great Valley of CA. According to Fig. 2, it was roughly 20,000 square
miles in size. The Cascade Range bordered it to the north, the Sierra Nevada to the
east, the Tehachapi Mountains to the south, and the Coast Ranges and San Francesco
Bay to the west. SM Valley, which the SM River drained, comprised the northern
third of the watershed. The San Joaquin Valley comprised the southern two-thirds of
the valley and was further split into the San Joaquin Basin and the Tulare Lake Basin
by the San Joaquin River. The 400-mile-long and 20- to 70-mile-wide Central
Valley aquifer system comprised sand, gravel, and clay layers. Although the Central
Valley was covered in tens of thousands of feet of unconsolidated sediments, the
majority of the fresh groundwater was discovered at depths of less than 2,500 feet
[57]. The three sub-aquifers that comprise the Central Valley provide 83% of the
groundwater used for agriculture in CA.

Most shallow, unconfined aquifers in the valley’s central and southern regions
were detached from surface water networks. These nearby creeks and rivers’ sea-
sonal runoff replenished groundwater networks. Seasonal precipitation caused shal-
low, unconfined aquifers in some parts of the SM Valley to reconnect with the
surface water networks. In these regions, groundwater discharge into the surface
water networks aided in maintaining base stream flow [58]. The Central Valley was
assumed to be one diverse aquifer system [57]. Due to the groundwater flow system
being altered, the hydraulic gradient was raised. Groundwater flow was directed into
the deeper constrained aquifer due to the Central Valley’s water table plummeting
hundreds of feet due to extensive pumping [59]. Figure 3a, b depict the shift in
groundwater flow direction before and after the valley’s growth. The San Joaquin
Basin’s water level had dropped by more than 400 feet. Compared to wells in the SM
Valley, those in the San Joaquin were deeper. Groundwater quality issues and land
subsidence in the Central Valley result from excessive groundwater extraction. The
fate and transport of contaminants in the region had become more challenging due to
shifting hydrogeological conditions and excess nitrogen fertilizer [59].

2.2 Nitrate Contamination in the Central Valley

To explore the impacts of explanatory variables on GW-NO; contamination where
the groundwater and surface water interacted in hydrologic processes at a watershed
scale, considering the watershed as the fundamental analysis unit, to analyze the
data, the 12-digit unit of Central Valley watersheds (Fig. 4) was chosen. The USGS
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Fig. 3 San Joaquin Valley cross-section during (a) pre-development period; (b) post-development
period [60]

Watershed Boundary Dataset and National Standard for Spatial Data Accuracy were
used to obtain watershed data. The hierarchy of hydrologic units had no finer
precision than this. The Central Valley contained a total of 656 watersheds.

To calculate the decadal average of GW-NO; contamination, the data on
GW-NOj; concentrations for 2018 were downloaded from the NAWQA, Ground-
water Ambient Monitoring Assessment (GAMA), and National Water Information
System (NWIS). One thousand and fourteen from 2,516 well samples had a mean
content level (MCL) higher than 5 mg/L. NO; in potable water had an EPA MCL of
10 mg/L, and concentrations above that limit could have many adverse health effects
[62]. To depict the NO; contamination’s geographic variability with accuracy, a
threshold of 5 mg/L was chosen [11]. Figure 5a depicts the overall number of wells
and well samples with concentrations higher than 5 mg/L in the Central Valley’s
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Fig. 4 Central Valley watersheds [61]

groundwater watershed. The percentage of each watershed well with a mean con-
centration of NO5 greater than 5 mg/L (PWy - 5) was determined in ArcGIS
(Fig. 5b) using the formula:

PWy.s=

Number of wells exceeding temporal average greater than 5 mg/L in a watershed
Total number of wells in each watershed

(1)

2.3 DRASTIC Method

The DRASTIC index, as applied to Tulare Lake, was utilized to assess the suscep-
tibility of the aquifer to potential groundwater contamination across various
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hydrogeological conditions [63]. Neukum et al. [64] assumed that precipitation
carries NOj from the Earth’s surface into the groundwater. The effect of the vadose
zone (I), topography (7T), soil media (S), aquifer media (A), net recharge (R),
hydraulic conductivity (C), and depth to water (D) were the seven variables influenc-
ing groundwater vulnerability that was used to calculate the DRASTIC index as
follows:

DI=D,D,, +R R, +AAv+S, S+ T, T,+1,1,+C, C, (2)

The subscripts r and w represent rates and weight, respectively. To capture the
hydrogeological setting of the aquifer, natural breaks were used to separate each
variable into five intervals and given ratings ranging from 1 to 10 [65]. Parameter
weights, meanwhile, ranged from 1 to 5 based on the index assigned for the intensive
agricultural activities in the study area. Table 1 depicts the data source for all
DRASTIC variables. Determining regions more susceptible to groundwater contam-
ination was possible after the DRASTIC index was assessed. Table 2 shows the
grades and weights given to each DRASTIC variable. The groundwater vulnerability
to NOj contamination increased with higher DRASTIC index values.
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Table 1 DRASTIC variable sources [66]

Variable Data source Processing summary Units
Depth to [67] Interpolation using the kriging Feet (ft)
water (D) method
Net recharge | USGS Mean Annual Natural | Zonal statistics were calculated Inches (in)
(R) Groundwater Recharge [68] | for the groundwater basin using
raster data
Aquifer Surficial Geology of South- | Classified based on [70] Categorical
media (A) west Principal Aquifer [69] variable
Soil media USGS-NRCS data. Soil The weighted average of the soil | Categorical
O hydrologic group [71] hydrologic group was calculated | variable
for each groundwater basin
Topography | USGS Elevation Derivatives | Zonal statistics for each ground- | Percent
(T) for National Application [72] | water basin slope
Impact of California Department of Processed depth to the water table | Categorical
vadose zone | Water Resources United Permeability data based on variable
) States Geological Survey Piscopo [74]
[73]
Hydraulic USGS [73] Weighted average in each Gallons per
conductivity Groundwater basin day/ft*
©

2.3.1 DRASTIC Variables Development

Table 2 shows the weights and ratings for the assigned DRASTIC variables to each
variable and period to determine the DRASTIC index.

2.4 Geodetector Method

Using Geodetector Software 2007, the geodetector (GED) method was used
[19]. According to GED, there was a relationship between the spatial distribution
of the NO;5 contamination pattern and any probable environmental risk variables.
The assumption was that if an environmental component caused NO3 contamination,
NOj; contamination would display a geographical distribution similar to that of the
environmental variable [19]. Figure 6a depicts the PWN > 5 overlays for each used
watershed.

According to the amount of rainfall in the valley, the Central Valley was divided
into various rainfall sub-regions (low to high) (Fig. 6b). In each different rainfall
sub-region, the mean and variance values of PWy - 5 could be calculated by
superimposing the watershed unit over the rainfall chart (Fig. 6¢). Moreover, the
PWy - 5 variance value (local variance) was then contrasted with the total Central
Valley variance to determine the power of determinant (PD) from the following
formula:
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Table 2 Assigned ratings and weights to DRASTIC variables [66]

Depth to water (D; ft) Recharge rate (R; mm)

Range Rating | Range Rating
10.28-35.9 10 4.82-7.02 1
35.9-66.36 9 7.02-9.03 3
66.36-118.9 7 9.03-17.23 6
118.9-191.43 5 17.23-31 8
191.43-444.34 3 31-107.67 9
Aquifer media (4; Categorical Soil media (S; Categorical variable)

variable)

Range Rating | Range Rating
Quaternary alluvium 8 Soil hydro group A (Sandy, loamy 6

sand, sandy loam)

Sedimentary dominated the forma- 6 Soil hydro group B (silt loam, loam) |5

tion of all ages

Metamorphic or igneous units 3 Soil hydro group C (Sandy-clay- 4

loam)

Soil hydro group D (clay loam, silty- |3

clay-loam, sandy

Clay, silty-clay, clay)

Topography (T; %) Impact of vadose zone (/; Rating rate)

Range Rating | Range Rating
0.11-0.45 10 8-10 10
0.45-0.78 9 6-8 8
0.78-1.32 5 4-6 5
1.32-2.83 3 34 3
2.83-10.3 1 2-3 1
Hydraulic conductivity (C;

Gal/day)

Range Rating

5.23-13.82 1

13.82-19.99 2

19.99-29.87 4

29.87-45.25 6

25.25-62.64 8

Power of Determinant (PD) = 1
_ Aci1-Varc) + Ay Vargy + - +Acs - Vares (3)

A-VarE

For each sub-region of rainfall class, A¢; stood for the sub-region area, A stood for
the size of the entire study area, Vars; (i = 1, 2, ..., 5) stood for the PWy + 5
variances, and VarE (i = 1, 2, ..., 5) stood for the entire Central Valley’s watershed

variances.
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PD had a number between O and 1. If the rainfall (C) variable controlled the
GW-NOj; contaminations, the PD value would be 1. It would be equal to 0 if it had
no control at all values closer to 1, indicating that rainfall was a significant driver of
GW-NOs;. The risk detector for each sub-region determined the average PWy - 5
value (My;) where i = 1, 2, ..., 5. It determined whether the mean value deviated
considerably from the average value for all other sub-regions. The risk detector
identified the level with the highest mean NO;5 concentration compared to other
levels, and its statistical significance was evaluated.

As the explanatory variable, rainfall as a continuous variable was categorized
from Level 1 (low) to Level 5 (high). To ascertain whether the GW-NOj3 contam-
ination was more heavily influenced by one geographic stratum of C (such as
rainfall) than another. C would have a lower dispersion variance (0'2) if it had
more control over the contamination, such as through rainfall. The interaction
detector determined the total impact of the two explanatory variables. To determine
whether they strengthen, deteriorate, or are independent of one another, it was then
compared to the sum of the individual PD values of the variables. For instance,
nonlinear enhancement was offered if the PD value of the new component was
higher than the total PD value of all the prior variables. Additional information on
the method and the statistical analyses was found in Wang et al. [18, 19].

2.4.1 Geodetector Variables Development

Aquifer source variables, vulnerability variables, and geochemical conditions that
could affect GW-NO; contamination of the Central Valley were the 12 different
predictor variables subjected to the geodetector method. Shrestha and Luo [66]
contained information about how the variables were processed in depth. Table 3
summarizes the data sources used to develop the predictor variables.

Table 3 Explanatory variables in the geodetector method [20]

Explanatory variables

Data source

Farm fertilizer (kg/ha)

United States Geological Survey (USGS) [75]

Manure (kg/ha)

United States Geological Survey (USGS) [76]

Cropland (%)

National Landcover Database (NLCD) [77]

Permeability (in/h)

STATSGO Soil Characteristics for the Conterminous United States
[78]

Precipitation (mm)

PRISM Climate Data based long-term historical record (1981-2010)
[79]

Slope (%) Elevation derivatives for national applications [80]
Elevation (m) National Elevation Dataset (NED) [81]
Clay (%) United States Geological Survey (USGS) [82]

Recharge rate (mm/year)

United States Geological Survey (USGS) [68]

Dissolved oxygen (mg/L)

NAWQA and NWIS [83, 84]

Iron and manganese
(mg/L)

NAWQA and NWIS [83, 84]
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2.4.2 Frequency Ratio Method

The frequency ratio (FR) method was used to calculate the rating values for different
intervals of significant predictor variables. Each number predictor variable was
discretized into several intervals to depict stratified heterogeneity. Since groundwa-
ter basins were utilized as the fundamental unit in the study, the number of wells
inside each period was considered while dividing the overall number of wells. The
percentage of wells in each interval was the consequence of this. The frequency
ratio, often known as the ratio of two percentages, was determined as follows:

Percent of contaminated wells in each interval
Percent of wells of the related interval

Frequency Ratio = 4)

The frequency ratio method was utilized in landslide investigation, specifically
concerning Tulare Lake, to evaluate the frequency of landslides in regions suscep-
tible to vulnerability. Greater than 1 demonstrated a strong correlation with the
GW’s NOsz contamination, whereas less than 1 demonstrated a moderate
correlation [85].

2.4.3 Index of Geodetector Frequency Ratio (GFR)

The weighted geometric mean method was used to determine the GFR index [86]
using the relative weight of significant predictor variables and their frequency ratio
values in each interval given by the formula below:

n

GFR Index = [ [ (40" (5)
k=1

where n is the total number of explanatory variables, By is the normalized PD values
for the kth explanatory variable, and A; is the kth explanatory variable frequency
ratio.

2.5 Principal Component Analysis

Principal component analysis (PCA), a dimension-reduction technique, condensed
the 12 explanatory variables into a small number of principal components (PCs),
accounting for most of the data variance. Using SPSS, the data were examined for
each of the 12 explanatory variables using PCA. The varimax method was used to
rotate eigenvalues based on the data’s standardized correlation matrix to enhance
variety. To accomplish this, a new coordinate system was created by rotating the
coordinate system of the initial variables. The PC-1 determined the highest variance
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in the data collection. The PC-2 determined a lower variance than the PC-1, the PC-3
determined a lower variance than the PC-2, and so on. The weight of each variable
was its input to the newly created PC. A variable that described most of the variance
in a PC had a higher weight in that PC. These new PCs were developed as
uncorrelated variables from correlated or redundant explanatory variables. Before
conducting the SPSS test, all assumptions of the PCA were confirmed. These
encompassed the requirements for variables to be continuous and linearly correlated,
as well as the necessity for an adequate sample size and outliers to be addressed, as
indicated by previous work [87, 88].

2.6 Geographically Weighted Regression

Using ArcGIS 10.4, geographically weighted regression (GWR) was carried out on
the data. Before performing the GWR analysis, an accurate ordinary least squares
(OLS) model was fitted. Before conducting GWR, the OLS model’s normality,
multicollinearity, and heteroskedasticity assumptions were all satisfied. The GWR
model calculated OLS-like regressions for each feature in the dataset. The OLS
model was a straightforward linear model with presumed independent residuals. The
association between the explanatory and the dependent variables was supposed to be
constant over the study area. If residuals were autocorrelated and OLS was broken,
spatial autocorrelation occurred. GWR performed well when spatial heterogeneity
and variable relationships varied across the study area [89].

3 Results and Discussions
3.1 DRASTIC Method
3.1.1 DRASTIC Variables Maps

The Central Valley’s depth to water (DTW) distribution is depicted in Fig. 7a. The
DTW was deeper in the San Joaquin and Tulare Lake Basins than in the SM Valley,
which had a very shallow DTW. Due to excessive groundwater pumping over the
years, the hydrogeological features of the San Joaquin and Tulare Lake Basins had
altered. As a result, the water level in this portion of the valley decreased [90].
Figure 7b depicts the net recharge rate in the Central Valley. The recharge rate was
generally low throughout the valley, with a comparatively higher rate on the eastern
flank, particularly in the northeastern Tulare Lake Basin and southeast San Joaquin
Basin. The Coastal Range in the west acted as an orographic barrier to the saline
onshore ocean breezes. Therefore, it was in the rain shadow. Higher elevation Sierra
Nevada could be found in the eastern region of the valley. As a result of the
orographic impact and rising recharge rate, the annual precipitation rate has risen.
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Rocks accumulated from the Jurassic to the Holocene era that are superficially
marine and non-marine sedimentary rocks and Quaternary alluvium form most of the
Central Valley’s subsurface layer (Fig. 7c). Most of the materials in these deposits
are unconsolidated or semi-unconsolidated, such as gravel, sandstone, shale
deposits, and terrace deposits. The valley’s freshwater aquifer was created due to
the Central Valley’s changing deposition environment, leading to continental sedi-
ments overlaying marine depositions [91]. Figure 7d depicts the soil media of the
Central Valley aquifer. Soil from hydrologic categories C and D predominated in the
SM Valley. Meteorological groups A and B were present in the San Joaquin and
Tulare Lake Basins. This soil belonged to hydrologic group C and had a relatively
fine texture, allowing for slow water infiltration. Sands or gravels were present, and
the soils of hydrologic soil group A had significant infiltration rates.

Hydrologic group B soils typically range in density from moderately fine to
moderately coarse, allowing for soils that were only moderately well drained. In
the Central Valley, regions with 0-2% predominated (Fig. 7¢). The figure showed
that the Tulare Lake Basin had more valley floor areas with low slopes than other
locations. Figure 7f illustrates that the vadose zone impact (IVZ) in the SM Valley
and Tulare Lake Basin received lower IVZ ratings than the San Joaquin Basin. The
hydraulic conductivity was minimal in the SM Valley compared to the San Joaquin
and Tulare Lake Basins (Fig. 7g).
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3.1.2 Index of DRASTIC Method

The index of DRASTIC (DI) ranged from 103 to 193 m, as shown in Fig. 8.
Categorizing natural breaks led to dividing the DRASTIC ratings into five intervals.
Generally, the valley’s eastern half showed higher index values than the western
region. Index interpretations were high on the eastern side of the Tulare Lake Basin,
while on the western side, they were low to very low. The San Joaquin Basin
primarily had index values that were high to very high, except for a small portion
of the region in the western region. Furthermore, the eastern part of the SM Valley
exhibited notably higher index values than the valley’s western region.

3.2 Geodetector Method
3.2.1 Geodetector PD Values

Table 4 depicts the GED method’s results. The PD values for fertilizer and manure
(source variables) and the precipitation, elevation, and %clay (groundwater vulner-
ability variables) had p-values of 0.05, making them statistically significant. This
method revealed no statistically significant geochemical variables (dissolved oxy-
gen, iron, or manganese).

3.2.2 Geodetector Variables Maps

Table 4 Explanatory vari- Variables PD p-Value

ables PD values [61] RN
Precipitation 0.27 <0.01
Fertilizer 0.21 <0.01
Elevation 0.18 <0.01
Manure 0.16 0.01
Clay 0.10 0.03
Dissolved oxygen 0.09 0.09
Permeability 0.09 0.14
Iron 0.06 0.14
Slope 0.03 0.21
Cropland 0.07 0.22
Manganese 0.00 1.00
Recharge rate 0.02 0.86

According to the risk detector results, the San Joaquin and Tulare Lake Basin had
higher PWy - 5 values (Fig. 9a). Level 1 (low fertilizer level) had an average
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PWy - 5 of 21.87%. Levels 2 through 5 (55.97%) demonstrated an increasing
tendency of PWy - 5 toward the highest level (i.e., Level 5). In Level 1, the
difference between the average PWy - 5 value and all other higher fertilizer levels
was statistically different (Fig. 9b), while for manure, the average PWYy - 5 value was
29.46% with an increasing tendency of 52.90% in Level 4. Compared to the other
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upper levels of manure, the average PWy - 5 was noticeably different (Fig. 9¢c). In
Level 2, the average PWy - 5 was 54.08%, considerably higher than in Levels 1 and
3. Figure 9d represents the Central Valley, illustrating that most of the cropland
(depicted in Fig. 9f) was situated within the Level 2 elevation region of the Tulare
Lake Basin. Because clay particles prevent water from percolating into the aquifer,
GW-NOj; contamination dropped as the percentage of clay in the soil increased. At
Level 1, the average value of PWy - 5 was 48.06%, which decreased to a statistically
significant level of 26.97% at Level 3. Compared to Levels 1 and 2, Levels 4 and
5 had reduced average PWy - s values, but the difference was not statistically
significant (Fig. 9f). Precipitation substantially interacted with permeability, eleva-
tion, and dissolved oxygen by 0.46, 0.41, and 0.43, respectively, according to the
results of the interaction detector. Precipitation, permeability, and dung all had
higher fertilizer interaction values of 0.38, 0.36, and 0.35, respectively.

3.2.3 Frequency Ratio Method

Table 5 shows the frequency ratio (FR) numbers for each level for the predictor
variables. The bold highlighted values indicated the FR value greater than 1 for each
level. When there was low precipitation. (1 and 2), the FR was higher than 1. The FR
was more significant than 1 at higher levels of fertilizer (3, 4, and 5), lower elevations
(2 and 3), and higher levels of manure. (3, 4, and 5). Atlevels 1, 2, 4, and 5, the clay
(%) had an FR value greater than 1.
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Table 5 Frequency ratio method of significant explanatory variables [66]

No. of
No. of % contaminated Frequency
Factor Range Level |wells Wells | wells ratio (FR)
Precipitation 181.24-40.35 | 1 157 0.06 |89 0.09 |1.40
(mm)
240.35-3384 |2 998 040 |519 0.52 |1.29
338.4-44497 |3 631 026 |222 0.22 |0.87
444.97-557.87 |4 469 0.19 126 0.13 [ 0.67
557.87-692.83 |5 216 0.09 |42 0.04 0.48
Fertilizer 0-12.13 |1 74 0.03 13 0.01 [0.44
(kg/ha)
12.13-41.19 |2 261 0.11 34 0.03 [0.32
41.19-60.25 |3 514 0.21 206 0.21 |1.00
60.25-74.68 |4 798 0.32 |329 0.33 [1.02
74.68-103.68 |5 825 0.33 |416 042 |1.25
Elevation 11.27-39.16 |1 736 0.30 |242 0.24 |0.81
(m)
39.16-71.86 |2 1,142 046 |479 0.48 |1.04
71.86-116.85 |3 467 0.19 |235 0.24 |1.25
116.85-237.71 |4 126 0.05 |41 0.04 |0.81
237.71-1180.33 |5 1 0 0 0 0
Manure 0-4.38 |1 327 0.13 103 0.10 [0.78
(kg/ha)
4.38-12.1 |2 457 0.18 111 0.11 [0.60
12.1-26.58 |3 615 0.25 |286 0.29 |1.15
26.58-40.47 |4 236 0.10 133 0.13 | 1.40
40.47-65.48 |5 836 0.34  |365 0.37 |1.08
Clay (%) 13.31-18.55 | 1 785 0.32 |348 0.35 [1.10
18.55-22.65 |2 226 0.09 117 0.12 [ 1.28
22.65-28.30 |3 678 0.27 |209 0.21 [0.76
28.30-34.84 |4 555 022 |228 0.23 [1.02
34.84-39.54 |5 228 0.09 |96 0.10 |1.04

3.2.4 Index of Geodetector Frequency Ratio Method

Figure 10 illustrates the results of calculating the geodetector frequency ratio (GFR)
index using the geometric mean method (Eq. 5). The range of the GFR index was
3.70to 5.17. To examine the distribution of the GFR index across the valley, natural
breaks classification was applied to the GFR index. Compared to the SM Valley, the
index values were most significant near the San Joaquin and Tulare Lake Basins.
The GFR method revealed that groundwater watersheds were more vulnerable to
GW-NOj; contamination than the DRASTIC method based on natural breaks clas-
sification intervals for both methods, as shown in Figs. 8 and 10. The highest interval
range (4.96-5.17) of the GFR index had 29.27% of wells, compared to just 12.5%
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Table 6 Classification of the natural breaks for the DRASTIC and GFR indices [66]
DRASTIC GFR
DRASTIC index | Number of % GFR index Number of %
Index range basins Basin |range basins Basin
Very 164-193 5 12.5  |4.96-5.17 12 29.27
high
High 147-163 13 32 4.78-4.95 6 14.63
Moderate | 129-146 10 25 4.66-4.77 7 17.07
Low 111-128 9 22.5 4.0-4.65 12 29.27
Very low | 103-110 3 7.5 3.70-3.99 4 9.76

for the DRASTIC index (Table 6), which covered the highest interval range
(164—-193). In Fig. 11a, b, the DRASTIC and GFR indices data distribution is plotted
as a histogram. The DI mean value was 141.87, while the GFR index was 4.70. Only
a few groundwater watersheds were visible at the higher range of the positively
skewed DRASTIC index values. The values of the GFR index were negatively

skewed, indicating that more groundwater watersheds were in the top range.
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Table 7 KMO value and Bartlett’s test for sphericity of PCA analysis [61]

Kaiser-Meyer—Olkin measure of sampling adequacy 0.61
Bartlett’s test of sphericity approx. Chi-square 547.63
Df 66

Sig 0.00

3.3 Principal Component Analysis Method

Kaiser—Meyer—Olkin (KMO) number was 0.63 based on principal component anal-
ysis (PCA) results (Table 7). The recommended minimal KMO number required to
perform PCA analysis was 0.50. So, in terms of sampling adequacy, this study was
valid. The assumption of variables being uncorrelated, as indicated by the identity
matrix of the correlation matrix, was invalidated. This was supported by the
Bartlett’s test for sphericity, which yielded a significance level lower than 0.05.
Cropland and manure had the most significant correlation of 0.65, followed by
cropland and precipitation, clay and permeability, and manure and fertilizer of —
0.58, —0.64, and 0.50, respectively, in correlation analysis, as shown in Table 8.
Note a positive correlation between cropland, manure, and fertilizer. This illustrated
how manure and fertilizer were used on farmland and how closely they were related.

The correlations between fertilizers, manure, and cropland with precipitation
were negative, implying reduced rainfall in this area. On the other hand, a significant
and unfavorable relationship existed between clay content and permeability. The
significant but adverse connection between clay and permeability was due to the fact
that a permeable region facilitated a higher rate of groundwater percolation. After all,
water readily percolated through its pore spaces, unlike clay, which blocked water
flow due to its small particle size. Dissolved oxygen and these elements negatively
correlated since iron and manganese were found in low oxygen conditions. Since
clay particles were small and had fewer pore spaces accessible for air, for the same
reason, dissolved oxygen and clay had a negative correlation. Only 4 components
were kept based on the screen plot and Figenvalue greater than 1 (Table 9). The
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Table 10 Rotated component Component
matrix [61] 1 5 3 4

Cropland 0.85
Precipitation —0.80
Manure 0.78
Fertilizer 0.67
Clay —0.80
Permeability 0.76
Manganese —0.79

Dissolved oxygen 0.80
Iron —0.79
Recharge rate
Elevation 0.79
Slope 0.78

See Table 5 for full variable names

variation was explained by PC-1, PC-2, PC-3, and PC-4 by 25.75%, 23.21%,
12.57%, and 8.96%, respectively. These four elements combined explained
70.50% of the variance. Table 10 displays variables that substantially affect each
PC with a weight greater than 0.60. Manure, farmland, and fertilizer all have positive
weights for PC-1, whereas precipitation has a negative weight.

In the San Joaquin Basin, precipitation was minimal and got even lower as it
moved toward the Tulare Lake Basin. However, these regions had the most crop-
land, manure, and fertilizer. Despite the infrequent rainfall, irrigation using ground-
water pumped from wells is used to maintain farmland in this area. Thus, the positive
weight of crops, manure, and fertilizer is offset by the negative weight of precipita-
tion. The correlation matrix demonstrating this opposite relationship showed a
negative link between precipitation and cropland, fertilizer, and manure at —0.58,
—0.43, and —0.49, respectively. In PC-2, the highest weight value was for clay at —
0.80, followed by permeability and manganese at 0.76 and —0.73, respectively. In
regions with high permeability, the intergranular area between the rocks might be
easily penetrated by dissolved NOj in groundwater, allowing it to contaminate the
aquifer. As a result, permeability had large positive weights. Conversely, clay had a
negative weight because it was made up of tiny granules, which prevented water
from flowing through it.

Figure 12a demonstrates that the Central Valley’s highly permeable regions had a
low clay content. The geochemical state of the groundwater in the reservoir was
represented by the presence of manganese, iron, and dissolved oxygen. NO; could
readily convert to nitrogen gas under anoxic conditions, lowering the amount of
NO;. Groundwater microbes preferentially used NO;3 as an electron acceptor in
redox reactions to generate energy when oxygen was absent. As a result, the oxygen
content was a good index of the aquifer’s redox state. The redox process in
groundwater also produces iron and manganese, and their concentration rises in
anoxic environments. Manganese, which symbolizes the anoxic condition that can
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Fig. 12 Distribution in the Central Valley. (a) Permeability and (b) dissolved oxygen [61]

degrade GW-NO;, has a negative weight. Greater dissolved oxygen levels were
associated with higher NO5 concentrations in groundwater, which were reduced
when anoxic conditions occurred (Fig. 12b). This was also shown by PC-3, where
dissolved oxygen had a positive weight. As anoxic conditions arise and denitrifica-
tion occurs, the NO; content typically declines toward the deeper aquifer
[11]. According to PC-4, slope and elevation have positive weights. Higher eleva-
tions result in steeper slopes. Groundwater contaminated with NOj3 is more prevalent
at lower elevations due to a shallower water table at these altitudes.

3.4 Geographically Weighted Regression Method

Before using the geographically weighted regression (GWR) method, the OLS
method was used. It revealed no multicollinearity; the variance inflation variable
(VIF) was <7.5. Due to the non-significant result (p-value = 0.16) of the Jarque—
Bera test, it can be concluded that the residuals are not regularly distributed. A
residual with a normal distribution indicated that the model was biased and might
lack a crucial explaining variable. The AIC number was 1611.28, and the adjusted-
R? value was 0.21. The Akaike information criterion (AIC) gauges the model’s
effectiveness, while R gauges the percent variation that the model measures. It was
confirmed that there was no geographical clustering of the residuals by the insignif-
icant Moran’s I value of 0.026. The relationship between the dependent and explan-
atory variables was non-stationary, and the GWR model could enhance it, according



Risk Assessment of Potential Groundwater Contamination by. . . 67

Table 11 Comparison Spatial autocorrelation

between OLS and the GWR Adj R* | AIC Moran’s I |Z Score |p-Value
model [61]
OLS |0.21 1,611.28 0.026 0.49 0.62
GWR |0.26 1,606.96 | —0.00028 |0.05 0.96

to the combined F-statistics, which were significant (i.e., p-value = 0.05). The three
OLS model variables that were statistically significant (i.e., p-value 0.05) were
precipitation, fertilizer, and elevation. The elevation and manure coefficients were
positive with PWy ~. 5, whereas the precipitation coefficient was negative.

Due to the inconsistent positioning observations throughout the study area, the
geographic weighting in this GWR model was provided by utilizing the adaptive
kernel. The GWR’s output revealed that 119 closest neighbors were used to estimate
each set of coefficients. It also calculated the proportion of data that falls under each
kernel. The sum of the square residuals yielded a residual square value of 109,976.
The residual square was lower, indicating that the GWR model adequately described
the measured data. The adequate number gauged the model’s intricacy, which was
16.63. The Sigma number was estimated as 16.63, which provided the expected
standard deviation for the residuals, and lower values were desirable. The Akaike
information criterion (AIC) was used as the bandwidth method because it automat-
ically determined the bandwidth, minimized the AIC value, and provided the most
accurate predictions. The AIC value dropped from 1611.28 in the OLS model to
1606.96 in the GWR model, indicating an improvement in the model’s fit (Table 11).

Models were typically considered superior if their AIC values were lower and
decreased by more than 3. Here, GWR’s AIC value decreased by 5 when compared
to OLS. The adjusted R’ value of the GWR model increased from 0.21 to 0.26,
outperforming the OLS model’s total fit. The area R? values, however, were between
0.024 and 0.314. The model accurately predicted the SM Valley and San Joaquin
Basin by considering localized R2 values. However, the Tulare Lake Basin exhibited
lower local R’ values. Only one watershed displayed a negative standardized
residual on the GWR’s standardized residual map.

In contrast, five watersheds had standardized residuals higher than 2. Moran’s
spatial autocorrelations were calculated to determine if the residuals were randomly
generated. Moran’s I had a number between —1 (complete dispersion) and +1
(complete clustering). Several zeros for Moran’s I denoted absolute spatial irratio-
nality. Moran’s I was 0.00028 for the GWR, with a p-value of 0.96, showing that the
existence of spatial autocorrelation cannot be ruled but must accept the random
distribution of the residuals as the alternative. The GWR model eliminated any
spatial correlations that might have existed in the OLS model (Fig. 13a, b). The
GWR model’s local condition (COND) value throughout the Central Valley varied
between 24 and 27. There was no local multicollinearity because the COND value
was less than 30.

The precipitation global coefficient was 5.6, showing a negative correlation
between the precipitation and NOjs-contaminated wells, possibly due to the
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Fig. 13 Standardized residuals. (a) OLS model and (b) GWR model [61]

precipitation’s diluting effect on the Central Valley. The spatial heterogeneity of the
model was revealed by the local precipitation coefficient map (Fig. 14a), which
indicated that the value varied from 13.63 (SM Valley) to 4.10 (Tulare Lake Basin).
SM Valley got more rain than the southern regions of the Central Valley; as a result,
NOj; in GW might be diluted. Low rainfall caused irrigation in Tulare Lake and San
Joaquin Basins to overly pump groundwater from wells. In this region, the level of
the water table was situated at a lower position, causing groundwater to move in the
direction of the groundwater depression cone.

Additionally, the application rates for manure and fertilizer were excellent here.
These circumstances help NO; percolate into the groundwater. The local R? in this
region also suggested that the model might benefit from adding another significant
component. A positive correlation between NO5; contamination and fertilizer appli-
cation was shown by the fertilizer global coefficient, which was 4.05. There were
greater fertilizer weights in the watersheds of all three hydrologic regions in the
Central Valley. The local coefficient plot (Fig. 14b) shows that the model had some
spatial heterogeneity. From O to 6.7 was the neighborhood coefficient range. Due to
extensive irrigation and fertilizer application, fertilizer coefficients were generally
more significant in the Tulare Lake Basin area, followed by the SM Valley and San
Joaquin Basin. Elevation has a worldwide coefficient of 10.77 (Fig. 14c). From O to
22.4 was the neighborhood coefficient. The Tulare Lake and San Joaquin Basins had
the lowest and greatest local coefficients, respectively. The San Joaquin Basin and
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Fig. 14 Global coefficients for (a) precipitation, (b) fertilizer, (c) elevation [61]

SM Valley were located in areas with the lowest elevation, making them more
susceptible to groundwater contamination. The most pronounced local coefficients
were identified in line with Tulare Lake’s characteristics. The GWR coefficient maps
emphasized the spatial diversity of significant factors like precipitation, fertilizer
usage, and elevation. This showcased that the localized impacts of groundwater
contamination exerted a significant sway over the Central Valley.
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4 Conclusions

This chapter presented an accurate GW-NO; vulnerability map using the geodetector
method (GED) and the DRASTIC model for the Central Valley at CA’s most
productive agricultural region. Three statistical methods (i.e., GED, PCA, and
GWR) were compared to analyze the GW-NOj; contamination in the Central Valley.
By examining the connections between the 12 explanatory variables and the NOj3 in
each watershed, the analysis was conducted at the watershed level in the Central
Valley. Moreover, the Central Valley aquifer’s vulnerability to GW-NOj3; contami-
nation was examined using the new GFR method. A comparison was also made
between the GFR and DRASTIC methods. The GFR technique indicated higher
vulnerability in the San Joaquin and Tulare Lake Basin compared to the SM Valley.
On the other hand, the DRASTIC index values were higher in the eastern part of the
Central Valley, known for frequent Tulare Lake activity. The GFR method predicted
more watersheds falling into the higher index range than the DRASTIC method.
These findings aligned with a prior study conducted in the Central Valley. Addi-
tionally, wells in the San Joaquin and Tulare Lake Basin displayed higher concen-
trations of NOj than those in the SM Valley [92].

Unlike the southern Central Valley, the SM Valley was made up of finer-grained
sediments, which might lessen its vulnerability. Many studies added variables or
changed intervals to adapt the DRASTIC method to site-specific conditions. Out of
41 groundwater watersheds in the Central Valley, 31 were found to have contami-
nated wells with NO; (greater than 5 mg/L). The groundwater vulnerability mapping
advantage was that the index value could be calculated using the rating and weight
values for all the watersheds [93]. The San Joaquin and Tulare Lake Basins had
higher GFR indices. The DRASTIC index, however, was greater in the eastern part
of the valley. The new GFR method was validated using Pearson’s correlation
coefficient and PD value, demonstrating that the GFR method was more compatible
with observed contamination data than the DRASTIC method regarding vulnerabil-
ity index and % of contaminated wells in the groundwater watersheds. Negative
GFR index values showed disproportionate groundwater watersheds in the upper
range. Different areas can measure the spatial association using the geodetector
method, which was successful and based on spatial variance analysis. High PD
values were discovered using the geodetector method; however, they were merely a
statistical finding and did not imply causation. As a result, selecting the crucial
elements required more significant consideration.

To check the accuracy of the GED method in identifying clay, manure, elevation,
fertilizer, and precipitation as the key variables. More contaminated wells were
found in regions with large percentages of cropland, fertilizer, and manure. Despite
comparatively low annual precipitation, there were more NO5-contaminated wells in
the San Joaquin and Tulare Lake Basins. This could be ascribed to increased
fertilizer application rates on agricultural land and evolving hydrologic conditions
brought on by groundwater pumping over time that may have facilitated NO3
percolation into aquifers downward. Precipitation, manure, fertilizer, and cropland



Risk Assessment of Potential Groundwater Contamination by. . . 71

were all grouped by the PCA results with high weights on PC-1, indicating a typical
structure in the dataset that can cause issues with multicollinearity in the analysis.
The GWR method successfully captured the regional precipitation, fertilizer, and
elevation heterogeneity for PWy - 5. The San Joaquin Basin and Tulare Lake Basin
had only marginally positive local coefficients of precipitation, and the northern SM
Valley had an increasing negative coefficient. In the Tulare Lake Basin, the coeffi-
cients of fertilizer were significant where more fertilizer was used. Due to their
comparatively low elevation and increased vulnerability to aquifer contamination,
the SM and San Joaquin Basins had the highest coefficient of elevation.

Overall, the GED method proved more helpful than PCA and GWR. PCA often
made things simpler by using fewer details from Tulare Lake’s data, but it sometimes
made it hard to understand those simplified groups. The GWR model acted like a
microscope for space, showing how things change across the region, but it had some
issues with how variables were connected, which needed fixing with the OLS model.
Unlike GWR, the GED method, guided by Tulare Lake, lets us compare places
based on how much NO; was found on average. This way of comparing differed
from GWR, which looked at how the effects changed throughout the research area.
The GED method was great for studying how NO3 contamination happened in the
Central Valley and beyond because it gave us lots of information and could adapt to
different data needs.

The comparison analysis demonstrated that the GED method gathered all the data
disclosed by the four-detector PCA and GWR methods. Due to the following
advantages, the GED method performed better than PCA and GWR: It worked
effectively with both continuous and categorical data; it was more advantageous
for policy makers because of its simplicity in understanding the effects of specific
variables; it highlighted the most important variables, indicating the sections of each
variable that were more vulnerable; and it investigated how different variables
interact to simplify further and enhance the usefulness of data preparation.

5 Recommendations

The intricate dynamics of groundwater contamination from agricultural drainage
water necessitate a multifaceted approach. Future studies should investigate local-
ized assessments, accounting for varying soil types, drainage patterns, and agricul-
tural practices. These studies should be bolstered by integrating meteorological,
hydrological, and land use data, ensuring a comprehensive, data-driven foundation
for subsequent strategies. Given the rapidly evolving nature of agricultural method-
ologies, continuous monitoring of emerging contaminants and updated assessment
techniques are crucial to ensure relevance and accuracy in predictions.

For policy planners and decision-makers, a robust framework needs to be
established. Proactive regulatory measures should be implemented, encompassing
stricter guidelines on using and disposing of agricultural chemicals. Investments in
cutting-edge drainage infrastructure prioritizing agricultural efficiency and
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environmental conservation are essential. For stakeholders at all levels, fostering a
culture of collaboration is key. This includes educational outreach programs for
farmers, community engagement initiatives, and public—private partnerships to
develop innovative solutions. Together, a concerted effort across all tiers can greatly
mitigate the risks of groundwater contamination from agricultural drainage.
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Abstract The influence of the Bugun’ reservoir, created for irrigation in the semi-
desert zone of South Kazakhstan, on groundwater and soils of the reservoir basin and
its coast during long-term operation is analyzed. The rise in the level of groundwater
on the banks of the reservoir and in downstream of the Bugun’ and Karazhantak
dams in the process of the reservoir filling in 1963-1965 and further use for
irrigation of more than 93,000 ha of land for growing cotton, grain, fodder, and
fruit and vegetable crops was estimated. The leaching of toxic salts for plants into the
groundwater of adjacent territories by seepage water from soils and rocks of the
reservoir basin was calculated. The seasonally water-salt regime of soils and rocks of
the aeration zone, as well as the regime of the groundwater level (10 days) and their
mineralization (monthly) under conditions of strong seasonal fluctuations in the level
of surface waters in the reservoir, was studied. A delay in the phases of rise and fall
of the surface water level and groundwater level on the coast, reaching 2 months,
depending on the distance from the reservoir, was revealed. Desalination of
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groundwater from salts is observed only in the bowl] of the reservoir and on its banks,
and in relief depressions, water mineralization (salt content) increased to 35 g/l. A
strong salinization of coastal soils was noted in relief depressions and in the
downstream of dams (up to 300500 t/ha in a soil layer of 2 m). The satellite images
(Landsat and Sentinel satellite images) reveal that the process of soil flooding
(waterlogging) with groundwater and their salinization (salt concentration increase)
continues for 60 years even after the reservoir has been filled. Geomorphological
conditions, lithology of soils and existing rocks of the coast, and the winds direction
contribute significantly to the intensive soil erosion process on the reservoir’s left
bank. We found that the coastal destruction in the 60s—70s occurred at a rate of up to
tens of meters per year, and later it began to slow down (averaging 7—11 m/year), due
to the strengthening of the banks with stone filling and fragmentary overgrowth of
wood-shrub vegetation. In the 2000s, it hardly exceeded 1-2 m/year. Nevertheless,
in the last decade, climate change has caused changes in the reservoir filling regime
in the winter-spring months and in the direction of winds, which has led to an
increase in erosion processes. Monitoring erosion processes with satellite images
and a quadrocopter (UAV) made it possible in 2020-2022 to timely identify the
prominent erosion-prone areas and prevent possible reservoir destruction.

Keywords Bank protection, Dams, Geomorphological conditions, Groundwater,
Lithology of soil, Reservoir, Salinization, Soil erosion, Waterlogging

1 Introduction

Reservoirs in the foothills of the arid and subarid zones are the most important (often
the only) source of irrigation and water supply for millions of inhabitants of these
territories. Accumulating water from small mountain rivers, including those that dry
up in summer, they provide a relatively stable supply of water to the dissected
foothill plains for the drinking needs of the population and livestock, municipal
water consumption, irrigation of agricultural land, and the creation of comfortable
(or at least acceptable) living conditions for local settlements. The centuries-old
history of the peoples who lived and now live in such countries which receive high
insolation confirms the necessity and expediency of such a redistribution of local
water flow. At the same time, it is quite obvious that the reservoirs and irrigation
systems built many years ago were based on the material resources of the peoples
available at that time, the experience of accumulating and distributing water, the
level of science and technology [1-6]. And, of course, these structures solved the
urgent specific tasks that faced the local population at that time. Therefore, now such
reservoirs and systems often need to reconstruct dams, reduce unproductive water
losses, and optimize the structure of water consumption. The tasks of preserving the
area’s biodiversity, preserving the monuments of everyday life, culture and archi-
tecture of peoples, and even more so, their historical spiritual heritage are becoming
increasingly acute on the agenda. Today, it is also becoming mandatory to clarify the
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role and tasks facing such reservoirs in terms of analyzing water consumption,
economic development, and environmental protection of the entire river basin.

Irrigation reservoirs, mostly small and medium, are located in a continuous chain
along all the mountain ranges of the arid and subarid zones at the places where
mountain rivers flow to the foothill plains, and sometimes to intermountain depres-
sions. For example, in South Kazakhstan and in adjacent regions [6], these are the
Bartogai reservoir on the Chilik River, the Orto-Tokoi and the Tashutkul reservoirs
on the Chu River, the Kirov reservoir on the Talas River, the Chardara reservoir on
the Syrdarya (or Syr Darya) River, and many others. One of the authors of this
publication had a chance to work in these regions for many years. The names of the
reservoirs do not take into account the massive changes that have taken place in
Kazakhstan in recent years. The Bugun’ irrigation reservoir on the Bugun’ River is
the object of detailed analysis in this work.

2 The Bugun’ Reservoir, Its Design, Implementation,
and Problems of Functioning

After the end of the Second World War, the Republic of Kazakhstan, which was
earlier part of the former Soviet Union, was tasked with increasing the cultivation of
cotton, food, fodder, fruit, melons, grapes, etc. For this purpose (among other
projects), the semi-desert vast Pre-Karatau plain (“Otrar steppe”) was chosen,
stretching on the slopes of the Karatau ridge from the Arys’ River to the ancient
city of Turkestan. The climate here is strongly continental, dry, with an abundance of
insolation and thermal resources. The average annual rainfall is 178 mm, the average
annual air temperature is 12.1°C, the absolute maximum temperature is +490, the
minimum is —39°, and the frost-free period is 6-7 months. To provide irrigation
water to this arid territory, it was proposed to build the reservoir with a capacity of
370 million m* , fill it with water from the Bugun’ river, and feed it with water from
the Arys’ river.

Irrigation development of the foothill plain in South Kazakhstan, thanks to the
construction of the Bugun’ reservoir and the Arys’-Turkestan irrigation system,
already in those years was of great importance for the socio-economic development
of the region. It is no less important right now in connection with the creation of a
new Turkestan region of Kazakhstan. Industrial and other crops grown here have
become a strategic resource of this region, and the population has received employ-
ments, gained invaluable experience in irrigation and land reclamation in difficult
natural conditions. The very view from space of the Arys’-Turkestan irrigation
system with the Bugun’ reservoir (Fig. 1) evokes an understanding of the importance
and timeliness of providing freshwater to this vast semi-desert region [7]. We are
also satisfied with our direct participation in those already quite distant years in the
soil-reclamation substantiation of the project, the assessment of its positive and,
unfortunately, some negative characteristics [6, 8—10].
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Fig.1 The Bugun’ reservoir and the Arys’-Turkestan irrigation system: I — reservoir; 2 —the Arys’
main canal (AMC); 3 — the Turkestan main canal (TMC); 4 — the Arys’ river; 5 — the Syrdarya (Syr
Darya) river; 6 —the city of Turkestan with the Yasawi Mausoleum (Landsat-8 satellite image (2019)
[7] and figures from open sources were used for this picture [11])

The project’s technical implementation was complex, lengthy, controversial, and
yet generally successful. However, by now, problems have accumulated that require
urgent solutions in connection with the region’s development, the transformation of
the population’s rights to land and the creation of farms, and the aging of hydraulic
and reclamation facilities. First of all, this is an aggravating lack of water for
irrigation and water supply. It is caused by: (1) siltation of the Bugun’ reservoir,
(2) seepage losses from the main canals laid at a shallow occurrence of pebble
deposits without sufficient impervious measures (the Turkestan Canal), and in loess
deposits with noticeable filtration and subsidence properties (the Arys’ Canal),
(3) water losses in distribution canals of the first order; (4) unauthorized water
withdrawals for irrigation of additional areas; (5) local water losses in certain
sections of canals (main and distribution), leading to flooding and waterlogging of
adjacent lands, (6) the use of increased irrigation and irrigation norms and other
relevant reasons.

But first of all, we note changes in the regime of filling and drawdown of the
Bugun’ reservoir (Fig. 2) in recent years, apparently caused by climatic processes.
These changes make some adjustments to the relationship between surface and
groundwaters that have developed over half a century in the reservoir area
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Fig. 2 Mode of filling and drawdown of the Bugun’ reservoir in 2022 according to data from the
Sentinel-2 and Landsat-9 satellites from NASA and ESA open funds

[12]. They especially affect the soil erosion processes on the reservoir’s banks,
which will be considered in more detail.
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3 Controversial History of the Project Scientific
Justification

The idea of building the Bugun’ reservoir and the Arys’-Turkestan irrigation system
was already expressed in a schematic design in 1948, and the project assignment was
drawn up in 1953 by the “Kazgiprovodelectro” Institute (the Bugun’ reservoir —
370 million m? , canal length 194.5 km, regular irrigation — 70,500 ha, estuary
irrigation — 53,800 ha, cotton area — 28,400 ha). Based on the material and technical
resources of the state and the level of land reclamation science and practice of that
time, the irrigation network was designed in earth channels, measures to combat
filtration are not provided, drainage and wastewater networks are not designed. Soil
and reclamation substantiation for the design task, completed in 1949-1950, and
refined by research in 1952-1953 (“Sredazgiprovodkhlopok™) and in 1956—1958
(SoyuzNIIKhI), was based on a reassessment of the draining role of pebble deposits
of foothill fans and on an analysis of the soil cover structure that existed at that time,
without taking into account the variability of soil-reclamation and hydrogeological
conditions during irrigation. All this led to the construction of an irrigation system
without the use of engineering melioration. The very first years of development of
the massif revealed the shortcomings of such a technical solution and made it
necessary to “clarify” the design task. The specified task provides for the develop-
ment of 121,800 ha, of which 52,400 ha are regular irrigation, 53,000 ha of estuary
irrigation and the land of the Darmina state farm (wormwood) — 16,400 ha. Estuary
irrigation was subsequently excluded from the project. To combat the rise of
groundwater and soil salinization, it is planned to build a collector-drainage network
on an area of 22,000 ha and flush out the most saline soils. However, according to the
reviewer S.F. Averyanov, “the drainage area planned in the project (22,000 ha) is the
minimum, based on the current state of affairs, without considering the forecast of
the water-salt regime of soils. This area can be conditionally taken as the volume of
work of the first stage. In the near future (1-3 years), this area will increase.”
Unfortunately, this forecast was justified in the process of irrigation development
of the Arys’-Turkestan massif (as well as other similar systems [3, 4, 6] in the early
1960s). This is determined first of all by the presence of difficultly reclaimed saline
(sometimes alkaline) soils on the massif [3, 6, 13, 14] and filtration water losses from
the Turkestan canal, which passes through the territory with a shallow occurrence of
gravel-pebble deposits with strong water permeability. Moreover, there were not
always prompt construction of drainage (closed and open), often unjustified spatial
distribution of drainage systems without taking into account the reclamation condi-
tions of the massif, as well as insufficient experience and knowledge of the pecu-
liarities of reclamation processes in the alluvial fans of the foothill Karatau plain. All
this led to a significant increase of saline soil in this area. Salt survey of the massif,
carried out on the instructions of the Institute “Soyuzgiproris” by a number of
organizations, including the Dzhambul Institute of Water Management (Vyshpolsky
F.F. [15] and others) and the Institute of Soil Science of the Academy of Sciences of
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the Kazakh SSR [6, 8—10] showed that the area of saline soils by that time had
increased by 17,000 ha.

In subsequent years, the development of the massif continued, sometimes by trial
and error, especially in the field of salinization and waterlogging control, construc-
tion and operation of open, closed, and vertical drainage. Irrigation methods,
watering norms, and a set of crops were changed. Complex engineering and techni-
cal solution of this project, lack of experience in the development of large areas with
saline soils that are difficult to reclaim, insufficient scientific justification, and
sometimes just technical violations have created many problems on the massif.
However, these problems are being gradually resolved.

4 Bugun’ Reservoir

4.1 Features of Functioning

The reservoir was created in the valley of the Bugun’ River by the construction of the
Bugun’ and the Karazhantak dams (Fig. 3).

The right (northern) bank of the reservoir is a rugged piedmont plain, the left
(southern) bank is the watershed between the Bugun’ River and the Karazhantaksai
(Figs. 4 and 5). The reservoir’s surface area is 6,300 ha, the volume is 370 million
m?, and the depth is 15-17 m. This reservoir accumulates water of the Bugun’ River
and partially — the Arys’ River. It was filled annually from October to April, in

Fig. 3 The Bugun’ reservoir with the Bugun’ (/) and the Karazhantak (2) dams and research lines
(transects) on the southern (/ine 1) and northern (line 3) banks (Landsat 8-9 satellite images (2022)
from the NASA open fund were used for this figure)



84 V. M. Starodubtsev and M. M. Ladyka

a H (m)

265 ~ o .

Can <+
260 0 Il i 77777
a0 W

E / | g
il 1966 %%

2505 GWT InAPT m 7 // Sead wath
2453 777 GWT in October 1955 cyxac}/r /

e T ///

b ™~
o (8]
=
-
. = 3
o A4 a
s E I o 5 A ]
v Sy 3 3
I/ o ‘wn ®© n o
;7774 n'l‘.l. (7] o

//// i //Q/Zl

Fig. 4 Cross profile of the reservoir and the coast: (a) — the northern part of the profile; (b) — the
southern part. Symbols: GWT — groundwater table; AMC — the Arys’ main canal; TMC —
the Turkestan main canal; P. 1-54 — soil-lithological profiles; Sai — the Karazhantak Creek

Fig. 5 Digital relief model of the Bugun’ reservoir area (leff) and an enlarged part of its southern
coast (right) (this figure was prepared by authors with the use of the free topographic map [17])

April-May the maximum level was maintained, and from June to September there
was a drawdown of water [6, 8—10] for irrigation almost to the “dead reserve”
(Figs. 2 and 4). As already noted, in the last decade, due to climatic changes in the
basins of the Bugun’ and Arys’ Rivers, the filling of the reservoir occurs much earlier
(December—February), and the drawdown of water for irrigation occurs more
strongly and to a lower level [7, 16].
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A layer of loams represents the lithology of the territory underlain at a great depth
(more than 20 m) by gravel-pebble deposits. Groundwater in 1951 (before the
construction of the reservoir) in the bowl of the projected area lay at depths: in the
floodplain of the river Bugun’ — 2-5 m, and with a distance from it, they plunged up
to 20 m. In the Karazhantaksai, groundwater was found to be at a depth of 5-10 m.
Zonal soils here are light southern grayzem soils [3, 9], saline from a depth of
1.0-1.5 m to 20-30 m, and in the Karazhantaksai, hydromorphic solonchak soils
were common. In the bowl of the created reservoir, the soil was subjected to
desalination, and on the flooded coast — to secondary salinization [6, 8, 10]. In the
bowl of the projected reservoir, the salt content in the 0—10 m layer was about
1,200 t/ha, and about 10 million tons of salts were contained in the entire bowl area.

As a result of the filling of the reservoir, which began in 1960-1966, the soils of
the shores were flooded and secondary salinization occurred. And about 8 million
tons of salts were washed into the groundwater and soils of the coast by seepage
water from the bowl of the reservoir [10, 16].

4.2 Impact on Groundwater and Soils

The filling of the Bugun’ reservoir, which began in 1960-1966, caused a sharp
change in hydrogeological and soil-reclamation conditions in the territory adjacent
to the reservoir, as well as an intensive redistribution of salt masses in soils. Because
of a water filtration from the reservoir and from the main canals, as well as due to
hydrostatic pressure, the level of groundwater by 1966—1968 rose on the coast by
7—-10 m, and in the zone of periodic flooding — by 15 m. The groundwater level has
reached the surface in the dams’ lower pool (bief). In 1973, a further, albeit slow, rise
in groundwater was noted throughout the entire study area and in 1976, the level had
already relatively stabilized and is still preserved, reacting mainly to the mode of
filling and drawdown of the reservoir. And only in the lower part of the southern
slope, adjacent to the Karazhantaksai, a slow rise in the level of groundwater has
been observed for 15 years. At the same time, the maximum and minimum levels are
observed 1-3 months later than the water levels in the reservoir. With distance from
the reservoir, the amplitude of level fluctuations decreases from 10—12 m to 1-2 m.
Water filtration from the reservoir has led to the formation of a special
hydrochemical regime of groundwater in the adjacent territory. For example, on
the southern coast, mineralization varies from 1,000-3,000 mg/I at the reservoir to
20,000-35,000 mg/1 at a distance of 5 km (Fig. 6), the amount of chlorides sharply
increases in the ionic composition.

Further, 10-year observations showed (Table 1 and Fig. 6) that mineralized
groundwater is gradually replaced by fresher water on the coast due to filtration
from the reservoir, and highly mineralized waters are concentrated in relief depres-
sions (pp. 4, 5, 24, 52). Salts also migrate in the same direction in soils, accumulating
in waterlogged or flooded soils in relief depressions up to 300 t/ha in the 0—-100 cm
layer and 500—-600 t/ha in the 0—200 cm layer. The waterlogged and flooded soils on
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Fig. 6 Accumulation of salts in groundwater and soils of the reservoir coast (a — cross profile of the
reservoir and the coast; b — groundwater mineralization; ¢ — salt content in soils)

the territory of the dams downstream influence is still highly saline (Fig. 7), the area
of these soils is increasing.

The hydrochemical features of the reservoir itself depend on the rate of water
masses exchange. As already mentioned, the reservoir accumulates the runoff of the
Bugun’ and the Arys’ Rivers with water salinity of 400-500 mg/l. Every year, more
than 90% of the water is discharged for irrigation, and in June—July, water is supplied
in transit through the reservoir for irrigation from the Arys’ River. All this favors the
low salinity of water in the reservoir. But in the first years of the reservoir filling, we
observed an active exchange of salts between the soils of the banks and water
masses. In 1966, the mineralization of water near the coast reached
1,800-2,000 mg/l, in 1967 it decreased to 700-900 mg/l, and in 19681976 — to
400-600 mg/l. In recent years, episodic pollution of river water has sometimes
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Table 1 Groundwater mineralization (salts content) in the reservoir impact zone (mg/l)

Point of samples and | lons content, mg/l Sum of salts,
dates HCO;~ |SO.2~ |CI™ Ca** |Mg* |Na*+K* |mg/l
P.1, 30.07.1966 366 213 360 80 36 288 1,343
01.07.1967 145 28 193 28 19 97 510
28.07.1968 251 7 85 33 31 43 450
P.2,01.07.1967 105 296 1833 127 |88 797 3,246
30.07.1968 149 318 1,081 | 140 |102 |426 2,216
03.08.1973 390 229 599 10 31 557 1816
30.07.1976 176 369 816 10 49 592 2012
P.4,30.07.1966 732 3905 6,240 | 650 |540 |4,022 15,859
03.08.1973 235 1992 (2,492 |230 |188 1953 7,090
30.07.1976 420 2,770 6,720 400 |415 |3,927 14,652
P.24, 10.05.1966 293 923 7,920 |500 300 3,355 13,291
04.08.1973 683 4216 |16,596 |384 |1,286 |8,066 31,231
P.5, 30.07.1966 659 10,011 |12,480 |600 |1,020 | 10,085 34,855
01,07.1967 286 3,130 | 11,466 |368 |44 7,047 22,341
04.08.1973 471 5,412 | 12,458 | 672 994 | 7,000 27,007
Well in the downstream of the Bugun’ dam (self-discharging)

01.08.1967 287 32 975 127 |97 266 1784
05.08.1973 322 21 415 86 73 97 1,014
31.07.1976 300 17 264 90 52 49 772

Fig. 7 Soil salinization downstream of dams. On the left — the Karazhantak dam, Sentinel-2 image
(I —bog solonchak soils, 2 — highly saline meadow soils, 3 — solonchaks. On the right — solonchaks
in downstream and on the lower slope of the dam [14]

begun to occur when it flows into the reservoir after it flows through the Krasny
Most village on the Shymkent-Turkestan highway (Fig. 8).

Based on the nature of changes in the soil cover and groundwater regime, the
zone of direct impact of the Bugun’ reservoir on reclamation processes was esti-
mated by us in the upper pool (bief) at 5-6 km [3, 6]. When assessing soil changes, it
was taken into account that soil regimes, processes, morphological features, and
physicochemical properties of soils change at different rates. This creates difficulties
in soil diagnostics. With a change in hydrogeological conditions on the waterlogged
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Fig.8 Water pollution of the Bugun’ River in 2022: I — river water before the Krasny Most village,
2 — after flowing through the village, 3 — when it flows into the reservoir, 4 — “blooming” of water
after the pollutants sedimentation (Landsat 8-9 satellite images (2022) from the NASA open fund
were used for this figure)
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Fig. 9 Seasonal (over the growing season) dynamics of the groundwater level and soil moisture
(%) in the soils of the southern coast. Soil names (according to [9]): M — meadow soil, Gm —
meadow greyzem, G1°* — deeply saline light greyzem (modal soil), Gm**** — saline meadow
greyzem, Skm — meadow solonchak. Locality of soil profiles is shown at Fig. 4

and flooded coast, soils’ water and salt regimes change first of all (Fig. 9 and
Table 2), which determine the further development of new features and properties.
The main morphological features of waterlogged (flooded) soils changed more
slowly than the groundwater regime (starting from 5-6 to 15 years). Vegetation
cover corresponding to the changed water and salt regime was formed on these soils
in 13—16 years. On flooded soils, halophytes (various saltworts, kermek), azhrek
appear in the composition of vegetation. On the meadow solonchaks, thickets of the
comber are developing.
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Table 2 Changes in soil salinity and their nomenclature under waterlogging by groundwater (%)

Ton content (%)

Samples depth, cm | HCO;~ | Cl™ S0, [Ca** |Mg* |Na™+K* | Sum of salts (%)
1 2 3 4 5 6 7 8
P.2, Greyzem light deeply saline (zonal soil), 1966

0-7 0.022 0.007 |0.042 |0.008 |0.002 |0.020 0.101
25-44 0.019 0.003 |0.056 |0.008 |0.002 |0.023 0.111
81-111 0.050 0.007 |0.024 |0.006 |0.003 |0.022 0.112
144-176 0.026 0.088 [0.269 |0.062 |0.031 |0.065 0.542
196-217 0.026 0.085 |0.341 |0.128 |0.038 |0.009 0.627
450-500 0.029 0.127 |0.540 [0.130 |0.040 |0.126 0.992
700-750 0.024 0.090 [0.708 |0.145 |0.042 |0.160 1.169
750-1,200 0.015 0.109 |0.504 |0.085 |0.022 |0.178 0.913
P.1, Meadow greyzem (desalinated by surface water), 1966

0-27 0.027 0.005 |0.034 |0.010 |0.002 |0.014 0.092
55-100 0.023 0.008 |0.038 |0.006 |0.002 |0.021 0.098
150-180 0.024 0.002 |0.057 |0.005 |0.002 |0.028 0.118
350-375 0.026 0.003 |0.024 |0.005 |0.002 |0.013 0.063
750-775 0.042 0.016 |0.086 |0.009 |0.007 |0.044 0.204
800-875 0.030 0.099 |0.235 |0.020 |0.022 |0.123 0.529
950-1,000 0.020 0.072 [0.294 |0.015 |0.015 |0.149 0.565
P.1, Meadow greyzem (desalinated by surface water), 1976

0-30 0.034 0.001 |0.001 [0.006 |0.002 |0.004 0.048
3049 0.032 0.001 |0.001 |0.006 |0.002 |0.003 0.045
49-84 0.029 0.003 |0.001 |0.006 |0.002 |0.003 0.044
100-125 0.041 0.003 |0.003 |0.007 |0.003 |0.006 0.063
150-175 0.032 0.003 |0.001 |0.006 |0.002 |0.004 0.048
175-200 0.037 0.001 |0.001 [0.007 |0.002 |0.004 0.052
P.3, Greyzem light deeply saline (secondary saline), 1966

0-15 0.033 0.002 |0.028 |0.007 |0.001 |0.017 0.088
15-36 0.026 0.007 [0.022 [0.006 |0.001 |0.016 0.078
35-70 0.026 0.007 |0.024 |0.007 |0.002 |0.014 0.080
70-98 0.019 0.027 |0.106 |0.021 |0.006 |0.040 0.219
98-130 0.018 0.099 |0.432 |0.030 |0.012 |0.220 0.811
130-157 0.021 0.156 |0.400 |0.015 |0.010 |0.264 0.866
185-210 0.015 0.161 |0.480 [0.042 |0.018 |0.257 0.973
P.3, Greyzem light solonchakic (secondary saline), 1976

0-10 0.049 0.001 |0.014 [0.012 |0.002 |0.012 0.090
30-50 0.027 0.080 |0.050 |0.028 |0.006 |0.045 0.236
50-70 0.020 0.165 [0.429 |0.098 |0.044 |0.131 0.887
70-100 0.020 0.157 ]0.331 [0.029 |0.007 |0.222 0.766
125-150 0.015 0.153 [0.479 |0.051 |0.009 |0.259 0.966
175-200 0.015 0.143 |1.034 |0.253 |0.017 |0.272 1.734

P.4, Greyzem light deeply saline (secondary saline), 1966

(continued)
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Table 2 (continued)

Ton content (%)
Samples depth, cm | HCO;~ | Cl™ S0, [Ca** |Mg* |Na™+K* | Sum of salts (%)
0-14 0.033 0.021 [0.049 [0.010 |0.002 |0.034 0.149
14-29 0.028 0.017 [0.036 |0.008 |0.001 |0.028 0.118
39-66 0.024 0.021 [0.039 |0.008 |0.002 |0.028 0.122
66-103 0.032 0.045 0.069 |0.004 |0.002 |0.066 0.218
103-145 0.023 0.076 |0.108 |0.002 |0.001 |0.105 0.315
145-200 0.012 0.110 [0.725 ]0.099 |0.015 |0.281 1.242
P.4, Greyzem light saline (secondary saline), 1976
0-10 0.020 0.098 [0.082 |0.042 |0.005 |0.058 0.305
10-30 0.017 0.287 [0.127 |0.051 |0.022 |0.157 0.661
30-50 0.020 0.307 [0.335 [0.070 |0.037 |0.220 0.989
50-70 0.017 0.237 10.394 |0.043 |0.025 |0.253 0.969
70-100 0.015 0.192 [0.467 |0.056 |0.016 |0.260 1.006
125-150 0.015 0.208 |1.075 |0.233 |0.019 |0.353 1.903
175-200 0.015 0.192 | 1.158 |0.250 |0.017 |0.367 1.999
P.24, Meadow greyzem saline (secondary saline), 1966
04 0.021 0.168 [0.317 [0.071 |0.012 |0.164 0.753
4-16 0.019 0.246 [0.612 [0.071 |0.018 |0.344 1.310
34-60 0.016 0.109 [0.525 [0.036 |0.024 |0.242 0.953
85-100 0.021 0.046 [0.243 |0.014 |0.007 |0.125 0.457
P.24, Meadow solonchak (secondary saline), 1976
0-10 0.051 0.094 |3.827 [0.218 |0.022 |1.644 5.856
10-30 0.029 0.128 |1.376 |0.136 |0.018 |0.580 2.267
30-50 0.022 0.199 [0.846 |0.085 |0.024 |0.406 1.582
70-100 0.024 0.070 [0.619 |0.073 |0.011 |0.249 1.046
125-150 0.020 0.045 [0.534 [0.090 |0.010 |0.172 0.871
175-200 0.017 0.046 |1.062 |0.288 |0.018 |0.181 1.612
P.5, Meadow solonchak (secondary saline), 1966
0-10 0.019 0.186 |1.152 |0.175 |0.066 |0.545 2.447
10-32 0.018 0.266 |0.480 |0.035 |0.025 |0.321 1.145
32-55 0.027 0.101 [0.336 |0.015 |0.006 |0.209 0.696
74-100 0.034 0.066 [0.211 [0.007 |0.002 |0.146 0.468
340-370 0.013 0.033 [0.720 [0.205 |0.036 |0.066 1.083
440470 0.012 0.021 [0.816 [0.200 |0.069 |0.049 1.166
P.5, Meadow solonchak (strongly secondary saline), 1976
0-10 0.063 0417 |[4.054 |0.244 |0.050 |1.885 6.713
10-30 0.027 0.261 |1.163 |0.154 |0.028 |0.518 2.151
30-50 0.015 0.237 [0.807 [0.143 |0.021 |0.348 1.571
50-70 0.017 0.180 [0.608 |0.096 |0.016 |0.278 1.195
70-100 0.017 0.139 |0.44 0.055 |0.012 |0.226 0.893
125-150 0.012 0.111 [0.951 [0.270 |0.018 |0.190 1.552
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Fig. 10 Erosion of loess banks after the first year of reservoir’s filling (leff) and destruction of
buildings on the bank (right) in 1967 (photo by V.M. Starodubtsev)

Fig. 11 Loess rock first eroded in 1967 (leff) and redeposited silt (right) (photo by
V.M. Starodubtsev)

Erosion processes on the reservoir coast appeared already in the first years of its
filling (1963—-1968). The loess rocks of the southern (left) coast were most strongly
eroded under the impact of wave activity during strong winds and currents. The
unique susceptibility of light loams facilitated this to wetting, the loss of structure,
and the acquisition of strong fluidity. Severe water erosion occurred on the southern
steeper bank already in the first year of the reservoir’s filling to the normal water
level (NWL) (1966). The loess rock was quickly eroded: a cliff 1-2 m high was
formed, moving toward the buildings constructed on the shore and destroying the
strip of trees planted along the water’s edge (Fig. 10).

For the first time, the loess rock eroded by surface waters acquired a nostril-like
character, and then was subjected to blowing by strong winds (Fig. 11). And the
resulting bottom sediments were re-formed as a result of waves and currents during
uneven drawdown of the reservoir water for irrigation (Fig. 12) and partially
overgrown with sparse shrubs and herbs. For the first time, the loess rock eroded
by surface waters acquired a nostril-like character, and then was subjected to
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Fig. 12 Reformation of the muddy bottom during uneven drawdown of the reservoir (left) and
overgrowth of the bottom with shrubs in the drying zone (right) (photo by V.M. Starodubtsev)

blowing by strong winds (Fig. 11). And the resulting bottom sediments were
re-formed as a result of waves and currents during uneven drawdown of the reservoir
water for irrigation (Fig. 12) and partially overgrown with sparse shrubs and herbs.

Modern water erosion processes in reservoir are shown in a series of satellite
images of Sentinel-2 and Landsat 8-9 (Fig. 13). The upper part of the figure shows
the erosion processes along the entire coast of the reservoir with strong winds
periodically in this area. The middle part of the figure shows the erosion of the
protruding sections of the coast during the spring months and the dangerous section
of the coast where there is a threat of water breakthrough and destruction of the
reservoir (red arrow). The lower part of the figure shows the erosion of bottom
sediments by alongshore currents.

The coast receded in the first decades by tens of meters, creating a threat to the
safety of the Bugun’ Dam in its western corner (Fig. 13, top). In recent years, the rate
of coastal erosion has decreased. If the average for the period 1966—2019 coastal
retreat amounted to 7—11 m per year, in the 2000s it did not exceed 1-2 m, including
due to protective stone filling along the southern coast. The rate of coastal retreat due
to erosion processes for the period 19662019 is shown in Fig. 14. And changes in
the general configuration of the southern coast due to erosive processes over the
entire period of the reservoir’s operation are shown in Fig. 15.

However, in recent years, due to a change in the reservoir filling regime (Fig. 2)
and wind currents, erosion has increased in the area of the Karazhantak dam
(Fig. 13), creating a real threat of water breakthrough into the Karazhantaksai and
potential destruction of the reservoir. At our suggestion, in 2021, surveys of the area
were carried out here with a quadrocopt