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Abstract: The unreasonable development and pollution of groundwater have caused damage to the
groundwater system and environmental problems. To prevent this, the concept of “groundwater
vulnerability” was proposed, and various evaluation methods were developed for groundwater
protection. However, with changing climatic conditions and human activities, groundwater vulnera-
bility is now emphasizing physical processes. This study aims to review and analyze the principles
and applications of process-based groundwater vulnerability methods to achieve the source protec-
tion of groundwater resources. It introduces the assessment method and elaborates on pollutant
migration processes and numerical simulation technology. Relevant articles from the past 30 years
are reviewed to show the evolution of process-based groundwater vulnerability assessment. The
study also discusses current research trends and proposes future development paths. It concludes
that process-based groundwater vulnerability assessment will become the mainstream method, and
modern technologies such as artificial intelligence will be necessary to solve challenges and achieve
sustainable development.

Keywords: groundwater vulnerability assessment; pollution transport; unsaturated zone; transport
simulation

1. Introduction

Environmental and development issues are the most pressing issues facing humanity
today [1-3]. For a long time, people have focused only on the development and utilization
of natural resources, ignoring the finiteness and non-renewability of resources as well as
the environmental damage caused by development [4-6]. This has led to the continuous
deterioration of the ecological environment and has restricted the sustainable development
of the economy and society [7-9]. Nearly half of the world’s population uses groundwater
as a source of drinking water making it an indispensable valuable resource in countries’
economic development [10-13]. With the rapid development of industry and agriculture
and the continuous increase in population, the unreasonable exploitation and utilization
of groundwater and groundwater pollution have become increasingly serious, causing
varying degrees of damage to groundwater systems, resulting in a series of ecological and
environmental problems such as declining groundwater levels, reduced water volume,
and deteriorating water quality [14-18]. This has proved that groundwater pollution has
characteristics such as accumulation, lagging behind, potentiality, etc., and is often related
to land pollution [19-21]. Once the groundwater system is damaged, especially when
the water quality deteriorates, the difficulty and cost of its treatment and restoration are
extremely huge, rendering it almost impossible in a short time [22,23]. Therefore, how to
protect groundwater resources from pollution or minimize pollution is a very important
research topic.
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Due to the concealment of underground aquifers and the complexity of their distri-
bution, as well as characteristics such as slow flow rate and poor self-purification ability
compared to surface water, once groundwater is polluted, it is much more difficult and
costly to manage than surface water. Some pollution may even be impossible to completely
eradicate [24-26]. In karst areas, the lack of natural sealing or filtering layers makes it easy
for surface water and all pollutants to directly enter the aquifer or underground rivers
through karst forms such as caves, funnels, and sinkholes. Moreover, the karst aquifer has
the characteristics of a triple medium, including voids, fractures, and conduits. Pollutants
have a short retention time in the karst system and limited reaction with the aquifer; thus,
the attenuation of pollutants and chemical and biological decay is often ineffective [27,28].
Therefore, based on hydrogeological conditions and the layout of industrial and agricul-
tural production, we should scientifically divide the scope of groundwater protection zones
and adopt strict protective measures to ensure that groundwater is not polluted. To this
end, conducting vulnerability zoning evaluations of groundwater and delimiting water
source protection zones has become a major means of protecting aquifers [29]. This is of
great significance for maintaining harmony between natural resources and the ecological
environment and realizing the sustainable development and utilization of groundwater
resources. The concept of groundwater vulnerability mainly refers to pollution and focuses
on water quality while ignoring water quantity [28,30]. Authors of this article believe that
the meaning of groundwater vulnerability should be fully understood from the following
two aspects: (1) The meaning of groundwater vulnerability should include both water
quality and water quantity. It is manifested as groundwater pollution problems in terms of
water quality and a series of negative effects on the water environment caused by changes
in water quantity. The evaluation scope needs to include not only the vadose zone but also
the corresponding saturated zone. The combination of water quality and water quantity,
and the combination of the saturated zone and the vadose zone, form a complete vulnera-
bility evaluation framework for the groundwater system. (2) Groundwater vulnerability
refers to the possibility of pollution occurring and is a relative concept. In areas with
high groundwater vulnerability, the situation of the groundwater may not necessarily be
poor; on the contrary, in areas with low groundwater vulnerability, when there are strong
sources of pollution or human activities that cause damage, the groundwater system will
be damaged and become vulnerable.

At present, there are many methods for evaluating groundwater vulnerability, and the
mainstream methods include the overlay index method, statistical method, and process
simulation method [25,31]. Among them, the process-based simulation method is based
on the water and pollutant transport model, using deterministic physical and chemical
equations to simulate the transport and transformation process of pollutants, establishing
a vulnerability evaluation formula, and quantifying each evaluation factor to obtain a
comprehensive index that can evaluate vulnerability [32]. This method can describe the
physical, chemical, and biological processes that affect groundwater vulnerability and can
estimate the spatial and temporal distribution of pollutants, thus becoming the mainstream
trend in groundwater vulnerability evaluation. However, although significant progress has
been made in the process-based groundwater vulnerability assessment method, there is
still a lack of systematic sorting of methods. Most of them are still focused on the transport
of pollutants in the vadose zone and have not systematically evaluated groundwater vul-
nerability from the perspective of sources and sinks by treating the vadose zone-saturated
zone as a whole.

This study aims to provide a comprehensive analysis of process-based vulnerability
evaluation principles and mathematical calculation methods of physical and chemical
processes during pollutant transport in soil. Additionally, we will summarize the commonly
used numerical simulation methods for pollutant transport in vadose and saturated zones
and review the development of groundwater vulnerability evaluation methods in the past
30 years. Based on this foundation, our study aims to identify bottlenecks and provide
innovative solutions for the development of process-based groundwater vulnerability
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evaluation. This will provide a basis for rational development and utilization of regional
groundwater resources, prevention of groundwater pollution, and effective protection of
groundwater resources. The innovative aspect of our study lies in its focus on process-based
vulnerability evaluation and its emphasis on the identification of bottlenecks and provision
of solutions. By doing so, our study will contribute to the advancement in groundwater
vulnerability evaluation methods and provide a more comprehensive understanding of the
protection and utilization of groundwater resources.

2. The Methodology of the Process-Based Groundwater Vulnerability Assessment
2.1. The Principles of the Process-Based Groundwater Vulnerability Assessment

The process-based method entails constructing a vulnerability assessment mathe-
matical formula based on groundwater flow and contaminant transport models. Various
evaluation factors are quantified to obtain a comprehensive regional vulnerability index.
The term “process” encompasses the flow of recharge water sources and the movement of
pollutants through the soil, unsaturated zone, and saturated zone, as well as the transport
and transformation of pollutants in the unsaturated and saturated zones [31]. Multiphase
vertical flow exists in the surface soil and unsaturated zone, with physical, chemical, and
biological processes predominating, which delays the arrival of pollutants in the ground-
water table, with the reaction intensity in the surface soil being higher than that in the
unsaturated zone [33-35]. Water flow in the saturated zone is primarily horizontal, and the
attenuation of pollutant concentration relies mainly on dilution by groundwater flow and
secondarily on various reactions. These processes can be attributed to the groundwater
flow system and the geochemical action system, which determine the vulnerability of
groundwater to pollution [36]. Factors that control the groundwater flow system, such as
groundwater supply, runoff and drainage conditions, and the properties of the aquifer itself
(porosity, hydraulic conductivity, thickness, etc.), directly affect the intrinsic vulnerability
of groundwater resources. The conceptual model is depicted in Figure 1. The important
mechanism controlling the transport and transformation of pollutants in the groundwater
flow system is the process of diffusion and dispersion. The primary processes responsible
for altering the pollutant concentration in groundwater include adsorption—-desorption,
dissolution—precipitation, oxidation-reduction, and complexation.

The process-based method can be used to evaluate both the intrinsic vulnerability
of groundwater and the specific vulnerability to a particular pollutant, and is generally
applied at large scales. Understanding the sources and movement of groundwater is
crucial in studying the intrinsic vulnerability of groundwater using the process-based
method, while the focus of evaluating specific vulnerability is on the sources, transport, and
transformation of pollutants. However, the method is primarily limited by the availability
of long-term observations of groundwater flow and solute transport.

Simulation is a tool for investigating groundwater vulnerability through “process”,
and the establishment of groundwater flow and solute transport transformation models
is key to implementing process-based methods for studying groundwater vulnerability.
By identifying and validating these models, the accuracy and reliability of groundwater
vulnerability assessment results based on modeling can be ensured to a certain extent. Thus,
process-based methods are not only a means of evaluating groundwater vulnerability, but
also a process for verifying the results of such assessments.
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Figure 1. Conceptual diagram of groundwater pollutant transport based on the “source-sink” process.

The transport behavior of solutes in unsaturated zones is constantly changing, as
various natural and human factors influence groundwater flow. As solutes move from the
unsaturated zone into the saturated zone with groundwater, their transport behavior is
not only affected by factors such as infiltration and evaporation, but also by the physical
and chemical properties of the solutes themselves and the matrix potential of the soil. In
groundwater mixed within soil and rock fissures, solutes are displaced due to differences
in the concentration of different solutions in the water flow, and solute transport is mainly
achieved through processes such as convection, dispersion, and adsorption. The process-
based groundwater vulnerability assessment method is shown in Figure 2. Based on the
entire transport path of pollutants entering from the ground surface and flowing through
the vadose zone and saturated zone, the main control targets of process-based ground-
water vulnerability assessment are selected at the groundwater surface and pumping
wells. The evaluation scope is, respectively, the vadose zone and saturated zone, and the
groundwater system, as shown in Figure 1. In summary, it mainly includes the following
calculation positions:

First position: Calculate the actual infiltration amount and total amount of pollutants
entering the ground based on rainfall, evaporation, runoff, and pollutant sources.

Second position: Use a simulation model to calculate the total amount of pollutants
passing through vadose zone soil layers and entering the groundwater system.

Third position: Use a process-based method to obtain water flux and pollutant con-
centration entering the saturated zone from the vadose zone. This information serves as
the boundary condition for a 2D or 3D groundwater flow and pollutant migration model
to study changes in pollutant concentration in the pumping well.
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Figure 2. Process-based groundwater vulnerability assessment process.

2.2. The Physical and Chemical Processes Involved in Process-Based Groundwater
Vulnerability Assessment

2.2.1. Convection

The process of solute movement through groundwater flow in soil is known as con-
vection. The formation of convection requires two fundamental elements: fluid flow and
the existence of a pore system, which leads to the transport of solutes. Convection typically
occurs in the saturated—unsaturated zone of stable or unstable water flow regimes [37,38].
The strength of the convection effect is generally represented by the convection flux, which
denotes the amount of material or mass of solute that passes through a unit area of unsatu-
rated groundwater in a given time. It can be expressed as follows [39]:

Je = qc 1)

where J. represents the convective flux of solute, also known as solute transport density,
measured in mol/(m?s); g denotes the water flux, which represents the amount of water
passing through a unit area in the vertical direction per unit time, measured in m/s; and
c represents the relative concentration of the solute, measured in kg/m3. If expressed in
terms of soil water content 8 or pore velocity v, Equation (1) can be written as follows:

Je = Ovc (2

where v represents the average pore flow velocity (m/s) and 6 represents the volumetric
water content of the soil.
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2.2.2. Hydrodynamic Dispersion

Hydrodynamic dispersion is caused by the mechanical dispersion and molecular
diffusion of solutes in porous media. Mechanical diffusion and molecular diffusion occur
simultaneously and act together to cause mixing and dispersion of solute concentration.

(1) Molecular diffusion

Molecular diffusion is a phenomenon of material transport caused by the uneven
concentration of solutes in a liquid. Concentration gradients cause the material to move
from areas of high concentration to areas of low concentration, in order to achieve a uniform
concentration. Therefore, molecular diffusion occurs even in stationary liquids. In free
solutions, molecular diffusion follows Fick’s law, which states that [40,41]:

o= -D% ©
X

where Js represents the diffusion flux of the solute (mol/ m?-s); dc/dx represents the concen-
tration gradient; and D], represents the diffusion coefficient of the solute in units (m?/s).
Due to factors such as soil moisture content and pore tortuosity, the diffusion coefficient
of molecules in soil is lower than that in free water. It is generally believed that the solute
diffusion coefficient is independent of soil solute concentration and is instead represented
as a function of soil water content:

Ds(6) = Dyae? 4)

where a and b are empirical constants. Unsaturated groundwater is connected to the air,
and some pores are filled with air. It does not fill the entire aquifer, but only fills part of the
pore system of the aquifer. Therefore, for the description of the diffusion process of solute
molecules mixed in soil, the following equation is often used:

de
]s = _GDSLT (5)
x

(2) Mechanical diffusion

Due to the existence of pores of different sizes and shapes in the soil, the flow velocity
and direction of the aqueous solution in each pore is different, which disperses the solute
and expands the transport range, causing mechanical dispersion of the solute. The solute
migration flux caused by mechanical dispersion can be expressed as [42,43]:

de
Jn = —0Dy, 7 (6)
X

where J), represents the mechanical dispersion flux of the solute (mol/ m?2-s) and D, repre-
sents the mechanical dispersion coefficient (m?/s). By combining Equations (3) and (6), we
can obtain the advection—dispersion equation:

dc
Jsn = Dsh(er v)a (7)
By combining Equations (5) and (6),
dc
Jor = —6D ®)

where ]y, represents the solute hydraulic dispersion flux, and Dy, (6,v) and D are the
effective hydraulic dispersion coefficient and hydraulic dispersion coefficient, respec-
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tively. These coefficients are functions of water content and average pore velocity. One-
dimensional hydraulic dispersion can be expressed as follows:

Dgy(6,0) = A" + D )

D = Av" + DofT(6) (10)

Researchers [44—47] have determined the hydrodynamic dispersion coefficient D

through extensive experimentation:
vd
P=— 11
=5 a1
where v represents the average pore velocity, and d represents the characteristic length
scale of the porous medium, which could be either the average particle size or some other

relevant length scale.

2.2.3. Adsorption

After pollutants enter the unsaturated zone, solutes are transferred from the liquid
phase to the solid phase under specific conditions. This process significantly affects solute
transport from the unsaturated zone to the saturated zone, with factors such as soil solution
composition, pH value, mineral properties, ionic strength, and organic matter content
playing important roles. The adsorption of solutes occurs through two mechanisms: specific
and non-specific adsorption, with specific adsorption being the predominant mechanism
in variable charge soils. The adsorption equilibrium equation is [48-50]:

q _ bC
gs 1+0bC

(12)

where b represents the adsorption constant, g represents the amount of solute adsorbed on
the soil solid framework, and g5 represents the maximum adsorption capacity relative to
the soil framework.

2.3. The Influence Factors of Solute Transport in Vadose Zone
2.3.1. Initial Concentration

The initial concentration is used to indicate the existing level of pollution in the
study area and to predict the potential degree of contamination to groundwater under
current conditions. The value of the initial concentration can be determined through
experimentation.

2.3.2. Boundary Conditions

(1) The constant concentration boundary condition

The constant concentration boundary condition can be conceptualized as a pollutant
source where a known concentration of the pollutant is introduced into the study area.
Under certain circumstances, this boundary condition can also serve as a sink, removing
solutes from the simulation zone. The solute concentration values at the boundary of the
study area can be determined through measurements.

(2) The recharge concentration

The recharge concentration can be defined as the concentration of solutes that are
released into the study area over a specified time frame.

(38) The evapotranspiration

The boundary conditions for evapotranspiration concentration indicate the concentra-
tion of various types of solutes resulting from the evapotranspiration process specified in
the solute transport model.
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(4) The point source

The point source boundary condition represents the concentration of various solutes
under the influence of water flow boundary conditions.

2.3.3. The Component Parameters

The component parameters are used to represent the solute transport parameters that
consider the interaction and adsorption effects among solutes, typically expressed as the
decomposition coefficient. If the transport simulation does not consider adsorption and
reaction effects, this parameter is not taken into account.

2.3.4. The Dispersion Coefficient

Dispersion arises from the tortuosity of groundwater flow as it percolates through
interconnected soil voids. This physical phenomenon serves to disperse contaminants in the
X, 'Y, and Z directions along solute transport pathways, leading to a reduction in solute con-
centration. The dispersion coefficient [51] can be calculated using the following equation:

V2 2
||+1xH><||+1xV>< V+D* (13)

where D represents the dispersion coefficient (L?/T); a; denotes the longitudinal dispersiv-
ity, (L); V1 denotes the longitudinal flow velocity along the solute transport path (L/T); ay
represents the transverse dispersivity (L); Vi denotes the transverse flow velocity along the
solute transport path (L/T); oy denotes the vertical dispersivity (L); V,, denotes the vertical
flow velocity along the solute transport path, measured in units of L/T; D* represents the
diffusion coefficient (L?/T); and |v| represents the magnitude of the seepage velocity,
measured in units of L/T.

D=ua; x

3. The Commonly Used Method for Numerical Simulation

The numerical simulation methods involved in the process-based groundwater vul-
nerability assessment are mainly divided into unsaturated zone solute simulation and
saturated zone solute transport simulation. Table 1 presents a classification and summary
of commonly used models, and detailed introductions are provided in the following text.

Table 1. Equilibrium models for chemicals retention and release in soil.

Model Name Function
Linear Model S =K,C
Freundlich Model S = K,C"
Redlich-Peterson Model S = KCSpuax/ (14 KC")
Langmuir Model S =bCSpux(1+0bC)
Langmuir—Freundlich Model S = KC"Spax/ (14 KC")
c . k
Multipoint Langmuir Model S =¥ KiCSmax/(1+K;C)
i=1
Multipoint Freundlich Model S — f K =K;Cri

i=1
Note: In the above models, S and C are the concentrations of pollutants in the soil solid and liquid phases,
respectively; Ky, 1,b, K, Syax, K, nj are the relevant empirical parameters of the model.

3.1. The Vadose Zone Models

The vadose zone models for pollutants in the vadose zone can be broadly classified into
three categories: geometric models, convection-diffusion transport models, and stochastic
models. These models facilitate the study of pollutant transport theory and the integra-
tion of laboratory and practical issues, providing a quantitative and systematic approach
for pollutant transport in soil and essential raw data for environmental monitoring and
management agencies.
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3.1.1. The Geometric Model

The geometric model is the earliest model used to study water and salt movement,
and it is established by fully simplifying the process of sudden solute transport.

(1) The leaching model

The “piston flow” leaching model [52] is a physical model for solute transport that is
idealized and developed from water movement in soil. Its basic assumptions are:

I.  The soil pores are cylindrical tubes with a diameter of D;

II.  The solute and water flow at the same speed v, without considering flow velocity
distribution and reactions between soil and solutes;

III. Molecular diffusion is not considered;

IV.  Changes in soil structure are not taken into account.

This model is based on the assumption that when a solution infiltrates downwards, it
displaces another solution in the soil pores, similar to a piston moving in a cold cylinder.
The formula for this model is:

zp = ] (14)

where z, represents the depth of the solute infiltration front, Q is the quantity of the
dissolved solution, and 0 is the soil moisture content.
This model is applicable to the infiltration of non-adsorbing solutes in sandy soil.

(2) The capillary bundle model

The capillary bundle model regards soil as a combination of capillaries of varying
thickness, according to the soil moisture characteristic curve [53,54]. The model assumes
that:

I.  Soil is composed of a series of capillaries of varying thickness, with the diameter
distribution reflecting the soil moisture characteristics;

II.  Solutes primarily move through convection in the soil, with molecular diffusion being
negligible and therefore ignored;

II.  Soil moisture is divided into two parts, mobile water and immobile water, with mass
exchange between them in a transient equilibrium state;

IV.  The structure of the soil remains unchanged

3.1.2. The Convection-Diffusion Equation Model (CDE)

(1) Unicomponent solute transport

The CDE model represents the most prevalent and fundamental mathematical model
for describing solute transport. It considers the transport of solutes induced by both
convection and diffusion, including the accompanying processes of sorption or degradation
during convection and diffusion [55,56]. An unsteady one-dimensional advection—diffusion
equation for solute transport in soil, which incorporates sorption or degradation, can be
expressed as follows [56]:

9(6C 9 0 dC
% P35 = 5-10-D(0,9)- 5= — aC} — (=, 1) (15)

where C represents the concentration of solutes in soil, 6 denotes the soil moisture content,
p is the soil bulk density, S represents the concentration of solutes in the adsorption phase,
D(0,q9) is the diffusion coefficient, g represents the water flow rate in soil, ¢ is time, z is the
depth coordinate in soil, and 1(z,t) denotes the rate of solute uptake or release induced by
plant roots.

The equation for soil water content control is [57]:

0 0 oH
L aZ(K(G)aZ> +R(z, 1) (16)



Processes 2023, 11, 1610

10 of 27

where K(6) represents the soil hydraulic conductivity, H is the soil water potential, and
R(z, t) is the plant root water uptake function. In Equation (14), soil moisture 6 is generally
treated as a constant to avoid the difficulty in nonlinear equation solving caused by transient
changes in soil moisture. However, as field soil moisture is constantly changing, scholars in
recent years have recognized that the effect of soil hydraulic conductivity on soil solute
transport cannot be ignored. Therefore, in some studies, the artificial assumption of constant
soil moisture has been eliminated. Simulation results have also shown that soil hydraulic
conductivity characteristics have a significant impact on soil moisture and solute transport.
Hence, using the variable coefficient method to study the solute transport in the field has
achieved better results.

After simplifying Equation (14), assuming that the dispersion coefficient D is constant
and that the water flow is in a steady state, regardless of whether the soil moisture content
is saturated or unsaturated, when the moisture content is constant, Equation (5) can be
expressed as:

oC p 9S _0°C oC
The variable v represents the velocity of soil pore water, where v = /6. Using

Equations (14)—-(16) as the governing equation in a model, solute transport can be solved
in the presence of ion adsorption or exchange and plant influence. This model can be
classified into either analytical equilibrium models or nonequilibrium models, depending
on the rate function of solute adsorption and decomposition. The analytical equilibrium
model assumes that the reaction rate between chemicals and soil solution or solid phase is
rapid and reaches equilibrium instantaneously or within a short period of time, commonly
represented by the equilibrium models shown in Table 2.

Table 2. Classification of methods for the process-based groundwater vulnerability assessment.

Applicable Suitable for P
Model Name Area Model Type Field Application Performance Limitations
Simply generalized without
Leaching Unsaturated Equilibrium . Simple calculation;  considering processes such
Suitable .
model zone model Few parameters. as pollutant transformation
and absorption.
. Simply generalized without
Capillary [ . . 52
Unsaturated Equilibrium . Simple calculation; considering processes such
bundle Suitable .
zone model Few parameters. as pollutant transformation
model .
and absorption.
Does not consider complex
Simple and reliable ~ processes such as chemical
Unsaturated Equilibrium . calculations; reactions and adsorption of
CDE zone model Suitable Requires few data; pollutants; The simplified
Strong expandability. model may have differences
from the reality.
Can accurately
simulate the
Unsaturated Nonequilibrium nonequilibrium Numerous parameters are
MIM Moderate disadvantageous for
zone model transport of solutes;

Suitable for various simulating field scale.

pollutants.
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Table 2. Cont.

Applicable Suitable for P
Model Name Area Model Type Field Application Performance Limitations
Capable of
. . Numerous parameters are
estimating the .
e disadvantageous for
distribution of . . -
simulating field scale;
sorbed and .
dissolved phases; Some assumptions do not
Two-site Unsaturated Nonequilibrium R ! match the actual situation;
Moderate Can estimate the .
model zone model . The impact of
pollutions el .
. nonequilibrium adsorption
transport rate;
. and slow release of
Can estimate . .
. pollutants from soil particles
amount of pollutions .
. . . cannot be considered.
retained in soil.
Numerous parameters are
. el Can better describe disadvantageous for
Two region Unsaturated Nonequilibrium Moderate the advective simulating field scale; Not
model zone model . .
transport of solutes.  applicable to non-uniform
flow fields.
The ability to
consider the Requires a large amount of
Random Unsaturated Equilibrium and . heterogeneity of data; Unable to depict the
e Suitable . .
model zone Nonequilibrium the medium; transport mechanism
A high level of of pollutants.
prediction accuracy.
Applicable to a Ex1ster}ce of homogepeous
. . and linear assumptions;
Equilibrium variety of pollutants; Inability to describe
ADE Saturated zone d Suitable Computationally
model - complex processes such as
stable and efficient; .
. adsorption and
Widely used. . .
chemical reactions.
Takes into account .
. . Existence of homogeneous
physical, chemical, . .
. . and linear assumptions;
Equilibrium and biological 1D model;
OTIS Saturated zone 4 Suitable processes of o .
model Cannot describe dynamic
pollutant transport; .
.L physical and
Computation is chemical processes
reliable and stable. P '
Applicable to Can only describe
multiple pollutants; short-term solute transport
MTAK Saturated zone Equilibrium Suitable Apphcable to proces.ses; Adsgrptlon and
model multiple processes; chemical reaction models
Wide range of have limitations; Many
applications. parameters involved.
Equilibrium varin of pollutants;  LaTBe data requirements;
STOMP Saturated zone q Suitable ty P ! Too many parameters;
model Applicable to

multiple processes;

complex calculations.

The models shown in Table 2 have different ranges of applicability. The specific
model should be chosen based on experimental data and conditions, and the best model is
determined by selecting the model with the largest regression coefficient. Nonequilibrium
models, also known as kinetic models, assume that the reaction between chemicals and
soil solution or solid phase is time dependent, which is referred to as a kinetic process.
Currently, there are many mathematical simulation studies on adsorption both domestically
and internationally. However, due to the complexity of the calculation in Equation (16),
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the adsorption term is often simplified in applications. In the case of steady state without
soil solute adsorption and decomposition, and without plant roots, Equation (14) can be
simplified as follows:
oC 9°C oC
o a2 U ;
Equation (17) is a typical convection—diffusion model used to estimate the dispersion
coefficient with the breakthrough curve method. Some scholars [58-60] believe that there
exist some non-connected water-filled pores in the soil, which can be referred to as dead
pores. The water in these pores does not participate in the flow movement, but the solute
in them participates in the solute transport through mass exchange, thus proposing the
mobile-immobile model (MIM). Its governing equation is [61]:

(18)

00mCm 00, Ciy *Cu 99Cn
oT ' oT 6mD 92X 0X (19)
oC; 0
a;m - &(Cm - Cim) (20)

where m represents the mobile water region, im represents the immobile water region,
Ci represents the solute concentration in the mobile water, C;;,, represents the solute
concentration in the immobile water, and g represents the Darcy velocity. Due to the
significant spatiotemporal variability in soil parameters in the field, simulation results often
deviate considerably from field observations. Therefore, current research mainly focuses
on the determination of initial values and hydraulic dispersion coefficients in the model.

Therefore, building upon the steady-state water model, some scholars [62,63] have
proposed a two-region model (TRM) that divides water in soil into two distinct flow
rate zones based on their respective velocities, both of which are non-zero. This model
assumes that the fast-flowing zone is designated as Zone A, while the slow-flowing zone
is designated as Zone B. The two regions are characterized by their respective water
velocities (v4,vp), water content (84, 0p), solute concentration (C4, Cg), and dispersivity
coefficients (D 4, Dp). Moreover, solute exchange occurs between the two regions, which
can be expressed as follows [62]:

I'=ua(Cq—Cp) (21)

where I represents the mass exchange between the two flow regions and « denotes the
mass exchange coefficient (h~!) between the two regions. The two-region model can be
expressed as follows:

aCA . ach aCA 4
ot ~Paga Vagy —g,(CaC) @2)
oCp . 9*Cp oCp  w
5t ~ D ~Veay — 5 (Ce—Ca) (23)

From the basic structure and assumptions of the two models, it can be seen that both
the two-region model and the two-layer model divide soil water into two distinct regions.
Although the two-region model divides the regions based on the velocity of water flow,
while the two-layer model divides them based on the size of soil pores, the size of soil pores
is the main factor that determines the velocity of water flow. Therefore, the assumptions
of the two models have inherent consistency. Moreover, the mass exchange between the
two flow regions in the two-region model has characteristics similar to molecular diffusion
between the two layers in the two-layer model. The biggest difference between the two
models lies in the fact that both regions in the two-region model have non-zero velocities,
while the water velocity in one region of the two-layer model is zero. However, when
the velocity of water flow in the slow region Vp = 0 in the two-region model (in fact,
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Zone A and Zone B are symmetrical, and designating either region as the slow region
does not affect the final results), the two-region model evolves into the two-layer model.
Additionally, the dispersion coefficient and mass exchange coefficient are included in the
model, and it is necessary to analyze whether these parameters are the same in both models.
Moreover, since the two-region model is relatively complex, obtaining an analytical solution
is generally not feasible and numerical calculations must be used. However, when the
velocity of water flow Vp = 0, the convergence of the calculation is reduced, and it is
necessary to seek a reasonable transformation method.

(2) Multiple solute transport

The theoretical basis for studying the transport of multiple ions with chemical reactions
in soils is the conservation of mass and hydrodynamic dispersion theory. Currently, there
are two methods commonly used to solve such problems. The first method assumes no
chemical reactions among the various components and uses the convection—dispersion
equation (CDE) transport model to separately determine the concentration distribution of
each ion, and then adjusts the concentration of each ion based on its chemical equilibrium
relationship. The second method, called chromatographic simulation, involves solving
the algebraic equations representing the chemical equilibrium relationships and the CDE
transport equations simultaneously.

The movement of components in unstable and unsaturated flow can be expressed as
follows [64,65]:

19C _ 9 (pr9Ci, 9GPy 9Si
(gRl)atl - az <6D az )qu az + (171 )];lhl] at (24)
for which: .
gi =14+ —) riS; (25)
vlsl]’:i
1
hij =1+ —)Y r;S; (26)
TG j=i
Ro—1+ (B)E 27)

where 7; represents the valence of component j, S; denotes the interconversion quantity of
component j, p stands for the density of the fluid solution, 0 represents the soil moisture
content, and v denotes the Darcy flow velocity.

The transport of multiple solutes in soil involves diffusion, adsorption/desorption,
distribution, and microbial degradation conditions, which are related to various fields of
research such as chemistry, thermodynamics, and soil physics. Many unresolved issues in
these fields have limited the application of this model in the soil-water environment system.
However, scholars have improved the model to investigate the transport of pollutants in
soil under specific conditions.

3.1.3. Random Model

Due to the significant variation in the spatial structure of the soil and the velocity of
water flow in the soil under field conditions, Jury proposed a stochastic function model.
This model considers that when a solute enters a porous medium from a certain point,
the solute particles cannot move along the original flow trajectory entirely due to various
random factors, leading to deviation. In addition, although solute particles exhibit a trend
of flowing along the main direction in the pores, their movement in terms of time and
direction also shows a random trend. Therefore, this model does not limit the mechanism
of solute migration in soil, and for a specific soil, as long as the probability distribution of
the time required for solute particles to reach a certain depth from the surface is known,



Processes 2023, 11, 1610

14 of 27

the model can be used to predict the average concentration process at different depths. The
model can be expressed as follows [66,67]:

Ci(t) = [~ Canlt = #) (0t 8)

where f;(t) represents the probability density function of the transition.

fi(t)dt' represents the probability of a solute particle, initially located at z = 0 at time ¢
=0, reaching the position Z = L at time ¢ + dt.

For a solute that does not interact with the medium, instantaneously injected at the
surface at ¢t = 0, the solute concentration process at depth Z can be described by the temporal
transfer function of the soil, given by:

f2(t) =L/ZfL(tL- Z) (29)

According to the results of various infiltration experiments, the average concentration
process c(z, t) at location Z can be expressed as follows:

o) !
c(z,t) :/O Cin(t — t’)%fl(%t)dt’ (30)

The model exhibits remarkable capabilities in describing the infiltration dispersion
resulting from “branch-merge” processes during solute transport, thus conferring unique
advantages for studying issues such as hydrodynamic dispersion and spatial variability in
field experiments. However, since the functional model is approached from a statistical and
stochastic perspective for simulating the overall solute transport process, it cannot simulate
the transport trajectory of individual molecules or ions, and is subject to various unknown
influencing factors. As a result, the utilization of such models to reveal soil solute transport
mechanisms is severely limited.

3.2. The Model for Saturated Zone

The basis for solute transport simulation lies in the mathematical model, which in-
cludes the governing equations, initial conditions, and boundary conditions. By considering
the hydraulic conditions, transport parameters, and source-sink terms, various methods
can be used to solve the governing equations and obtain the concentration distribution and
temporal evolution of the solute of interest.

The governing equation can be described as follows [68]:

2(0C) i aoC
of ox;

P -
Dz-jaxi> ~ 55, @) +4sCs + ) Re, ij=1,23 (1)

where C represents the solute concentration (M-L~3); @ represents the effective porosity;
D;; represents the dispersion coefficient tensor (L2-T~1); g; represents the Darcy veloc-
ity (L-T~1); Cs represents the concentration of the source-sink term (M-L~3); and }_ Ry
represents the chemical reaction rate (T 1.

Its initial condition is:

C(x,v,2,0) = Cx,vy,z)(in Q) (32)

Given the concentration C°(x,v,z) and the model domain Q, the boundary conditions
are as follows:
C(x,y,z,t) =C(x,y,2z)inT (33)

C(x,y,z) is the known concentration and I’ is the model boundary.

Currently, methods for obtaining solutions to mathematical models can be roughly
divided into two categories: analytical solutions and numerical solutions. As far as the
current state of mathematics is concerned, there is still no universal solution for analytical
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solutions to partial differential equations. Numerical solutions for solute transport mod-
eling can be applied to general cases, and their accuracy can also meet scientific needs.
Therefore, they are widely used in practical work. Only under certain simple conditions,
such as when simulating isotropic hydraulic parameters in the region, simple geometric
shapes, and uniform flow fields, can solute problems be solved using analytical solutions.
In most hydrogeological conditions, convection migration is much larger than diffusion
migration, and the convection effect dominates in the solute migration process.

Therefore, reliable preliminary results of solute transport processes can be obtained
through pure convection calculations. In convection migration simulations, fluids are
often considered a collection of infinitely small fluid particles, while solutes in fluids are
considered another type of contaminant particle. The convection migration process is
simulated based on the movement of representative particles/contaminant particles.

Although particle tracking is a simplified approach to simulating solute migration
processes, it can effectively address many issues of concern in process-based simulation,
such as determining capture zone boundaries of hydraulic control systems, estimating the
time of arrival of contaminants and the duration of cleaning up contaminated aquifers,
assessing the sources and residence times of different groundwater portions, and analyzing
geochemical evolution. Currently, most numerical methods for solving the advection-
diffusion equation are the Euler method, the Lagrange method, and the mixed Euler—
Lagrange method.

(1) The Euler method is the earliest method used for solute transport simulation. It
is still widely used today, especially in hydraulic simulations, due to its effective-
ness [69,70]. Its advantage lies in the use of a fixed grid, which satisfies the law of
mass conservation, allowing for precise and efficient handling of migration problems
where dispersion is dominant. Additionally, it is easy to implement programmati-
cally. However, in dealing with the prevalent convective dominant problem in field
conditions, the Euler method often brings about excessive numerical diffusion and
oscillations. Within the Euler method, finite difference and finite element methods
each have their own advantages and disadvantages. Finite element methods are
more flexible in terms of spatial discretization, whereas finite difference methods have
lower numerical complexity and often require less computation.

(2) The Lagrangian method, which abstracts fluid and solutes as a large number of mov-
ing particles, is employed to represent convection and diffusion. It can precisely solve
migration processes dominated by convection and effectively eliminate numerical
diffusion [71]. However, due to the lack of a fixed simulation network, the Lagrangian
method can cause numerical instability and computational difficulties. These short-
comings are especially difficult to control when dealing with non-uniform media
with multiple sources/sinks and complex boundary conditions, resulting in local
conservation errors and anomalies. The representative method in the Lagrangian
method is the stochastic walking method, which approximately handles migration
caused by convection using particle tracking, and characterizes diffusion processes by
adding a random displacement term to the particle position during convection. By
adjusting the flow velocity and particle mass, adsorption and decay can be treated.

(3) The mixed Euler-Lagrange method seeks to combine the advantages of the Euler
method and the Lagrangian method [72,73]. The Euler method, which employs finite
differences and finite element methods, is used to handle dispersion and other terms,
while the Lagrangian method, which employs particle tracking, is used to solve con-
vection terms. Currently, the trend in the development of the mixed Euler-Lagrange
method is to seek solutions that satisfy mass conservation and are more computation-
ally efficient. The primary approaches for the mixed Euler-Lagrange method are the
Method of Characteristics (MOC), Modified Method of Characteristics (MMOC), and
Hybrid Method of Characteristics (HMOC). The Method of Characteristics employs
conventional particles to solve convection terms, but the particles do not carry mass;
they represent the concentration field. Its advantage is that it has very low numerical
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dispersion, and the concentration obtained is less discrete than that obtained with
the Random Walk Method. The Modified Method of Characteristics is similar to the
Method of Characteristics, but it differs in how it handles convection terms. The
Method of Characteristics requires a large number of particles that move with time
and records the concentration and position of each particle during tracking, while
the Modified Method of Characteristics only requires one particle at each differential
or finite element location. Therefore, the Modified Method of Characteristics, when
combined with simple low-order concentration interpolation, is more computationally
efficient than the Method of Characteristics. The Hybrid Method of Characteristics
attempts to combine the advantages of the Method of Characteristics and the Modified
Method of Characteristics, and adjusts the solution method automatically according
to the nature of the concentration field. By using appropriate control criteria to switch
between the Method of Characteristics and the Modified Method of Characteristics,
the solution method can achieve almost no numerical dispersion, while using far
fewer particles than the Method of Characteristics.

4. Application and Progress in the Assessment of Process-Based
Groundwater Vulnerability

Since the 1950s, with the development of computational tools, mathematical modeling
has gradually been introduced into the study of solute transport. Taylor (1953) [74] was
the first to quantitatively describe longitudinal dispersion in capillaries, opening a new era
of using mathematical models to quantitatively study solute transport processes. Subse-
quently, Aris (1956) [75] applied Taylor’s method to capillaries with irregular shapes and
concluded that the local velocity distribution is not a parabola. According to the theory
of hydraulic dispersion [76], the convection-diffusion equation (CDE) derived from the
principles of mass and momentum conservation in fluid media has become a classic mecha-
nistic model for studying solute transport processes in porous media, and is widely used in
practice. As such, CDE has become one of the primary models for studying contaminant
transport in aqueous media. Fariz Mikailsoy [77] argues that the CDE can effectively simu-
late the transport of salts in soil and can be used to predict the behavior of salt transport
under different soil types and environmental conditions. The CDE facilitates a deeper
understanding of the physical processes involved in the transport of solutes in porous
media, providing a valuable tool for predicting the fate of contaminants in geothermal
reservoirs under varying temperature conditions [78]. Further investigation [79] has been
conducted on the impact of initial concentration and input flux on the transport of Zinc
(Zn) in sand columns, which revealed that the CDE model is more suitable for simulat-
ing the transmission of Zn in columns with higher relative concentrations, specifically at
50 and 100 mg L~! initial concentrations. The CDE equation model exhibits remarkable
performance in describing the transport process of solutes in porous media. Based on
experimental data and fitted parameters, the results show that an increase in soil bulk
density;, silt, and clay content leads to a reduction in the average soil pore water velocity
and dispersivity coefficient, thereby prolonging the infiltration time of solutes in soil [80].

Many scholars [81,82] have found that the conventional CDE model falls short in
explaining the occurrence of early breakthrough and tailing phenomena in the transport of
solutes in heterogeneous media. Some scholars [83,84] have discovered that even in soil
columns or troughs that are uniformly filled indoors, irregular solute transport phenomena
may occur. Furthermore, the CDE model is limited in capturing variations in pollutant
concentrations only within the upper layers of soil, and falls short in providing satisfactory
simulation results for deeper layers [85].

To better describe the irregular phenomena that occur during solute transport, schol-
ars [62] have proposed various improved models over time. The MIM model has a sound
theoretical foundation and is relatively straightforward in its formulation. At the local
scale, the MIM transport model provides a better description of the observed early break-
through and tailing phenomena in BTC compared to the CDE model [86]. When dealing
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with various forms of solute transport, such as breakthrough curves with multiple peaks,
the MIM model exhibits superior performance [87]. In addition, the MIM model demon-
strates greater precision compared to the equilibrium model in soils with lower solute
concentrations [79].

The TRM model, also known as the two-region model, was introduced by van
Genuchten and Wierenga (1976) [88] as a modification of the classical CDE for the purpose
of explaining nonequilibrium transport in heterogeneous porous media. TRM has been
widely used to simulate the transport of pollutants in soils and aquifers, particularly in
cases where nonequilibrium conditions are expected, such as in fractured or layered me-
dia [83,89]. When the solute is present in the soil under physical nonequilibrium conditions,
the TRM model can effectively simulate experimental breakthrough curves [83].

The two-site model (TSM) is a commonly used model for describing the processes of
sorption and desorption of substances in soil or rock pores [90]. It has been applied to a
range of pollutants, including heavy metals and organic pollutants [91,92]. When a solute
exists in a chemical nonequilibrium state, the TSM model demonstrates high accuracy in
simulating its penetration curve [83].

Another common mathematical model used to describe solute transport in heteroge-
neous media is the continuous-time random walk model (CTRW). Initially developed to
describe the theory of electron irregular migration in statistical physics, CTRW [93,94] has
also been introduced in geology to address the problem of irregular solute transport in
porous and fractured media. After comparing the parameter variations in the CDE, TRM,
and CRTW methods, the results indicate that the CTRW modeling method is better suited
for determining the concentration of non-reactive pollutants in low-permeability soil media
with small depths [95]. However, in simulating the transport of heavy metals in soil, the
CTRW model exhibits inferior performance compared to the CDE and MIM [96].

Figure 3 shows the changes in the number of models using the vadose zone equilibrium
model, vadose zone nonequilibrium model, saturated zone model, and their coupled
models, from 2000 to 2022. It can be seen from the figure that the use of nonequilibrium
models for vadose zone solute transport simulation has received more attention, and reflects
the importance of nonequilibrium models in vadose zone solute transport simulation. The
simulation of the saturated zone and the equilibrium simulation of the vadose zone are
relatively low in popularity, reflecting that the related numerical simulation technology
is relatively mature. At the same time, it can also be seen that with the development
of monitoring and numerical analysis technology, the coupled vadose zone—saturated
zone pollutant transport model has gradually received attention, which is the basis for
the development of process-based groundwater vulnerability assessment technology and
shows that process-based assessment technology is attracting more and more attention. It
is the focus and urgent problem of future development.

From the 1940s to the 1960s, many scholars [97,98] studied the theory of fully penetrat-
ing well flow in confined aquifers, further improving the theory of unsteady groundwater
flow. In recent decades, a plethora of groundwater numerical simulation software has
emerged, with commonly used ones including MODFLOW, FEFLOW, and GMS.

MODFLOW is a software developed by the United States Geological Survey for simu-
lating groundwater flow in porous media. The Canadian company Waterloo Hydrogeologic
has added MODPATH and MT3D modules to this software and has also enhanced it with
visualization capabilities, resulting in VISUAL MODFLOW. This software can simulate
both groundwater flow and solute transport, but it is limited to saturated zones and has
some shortcomings in handling irregular boundaries [99].Visual MODFLOW utilizes a vi-
sual approach, allowing for the intuitive representation of changes in groundwater quality
over time and space, thereby facilitating the assessment and comprehension of complex
three-dimensional data [100]. The software has been employed to simulate acid mine
drainage in tailings dams, and the simulation results have revealed the migration pathway
of heavy metals. The model further predicts that the volume of acidic mine drainage,
and the concentration of Zn can be reduced through the installation of a low-permeability
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barrier downstream of the tailings dam or the utilization of ground-sealing techniques to
minimize backfilling [101]. Furthermore, scholars [102] have employed both the MOD-
FLOW and MT3DMS models as simulation models, utilizing genetic algorithms as the
optimization algorithm, and encoding the optimization process of the genetic algorithm in
MATLAB software, thereby achieving the potential of combining models with algorithms.
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Figure 3. The histogram for the number of articles using different numerical simulation methods in
different years.

The researchers have, for the first time, established an underground water reactive
transport model for the study area by utilizing FEFLOW [103]. The transport of pollutants is
not only controlled by natural groundwater flow but also by drainage during deep mining
operations. Using mathematical models and solute transport models in the FEFLOW
system, the migration patterns of multiple pollution sources in mining areas were studied
under conditions with and without drainage [104]. Furthermore, upon comparing the
MODFLOW, PTC, and FEFLOW models, it was discovered that FEFLOW exhibited the
most superior performance in simulating groundwater levels and nitrate distribution [105].

GMS (Groundwater Modeling System) is a software system developed by Aquaveo
that enables groundwater flow and water quality simulation, which supports multiple
numerical models, such as MODFLOW, MT3DMS, and MODPATH, while also provid-
ing diverse data visualization and analysis tools, such as topographic maps, water level
maps, stream line maps, and water quality maps. GMS is compatible with a variety of
computer operating systems and platforms. However, due to its relatively comprehensive
nature, GMS may have certain limitations in certain complex geological conditions [106].
By utilizing T-PROGS in GMS, a three-dimensional stratigraphic model of chlor-alkali
contaminated sites was generated based on lithological information obtained from soil
drilling. This was then combined with a hydrogeological model and in situ groundwater
monitoring to numerically simulate the groundwater flow in the study area and obtain the
transport behavior of the contaminant plume in the groundwater [107]. Using MODFLOW
and MT3DMS software in the Groundwater Modeling System (GMS), the hydrological and
water quality characteristics, as well as the transport trend in ammonia in groundwater,
were simulated and analyzed in the study area [108]. Based on the GMS software, an equiv-
alent porous medium model was used to simulate the transport of total nitrogen under
different conditions in the study area [109]. GMS was used to predict the concentration and
migration range of arsenic, and to verify that sediment release is the main source of heavy
metal pollution in groundwater [110].

In order to accurately characterize the spatiotemporal distribution patterns and com-
plex transport and transformation processes of solutes in soil water and groundwater,
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scholars have conducted a significant amount of research. In the early stages, pollution
concentration measurements were mainly taken by collecting in situ samples. However,
with the continuous development of computer technology and numerical calculation meth-
ods, attention [111,112] has gradually shifted towards numerical simulation studies on the
spatiotemporal distribution patterns and transport and transformation processes of water
flow and solutes using process-based models. To this end, models that incorporate multiple
physical, chemical, and biological processes such as water transport, solute migration,
bioreactions, and chemical reactions, are applied to predict the spatiotemporal distribution
patterns and transport and transformation processes of solutes in soil water and ground-
water. Compared to early in situ sampling experiments, numerical simulation research
has higher efficiency and reliability and is able to simulate a wider range of real-world
scenarios and complex groundwater systems [113-115].

Currently, commonly used models for saturated—unsaturated water flow and solute
transport can be roughly divided into three categories: (1) Hydraulic models, such as
HYDRUS [116], SWAP [117], FEFLOW [118], MODFLOW [119], RT3D [120], etc. These
models establish a set of governing equations based on mass conservation and Darcy’s law
to describe the physical transport of water flow and contaminant convection-dispersion in
porous media, without considering chemical reactions; (2) Multi-component geochemical
models, such as PHREEQC [121], MINTEQA2 [122], EQ3/6 [123], etc. Taking PHREEQC
as an example, it employs chemical equilibrium and kinetics to calculate the concentration,
solubility, precipitation, dissolution, and chemical reaction rates of ions and compounds
in water. It can predict the chemical properties of water by inputting hydrochemical data
of groundwater or surface water, or simulate chemical reactions between solid materials
and water by inputting the chemical properties of solid materials. The simulated reaction
pathway is static and does not consider the influence of hydrodynamics on the spatial
distribution of solutes; (3) Coupled models for water flow, solute transport, and chemical
reactions. Considering that the spatial and temporal distribution of pollutants in ground-
water is influenced by convection, migration, dispersion, and biogeochemical reaction
processes, scholars have developed various models that couple hydrodynamic processes
and biogeochemical reactions.

A dynamic modeling approach coupling HYDRUSA 1D and MODFLOW is employed
to simulate hydraulic heads, achieving a relative error of less than 1%. By coupling
hydrogeology and radionuclide transport, a general picture of pollutant migration can be
obtained [124]. Shultz et al. [125] researched a physically based finite difference model,
RT3D-OTIS, for simulating the fate and transport of selenium (Se) species in coupled
groundwater /surface water systems. It considers the impact of NO3 on selenium speciation
and migration, as well as the cycling and migration of nitrogen (N) in these systems. The
objective of RT3D-OTIS is to simulate the spatial and temporal distribution of selenium and
nitrogen in aquifers and their connected streams at a regional scale, building upon existing
models for selenium groundwater. The model’s contribution lies in its ability to simulate the
spatial and temporal distribution of selenium and nitrogen more accurately in groundwater
and surface water systems. Beegum et al. [126] developed an enhanced unsaturated
water flow and transport package that is integrated with the 3D groundwater flow model
MODFLOW and the 3D groundwater solute transport model MT3DMS. In addition to
simulating water flow in the unsaturated zone, this new software package can also simulate
solute transport involving a multitude of biogeochemical processes and reactions, including
first-order degradation, volatilization, linear or nonlinear sorption, single-center kinetic
sorption, dual-site sorption, and dual-site kinetic sorption. Rock and Kupfersberger [127]
developed a new HYDRUS package for MODFLOW by switching between the 6 and
h forms of the Richards equation (RE) at each numerical node. This approach avoids
the drawbacks of both h- and 0-type REs and results in higher numerical stability and
computational efficiency. Zeng et al. [128] directly coupled the soil water movement and
nitrogen transport model SIMWASER/STOTRASIM with the groundwater flow and solute
transport model FEFLOW. This coupled model was applied to a partially saturated aquifer
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in southeastern Austria to investigate the influence of groundwater table depth on the
distribution of pore water pressure in the vadose zone. Wei and Bailey [129] conducted
a study using a coupled flow model, SWAT-MODFLOW, which includes a groundwater
reactive transport model, RT3D, to simulate the groundwater reactions and migration of
NOj3 and P in the soil-aquifer—river system and their interactions. This study demonstrates
that the code for the SWAT-MODFLOW-RT3D model is a useful tool for verifying the
migration of NO3 and P, as well as quantifying the best management practices effects on
groundwater-driven watersheds. Figure 4 shows several mainstream commercial models
used for solute transport in the vadose zone and saturated zone, including Feflow, GMS,
Modflow, and Hydrus. From the figure, it can be seen that among the four models, GMS
and Hydrus have higher usage rates in the saturated zone and vadose zone, respectively,
while Feflow and Modflow have relatively lower usage frequencies. At the same time, the
usage frequency of GMS and Hydrus has an increasing trend year by year, reflecting the
stability and reliability of the two commercial software in solute transport simulation.
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Figure 4. Bubble chart of the usage of various commercial software in the past 20 years.

5. Challenges and Prospects

The focus of studying the intrinsic vulnerability of groundwater is to understand
the sources and movement of groundwater, while the focus of studying special vul-
nerability is to identify the sources, transport, and transformation of pollutants. The
process-based method can provide a mechanistic description of the process based on
groundwater flow and solute migration and transformation models, but it also has the
following disadvantages:

(1) The operation of the unsaturated zone model requires a large number of parameters
and boundary conditions. Existing technologies still have deficiencies in dealing with
the heterogeneity of soil parameters at the field scale, which increases the uncertainty
of simulation results;

(2) It requires sufficient long-term groundwater level and water quality data;

(8) There is uncertainty in the process-based method in groundwater vulnerability as-
sessment; the reasons include objective uncertainty factors and subjective uncertainty
factors. The randomness and complexity of the groundwater system determine the
objective uncertainty, while the researcher’s one-sided understanding of the research
object causes subjective uncertainty;
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(4) There is uncertainty in the transport and transformation rules of characteristic pollu-
tants in the vadose zone and saturated zone and in obtaining quantitative characteri-
zation parameters;

(5) This method focuses on simulating the process of surface pollutants entering the va-
dose zone and saturated zone. The model can quantitatively describe the vulnerability
changes caused by the lowering of groundwater levels and the increase in vadose
zone thickness due to excessive groundwater exploitation, leading to an extended
time for pollutants to enter the saturated zone. However, there are some shortcomings
in describing the mechanisms of groundwater quality changes caused by changes in
groundwater quantity.

Therefore, future work on the process-based method in solving groundwater vulnera-
bility can be carried out regarding the following aspects:

(1) In evaluating groundwater resource vulnerability, focus on theoretical research on
solute migration and transformation in the vadose zone. In evaluating groundwater
source vulnerability, how to comprehensively reflect the impact of vadose zone and
saturated zone on groundwater vulnerability and coupling of water flow and pollutant
migration models in vadose zone and saturated zone deserves further study;

(2) Explore methods to combine the process-based method with stochastic models and
various intelligent methods (gray system, BP neural network, projection pursuit,
extension theory, etc.) to study groundwater vulnerability;

(3) From a technical perspective of groundwater vulnerability assessment, the combina-
tion of GIS technology with various mathematical models will be a major development
direction for groundwater vulnerability assessment;

(4) The process-based method has clear physical meaning, high reliability of evaluation
results, low subjectivity, and strong practicality in evaluating groundwater vulnera-
bility. However, due to the complex random uncertainty of the groundwater system
itself, further research is needed on both the evaluation method and uncertainty
analysis of results.

6. Conclusions

The research provides a comprehensive review of the principles and methods of
groundwater vulnerability assessment based on the process approach. It considers an
assessment framework that includes both the unsaturated and saturated zones. The con-
cept of groundwater vulnerability has been developed since the 1960s-1970s and has
been widely applied in the assessment of groundwater vulnerability in many countries
worldwide. In the past 30 years, several qualitative, quantitative, and statistical methods
have been proposed for vulnerability assessment. The process approach, as a branch of
groundwater vulnerability assessment, is based on water and pollutant transport models,
and uses deterministic physical and chemical equations to simulate the migration and trans-
formation of pollutants. It establishes a mathematical formula for vulnerability assessment
and obtains a comprehensive index for vulnerability by quantifying various evaluation
factors. The greatest advantage of this method is that it can describe physical, chemical,
and biological processes that affect groundwater vulnerability and estimate the spatial and
temporal distribution of pollutants. The process-based simulation method is commonly
used to determine the essential vulnerability of aquifers and evaluate the vulnerability of
water supply sources to a particular target pollutant. The key to evaluating the essential
vulnerability using the process-based mathematical simulation model is to understand the
source and movement of groundwater, while the evaluation of special vulnerability mainly
focuses on the source, transport, and transformation of pollutants.

From this review, it is apparent that the process-based approach to groundwater
vulnerability assessment is a major focus for future development, due to the limitations
of existing methods and the differences in hydrogeological and land use conditions in
different regions.
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However, the main limitations of the process-based approach are its complexity and
the limited availability of spatial and temporal datasets required for the simulations. Nev-
ertheless, with the advancement in field monitoring technology and numerical methods,
it is becoming a trend to rely more on process-based models to reliably simulate/predict
groundwater vulnerability under different hydrogeological conditions.

This approach is a priority for addressing the growing global water quantity and
quality issues. The potential of remote sensing (RS), geographic information systems
(GIS), and artificial intelligence (AI) should be fully utilized for vulnerability assessment.
In addition, emerging tools and technologies should be adopted to develop effective
spatial decision support or expert systems to improve decision making in water resource
management and land use planning. Considering the lack of field data, in-depth field
investigations at the basin/watershed scale should be conducted globally to address the
heterogeneity and scale issues in hydrology and the watershed division problem of karst
aquifers. Efforts should be made to develop a reliable watershed-scale monitoring network
for groundwater level and quality, while regular monitoring of groundwater (level and
quality) should be an integral part of watershed management strategies. Due to the inherent
complex stochastic uncertainty of groundwater systems, further research is needed to
analyze the uncertainty of vulnerability assessment methods and their results.
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