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Preface to “River Ecological Restoration and

Groundwater Artificial Recharge”

The goal of this Special Issue is to highlight the research frontier of the river ecological restoration

and groundwater artificial recharge, considering the river shrinkage and groundwater depletion

worldwide. In the opening period of the Special Issue, we were lucky to receive 21 submissions.

After peer review organized by the journal and the selection of our Special Issue, ten papers were

finally selected and published in the Special Issue. The papers can generally be classified according

to the following topic areas: (1) identifying and characterizing the complex hydrological processes in

the river ecological restoration or groundwater artificial recharge; (2) characterizing the impacts of the

river ecological restoration or groundwater artificial recharge on the physiochemical and biological

evolution and the ecological risk of aquatic environment; and (3) demonstrating the redistribution

of water resources and the safety of water quality in the river ecological restoration or groundwater

artificial recharge. We believe that these high-quality papers have important reference value for the

sustainable management of the water resources and the ecological protection of water.

Yuanzheng Zhai, Jin Wu, Huaqing Wang

Editors

ix





Citation: Zhai, Y.; Wu, J.; Wang, H.

River Ecological Restoration and

Groundwater Artificial Recharge.

Water 2022, 14, 1144. https://

doi.org/10.3390/w14071144

Received: 23 March 2022

Accepted: 31 March 2022

Published: 2 April 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

water

Editorial

River Ecological Restoration and Groundwater
Artificial Recharge

Yuanzheng Zhai 1, Jin Wu 2,* and Huaqing Wang 3
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76600 Le Havre, France; huaqing.wang@univ-lehavre.fr
* Correspondence: wujin@bjut.edu.cn

There is an extensive water exchange between river water and groundwater in natural
conditions. With the large-scale exploitation of river water and groundwater resources,
adverse ecological impacts on the river and groundwater environment arise, such as water
table depression, water quality deterioration, land subsidence, dried up rivers and dry-up,
and vegetation degradation. The mechanisms underlying the relationship between the
river and the groundwater and its impacts on the water resource and ecosystems, its major
driving factors and the responses of the ecosystems to the water pollution are still not
fully understood. On the other hand, the study of numerical simulation, risk assessment
model, and water resource sustainable utilization are undergoing a revolution due to
the development and application of a diverse range of new technologies and methods.
However, these latest technologies and methods are still supported by relatively limited
scientific evidence. There is an increasing need for understanding how climate change
and human activities affect river water and groundwater, considering the river shrinkage
and groundwater depletion worldwide. The Special Issue “River Ecological Restoration
and Groundwater Artificial Recharge” seeks to create a platform to review and present
advanced methodologies, current progress and challenges, and future opportunities.

The Special Issue comprises ten papers with three interlinked research fields. Five
papers focused on the impacts of river ecological replenishment and other human activi-
ties on river and watershed ecology and groundwater quality. Three papers focused on
groundwater recharge and its impacts on the groundwater regime. Two papers focused on
the sustainable utilization of water resources at the regional and river basin scale.

The first published paper of the Special Issue discussed the influence radius of a
pumping well, which is a parameter with little scientific and practical significance that can
easily be misleading [1]. This paper offers two suggestions: (1) The influence radius should
not be used in the sustainable development and protection of groundwater resources, let
alone in theoretical models. (2) From the perspective of regional overall planning, the cal-
culation and evaluation of the sustainable development and the utilization of groundwater
resources should be investigated systematically [1].

Most of the authors were interested in the relationship between river water and
groundwater, especially in areas with strong human activities. Che et al. [2] evaluated
the hydrochemical characteristics and evolution of groundwater in an alluvial plain, and
the results could be useful for the effective management and utilization of groundwater
resources and provide basic support for the ecological restoration of the Yangtze River
Basin of China. Two teams evaluated the impacts of the ecological water supplement
on groundwater restoration using numerical simulation [3,4]. Three teams focused their
research on the environmental stress impacts on the groundwater, river, and basin based
on a risk assessment model, respectively [5–7]. Zhang et al. [8] conducted a case study

Water 2022, 14, 1144. https://doi.org/10.3390/w14071144 https://www.mdpi.com/journal/water
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of research on the application of the typical biological chain to control algal in the lake
ecological restoration. This paper’s significance is related to the issue of eutrophication.
The authors suggested it can be addressed by introducing Zoop (an algal predator) and
Macc to a large extent, resulting in improved ecosystem maturity.

Finally, the rest of the published papers were related to sustainably utilizing ground-
water resources. Guo et al. [9] assessed the groundwater suitability for irrigation and
drinking purposes in an agricultural region of the North China Plain. Zhang et al. [10]
presented a water resource allocation system for the rational utilization of brackish water
in a water shortage area.

These published papers provide useful scientific evidence that could lead to a better
understanding of the relationship between river water and groundwater impacted by
human activities and climate change. We believe that these high-quality papers have
important reference value for the sustainable management of water resources and the
protection of water ecological security.

We thank all the authors for contributing to this Special Issue and making it a success.
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Abstract: To facilitate understanding and calculation, hydrogeologists have introduced the influence
radius. This parameter is now widely used, not only in the theoretical calculation and reasoning of
well flow mechanics, but also in guiding production practice, and it has become an essential parameter
in hydrogeology. However, the reasonableness of this parameter has always been disputed. This
paper discusses the nature of the influence radius and the problems of its practical application based
on mathematical reasoning and analogy starting from the Dupuit formula and Thiem formula. It is
found that the influence radius is essentially the distance in the time–distance problem in physics;
therefore, it is a function of time and velocity and is influenced by hydrogeological conditions and
pumping conditions. Additionally, the influence radius is a variable and is essentially different from
the hydrogeological parameters reflecting the natural properties of aquifers such as the porosity,
specific yield, and hydraulic conductivity. Furthermore, the parameterized influence radius violates
the continuity principle of fluids. In reality, there are no infinite horizontal aquifers, and most aquifers
are replenished from external sources, which is very different from theory. The stable or seemingly
stable groundwater level observed in practice is simply a coincidence that occurs under the influence
of various practical factors, which cannot be considered to explain the rationality of applying this
parameter in production calculations. Therefore, the influence radius cannot be used to evaluate the
sustainable water supply capacity of aquifers, nor can it be used to guide the design of groundwater
pollution remediation projects, the division of water source protection areas, and the scheme of
riverbank filtration wells. Various ecological and environmental problems caused by groundwater
exploitation are related to misleading information from the influence radius theory. Generally, the
influence radius does not have scientific or practical significance, but it can easily be misleading,
particularly for non-professionals. The influence radius should not be used in the sustainable
development and protection of groundwater resources, let alone in theoretical models. From the
perspective of regional overall planning, the calculation and evaluation of sustainable development
and the utilization of groundwater resources should be investigated in a systematic manner.

Keywords: influence radius; Dupuit; Thiem; groundwater flow system; sustainable development

1. Origin of the Issue

Darcy’s Law [1], which was obtained through laboratory seepage column experiments
by Darcy in 1856, is an important milestone in the history of hydrogeology and has led to
the transition of hydrogeology from qualitative descriptions to quantitative calculations.
Seven years later, Dupuit established the Dupuit stable well flow model (also known as the
round island model) based on Darcy’s Law and derived the stable well flow formula known
as the Dupuit formula [2]. In the Dupuit model, the aquifer is a finite volume cylinder

Water 2021, 13, 2050. https://doi.org/10.3390/w13152050 https://www.mdpi.com/journal/water
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placed in the sea, and the pumping well is located at the axis of the cylinder, which is an
ideal model for high generalization. In reality, aquifers with a finite cylinder shape, constant
head boundary at the side, and zero flux boundaries at the top and bottom are extremely
rare, and actual aquifers are also difficult to generalize as assumed by the Dupuit model
and calculated directly using the Dupuit formula. Consequently, the practical application
of the Dupuit model has been largely limited since its inception. To solve this problem,
Thiem [3] extended the Dupuit model to a horizontal infinite aquifer using an approximate
hypothesis and thus established the Thiem model. This model has a parameter called the
range of cone of depression. Thiem assumed that this parameter represents the horizontal
distance from the pumping well to the point where the water level cannot actually be
observed to drop; therefore, a large error will not occur in the replacement of the round
island radius “R” with the parameter of the range of cone of depression [4]. Later, Todd [5]
figuratively renamed the range of the cone of depression as the influence radius and argued
that it was not necessarily observable, but rather an approximate empirical value [6], which
is how the influence radius originated.

The influence radius may be confusing with regard to the Dupuit model and Thiem
model, and it is believed that the round island radius (R) in the former is equivalent to the
influence radius (R) in the latter. Additionally, it is believed that the influence radius is
objective, immutable, and measurable [7], and has nothing to do with human impact, in a
manner similar to some hydrogeological parameters such as the hydraulic conductivity,
specific yield, and round island radius. This erroneous understanding has misled practical
work and resulted to errors in the theories and methods of groundwater resource evalua-
tion [8]. Thus, the development of groundwater resources and the prevention and control
of groundwater pollution have been subject to misleading information. This is particularly
the case for the division of groundwater source protection areas [6]. In recent years, the
influence radius has occasionally been discussed in academia [9–11], but consensus has
not been reached. Considering this situation in combination with the needs of theoretical
research and practical application, this paper tries to use non-professional language to
further discuss the issue of the influence radius through mathematical reasoning and
analogy to clarify this issue.

2. Birth and Application History of Influence Radius

2.1. Birth: A Misunderstanding

Dupuit made the following assumptions when he established the stable well flow
model (round island model for short, Figure 1(1)): the unconfined aquifer is a homogeneous
and isotropic circular island aquifer with a horizontal lower confining bed, the lateral
boundary of the well has a constant head and there is a completely penetrating well in the
center of the aquifer, the aquifer does not have vertical infiltration recharge and evaporation,
and the seepage is a steady flow that conforms to the linear law.

The Dupuit formula for the unconfined aquifer is derived under these hypotheti-
cal conditions:

Q = 1.366K
H2

0 − h2
w

lg R
rw

(1)

where Q is the water yield of the pumping well, [L3T−1]; K is the hydraulic conductivity,
[LT−1]; H0 is the thickness of the aquifer, [L]; hw is the water level of the pumping well, [L];
R is the influence radius, [L]; and rw is the radius of the pumping well, [L].
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Figure 1. Schematic diagram of Dupuit model and Thiem model. Q is the water yield of the pumping well, [L3T−1]; sw

is the drawdown of the pumping well, [L]; h is the groundwater level at distance r from the pumping well, [L]; H0 is the
thickness of the aquifer, [L]; hw is the water level of the pumping well, [L]; rw is the radius of the pumping well, [L]; r is the
distance between the pumping well and observation well, [L]; and R is the influence radius, [L].

The relationship between Q-hw and Q-R in Equation (1) is further analyzed in Figure 2.
In the Q-hw relationship curve (Figure 2(1)), the lower confining bed of the aquifer is
considered as the base level. When hw is zero, the drawdown in the well reaches the
maximum, and the hydraulic gradient also reaches the maximum. Because the hydraulic
conductivity of the aquifer remains unchanged, the flow velocity in the aquifer is also
maximized according to Darcy’s law. If the water sectional area is not considered, the
water yield of the pumping well will be maximized. When hw is equal to H0, there is
no drawdown in the well; therefore, the hydraulic gradient cannot be formed, the flow
velocity is correspondingly zero, and the water yield of the pumping well is also zero. In
the Q-R relationship curve (Figure 2(2)), when the radius of the round island (R) is the
same as the radius of the pumping well (rw), the pumping well is equivalent to pumping
directly from the sea. In this case, the pumping well can extract an infinite amount of
water without considering the limitation of pumping power. When the radius of the round
island is infinite, the distance between the sea (source) and the pumping well is also infinite.
In this case, even if the pumping time is sufficiently long, the seawater cannot reach the
pumping well, and the amount of water from the sea in the pumping well will be zero.
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(1) hw-Q (2) R-Q 

Figure 2. Relationship between the water yield of the pumping well and water level of the pumping well, and between the
water yield of the pumping well and the influence radius in the Dupuit model. Q is the water yield of the pumping well,
[L3T−1]; Qm is the maximum water yield of the pumping well, [L3T−1]; H0 is the thickness of the aquifer, [L]; hw is the
water level of the pumping well, [L]; rw is the radius of the pumping well, [L]; and R is the influence radius, [L].

Thiem proposed the stable well flow model of the influence radius based on the
Dupuit model (Figure 1(2)). Thiem argued that, in this model, the R value in an aquifer
that extends indefinitely in the horizontal direction can be approximated as the horizontal
distance from the center of the pumping well to the point where the drawdown of the
groundwater level is virtually unobservable. To satisfy the Dupuit hypothesis, Thiem
proposed a formula for calculating the stable well flow with one observation well and two
observation wells, respectively [12]. This is known as the Thiem formula for a pumping
well in unconfined aquifer and is expressed as follows:{

h2 − h2
w = Q

πK ln r
rw

h2
2 − h2

1 = Q
πK ln r2

r1

(2)

where h is the groundwater level at distance r from the pumping well [L]; hw is the water
level of the pumping well, [L]; Q is the water yield of the pumping well, [L3T−1]; K is the
hydraulic conductivity, [LT−1]; r is the distance between the pumping well and observation
well, [L]; rw is the radius of the pumping well, [L]; h1 and h2 are the groundwater levels of
the two observation wells, respectively, [L]; and r1 and r2 are the distances between the
two observation wells and the pumping well, respectively, [L].

Although the Thiem model was established based on the Dupuit model, there are
essential differences between them. First, the aquifer in the Dupuit model is cylindrical and
has a well-defined boundary, which is surrounded by water. The Dupuit formula does not
work without this boundary, while the aquifer in the Thiem model extends indefinitely in
the horizontal direction and does not have a boundary. Thus, there are essential differences
with regard to the assumed boundary conditions. Additionally, in the Dupuit model, R
refers to the radius of the cylindrical aquifer and is a geometric parameter describing the
volume of an object. Moreover, R has a fixed value, which means that the cylindrical
aquifer has a fixed volume. In the Thiem model, R refers to the horizontal distance from
the center of the pumping well to the point at which the drawdown of the groundwater
level is virtually unobservable; therefore, it is not a geometric parameter. The values of R in
different directions of the aquifer may also be different because of the heterogeneity of the
aquifer, and the boundary of the cone of depression in an aquifer may not be a circle [4,13].
Additionally, in the Dupuit model, the exterior of the cylindrical aquifer is full of water,
and the aquifer can receive a constant supply of water. After pumping in the aquifer for
a certain period of time, the water yield of the aquifer is entirely supplied by recharge
from the outside of the boundary and the water is inexhaustible. Thus, a steady flow can
form in the aquifer. In the Thiem model, the range beyond which R is involved is still
an aquifer. When water is pumped in a horizontal infinite aquifer without leakage and
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external recharge, all of the water yield comes from the consumption of internal storage in
the aquifer. Thus, it is impossible to form a stable flow in the aquifer [14]. Additionally, if
water is pumped for a certain period of time, the water level in the pumping well will drop
to the lower confining bed.

From the above analysis, Dupuit did not consider the influence radius, while Thiem
only introduced the concept of the range of the cone of depression into the hypothesis. Later,
Todd renamed this concept as the influence radius. Thiem also avoided the appearance of
the influence radius in the formula and did not parameterize it. The present meaning of
the influence radius is either the result of misunderstanding Dupuit and Thiem or laziness
(saving time and effort).

2.2. Application: Crude Simplification

Based on the Dupuit model and Thiem model, studies have successively deduced
various formulas for calculating the influence radius according to their own understanding
(Table 1). Some of these formulas are semi-empirical [15] and do not only involve hydroge-
ological parameters, such as K, H0, and μ, but also time factors. This indicates that some
studies have realized that the influence radius is not a fixed hydrogeological parameter, but
instead changes with time. The others are empirical formulas [15], which not only contain
hydrogeological parameters but also include pumping variables such as sw and Q in the
calculation of the influence radius. These formulas only consider one of the time variables
and pumping condition variables, and some even consider the influence radius as a given
hydrogeological parameter [15].

Table 1. Equations for calculating the influence radius.

Equation Name Equation Application Condition Author, Year Parameter

Weber equation R = 74
√

6KH0t
μ

Unconfined aquifer Schultze, 1924 R: influence radius, [L]; K:
hydraulic conductivity,
[LT−1]; H0: thickness of
aquifer, [L]; t: time from
beginning of pumping to
formation of stable cone of

depression of
groundwater level, [T]; μ:

specific yield; sw:
drawdown of pumping

well, [L]; Q: water yield of
pumping well, [L3T−1]; I:

hydraulic gradient of
groundwater level

Kusakin equation
R = 2sw

√
H0K Unconfined or confined

aquifer Chertousov, 1949

R = 47
√

6KH0t
μ

Unconfined aquifer Aravin and Numerov,
1953

Siechardt equation R = 10sw
√

K
Preliminary stage of

pumping in unconfined or
confined aquifer

Chertousov, 1962

Wilbur equation R = 3
√

KH0t
μ

Unconfined aquifer Chen, 1976

Kelgay equation R = Q
2KH0 I

Completely penetrating
well in unconfined aquifer Chen, 1976

To facilitate calculation, some people have introduced the influence radius into some
well flow calculation formulas for the forward calculation of variables such as the water
level and flow rate, or for the inversion of hydrogeological parameters such as the hydraulic
conductivity and water storage coefficient (Table 2).

In some practical applications, to further simplify the calculation, the influence radius
is considered empirically; that is, a quantitative relationship is established between the
hydraulic conductivity and the influence radius (Table 3). This means that once the
hydraulic conductivity of the aquifer is known, the influence radius of the aquifer can be
obtained from the empirical value table. In other words, the influence radius is a given
hydrogeological parameter that is independent of the pumping conditions. In this empirical
relationship, the influence radius becomes larger as the hydraulic conductivity increases.
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Table 2. Analytic solution models and equations using the influence radius.

Model/Equation Name Equations Group Application Condition Author, Year Parameter

Forward model/equation R: influence radius, [L]; K:
hydraulic conductivity,
[LT−1]; H0: thickness of
aquifer, [L]; t: time from
beginning of pumping to

formation of stable cone of
depression of groundwater
level, [T]; μ: specific yield;

sw: drawdown of pumping
well, [L]; Q: water yield of
pumping well, [L3T−1]; I:

hydraulic gradient of
groundwater level.

Plotnikov equation Q = e Q0
2R B Well group pumping Chen et al., 1976

Dupuit–Forchheimer equation h2 = H2
0 − Q

πK ln R
rw

Unconfined aquifer Poehls and Smith, 2009

sw-calculate equation Q = 2πTsw
ln R

rw
Confined aquifer China Geological

Survey, 2012

Inversion model/equation

Siechardt equation T = Q
2πsw

ln R
rw

Confined aquifer
China Geological

Survey, 2012Wilbur equation K = Q
π
[

H2
0−(H0−sw)2

] ln R
rw Unconfined aquifer

Table 3. Empirical relationship of K and R.

K (m/d) R (m)

0.5–1 25–50
1–5 50–100

5–20 100–300
20–50 300–400
50–100 400–500
75–150 500–600

100–200 600–1500
200–500 1500–3000

This table is taken from [16]; K is the hydraulic conductivity, [LT−1]; and R is the influence radius, [L].

The influence radius has been parameterized and is more widely applied in theoretical
research and engineering practice [7,16], which makes relevant research and applications
more convenient. However, as the research and applications become more extensive,
various problems are emerging with regard to the influence radius as a hydrogeological
parameter. Various studies have expressed different opinions regarding the influence
radius (Table 4). Additionally, some studies have conceptually defined the influence radius
as a hydrogeological parameter [15] and considered that it can be used as the basis for
designing a reasonable distance between wells [12]. However, other studies have reported
that this is not the case [7] and have argued that it is impossible to have a stable influence
radius in an infinite aquifer [12,17] and that the time factor should be considered in the
calculation of the influence radius [18]. If the R in the Dupuit and the R in the Thiem models
are treated equally, this will lead to errors in the theory and methodology of groundwater
resource evaluation [8].

The introduction and application of the influence radius has greatly simplified the
calculations required by various engineering problems, and its empirical treatment has
provided great convenience to non-professionals for carrying out relevant calculations and
understanding groundwater problems. However, because coincidence in practice is not the
same as correctness in theory, these crude simplifications not only harm the development
of the discipline and specialty but also are misleading in practical approaches and cause
irreparable losses.
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Table 4. Some representative viewpoints on the influence radius (R).

Viewpoint Reference

(1) Dupuit’s R is an abstract parameter that reflects the well supply conditions and is recommended as a reference
recharge radius.
(2) There is still a considerable amount of drawdown beyond the range that we used to think of as R.

[4]

R should be interpreted as a parameter indicating the distance beyond which the drawdown is negligible or
unobservable. [15]

R does not exist in an infinite aquifer. [17]

(1) In theory, R does not exist in a confined aquifer that extends indefinitely without overcurrent recharge.
(2) In practice, R should be considered as the horizontal distance from the pumping well to the point where the
water level cannot actually be observed to drop and can be used as the basis for designing reasonable distances
between wells.

[12]

(1) Dupuit’s R is different from Thiem’s R.
(2) Confusion between them has led to theoretical errors and incorrect methods of groundwater resource evaluation. [8]

(1) The magnitude of R has assumed properties making it essentially the same as unsteady flow.
(2) The Kusakin equation with a time factor should be applied to the calculation of R. [18]

(1) Dupuit’s R is different from Thiem’s R.
(2) Dupuit’s R is simply the radius of the round island, while Thiem’s R is a variable related to the cone of
depression of the groundwater level.

[7]

3. Gap between Theory and Practice

3.1. Substance of Influence Radius: Distance

The influence radius R is essentially the distance in the time–distance problem in
physics, namely R = S(v, t). Therefore, R is a function of time t and is also controlled by
the velocity v and its distribution on the flow line. The influence radius is actually the
influence range of the pumping well in the horizontal direction. Generally, the essence
of the extension of the influence range is the velocity conduction in the process of mass
transfer (water molecules) in porous media. When the distance to the pumping well is
shorter, the velocity becomes higher. For a particle in an aquifer, as long as there is flow
velocity to the well at that particle, the particle is within the influence range of the pumping
well, unless the velocity of that particle is zero. From this viewpoint, it is reasonable to state
that R is a function of velocity v. Moreover, it can also be seen from the Kusakin formulas
(Table 1) that there is no stable influence radius, and the observed cone of depression will
gradually expand with the extension of pumping time [19]. Thus, the influence radius is a
function of time t [20,21]. Similar to water ripples (Figure 3(1)) and dominoes (Figure 3(2)),
the range of influence will spread out with the advancement of time t.

(1) Ripples in water (2) Dominoes 

Figure 3. Influence radius of ripples in water and dominoes (used as an analogy to describe the
influence radius discussed in this paper). R is the influence radius, [L]; S is the distance in physics,
[L]; and t is time, [T].
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However, many studies have reported that the influence radius R is a hydrogeological
parameter reflecting the natural properties of aquifers, similar to parameters such as
the porosity n, specific yield μ, and hydraulic conductivity K. Therefore, the influence
radius is a constant value that is not affected by the drawdown sw and water yield Q [16].
Studies have given the empirical values of R for aquifers with different particle structures
(Table 3) and have considered that greater aquifer permeability—that is, larger aquifer
particles—results in a larger R value. When pumping water in an aquifer without external
recharge, the cone of depression will expand with the increase of the water yield and the
advancement of time. If the empirical influence radius value is used, such as in the case of
the coarse gravel aquifers mentioned in some papers, the empirical value of the influence
radius will be 1500–3000 m (Table 3). In other words, regardless of how large the amount
of exploitation is and how long the exploitation period is, the cone of depression of the
aquifer will not continue to expand outward after extending to 1500–3000 m. Accordingly,
it is assumed that, in a certain pumping well group in an aquifer, the water yield of n single
pumping wells is Qm1, Qm2, . . . , Qmn, respectively, their influence radius is R (Figure 4(1)),
and a regional cone of depression will be formed. If the sum of the water yield of n single
wells in the well group is provided by a single well, then a cone of depression with an
influence radius R will be formed (Figure 4(2)). In this case, owing to the decrease in
the number of wells, the area affected by pumping will be much smaller compared with
when the well group is pumped. However, without external recharge, this phenomenon is
completely impossible in an aquifer; otherwise, the aquifer will become an inexhaustible
resource, which is contrary to common sense.

 

(1) Well group (2) Equivalent diagram of single well 

Figure 4. Influence radius in well group pumping and single well pumping in influence radius
theory. R is the influence radius, [L]; Qmi is the maximum water yield of pumping well i, [L3T−1];
and n is the number of pumping wells.

Further, because v = v (K, I) in R = S = S (v, t), R = S = S (v(K, I), t). For a specific aquifer,
the hydraulic conductivity K is constant, and the hydraulic gradient I and t are variables.
Therefore, R is affected by the two variables I and t. Additionally, the hydraulic gradient I
is related to the drawdown sw. For a particular aquifer with thickness H0, each drawdown
of a pumping well in the aquifer has a corresponding hydraulic gradient I. Notably, there
are two extremes: one is that the drawdown of the well is zero. At this point, the hydraulic
gradient is zero and the groundwater does not flow. In another case, the drawdown of the
well reaches H0; that is, the water level in the well drops to the lower confining bed. In this
case, the hydraulic gradient reaches the maximum and the groundwater flow velocity also
reaches the maximum. However, the drawdown sw is closely related to the water yield
Q; that is, it increases with the water yield. Therefore, the influence radius R is not only
affected by the hydrogeological conditions reflecting the natural properties of the aquifer,
such as the porosity, specific yield, and hydraulic conductivity, but is also controlled by the
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pumping conditions. Therefore, it is inappropriate to consider the influence radius R in
the Thiem model as a fixed parameter of the aquifer, which means that this parameter is
constant for a specific aquifer and does not change with the changes of the water yield and
drawdown [7].

3.2. The Continuity Principle of Fluids Reverses the Rationality of the Influence Radius

In any system, fluids follow the continuity principle (conservation of mass), which
means that the amount of fluid entering a region of space in a unit of time is equal to
that leaving plus that stored within the region through density changes [22]. Because a
horizontal infinite aquifer does not exist in practice, in the early 1960s, Tóth [23] considered
the continuity principle of fluids and proposed the concept of the multi-level groundwater
flow system of a basin under the assumption that the phreatic surface is the recharge
boundary and the fluctuation is similar to the ground. By the 1980s, the theoretical
framework had been essentially formed [24]. Tóth [23,24] pointed out that there is a
difference in the elevation of the groundwater level in the basin, and a nested multi-level
groundwater flow system is self-organized under the influence of gravity.

The emergence of groundwater flow system theory, which is a new paradigm of
hydrogeology [25,26], has influenced the traditional groundwater movement theory, which
was developed based on the well flow, whereby the groundwater converges to artificial
potential sinks such as wells from potential sources [26]. Under the effect of the influence ra-
dius theory, it is commonly believed that groundwater always flows from potential sources
to adjacent potential sinks within the range of the influence radius. In fact, when there
are several potential sources and potential sinks with different strengths, the groundwater
conforms to the theory of the minimum rate of energy dissipation and moves from differ-
ent potential sources to different potential sinks [26]. Thus, it forms a multi-level nested
groundwater flow system; that is, a complex flow pattern consisting of local, intermediate,
and regional groundwater flow systems [23]. Of these, the scale of the regional ground-
water flow system is the largest, and its flow lines can extend at great distances. Thus,
the pumping well may be recharged by groundwater that is far away from it in practical
situations (Figure 5). This theory suggests that we cannot use the influence radius to define
the aquifer range, and water particles outside of this range do not move to the pumping
well. In other words, the practical application of the influence radius is unreasonable.

 

Figure 5. Schematic flow lines of a practical site according to the distribution of apparent resistivity, with a hypothetical
pumping well added (modified from [27]).

3.3. Essential Difference between Theory and Practice

The seemingly stable phenomenon observed in practice known as the quasi-steady
state [15] is essentially different from the influence radius considered in theory. The term
“seemingly stable” means that, when pumping the water in an aquifer, the change of the
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groundwater piezometric head close to the well gradually slows down as the pumping
time increases. Thus, within a certain range, it is close to a stable state and has the
same shape as the falling curve of stable flow [12]. For a long time, the seemingly stable
phenomenon observed in practice was associated with the theoretical influence radius,
and the influence radius has even been used to represent the influence range when the
aquifer is in a seemingly stable state. This confirms the rationality of the influence radius
parameter, which is a misunderstanding of the seemingly stable phenomenon and influence
radius concept.

The stable or seemingly stable groundwater level observed in practice is simply a
coincidence that occurs under the influence of various practical factors and a misappre-
hension caused by the low accuracy of the actual measurement of the groundwater level
or by the recharge of the aquifer. Therefore, this phenomenon cannot be used to explain
the rationality of the influence radius parameter in theoretical models. The steady state
does not exist under pumping conditions without recharge in theory. According to the
continuity principle of fluids, in the cone of depression generated by pumping water, the
amounts of water passing through regions A, B, and C in a unit of time are equal. However,
from region A to region C, the basal area gradually increases (Figure 6(1)); therefore, the
height gradually decreases (Figure 6(2)). Similarly, the drawdown at infinity will be very
small but not zero, because the water yield is a concept of volume and cannot be changed
from three dimensions to two dimensions. The location of the pumping well is considered
as the origin of the coordinates to establish the coordinate system, and the drawdown sw is
considered as a function of x, namely z = sw(x). When pumping water, the drawdown of
the aquifer is larger when the distance to the pumping well is shorter. As x approaches ∞,
the drawdown tends towards zero (Figure 6). Assuming that the radius of the pumping
well is rw = 0, then the water yield of the pumping well is the volume of the rotating body
obtained by rotating the curvilinear trapezoid bounded by a continuous curve z = sw(x),
z-axis, line x = +∞, and line z = 0 once around the z-axis. For convenience of description,
the object of investigation was considered to be a unit width aquifer passing through
the axis; then, the value of its volume is V =

∫
sw(x)dx, (0, ∞). When water is pumped

continuously, x tends towards ∞; therefore, V also tends towards ∞. This means that the
cone of depression will expand infinitely; therefore, a stable state cannot be formed. What
is commonly referred to as the seemingly stable state does not mean that the groundwater
level is stable, but that the change of the water level cannot be observed, which thus gives
the illusion of stability. The phenomenon whereby the change of the water level cannot be
observed is caused by the means of observation and other factors (external recharge). This
is similar to the detection limit in analytical chemistry, which is a relative concept. With
the improvement of the observation means, the observed drawdown range of the water
level will increase. Therefore, the influence radius R cannot be considered as an intrinsic
parameter of the aquifer beyond which there is no drawdown of the water level.

Therefore, in theory, the influence range will continue to expand with the extension
of pumping time in an infinite aquifer without external recharge. However, there are big
differences between reality and theory: (1) in reality, there are no unbounded aquifers
that extend indefinitely in the horizontal direction. Therefore, for an aquifer without
external recharge, the boundary of the influence range is the boundary of the aquifer
when the pumping time is sufficiently long. (2) In reality, there are few aquifers without
external recharge. The phenomenon whereby the observed water level reaches a stable or
quasi-stable state when pumping in reality is attributed to the measurement accuracy [28].
More importantly, this phenomenon is attributed to the fact that the aquifer may have
obtained unknown external recharge, such as atmospheric precipitation, surface water,
and agricultural irrigation water [29], as well as to the vertical leakage recharge caused
by pumping [30]. This contradicts the assumption of a lack of external recharge in the
theoretical model, which is often ignored and thus results in the illusion of water level
stability. Coincidences that occur in practical situations have led to the false impression
that the influence radius theory has been verified, which has resulted in the wide adoption
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of the theory and consequently to the excessive exploitation of groundwater resources.
Thus, the improved Dupuit model, which introduces external recharge, is more in line with
actual needs [31].

 

(1) Vertical view (2) Cutaway view 

Figure 6. Formation of cone of depression of groundwater level during pumping. Q is the water yield of the pumping well,
[L3T−1].

4. The Dilemma of Practice

4.1. Misleading the Management of Sustainable Groundwater Development

From both a theoretical and practical viewpoint, it is proven that the influence radius
cannot be used to evaluate the sustainable water supply capacity of aquifers. The influence
radius is introduced for the convenience of well flow mechanics calculation to easily
determine the hydraulic conductivity of an aquifer or the yield capacity of the pumping
well per unit of time [4]. The yield capacity of a pumping well is actually the reflection
of the working efficiency of the groundwater collecting structure, while the water supply
capacity of an aquifer is an attribute of the aquifer itself. Therefore, the two concepts
should not be confused. In reality, there are no aquifers that extend indefinitely in the
horizontal direction; that is, actual aquifers are bounded. For an aquifer surrounded by
confining boundaries, the phenomenon whereby the pumping well in the aquifer has a
large yield capacity per unit of time only indicates that the aquifer can provide sufficient
water during that period. In the absence of external recharge, the volume of water in an
aquifer is limited. As the pumping proceeds, the water in the aquifer decreases and may
not be able to continuously provide sufficient water in the next period. This is similar
to a glass of water with a capacity of 600 ML: if we use a straw to draw the water from
the cup and do not add water to the cup during the process, the water in the cup will
gradually decrease (Figure 7(1)), and we will only obtain 600 ML of water. Thus, we must
keep adding water to the cup if we desire to obtain water continuously (Figure 7(2)). This
situation accurately describes the situation of pumping water in an aquifer.
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(1) Drawing water from cup (aquifer) without recharge (used as analogy for pumping in 

bounded aquifer). 

 
(2) Drawing water from cup (aquifer) with constant head on the side (used as analogy to 

Dupuit circular island model). 

Figure 7. Drawing water from cup (used as analogy for pumping in bounded aquifer). Q is the water yield of the pumping
well, [L3T−1]; and t is the time, [T].

For aquifers with a recharge boundary and drainage boundary, the increase of recharge
and the reduction of discharge will occur when the influence range of pumping water
extends to these boundaries [9]; that is,

Vw = ΔVr − ΔVd − ΔVs (3)

where Vw is the total water yield in a certain period, [L3]; ΔVr is the increment of recharge
in the same period, [L3]; ΔVd is the increment of discharge in the same period, [L3]; and
ΔVs is the increment of storage in the same period, [L3]. A riverside well is a typical
example. Under natural conditions, groundwater may recharge rivers. After the addition
of pumping wells close to the river, the recharge relationship between them is the fact that
the river recharges groundwater and the water being pumped comes from the river and
the aquifer [32]. If the recharge and discharge of the aquifer remain unchanged before and
after pumping water, then Vw = −ΔVs. This indicates that all the water being pumped
comes from the consumption of the aquifer storage, and it is impossible to produce an
influence radius. To achieve a steady state, the sum of the increment of recharge and the
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reduction of discharge (sustainable yield) should always be equal to the pumping yield in
the pumping state. Notably, when evaluating the amount of groundwater resources, the
safe yield is usually adopted, which means that the water yield does not exceed the natural
recharge amount [33]. This ignores the exploitation potential of the aquifer, which includes
the increment of recharge and the reduction of discharge caused by pumping.

Because the external recharge of an aquifer directly affects the water storage of the
aquifer [34], the sustainable water supply capacity of an aquifer largely depends on its
ability to receive the recharge [35] and has nothing to do with the yield capacity of the
pumping well, unless the extraction of the pumping well can increase the external recharge
of the aquifer. From the viewpoint of sustainable development, the external recharge of the
aquifer in the area and the lateral recharge inside the aquifer cannot ensure a sustainable
water supply from the aquifer. First, because the lateral recharge within an aquifer is
ultimately derived from the aquifer itself, its water is limited; second, from the viewpoint
of resource ownership, the external recharge of the aquifer in the distance belongs to the
residents in the distance, and local residents (where pumping wells are located) do not
have the right to occupy it [33]. Therefore, sustainable replenishments from the upper
boundary of the aquifer, such as atmospheric precipitation infiltration, river leakage, and
irrigation water infiltration, play a decisive role in the sustainable water supply capacity of
the aquifer. Thus, the influence radius cannot be used to evaluate the sustainable water
supply capacity of the aquifer but can only be used to assess the yield capacity of the
pumping well.

In practice, the influence radius theory is used to guide the development of ground-
water resources in many areas. The aquifer within the range of the influence radius is
considered as a “treasure basin”, and it is thought that the groundwater resources are
inexhaustible within this scope. However, this leads to a series of ecological and environ-
mental problems such as the global decline of groundwater levels as a result of excessive
exploitation [34,36–40], the occurrence of the cone of depression over a wide range in plain
areas [41–45], the attenuation and even depletion of spring water at piedmont [46], and
seawater intrusion caused by the excessive exploitation of groundwater in coastal plain
areas [35,47–49]. In production practice, it is unreasonable to use the influence radius as
a guideline. In engineering practice, however, various problems such as foundation pit
dewatering and pumping by a well group are unavoidable and have a certain impact on the
surrounding environment (such as land subsidence). Therefore, it is particularly important
to develop a clear method for determining the scope of environmental impacts according
to the sensitive targets and receptors around the site [6].

4.2. Misleading the Safeguarding of Groundwater Quality

The objective of water resource management is not only human water demand; rather,
the quality of water is also an important factor to be considered in the process of the devel-
opment of water resources [50–52]. The general deterioration of groundwater quality makes
the remediation, treatment, and protection of groundwater particularly important [53–55].
Before conducting research on groundwater pollution remediation, the accurate iden-
tification of groundwater pollution sources and characteristics such as their intensity,
distribution, and existence time is crucial for improving the efficiency of groundwater
remediation research [56]. In most cases, pollution source analysis is carried out using the
numerical simulation inversion method for groundwater. The main idea of these methods
is to simulate the groundwater flow and pollutant transport process in reverse according to
the monitoring data of the spatial and temporal distribution of pollutant concentration and
determine the characteristics of pollution sources [55,57,58]. In the most widely used opti-
mization simulation method [57], it is always assumed that the numbers and locations of
pollution sources in the groundwater solute migration model are known, and the monitor-
ing data of the spatial and temporal distribution of groundwater pollutant concentrations
are obtained within a limited study area [57,59–61], which limits the influence range of
the pollution sources within a certain space. However, in aquifer systems, pollutants
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migrate with the groundwater [48]. Without considering the degradation and attenuation
of pollutants in the aquifer, the pumping wells are recharged from the aquifers in the
distance under long-term pumping conditions. At this time, the pollutants in the distance
will still be affected by pumping and migrate with the groundwater until they reach the
pumping well [62,63]. In other words, not all pollutants in the pumping wells come from
sources close to the pumping wells, but some also come from the aquifers outside the
range of the influence radius. Therefore, the analytical method of the pollution source,
which is restricted by the existing influence radius theory, cannot ensure the accuracy of
analytical results, and thus its reference value is reduced. Similar problems also exist in the
remediation of groundwater pollution. In the ex-situ pump and treat technique [64,65], if
the layout of the pumping well group is determined based on the influence radius during
the pumping design and then parameters such as the water yield, drawdown of water
level, and pumping time are calculated, the groundwater outside of the polluted range may
be pumped out, which will affect the treatment efficiency and increase the treatment cost.
Similarly, there is also a problem regarding the injection well’s influence radius when the
groundwater is restored by in-situ remediation with the injection of remediation agents into
the groundwater [66–68]. Without considering the chemical reactions of the remediation
agents in the migration process with groundwater, these remediation agents may not be
restricted to interact with pollutants within the designed influence range but may instead
migrate to a further range along with the flow and thus change the primary groundwater
environment and cause secondary pollution.

The influence radius is also widely used as the basis for the division of groundwater
source protection areas to prevent the pollution of water sources [69,70]. However, the
flow line follows the range of influence and should be covered by the influence radius. The
delineation of a protection area near a pumping well artificially cuts off the flow line, which
violates the flow continuity principle. Such protection measures cannot guarantee the
sustainable supply from groundwater sources and lead to dangers that may compromise
water quality. Additionally, the influence radius is often used as the basis for designing
a reasonable distance between wells in the planning of riverbank filtration systems [12].
Although the external recharge of the river can stabilize the influence radius [32,71–73],
leakage recharge may occur when pumping is carried out on the side of a incompletely
penetrating river. Pollutants in the groundwater on the other side of the river also migrate
to the pumping wells with the groundwater [74]. Therefore, pumping water in riverbank
filtration systems, which are planned based on the influence radius, cannot ensure the water
quality of pumped water and may affect the groundwater on the other side of the river.

Thus, it is reasonable to state that any methodology involving the influence radius
must be reconsidered. Moreover, effective methods of groundwater remediation, treatment,
and protection should be investigated to make the influence radius theory obsolete. To this
end, new technology should be used, such as the MODPATH module in GMS, which is
used to track the virtual particle beam of a pumping well to obtain the capture area of the
well in a given time [75] and is considered to be an effective research tool.

5. Summary and Prospects

The introduction of the Dupuit model has placed a focus on the quantitative calcula-
tion of well flow. To solve the computing problem of actual aquifers, Thiem introduced
the concept of the range of cone of depression, which Todd later renamed as the influence
radius. In later production practice, the round island radius was confused with the influ-
ence radius, and the parameterized influence radius has been widely used to evaluate the
sustainable water supply capacity of aquifers and in the planning of groundwater source
areas, which has led to the emergence of a series of ecological and environmental problems.

The influence radius was originally used in the calculation of some hydrogeological
parameters but, owing to various coincidences that occur in practical situations, it has
been considered that the parameterized influence radius is reasonable and convenient
for calculations pertaining to actual production problems, and this misconception has
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perpetuated. However, by considering the continuity principle of flow, it can be proven
that the parameterized influence radius does not exist. The influence radius is essentially
the distance in the time–distance problem in physics and is influenced by the hydrogeo-
logical conditions and pumping conditions, which is different from the hydrogeological
parameters reflecting the natural properties of aquifers, such as the porosity, specific yield,
and hydraulic conductivity. In reality, infinite horizontal aquifers do not exist, and most
aquifers are replenished from external sources, which is very different from the theoretical
considerations. The stable or seemingly stable groundwater level observed in practice is a
misapprehension caused by low accuracy in the actual measurement of the groundwater
level or by aquifer recharge.

In the past, the well flow model was only used to solve local water supply problems,
and attention was only given to local groundwater problems due to economic and tech-
nological limitations. The influence radius theory has provided incorrect guidance in the
analysis of groundwater pollution sources, the division of groundwater source protection
areas, and the planning of riverbank filtration. With the development of the social economy,
in addition to scientific and technological developments, attention has gradually shifted
to regional and even global groundwater flow systems. Moreover, focus is increasingly
being placed on sustainable development and the protection of the ecological environment.
Because groundwater is a local and regional resource and is increasingly considered as a
global resource, the evaluation and rational development of groundwater resources should
consider hydrogeologic units as a whole, as in the case of basin management for surface
water. Instead of solving the local practical problems of production, the long-term, compre-
hensive, and systematic topics of sustainable development should be given attention, and
problems in resource ecology and environmental disasters should be addressed holistically
in a systematic and methodical manner. Additionally, some methods may be useful in
groundwater resource evaluation. For example, the concept of the “scope of environmental
impacts” is suitable for different industries. Additionally, the original theoretical model
can be improved such that it can be applied to current aquifer calculations. Finally, the
combination of numerical simulation with new technologies, such as isotopic methods,
remote sensing, and big data, can improve the accuracy of models.
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Abbreviations

Symbol Description Dimension

R Influence radius L
K Hydraulic conductivity LT−1

H0 Thickness of aquifer L
sw Drawdown of pumping well L
Q Water yield of pumping well L3T−1
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rw Radius of pumping well L
T Transmissibility coefficient of aquifer L2T−1

t Time from beginning of pumping to formation of stable T
cone of depression of groundwater level

μ Specific yield /
I Hydraulic gradient of groundwater level /
r Distance between pumping well and observation well L
h Groundwater level at distance r from pumping well L
hw Water level of pumping well L
e Empirical coefficient /
Q0 Water yield of single pumping well L3T−1

B Width of aquifer L
Qm Maximum water yield of pumping well L3T−1

S Distance in physics L
v Seepage velocity LT−1

n Porosity of porous media (aquifer) /
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Abstract: The alluvial plain (Anqing section) of the lower reaches of the Yangtze River basin is facing
increasing groundwater pollution, not only threatening the safety of drinking water for local residents
and the sustainable development and utilization of groundwater resources but also the ecological
security of the Yangtze River Basin. Therefore, it is necessary to conduct a preliminary analysis on
the hydrochemical characteristics and evolution law of groundwater in this area. This study aimed
to evaluate potential hydrogeochemical processes affecting the groundwater quality of this area by
analyzing major ions in groundwater samples collected in 2019. Compositional relationships were
determined to assess the origin of solutes and confirm the predominant hydrogeochemical processes
controlling various ions in groundwater. Moreover, factors influencing groundwater quality were
evaluated through the factor analysis method, and the control range of each influencing factor was
analyzed using the distribution characteristics of factor scores. Finally, reverse hydrogeochemical
simulation was carried out on typical profiles to quantitatively analyze the hydrochemical evolution
process along flow paths. The Piper trilinear diagram revealed two prevalent hydrochemical facies,
Ca-HCO3 type (phreatic water) and Ca-Na-HCO3 type (confined water) water. Based on the compo-
sitional relationships, the ions could be attributed to leaching (dissolution of rock salt, carbonate, and
sulfate), evaporation and condensation, and cation exchange. Four influencing factors of phreatic
water and confined water were extracted. The results of this study are expected to help understand
the hydrochemical characteristics and evolution law of groundwater in the alluvial plain (Anqing
section) of the lower Yangtze River basin for effective management and utilization of groundwater
resources, and provide basic support for the ecological restoration of the Yangtze River Basin.

Keywords: hydrogeochemistry; ionic ratios; factor analysis; inverse modeling; Yangtze River

1. Introduction

Groundwater resources are an important constituent of water resources. The tempo-
ral and spatial distribution of groundwater quality reflects the formation and evolution
characteristics, geological and hydrogeological background, and influencing factors of
groundwater, which are hot topics in hydrogeological and hydrogeochemical research [1–4].
An in-depth understanding of the interaction mechanism between groundwater and the
environment can be obtained by investigating the spatio–temporal variation characteris-
tics and evolution rules of groundwater hydrochemistry. The chemical composition of
groundwater is a multivariable and complex function [5], and its formation and evolution
are affected by the characteristics of aquifer media, chemical composition, hydrodynamic
conditions, and human factors [6–9]. Therefore, the formation and geochemical evolu-
tion of groundwater are complex. Conventionally, various methods have been used for

Water 2021, 13, 2403. https://doi.org/10.3390/w13172403 https://www.mdpi.com/journal/water
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studying the geochemical evolution of groundwater, mainly including the Piper diagram
method [10,11], Gibbs graph method [12], and ion ratio method [13,14]. These methods are
often simple and intuitive. Multivariate statistical methods have been used to determine
the relationship and influence among multivariate. By extracting the mathematical char-
acteristics of data and ignoring the evolution mechanism of hydrochemical components,
water quality factors can be described regionally to study the spatiotemporal distribution of
the hydrochemical characteristics of groundwater, evaluate water quality, and identify in-
fluencing factors [15–19]. Integrating hydrochemical interpretation with inverse modeling,
models with high confidence levels can be applied to quantitatively identify hydrochemical
processes along a flow path [20,21]. Inverse geochemical modeling in PHREEQC [22] is
based on a geochemical mole-balance model, which calculates phase mole transfer (moles
of minerals and gases that must enter or leave a solution) to account for differences in
initial and final water compositions along a flow path in a groundwater system. This model
requires the input of at least two chemical analyses of groundwater at different points of
the flow path and a set of phases (minerals and/or gases) that potentially react along this
flow path [23].

The Yangtze River is the largest river in China and the third-largest river in the world.
It plays an important role in the sustainable development of the regional economy and
ecology [24,25]. To strengthen the protection and restoration of the ecological environment
in the Yangtze River basin, facilitate the effective and rational use of resources, safeguard
ecological security, ensure harmony between humans and nature, and achieve the sus-
tainable development of the Chinese nation, the 24th Standing Committee session of the
13th National People’s Congress passed the first river basin law “Yangtze River Protection
Law” on 26 December 2020, and this law came into effect on 1 March 2021. Anqing is
located beside the Yangtze River on the alluvial plain in the lower reaches. It is an im-
portant city in the Yangtze River Economic Belt and the Yangtze River Delta. Since the
1980s, many large-scale chemical plants have been built in Anqing, posing a serious risk of
water pollution [26–28]. Therefore, the study of the interaction between surface water and
groundwater in Anqing is of great practical significance to the prevention and control of
water pollution and the restoration of the ecological environment in the Yangtze River.

In this study, the main controls on groundwater hydrogeochemistry and hydrochem-
ical characteristics in the alluvial plain (Anqing) in the lower reaches of Yangtze River
Basin were analyzed using the Piper diagram, ion ratio, and statistical analysis methods.
A reverse hydrogeochemical simulation was also performed to quantitatively analyze
the evolution process of groundwater along the groundwater flow path in certain areas.
Detailed information on hydrogeochemical mechanisms affecting the concentrations and
distributions of dissolved ions in complex geological and hydrogeological systems would
provide a scientific basis for better groundwater resource development and management at
the local scale and the restoration of the ecological environment of the Yangtze River Basin.

2. Study Area

Anqing is located in southeastern China, on the north bank of the lower reaches of
the Yangtze River. It lies between 29◦47′–31◦16′ N and 115◦45′–117◦44′ E, spanning three
geomorphic units: the middle and low mountains of the Dabie Mountains, low hills along
the Yangtze River, and alluvial plain along the Yangtze River. The topography has a general
trend of higher in the northwest and lower in the southeast. The Dabie Mountains have
an altitude of more than 400 m a.s.l. in the northwest and 100–200 m a.s.l. in the middle;
the alluvial plain of the Yangtze River is flat in the south. The alluvial plain of the Yangtze
River was taken as the study area (Figure 1).

Anqing is located in the northern subtropical humid climate zone, with a mild climate
and moderate rainfall. The annual average temperature ranges from 14.4 ◦C to 16.6 ◦C, with
obvious geomorphic zonation. The annual average temperature in the Dabie Mountain area
is 14.4 ◦C, and that in the area along the Yangtze River is 16.1 ◦C to 16.6 ◦C. The multi-year
average rainfall is 1466.2 mm, and the multi-year average evaporation is 917.4 mm.
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Figure 1. Alluvial plain (Anqing section) of the lower Yangtze River basin and sampling locations.

The study area has a well-developed surface water system, with many rivers and
lakes. In the study area, the main stream of the Yangtze River is approximately 243 km long,
and the Wan River, with a total length of 94 km, is its primary tributary. An obvious peak of
river water level is observed every year. The lowest and highest water levels are observed
during January–February and July–August, respectively. According to the water level of
the Yangtze River monitored at the Anqing hydrological station for the period 2009–2018,
the highest water level is 16.98 m (July 2016) and the lowest is 5.72 m (February 2014). The
main lakes include Longgan Lake, Daguan Lake, Po Lake, and Pogang Lake.

Quaternary strata in the study area are well developed and distributed from the lower
Pleistocene to Holocene. The gravel layer of the lower Pleistocene Anqing Formation
is partly exposed in the third terrace and partly buried in the lower part of the second
terrace. The gravel layer has a thickness of 15–30 m and unconformably overlies the Red
Bed basement. The gravel is mainly composed of quartzite and quartz sandstone, with
good sorting and roundness, and the particle size can reach 1–6 cm. The lower part of the
Middle Pleistocene Qijiaji Formation is a 1–4 m thick mud-bearing gravel layer, and the
upper part is a 3–8 m thick reticulated laterite. The lower member of the upper Pleistocene
Xiashu Formation is a 3–6 m thick khaki sub-clay, containing iron and manganese, widely
distributed in the second terrace; the upper member is a light yellow sub-clay, mainly
distributed in the first terrace. The stratum of the Holocene Wuhu Formation is mainly
distributed in the alluvial plains of the Yangtze River and the main tributary valleys of
the Wan River. The stratum can be divided into 3 sections from bottom to top: the lower
part comprises a gravel layer and gravel-bearing medium-coarse sand (approximately
10 m thick); the middle part comprises medium–fine sand (10–20 m thick); the upper part
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comprises grayish yellow–blue gray silty clay (4–10 m thick). In the area with fluvial–
lacustrine sediments, the Wuhu Formation is deposited only on the shallow surface, with a
thickness not more than 3 m.

Quaternary aquifers in the study area are mainly Holocene sand and gravel phreatic
aquifers and lower Pleistocene gravel confined aquifers, with thicknesses of 7–50 m and
0–24 m, respectively. There is no continuous aquitard between the aquifers, but some areas
have relative aquitards, as shown in Figures 2 and 3.

Figure 2. Hydrogeologic cross sections along the A–A’ transect in Figure 1.

Figure 3. Hydrogeologic cross sections along the B–B’ transect in Figure 1.

In the western part of the study area, groundwater flows from the piedmont to the
Yangtze River and receives lateral recharge from piedmont groundwater. Groundwater
runoff occurs in the low mountain and hilly plain area with a small hydraulic gradient,
discharging to surface water bodies such as lakes and rivers in the runoff path. Finally,
the groundwater flows through the plain area along the Yangtze River and drains into the
Yangtze River. However, under the influence of large-scale exploitation of groundwater in
urban industrial areas, river water is artificially stimulated to recharge groundwater in the
plain along the Anqing urban area. The contour of the groundwater level in 2019 is shown
in Figure 1.
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3. Materials and Methods

3.1. Sample Collection and Analysis

In this study, groundwater samples were collected in May 2019, including 20 groups
of phreatic water samples and 31 groups of confined water samples. The distribution of
sampling points is shown in Figure 1.

Before sampling, containers were soaked in 10% nitric acid solution for 1–2 days,
then in tap water for 1–2 days, and rinsed to neutrality. Finally, they were washed with
demineralized water three times and then dried at 70 ◦C on standby.

During sample collection, water was pumped for more than five minutes to discharge
long-term residual groundwater in the well pipe. A HACH water quality rapid detector
was used to measure the water temperature (T), TDS, dissolved oxygen (DO), conductivity,
pH, and oxidation-reduction potential (Eh) of the water samples. The water samples were
collected after the readings stabilized. Each sample was collected after rinsing the container
with the water sample more than 3 times.

The concentrations of Fe and Mn were determined in the field using Hach DR1900
portable spectrophotometer. As concentration was determined by inductively coupled
plasma mass spectrometry (ICP-MS, Agilent 7500C, Santa Clara, CA, USA) and hydride
generation atomic fluorescence photometry (AFS 9600, Beijinghaiguang). Anions and
cations were analyzed by ion chromatography (881 compact IC, Metrohm, Switzerland).
The mass concentration of bicarbonate ion (HCO3

−) was determined by acid-base titration
in the laboratory. The reliability of water sample data was tested using the anion and cation
balance test method, and the absolute value of the relative error of the anion and cation
balance less than 5% was taken as reliable.

3.2. Qualitative Research Method
3.2.1. Ionic Ratios

In the process of groundwater circulation, the regularity of each ion component
and some ion ratios will change. Therefore, the characteristics of ionic combinations
and related ion ratios in groundwater can be used to assess the genesis of groundwater,
and identify the source of the chemical components of groundwater and mixing process
of different water bodies; this is an effective approach for analyzing the evolution of
groundwater [29–31]. However, the variation of ion concentration is largely affected
by mixing. When the ion composition is near the mixing line, it indicates that there is
no water–rock interaction. When the ion composition deviates from the mixing line, it
indicates that it is affected by water–rock interaction. The millimolar per liter (mmol/L)
ratio between (Na++K+) and Cl− (γ(Na+K)/γCl can reflect the source of Na+ and K+. A
γ(Na+K)/γCl close to 1 indicates the dissolution of halite; a γ(Na+K)/γCl ratio greater
than 1 indicates the dissolution of silicates or cation exchange. The main sources of
Ca2+ and Mg2+ in groundwater are mainly the dissolution of carbonates or silicates and
evaporites. Accordingly, the mmol/L ratio between Ca2+ and SO4

2−(γCa2+/γSO4
2−,

milliequivalents per liter (meq/L) ratios between Ca2+ and HCO3
−(γCa2+/γHCO3

−) and
Ca2+ + Mg2+ and HCO3

−(γ(Ca2++Mg2+)/γHCO3
−) can be used to determine the main

sources of Ca2+ and Mg2+. A γCa2+/γSO4
2− ratio close to 1, corresponds to gypsum

dissolution. A γCa2+/γHCO3
− ratio close to 1, corresponds to calcite dissolution. A

γ(Ca2++Mg2+)/γHCO3
− close to 1, corresponds to dolomite dissolution. The meq/L

ratio of (SO4
2−+Cl−) to HCO3

−(γ(SO4
2−+Cl−)/γHCO3

−) reflects the main source of
chemical components in groundwater. A γ(SO4

2−+Cl−)/γHCO3
− ratio greater than 1

indicates evaporite dissolution as the main contributor to the chemical composition of
groundwater. A γ(SO4

2−+Cl−)/γHCO3
− ratio less than 1 indicates carbonate dissolution

as the main contributor to the chemical composition of groundwater. The ratio of γ(Na++K+-
Cl−)/γ(Ca2++Mg2+-HCO3

−-SO4
2−) can be used to reflect cation exchange. In the presence

of cation exchange, γ(Na++K+-Cl−) will be negatively correlated to γ(Ca2++Mg2+-HCO3
−-

SO4
2−) with a slope of −1, that is, the content of Ca2++Mg2+ decreases with increasing

Na++K+ content [32–34].
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3.2.2. Factor Analysis

Factor analysis [35] is a multivariate statistical analysis method with dimensionality
reduction. In other words, more samples or variables are replaced by fewer principal
factors, which reflect as much information as possible; moreover, the principal factors are
independent of each other [36,37]. According to varying research objectives, factor analysis
can be divided into the Q type (correlation between samples) and R type (correlation
between variables). The basic idea of R-type factor analysis is to group variables according
to the correlation, such that the correlation between variables in the same group is higher,
but the correlation between variables in different groups is lower. Each set of variables rep-
resents a basic structure, namely a factor, which can reflect the observed correlation. In the
field of hydrogeochemistry, R-type factor analysis can eliminate independent and repetitive
hydrochemical components and summarize numerous intricately interrelated variables to
a few common factors. Each main factor represents a basic combination of hydrochemical
components. It often indicates the origin of hydrochemical characteristics and can be used
to explain complicated relationships between hydrochemical components [38–42].

3.3. Quantitative Analysis
Inverse Modeling

PHREEQC is undoubtedly the most widely used reverse hydrogeochemical simulation
in the world. In this study, PHREEQC version 3 was used for reverse hydrogeochemical
simulation. On the representative flow path, according to the change of sample ion con-
centration, possible mineral phases in the medium are ascertained, the mineral saturation
index and dissolved precipitation of the mineral phase are calculated, and the formation
and evolution law of regional groundwater are revealed [43–45].

4. Results and Discussion

4.1. Hydrochemical Characteristics of Groundwater

The TDS value of phreatic water in the study area ranged from 176.30 to 575.45 mg·L−1

with a mean value of 365.42 mg·L−1, indicating that the groundwater is fresh water. The
pH value ranged from 6.78 to 7.88 with a mean value of 7.39, indicating a weakly alkaline
environment. The order of relative abundance of major cations in the groundwater followed
Ca2+ > Na+ > Mg2+ > K+, and the corresponding average mass concentrations were 1.262
mmol·L−1, 2.019 mmol·L−1, 0.904 mmol·L−1, and 0.079 mmol·L−1, respectively. The or-
der of relative abundance of major anions in the groundwater followed HCO3

− > Cl− >
SO4

2− > NO3
−, and the corresponding average mass concentrations were 5.058 mmol·L−1,

0.646 mmol·L−1, 0.423 mmol·L−1, and 0.214 mmol·L−1, respectively. The dominant cations
were Ca2+ and Na+, and the dominant anions were HCO3

− in phreatic water. Table 1 shows
that the variation coefficients of mass concentrations of Fe, Mn, and As in phreatic water
were all greater than 100%, indicating that they are more sensitive and unstable to exter-
nal inputs, such as hydrological conditions, topography, and human activities. The mass
concentrations of Fe, Mn, and As were 0.000–0.427 mmol·L−1, 0.002–0.065 mmol·L−1, and
0.000–0.165 μmol·L−1, respectively. The contents of Fe, Mn, and As in some areas exceeded
the WHO drinking water quality standard [46], which stipulates mass concentrations of
Fe ≤ 0.3 mg·L−1, Mn ≤ 0.1 mg·L−1, and As ≤ 10 μg·L−1. The chemical groundwater types
of the study area were distinguished and grouped by their position on a Piper diagram
(Figure 4). Based on the major cation and anion, the following two major hydrochemical
facies were identified: Ca-HCO3 and Ca-Na-HCO3 types.

Previous isotopic studies confirmed that phreatic water in the study area is mainly
recharged by lake water and rainfall [47], Therefore, the hydrochemistry can be safely
presumed to be affected by mixing. The ion concentration of the sample after mixing
was calculated based on the oxygen stable isotope 18O and compared with the measured
data. In this manner, the influence of water-rock interaction on each ion component was
determined. In Table 1, the values in bold indicate increases in ion concentration due
to water-rock interaction. The specific calculation process is shown in Table S1. The
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concentrations of HCO3
−, Na+, Ca2+, and Mg2+ components were higher than their mixed

concentrations, indicating that water–rock interaction generally leads to the dissolution
of minerals containing C, Na, Ca, and Mg. The concentrations of Cl− and NO3

− also
increased in most cases, which is related to halite dissolution and human activities in
some areas. K+ concentration changed slightly, indicating that minerals containing K are
in equilibrium.

Table 1. Statistical characteristics of the chemical composition of phreatic water.

Sample ID ρ(Cl−) ρ(NO3
−) ρ(SO4

2−) ρ(HCO3
−)ρ(Na+) ρ(K+) ρ(Ca2+) ρ(Mg2+) ρ(TDS) ρ(Fe) ρ(Mn) ρ(As)

11 0.287 0.041 0.279 4.227 1.371 0.014 1.425 0.277 265.640 1.071 × 10
−3

3.636 × 10
−3

4.698 × 10
−2

12 0.676 0.070 0.988 5.566 2.132 0.077 1.683 1.103 428.950 3.571 × 10−4 1.818 × 10
−3 0.000

16 1.156 0.158 0.478 4.686 3.339 0.069 1.403 0.862 377.020 7.143 × 10−4 1.818 × 10
−3

1.411 × 10
−2

18 0.770 0.329 0.539 5.021 2.716 0.064 1.458 1.130 411.650 7.143 × 10−4 1.818 × 10
−3 0.000

48 0.554 0.000 0.560 5.394 1.827 0.028 1.571 1.155 423.590 3.036 × 10
−3

5.455 × 10
−3 0.000

52 0.369 0.244 0.277 2.011 1.056 0.025 1.211 0.177 176.300 1.250 × 10
−3

7.273 × 10
−3

3.975 × 10
−2

54 0.365 0.324 0.302 3.682 0.882 0.079 0.926 0.786 285.660 1.071 × 10
−3

3.636 × 10
−3

1.262 × 10
−2

55 1.001 0.208 0.623 6.943 2.123 0.049 1.753 1.103 491.930 5.357 × 10
−4

3.636 × 10
−3 2.080 × 10−5

58 0.493 0.273 0.343 4.150 1.433 0.190 1.244 0.798 320.890 3.750 × 10−3 7.273 × 10−3 1.127 × 10−4

60 0.586 0.622 0.476 4.361 2.983 0.078 1.227 0.848 400.650 5.357 × 10−4 5.455 × 10−3 6.623 × 10−3

62 1.120 0.621 0.342 6.512 2.369 0.003 0.683 1.232 508.890 5.357 × 10−4 1.818 × 10−3 0.000
68 0.466 0.432 0.488 1.999 1.678 0.290 0.667 0.634 253.540 2.500 × 10−3 7.273 × 10−3 2.223 × 10−2

69 0.528 0.102 0.465 8.138 1.776 0.254 1.764 1.157 393.670 1.571 × 10−2 2.727 × 10−2 5.066 × 10−2

70 0.699 0.437 0.499 8.176 2.579 0.003 1.835 1.232 524.420 1.071 × 10−3 1.091 × 10−2 1.404 × 10−4

71 0.717 0.054 0.498 2.967 2.209 0.041 0.767 0.921 245.060 7.143 × 10−4 5.455 × 10−3 0.000
73 0.344 0.125 0.250 4.724 1.055 0.069 1.294 0.656 282.700 1.071 × 10−3 3.636 × 10−3 8.819 × 10−3

74 1.115 0.077 0.207 2.630 2.438 0.014 0.135 0.875 249.460 7.143 × 10−4 1.818 × 10−3 1.373 × 10−2

78 0.544 0.037 0.362 7.727 1.985 0.000 1.699 1.114 450.080 6.071 × 10−3 5.455 × 10−3 6.800 × 10−3

83 0.602 0.000 0.137 9.640 2.527 0.006 1.902 1.481 575.450 4.268 × 10−1 6.545 × 10−2 1.605 × 10−1

86 0.531 0.120 0.354 2.611 1.901 0.224 0.595 0.547 242.887 1.250 × 10−3 7.273 × 10−3 9.173 × 10−2

Minimum 0.287 0.000 0.137 1.999 0.882 0.000 0.135 0.177 176.300 0.000 0.002 0.000
Maximum 1.156 0.622 0.988 9.640 3.339 0.290 1.902 1.481 575.450 0.427 0.065 0.161

Mean 0.646 0.214 0.423 5.058 2.019 0.079 1.262 0.904 365.422 0.023 0.009 0.024
S.D. 0.265 0.193 0.185 2.205 0.658 0.088 0.489 0.330 112.684 0.095 0.014 0.040
C.V. 0.411 0.904 0.437 0.436 0.326 1.121 0.388 0.364 0.308 4.047 1.620 1.687

S.D. stands for standard deviation, C.V. stands for coefficient of variation. Except for As and TDS, which are in μmol·L−1 and mg/L,
respectively, the mass concentrations of other ions and indicators are in mmol·L−1. The values in bold indicate increases in ion concentration
due to water-rock interaction.

Figure 4. Piper diagram of groundwater samples in the study area.
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The TDS values of confined water in the study area ranged from 104.12 to 800.00 mg·L−1

with a mean value of 363.25 mg·L−1, indicating that the groundwater is fresh water. The
pH value ranged from 6.46 to 8.47 with a mean value of 7.35, indicating a weakly alkaline
environment. The order of relative abundance of major cations in the groundwater followed
Na+ > Ca2+ > Mg2+ > K+, and the corresponding average mass concentrations were
2.363 mmol·L−1, 1.290 mmol·L−1, 1.043 mmol·L−1, and 0.026 mmol·L−1, respectively. The
order of relative abundance of major anions in the groundwater followed HCO3

− > Cl− >
SO4

2− > NO3
−, and the corresponding average mass concentrations were 5.106 mmol·L−1,

0.727 mmol·L−1, 0.313 mmol·L−1, and 0.251 mmol·L−1, respectively. In confined water, the
dominant cations were Na+ and Ca2+ and the dominant anions were HCO3

−. As shown in
Table 2, the variation coefficients of mass concentrations of Fe, Mn, and As in confined water
were high, indicating that they are more sensitive and unstable to external inputs, such as
hydrological conditions, topography, and human activities. The mass concentrations of Fe,
Mn, and As were 0.000–0.629 mmol·L−1, 0.000–0.060 mmol·L−1, and 0.00–1.254 μmol·L−1,
respectively. The contents of Fe, Mn, and As in some areas exceeded the WHO drinking
water quality standard [48]. According to the Piper diagram (Figure 4), the hydrochemical
types of confined water are mainly Ca-Na-HCO3, Ca-HCO3, and Ca-Na-HCO3-Cl types.

4.2. Qualitative Analysis of the Hydrochemical Evolution Mechanism
4.2.1. Ionic Ratios

Using the Mg equivalent ratio relationship between different ions, the water–rock
interaction affecting the change of ion concentration can be assessed. However, changes
in ion concentration are strongly affected by mixing. In previous studies, we found that
lake and precipitation are the main recharge sources of groundwater in the study area. The
groundwater mixing line can be obtained by using the ion concentrations of these two end
elements (Table S1), as shown in Figure 5.

In terms of the γ(Na+K)/γCl (Figure 5a), the ionic composition of (Na + K) and Cl
deviates from the mixing line, indicating that they are affected by water-rock interaction.
Moreover, most of the sample points are distributed in the upper left of the 1:1 line. In
other words, the mmol/L concentration of (Na++K+) is basically greater than that of Cl−.
This suggests that Na+ and K+ in groundwater are mainly attributable to halite dissolution,
and cation exchange occurs during runoff, resulting in the higher mmol/L concentration
of Na+ and K+ ions. In addition, other silicate minerals containing Na and K may also
be dissolved.

The γ(SO4+Cl)/γHCO3 (Figure 5b) shows that the ionic composition of (Na + K) and
Cl deviates from the mixing line, indicating that they are affected by water-rock interac-
tion. Moreover, the sample points are all distributed below the 1:1 line, and the meq/L
concentration of HCO3

− is much larger than that of SO4+Cl, indicating the dominance of
carbonate dissolution.

TheγCa/γHCO3 meq/L ratio relationship (Figure 5c) is consistent with theγ(Na + K)/γCl
meq/L ratio relationship; both deviate from the mixing line and 1:1 line and are located at the
upper left of the two lines. These results indicate indicating that Ca and HCO3 are affected by
water-rock interaction, and the dissolution of gypsum and other calcium-containing minerals
may occur in addition to calcite dissolution. The γCa/γSO4 mmol/L ratio relationship
(Figure 5d) shows that the sampling points are distributed between the 1:1 line and the
mixing line, indicating that Ca and SO4 are not only affected by mixing but also affected by
gypsum dissolution, although only to a small extent.

The γ(Ca + Mg)/γHCO3 is shown in Figure 5e. The sampling points are distributed
near the 1:1 line and the mixing line, indicating that (Ca + Mg) and HCO3 are jointly
affected by mixing and dolomite dissolution.

As indicated by the γ[(Na++K+)-Cl−]/γ[(Ca2++Mg2+)(SO4
2−+HCO3

−)] (Figure 5f),
the sampling points are generally distributed near the 1:1 line, suggesting a certain degree
of cation exchange in groundwater.
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Table 2. Statistical characteristics of the chemical composition of confined water.

Sample
ID

ρ(Cl−) ρ(NO3
−) ρ(SO4

2−) ρ(HCO3
−) ρ(Na+) ρ(K+) ρ(Ca2+) ρ(Mg2+) ρ(TDS) ρ(Fe) ρ(Mn) ρ(As)

6 0.670 0.513 0.345 3.959 1.381 0.038 1.935 0.602 324.840 5.357 × 10−4 1.818 × 10−3 0.000
7 0.609 0.301 0.361 3.070 1.808 0.172 1.111 0.556 263.300 7.143 × 10−4 3.636 × 10−3 0.000
8 1.006 0.148 0.516 5.776 2.870 0.035 1.558 1.145 430.800 1.786 × 10−3 7.273 × 10−3 0.000
9 0.800 0.537 0.326 0.857 1.456 0.023 0.368 0.453 149.610 1.250 × 10−3 3.636 × 10−3 5.067 × 10−3

19 1.764 0.000 0.836 4.906 3.065 0.003 1.735 1.308 473.580 7.143 × 10−4 7.273 × 10−3 5.867 × 10−3

20 0.809 0.140 0.400 2.974 2.113 0.003 1.096 0.700 253.930 1.071 × 10−3 5.455 × 10−3 1.427 × 10−2

21 0.655 0.000 0.166 5.346 2.779 0.000 1.433 1.181 348.560 3.571 × 10−4 1.818 × 10−3 9.200 × 10−3

22 0.512 0.162 0.287 3.663 1.647 0.000 1.095 1.168 361.920 2.679 × 10−3 5.455 × 10−3 1.333 × 10−4

23 0.441 1.762 0.322 6.070 2.723 0.000 2.897 1.528 539.930 1.071 × 10−3 3.636 × 10−3 6.533 × 10−3

25 0.804 0.563 0.970 3.548 2.378 0.053 1.468 1.156 384.970 3.571 × 10−4 1.818 × 10−3 4.000 × 10−4

36 0.880 0.037 0.507 7.364 2.894 0.026 1.795 1.010 490.310 2.500 × 10−3 1.455 × 10−2 5.333 × 10−3

37 2.494 0.383 0.480 8.186 3.014 0.019 2.885 1.475 677.650 6.964 × 10−3 1.091 × 10−2 1.867 × 10−3

39 2.058 0.000 1.286 10.806 3.859 0.049 1.819 1.591 800.000 1.232 × 10−2 2.364 × 10−2 6.147 × 10−2

40 0.235 0.000 0.076 9.860 2.889 0.000 1.759 1.528 522.450 1.813 × 10−1 6.000 × 10−2 1.254
41 0.351 0.053 0.075 7.765 3.114 0.000 1.536 1.355 419.760 1.545 × 10−1 1.636 × 10−2 2.643 × 10−1

42 0.236 0.064 0.077 7.459 2.833 0.005 1.500 1.434 384.230 8.839 × 10−2 3.818 × 10−2 1.293 × 10−2

43 0.185 0.000 0.073 4.262 1.345 0.007 0.046 1.019 282.430 6.286 × 10−1 2.364 × 10−2 7.984 × 10−1

44 0.212 0.000 0.074 5.738 2.348 0.009 0.865 1.134 329.130 3.643 × 10−1 1.818 × 10−2 9.984 × 10−1

45 0.435 0.089 0.086 3.538 2.885 0.011 0.489 0.522 203.270 1.786 × 10−3 5.455 × 10−3 0.000
46 0.228 0.000 0.075 4.925 2.718 0.004 0.068 0.996 277.000 1.339 × 10−1 1.273 × 10−2 2.803 × 10−1

72 0.378 0.615 0.233 1.066 1.215 0.012 0.295 0.405 104.120 2.321 × 10−3 1.636 × 10−2 1.333 × 10−4

75 0.301 0.068 0.076 4.542 2.123 0.018 0.962 0.981 259.330 7.393 × 10−2 2.909 × 10−2 4.787 × 10−2

76 0.226 0.070 0.081 5.833 3.102 0.058 1.156 1.044 311.060 7.286 × 10−2 1.455 × 10−2 3.907 × 10−2

79 1.788 0.000 0.256 9.860 1.166 0.013 2.976 1.605 644.670 2.446 × 10−1 3.818 × 10−2 4.125 × 10−1

81 0.709 0.067 0.140 5.585 1.909 0.000 1.243 1.335 245.670 1.473 × 10−1 2.182 × 10−2 9.867 × 10−3

82 0.682 0.000 0.100 4.973 3.133 0.001 0.985 1.062 310.480 1.929 × 10−2 5.455 × 10−3 2.680 × 10−2

84 0.212 0.000 0.053 6.876 3.067 0.010 1.255 1.240 361.220 3.482 × 10−2 1.091 × 10−2 1.023 × 10−1

85 0.888 1.475 0.291 4.791 2.750 0.000 2.383 1.191 463.070 4.571 × 10−2 1.455 × 10−2 1.173 × 10−2

88 1.056 0.222 0.270 1.511 2.075 0.003 0.047 0.580 207.170 7.143 × 10−4 1.091 × 10−2 4.000 × 10−3

90 0.315 0.139 0.123 0.985 0.374 0.224 0.582 0.295 197.770 5.000 × 10−3 1.818 × 10−3 5.467 × 10−3

91 0.606 0.384 0.746 2.193 2.220 0.012 0.654 0.724 238.530 3.571 × 10−4 0.000 3.600 × 10−3

Minimum 0.185 0.000 0.053 0.857 0.374 0.000 0.046 0.295 104.120 0.000 0.000 0.000
Maximum 2.494 1.762 1.286 10.806 3.859 0.224 2.976 1.605 800.000 0.629 0.060 1.254
Mean 0.727 0.251 0.313 5.106 2.363 0.026 1.290 1.043 363.250 0.072 0.014 0.141
S.D. 0.578 0.413 0.298 2.592 0.775 0.049 0.801 0.377 157.786 0.135 0.013 0.312
C.V. 0.795 1.644 0.953 0.508 0.328 1.893 0.621 0.362 0.434 1.873 0.961 2.209

S.D. stands for standard deviation, C.V. stands for coefficient of variation. Except for As and TDS, which are in μmol·L−1 and mg/L
respectively, the mass concentrations of other ions and indicators are mmol·L−1.

In order to further analyze the occurrence and displacement direction of cation ex-
change in groundwater, chloro-alkaline indices (CAI) were applied [48,49]. The expressions
of CAI are as follows:

CAI − 1 =
Cl−−(Na+ + K+

)
Cl−

CAI − 2 =
Cl−−(Na+ + K+

)
SO2−

4 + HCO−
3 + CO2−

3 + NO−
3

The results of CAI-1 and CAI-2 are both negative, indicating the occurrence of cation
exchange during runoff and the replacement of Na+ and K+ adsorbed by rocks and soil by
Ca2+ in groundwater, which is consistent with the γ(Na + K)/γCl, γ(Ca + Mg)/γHCO3.

4.2.2. Factor Analysis
Factor Analysis of Phreatic Water

From the geochemical dataset, principal components were extracted on the symmet-
rical correlation matrix computed for the 12 variables (Table 3). Before the analysis, the
KMO (Kaiser–Meyer–Olkin) and Bartlett (Bartlett test of sphericity) tests were conducted to
verify the suitability of the data. The KMO test showed a value of 0.613 and the Bartlett test
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showed a significance level of less than 0.01, which indicates that the data have a certain
correlation and are suitable for factor analysis.

Figure 5. Relationships between the rates of the selected ions of groundwater.
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Table 3. Loading for varimax rotated factor matrix of a four-factor model explaining 80.05% of the total variance.

Variable
Factor Loading

F1 F2 F3 F4

Cl− 0.016 −0.159 0.879 −0.170
NO3

− −0.123 −0.236 0.446 0.534

SO4
2− 0.502 −0.638 0.073 0.240

HCO3
− 0.857 0.292 0.181 −0.163

Na+ 0.253 0.023 0.831 −0.009
K+ −0.113 0.049 −0.232 0.841

Ca2+ 0.884 0.055 −0.257 −0.103
Mg2+ 0.729 0.150 0.542 −0.114
TDS 0.825 0.150 0.465 −0.096
Fe 0.311 0.892 0.084 −0.133
Mn 0.393 0.900 −0.018 0.025
As 0.030 0.932 −0.146 0.049

Eigenvalue 3.511 3.111 2.476 1.308
Explained variance% 27.011 23.928 19.048 10.063

Cumulative% of variance 27.011 50.939 69.987 80.049

Bold values: The maximum absolute value of the loadings of each index.

The main methods of factor load matrix estimation include the principal component
method, principal axis factor analysis, and maximum likelihood method. In this study, the
principal component method was selected to extract the eigenvalues. Four factors with
eigenvalues greater than 1 were selected for analysis, and the cumulative variance contri-
bution rate was 80.05%, indicating that the four factors reflected 80.05% of the information
content of the total factors affecting water quality. To highlight typical representative vari-
ables of each common factor and explain their practical significance, the factor load matrix
was rotated. After rotation, the main factor loads were converted to 1 or 0 polarization.
The rotation factor load matrix is shown in Table 3.

F1 reflects water–rock interaction, mainly carbonate dissolution. It was mainly deter-
mined by HCO3

−, Ca2+, Mg2+, and TDS, and its contribution rate was 27.011%. According
to the analysis of ion ratios, carbonate dissolution is widely distributed, resulting in the
high contents of HCO3

−, Ca2+, and Mg2+ in groundwater. Figure 6 shows the interpolation
of F1 scores at each sampling point of phreatic water. Sampling points with high scores
were mainly distributed in the groundwater discharge area (Anqing and Wangjiang sec-
tions) and the retention area (Wan River Valley), where groundwater runoff is slow. In
these regions, the aquifers have a small grain size, the velocity of groundwater is slow, and
water–rock interactions frequently occur between the groundwater and aquifer, resulting
in strong carbonate dissolution. These factors contribute to the enhancement of HCO3

−,
Ca2+, Mg2+, and TDS in groundwater.

F2 reflects the endogenous pollution of groundwater, which is affected by aquifer
geological conditions. In F2, the factor loads of Fe, Mn, As, and SO4

2− were large, and
the contribution rate of F2 was 23.928%. The concentration of Fe and Mn in groundwater
in the study area generally exceeds the WHO standard, which can be mainly attributed
to the reduction and dissolution of original iron-bearing and manganese-bearing min-
erals in the aquifer [50]. This is consistent with the geological conditions of the aquifer
medium containing iron-bearing and manganese-bearing minerals. With the reduction
and dissolution of iron-bearing and manganese-bearing minerals, the content of As in
groundwater exceeds the standard. Figure 7 shows the interpolation of F2 scores at each
sampling point of phreatic water. Sampling points with high scores almost covered the
entire study area, indicating high contents of primary iron-bearing and manganese-bearing
minerals in the aquifer medium. In the plain area, the terrain is flat and the groundwater
flow rate is slow, which promotes the complete reduction and dissolution of iron-bearing
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and manganese-bearing minerals, releasing arsenic in the lattice and affecting groundwater
quality. Thus, iron, manganese, and arsenic in groundwater are strongly correlated [51,52].

Figure 6. Distribution of scores of factor 1 for phreatic water.

F3 reflects the effect of halite dissolution and evaporation-concentration on ground-
water hydrochemistry. The loads of Na+ and Cl− in F3 were large, and the contribution
rate of F3 was 19.048%. According to the ion ratio analysis, the chemical composition of
phreatic water is affected by evaporation-concentration and halite dissolution in some
areas. Figure 8 shows the interpolation of F3 scores at each sampling point of phreatic
water. Sampling points with high scores were mainly distributed in the plain along the
Yangtze River in the Susong section. The aquifer in this area is shallow, and phreatic water
is affected by evaporation concentration. In addition, this area features many lakes, and the
groundwater is recharged by lake water, which is affected by evaporation-concentration,
resulting in high contents of Na+ and Cl−.

F4 reflects the effect of agricultural production activities on groundwater. In F4, the
factor loads of NO3

− and K+ were large, and the contribution rate of F4 was 10.063%.
Figure 9 shows the interpolation of F4 scores at each sampling point of phreatic water.
Sampling points with high scores were mainly distributed in the vicinity of Huang Lake
and Bo Lake. With a large number of aquaculture farms in this area, fertilizers containing
nitrogen and potassium were applied, resulting in the infiltration of NO3

− and K+ into
groundwater with surface water.
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Figure 7. Distribution of scores of factor 2 for phreatic water.

Figure 8. Distribution of scores of factor 3 for phreatic water.
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Figure 9. Distribution of scores of factor 4 for phreatic water.

Factor analysis of phreatic water revealed that the chemistry of phreatic water in
the study area is mainly affected by carbonate dissolution, primary pollution of iron and
manganese, halite dissolution, evaporation-concentration, and human activities.

Factor Analysis of Confined Water

Similar to the factor analysis of phreatic water, 12 chemical indexes of confined water
samples were selected for analysis. The data were verified for suitability through the KMO
and Bartlett tests. The KMO test produced a value of 0.721, and the Bartlett test revealed a
significance level of less than 0.01, which indicates that the data have a certain correlation
and are suitable for factor analysis.

Four factors with eigenvalues greater than 1 were selected for analysis by the principal
component method, and the cumulative variance contribution rate was 79.63%, indicating
that the four factors reflected 79.63% of the information content of the total factors affecting
water quality. The rotation factor load matrix is shown in Table 4.

F1 reflects water-rock interaction, mainly carbonate dissolution. It was mainly deter-
mined by HCO3

−, Ca2+, Mg2+, and TDS, and its contribution rate was 24.367%. Figure 10
shows the interpolation of F1 scores at each sampling point of confined water. Sampling
points with high scores were mainly distributed in the plain along the Yangtze River in
the Wangjiang section and the Wan River Valley. The groundwater hydraulic gradient of
the riverside plain in the Wangjiang section was relatively large, and groundwater in this
area is recharged by groundwater with high contents of HCO3

−, Ca2+, and Mg2+ from the
low mountain and hilly areas. Moreover, the TDS content of phreatic water and confined
water in this area is relatively high. In the Wan River Valley plain area, groundwater
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runoff is slow, strong water–rock interaction occurs between groundwater and aquifer, and
carbonate dissolution is strong, resulting in the high contents of HCO3

−, Ca2+, Mg2+, and
TDS in groundwater.

Table 4. Loading for varimax rotated factor matrix of a four-factor model explaining 79.63% of the total variance.

Variable
Factor Loading

F1 F2 F3 F4

Cl− 0.508 −0.139 0.679 0.052
NO3

− 0.508 −0.558 −0.414 −0.219
SO4

2− 0.306 −0.326 0.716 0.015
HCO3

− 0.619 0.511 0.219 0.478
Na+ 0.233 −0.069 0.184 0.855
K+ −0.076 −0.090 0.244 −0.741

Ca2+ 0.942 −0.053 0.081 0.116
Mg2+ 0.690 0.369 0.061 0.532
TDS 0.831 0.210 0.379 0.283
Fe −0.035 0.816 −0.272 −0.080
Mn 0.240 0.796 −0.059 0.173
As 0.048 0.863 −0.218 0.006

Eigenvalue 3.168 2.949 2.258 1.977
Explained variance% 24.367 22.683 17.371 15.209

Cumulative% of variance 24.367 47.049 64.420 79.629

Bold values: The maximum absolute value of the loadings of each index.

Figure 10. Distribution of scores of factor 1 for confined water.

In F2, the factor loads of Fe, Mn, As, and NO3
− were large, and the contribution rate

of F2 was 22.683%. The contents of Fe, Mn, and As in confined water generally exceed the
standard because of the reduction and dissolution of original iron and manganese minerals
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in the aquifer and the release of arsenic in the lattice. Figure 11 shows the interpolation of
F2 scores at each sampling point of confined water. Sampling points with high scores are
mainly distributed in the Wan River Valley plain area, where the aquifer lies at great depth
and the groundwater is in a reducing environment. The dissolution of iron and manganese
minerals results in the release of arsenic in the lattice. Thus, groundwater quality is
controlled by the high correlation between iron, manganese, and arsenic. Moreover, this
area is a crop planting area; subject to the application of agricultural nitrogen fertilizers,
the content of NO3

− is high.

Figure 11. Distribution of scores of factor 2 for confined water.

F3 reflects the effect of leaching of confined water. The loads of Cl− and SO4
2− in F3

were large, and the contribution rate of F3 was 17.371%. Figure 12 shows the interpolation
of F3 scores at each sampling point of confined water. Sampling points with high scores
were mainly distributed in some areas of the riverside plain along the Anqing urban area
and the Wan River Valley plain, indicating that the groundwater chemistry in this area is
significantly affected by the dissolution of halite and sulfate.

F4 reflects the effect of cation exchange on confined water. In F4, the factor loads of
Na+ and K+ were large, and the contribution rate of F4 was 15.209%. Figure 13 shows
the interpolation of F4 scores at each sampling point of confined water. Sampling points
with high scores were mainly distributed in the riverside plain of the Wangjiang section
and the local areas of Wan River Valley plain, which indicates that halite dissolution and
cation exchange are the main controlling factors, and the aquifers have a small grain size.
Therefore, cation exchange is more likely to occur under such geological conditions.

Factor analysis of confined water showed that the chemistry of confined water in
the study area is mainly affected by carbonate dissolution, primary pollution of iron and
manganese, halite dissolution, sulfate dissolution, and cation exchange.
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Figure 12. Distribution of scores of factor 3 for confined water.

Figure 13. Distribution of scores of factor 4 for confined water.
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4.3. Quantitative Analysis of Hydrochemical Evolution Mechanism: Inverse Modeling
4.3.1. Path of Simulation

The flow path of the Wan River Valley plain section (B–B’) was selected for simulation,
as shown in Figure 3. According to the groundwater flow field and hydrogeological condi-
tions in the Wan River Valley plain, groundwater flows from Wan River to the confluence of
Wan River and Yangtze River. Reverse hydrogeochemical simulations were performed for
the flow paths of phreatic water and confined water. The reverse hydrogeochemical simu-
lation path of phreatic water was 45→44→40, and that of confined water was 46→42→41
(Figure 3).

4.3.2. Possible Mineral Phases

Excluding the influence of mixing, the concentration of HCO3
−, Na+, Ca2+, Mg2+, Cl−

and NO3
− in groundwater increases due to the influence of water-rock interaction. Further

analysis using the ion ratio method showed that water–rock interactions driving this
phenomenon mainly occur as the dissolution of halites, sulfates and carbonates, and cation
exchange. According to the scanning electron microscope results of the aqueous medium
(Figure S1), typical iron-bearing minerals in the study area include hematite, siderite, and
pyrite. Based on the above results, the main possible mineral phases can be determined as
follows: calcite (CaCO3), dolomite (CaMg(CO3)2), albite (Na2O·Al2O3·6SiO2), anorthite
(CaO·Al2O3·2SiO2), siderite (FeCO3), fluorite (CaF2), gypsum (CaSO4·H2O), halite (NaCl),
hematite (Fe2O3), pyrite (FeS2), and claudetite (As2O3). The wateq4f database was used for
this simulation. Table 5 shows the variation of groundwater chemical components along
the two flow paths.

Table 5. Test results of major hydrochemical components in simulated paths of phreatic water and confined water.

Sample ID Na+ Ca2+ Mg2+ Cl− SO4
2− HCO3

− F− Fe As

Phreatic water simulation path

45 66.35 19.57 12.52 15.43 8.28 215.84 0.61 0.10 0.003
44 54.00 34.59 27.21 7.54 7.14 350.01 0.84 20.40 74.88
40 66.45 70.36 36.68 8.34 7.25 601.44 0.72 10.15 94.07

Confined water simulation path

46 62.51 2.73 23.90 8.11 7.23 300.43 0.93 7.50 21.02
42 65.17 59.98 34.41 8.39 7.40 455.01 0.82 4.95 0.97
41 71.63 61.42 32.51 12.46 7.17 473.68 0.55 8.65 19.82

Except for As, which is in μg·L−1, the mass concentrations of other ions and indicators are in mg·L−1.

4.3.3. Inverse Modeling Results

Through the ion component balance calculation of groundwater samples, the satu-
ration index (SI) of each mineral can be obtained to further determine the occurrence of
groundwater leaching. SI can be expressed as follows:

SI = log
IAP

K

In the formula, IAP represents the ion activity product of the mineral components of
water (dimensionless); K is the equilibrium constant reflected by the dissolution of minerals
at a certain temperature (dimensionless).

When SI > 0, the mineral is supersaturated relative to the aqueous solution; when
SI = 0, the mineral is in equilibrium with the aqueous solution; when SI < 0, the mineral
does not reach the saturation state and will dissolve. However, the mineral saturation index
remains uncertain, attributable to the errors in water quality analysis and the calculation
of mineral equilibrium constant and ionic activity. Therefore, in practice, the mineral is
generally considered to be in equilibrium with the aqueous solution when SI = −0.5–0.5.
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According to the calculation results (Table 6), water–rock interaction occurs in the
study area. In the phreatic water flow path, dolomite and hematite are in the supersaturated
state and may precipitate; fluorite, gypsum, rock salt, white arsenite, and CO2 (g) are
unsaturated and continue to dissolve. Siderite is close to equilibrium. On the flow path of
confined water, the saturation state of each mineral is consistent with that of phreatic water
as a whole, while siderite is dissolved in a more reducing environment.

Table 6. Major mineral saturation indices along the simulated path.

Sample ID Dolomite Siderite Fluorite Gypsum Halite Hematite Claudetite CO2(g)

Phreatic water simulation path

45 0.55 −2.04 −1.87 −3.13 −7.54 17.76 −36.33 −2.86
44 2.06 −0.29 −1.44 −3.07 −7.96 22.32 −30.37 −3.04
40 3.16 −0.76 −1.34 −2.84 −7.83 21.65 −37.55 −3.00

Confined water simulation path

46 0.59 −0.45 −2.40 −4.07 −7.85 21.49 −36.22 −2.93
42 2.82 −1.09 −1.24 −2.86 −7.83 21.04 −41.19 −3.07
41 3.03 −1.12 −1.61 −2.88 −7.62 21.47 −39.52 −3.19

In the simulation path of phreatic water, the increase in Ca2+, Mg2+, and HCO3
−

concentrations are mainly attributable to the dissolution of calcite and dolomite, and
their total dissolved amounts were 0.7582 mmol·L−1 and 1.1755 mmol·L−1, respectively.
Fluorite was dissolved first and then precipitated and its total dissolved amount was
2.905 × 10−3 mmol·L−1, Ca2+ concentration was increased and F− was released at the
same time. The change of Na+ concentration was mainly controlled by cation exchange.
The amount of dissolved NaX was 0.8615 mmol·L−1, and the amount of precipitated CaX
was 0.4308 mmol·L−1. The concentrations of Na+ and Cl− were reduced by the precipitation
of halite (0.2000 mmol·L−1). The variation of Fe content was mainly controlled by the
dissolution of hematite (1.3346 mmol·L−1) and pyrite (4.721 × 10−2 mmol·L−1), and the
precipitation of siderite (2.5368 mmol·L−1). The content of As is mainly attributable to the
release of As in the crystal lattice by the reduction and dissolution of hematite and pyrite,
and the dissolution of claudetite (0.4571 mmol·L−1).

In the simulation path of confined water, the increase in Ca2+ and Mg2+ concentration
could be mainly attributed to the dissolution of calcite (0.2564 mmol·L−1) and dolomite
(0.3962 mmol·L−1). The precipitation of fluorite (1.000 × 10−2 mmol·L−1) reduced the
concentrations of Ca2+ and F−. The increase in Na+ concentration was mainly controlled
by cation exchange. The amount of dissolved NaX was 0.8615 mmol·L−1, and the amount
of precipitated CaX was 0.4308 mmol·L−1. The precipitation of halite (0.2000 mmol·L−1)
reduced the concentration of Na+ and Cl−. The variation of Fe content is mainly controlled
by the dissolution of siderite with a dissolution amount of 6.0961 mmol·L−1, and the pre-
cipitation of hematite (2.8341 mmol·L−1) and pyrite (0.4066 mmol·L−1). The precipitation
of claudetite (0.800 mmol·L−1) resulted in the decrease in As content. Table 7 shows the
mass exchange results of possible mineral phases on the simulated paths of phreatic and
confined water.

Table 7. Mass exchange results of water samples along simulated paths (mmol·L−1).

Mineral Phases Stoichiometry
Phreatic Water Simulation Path Confined Water Simulation Path

45→44 44→40 46→42 42→41

Calcite CaCO3 - 0.7582 - 0.2564
Dolomite CaMg(CO3)2 0.7854 0.3901 0.4328 −3.663 × 10−2

Siderite FeCO3 −3.016 0.4792 6.627 −0.5309
Fluorite CaF2 6.060 × 10−3 −3.155 × 10−3 −2.891 × 10−3 −7.110 × 10−3

Gypsum CaSO4·2H2O −0.1703 6.516 × 10−2 0.8854 −7.312 × 10−2
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Table 7. Cont.

Mineral Phases Stoichiometry
Phreatic Water Simulation Path Confined Water Simulation Path

45→44 44→40 46→42 42→41

Halite NaCl −0.2226 2.264 × 10−2 7.959 × 10−3 0.1149
Hematite Fe2O3 1.650 −0.3154 −3.115 0.2809

Pyrite FeS2 7.921 × 10−2 −3.200 × 10−2 −0.4420 3.536 × 10−2

Claudetite As2O3 0.4570 1.283 × 10−4 −1.339 × 10−4 1.259 × 10−4

CO2 CO2 3.337 1.869 −5.259 0.4838

Cation exchange CaX2 −0.1138 −0.3170 −5.783 × 10−3 −9.034 × 10−2

NaX 0.2276 0.6339 1.157 × 10−2 0.1807

5. Conclusions

Hydrogeochemical processes controlling groundwater compositions in the alluvial
plain (Anqing section) of the lower Yangtze River Basin were investigated by applying
conventional hydrogeochemical techniques (Piper diagram and ionic ratios), statistical
methods, and inverse modeling methods to hydrochemical datasets.

The abundance of dominant cations followed the order Ca2+ > Na+ > Mg2+ > K+, and
that of dominant anions followed the order HCO3

− > SO4
2− > Cl− > NO3

−. In terms of
hydrochemical types of groundwater, phreatic water could be mainly classified into Ca-
HCO3 type and Ca-Na-HCO3 type, and confined water into Ca-Na-HCO3 type, Ca-HCO3
type, and Ca-Na-HCO3-Cl type.

The source of solutes was studied by determining relationships between ion ratios,
and the main hydrogeochemical processes of various ions in groundwater were deter-
mined. The results show that Na+ and K+ in groundwater are mainly attributable to halite
dissolution and cation alternating adsorption. Ca2+ and Mg2+ are mainly attributable
to carbonate dissolution. Moreover, sulfate dissolution occurs during runoff, in which
carbonate dissolution plays a dominant role. Cation adsorption is significant in the process
of groundwater runoff, mainly manifested in the adsorption of Ca2+ and the release of Na+.

Four common factors affecting the chemical composition of phreatic water in the
study area were extracted through factor analysis: carbonate dissolution (F1), primary
contamination of aquifer media (F2), halite dissolution, and evaporation-concentration
(F3), and human activities (F4). Similarly, four common factors affecting the chemical
composition of confined water were also extracted: carbonate dissolution (F1), primary
contamination of aquifer media (F2), dissolution of halite and sulfate (F3), and cation
exchange (F4). According to the factor scores of each sampling point, the main control
range of each factor was determined.

The results of reverse hydrogeochemical simulation showed that along the flow path in
a typical profile, the hydrochemical evolution of phreatic water is mainly controlled by the
dissolution of calcite, dolomite, fluorite, hematite, pyrite, and claudetite, the precipitation
of halite and siderite, and cation exchange (dissolution of NaX and precipitation of CaX).
The hydrochemical evolution of confined water is mainly controlled by the dissolution of
calcite, dolomite, gypsum, and siderite, the precipitation of fluorite, halite, hematite, pyrite,
and claudetite, and cation exchange.

The regional hydrochemical evolution law of groundwater could be analyzed in a
simple manner using each method, but the comprehensive application of the ion ratio,
factor analysis and reverse hydrogeochemical simulation facilitated the comprehensive
investigation of the regional groundwater hydrochemical characteristics and evolution law
from the macro to micro scale and from the qualitative to quantitative perspectives.

These findings provide valuable information on hydrological and hydrochemical
evolution processes within aquifers of the alluvial plain (Anqing section) of the lower
Yangtze River Basin. This integrated approach provides deeper insight into hydrochemical
and hydrological evolution processes and a reference for ground-water management
where more targeted groundwater monitoring programs would be required in the future.
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Furthermore, this study provides technical support for the ecological restoration of the
Yangtze River Basin.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/w13172403/s1, Figure S1. SEM photos of aqueous media, Table S1. Chemical component
concentrations of lake water and precipitation, Table S2. According to the 18O values of lake water,
precipitation and samples, the mixing concentration of each ion component is calculated. It is
assumed that the ion concentration is only affected by mixing.
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Abstract: The scientific and accurate evaluation of water resources carrying capacity has good social,
environmental and resource benefits. Reasonable selection of evaluation parameters is the key step
to realize efficient and sustainable development of water resources. Taking Zanhuang County in
the North China Plain as the research area, this study selected fuzzy comprehensive evaluation
models with different weights in the established evaluation index framework to explore the sources
of uncertainty affecting the evaluation results of water resources carrying capacity. By using the
sensitivity analysis method of index weight, the index with the biggest influence factor on the
evaluation result is selected to reduce the uncertainty problems such as index redundancy and small
correlation degree. The results show that the correlation and reliable of comprehensive evaluation
value obtained by different weight methods is different. The evaluation result obtained by using the
analytic hierarchy process is more relevant than the entropy weight method, and it is more consistent
with the actual load-bearing situation. The study of sensitivity index shows that water area index
is the biggest factor affecting the change of evaluation results, and water resources subsystem and
socio-economic subsystem play a dominant role in the whole evaluation framework. The results
show that strengthening the data quality control of index assignment and weight method is helpful
to reduce the error of water resources carrying capacity evaluation. It can also provide scientific basis
for the improvement of fuzzy evaluation model.

Keywords: water resources carrying capacity; uncertainty analysis; fuzzy comprehensive evaluation
model; weight sensitivity analysis

1. Introduction

Water resources are irreplaceable natural resources that not only restrict the sustainable
development of society but also play a vital role in social development [1,2]. At present,
studying the carrying capacity of water resources is a prerequisite for determining the
important development relations between water resources and population, ecology and
social economy in the region [3]. It is the necessity to manage the sustainable use of water
resources and other related water issues [4]. Water resources and other related water issues
must be managed sustainably [5]. Of great significance for promoting the development
of the Chinese economy and improving the quality of life is how to effectively realize
the balance and sustainable development of water resources, the water environment and
the economy [6].

In recent years, the water resources carrying capacity has been discussed more than
sustainable development, where the former generally refers to the development and uti-
lization degree of natural water resources [7]. Some studies [8–10] have concluded that
they often express similar meanings as indicators such as the sustainable utilization of
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water volume, ecological limit of water environment, limit of water resources and shortage
degree [11]. Chinese research on the water resources carrying capacity was first proposed
by the Xinjiang Water Resources Soft Science Research Group [12] and constituted a break-
through in the field of water resources. In the larger theoretical context of sustainable
development and water management, the most representative definition is to coordinate
the reasonable scale of ecological health and sustainable development resources under
certain social conditions of economic, environmental and technological development [13].
Water resource carrying capacity is defined as “the size of population and economy scale
that a region’s water resources can carry, which had necessary requirements for ecological
environmental protection and had certain technical level and social and economic devel-
opment level in a certain historical stage”. Since the water resources carrying capacity
involves water resources system, ecological environment system and social economic
system under different regional and natural conditions, the interaction among multiple
systems will further amplify the complexity and uncertainty [14]. Therefore, strengthening
the study of uncertainty of water resources carrying capacity is conducive to improving the
reliability of evaluation results. Among the comprehensive dynamic evaluation models,
the fuzzy comprehensive evaluation model [15] is widely used. In addition, fuzzy compre-
hensive evaluation manages fuzzy evaluation variables through accurate mathematical
methods, which can provide a more scientific and practical quantitative evaluation of
hidden and fuzzy concepts. At the same time, the model can be used to verify whether the
evaluation index weight and other related uncertainty issues have a great impact on the
evaluation results [16]. Therefore, the fuzzy evaluation model is selected as an example
to study the uncertainty of the evaluation results of the water resources carrying capac-
ity [17,18]. From the perspective of weight data and indicator assignment, the uncertainty
of water resources carrying capacity is seldom considered in the application of the fuzzy
evaluation model, which makes the results of water resources carrying capacity limited
in practical applications [11,15,19]. Therefore, the uncertainty study of water resources
carrying capacity model will improve the accuracy of evaluation. At the same time, the
research on the uncertainty of water resources carrying capacity also provides a direction
for the improvement of the model [20–22].

Based on the consideration of these uncertain factors, this paper studies the fuzzy
comprehensive evaluation model by comparing the weight method determined by the
analytic hierarchy process and the entropy weight method [23,24] under certain technical
outline standards. Correlation analysis was used to solve the uncertainty among weights,
the indexes with high sensitivity coefficient and great influence on evaluation results were
screened out by calculating the influence of indexes through sensitivity analysis [25]. This
study provides reliable scientific basis for reducing the uncertainty of the results of the
fuzzy evaluation model and improving the efficiency of water resources utilization [26,27].
Taking Zanhuang County in the North China Plain as an example, the evaluation of water
resources carrying capacity is carried out with certain characteristic parameters [28,29],
which can provide reference for water resources managers in the North China Plain.

2. Materials and Methods

2.1. Study Area

The study area (37◦26′ to 37◦46′ N, 114◦20′ to 114◦31′ E) is located in Shijiazhuang
city in southwestern Hebei Province (Figure 1b). The district’s east–west length is 44.8 km,
and its north–south width is 37 km, resulting in a total area of 1210 km2 (Figure 1c). It
borders the surrounding counties of Shijiazhuang City and Xingtai City inside, and Shanxi
Province outside. The county is located in a warm, semi-humid monsoon continental
climate. The temperature difference between seasons is large, with an annual average
temperature of 13.6 °C. The average annual precipitation and evaporation are 508.9 mm and
1885 mm, respectively, and precipitation mainly occurs from July to September. Regarding
its topography, the region is located at the eastern foot of the Tai-hang Mountains. The
landform features of the region are mainly composed of mountains and hills. On the
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whole, the mountain trend is higher in the west and lower in the east. The abundant
basin-scale crossing of water resources from the Ziya River System and the artificial canal
South-to-North Water Diversion Project in the study area can meet 68% of the county’s
annual water consumption. The county has 11 towns under its jurisdiction.

Figure 1. Maps showing (a) the location of Hebei in China; (b) the location and elevation of study area in Hebei; (c) the
administrative boundaries in the study area combined with its land use.

2.2. Methods
2.2.1. Fuzzy Comprehensive Evaluation Model

As water resources carrying capacity evaluation index standards and evaluation sys-
tem boundaries are usually uncertain and fuzzy, fuzzy comprehensive evaluation models
can improve the objectivity and accuracy of evaluation results and more comprehensively
reflect the situation of regional water resources more comprehensively [30]. This paper
adopts this model and its basic principle is as follows: to establish evaluation index set
U = (u1, u2, . . . , um) and the comment set V = (v1, v2, . . . , vn), the results of fuzzy compre-
hensive evaluation are as follows:

C = (c1, c2, . . . , cm) = W · R (1)

where W is a fuzzy subset on U, W = (w1, w2, . . . , wn), 0 ≤ wi ≤ 1 (∑n
i=1 wi = 1); wi is the

membership degree of U to W (the weight value of this indicator), which represents the ex-
tent to which a single element ui plays a role in the evaluation factor; “·” is a fuzzy operator
which ordinary matrix algorithm is adopted; C is a fuzzy subset of V, C = (c1, c2, . . . , cm), 0
≤ cj ≤ 1 (∑m

j=1 cj = 1); cj is the membership degree of V to C, which represents the result of
comprehensive evaluation. The membership (evaluation) matrix is as follows:

R =

⎡
⎢⎣

r11 · · · r1n

· · · . . . . . .
rm1 · · · rmn

⎤
⎥⎦ (2)
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In the formula, rij is the membership degree of evaluation ui to vj, and Ri = (ri1, ri2, . . . , rim)
is the result of single factor for evaluation of ui.

The actual value of the evaluation index ui is compared with the classification interval,
the membership degree of the corresponding level vj, which is named the value of rij,
can be calculated. In order to eliminate the level skip phenomenon in which the value of
the evaluation grade changes in a small range at the end of the section, the membership
function can be smoothly transitioned between each level, and the fuzzy processing is
performed. When calculating the membership degree matrix R, r(t)i (t = 1, 2, 3, 4, 5,), which

means the membership of the t-th level, ri is the actual value of the index, and x(t)max and
x(t)min refer to the upper limit and lower limit of the t-th evaluation level, respectively. The
algorithm of the membership matrix R is not elaborated in detail [31].

After obtaining fuzzy comprehensive evaluation matrix C of each town, each grade of
the evaluation index reflects different situations of water resources carrying capacity [32].
A value between 0 and 1 is assigned to each grade for quantification, and the larger the
value is, the stronger the water resources carrying capacity is. Generally speaking, the
evaluation indexes were divided into five levels, and the comment set V = (v1, v2, . . . , v5).
The v1 level indicates that the carrying capacity of water resources is in a best state, and
the coordinated development of water resources with economy, society and ecology is
in a state of sustainable utilization. The v2 level indicates that the carrying capacity of
water resources is in a good state, and the water resource is sufficient to support the
local economic and social development level. The v3 level indicates that the carrying
capacity of water resources is in the general state and there is no obvious regional water
shortage problem. The v4 level indicates that the carrying capacity of water resources is
in a poor state, but it can basically meet the water demand of various industries. The v5
level indicates that the carrying capacity of water resources is in a very poor state and the
contradiction of water resources is prominent. Take α1 = 0.1, α2 = 0.3, α3 = 0.5, α4 = 0.7
and α5 = 0.9 for levels v1, v2, v3, v4 and v5, respectively. The scoring value of each grade
and the final comprehensive evaluation value of water resources carrying capacity are
calculated according to the formula below.

θ =
∑5

t=1 bk
t αt

∑5
t=1 bk

t
(3)

where θ is the comprehensive evaluation value of water resources carrying capacity based
on the comprehensive evaluation result matrix C; bk

t is the value of the membership degree
of each evaluation index; k is the coefficient set when the dominant role needs to be
highlighted, usually k = 1.

2.2.2. Index Weight Calculation Methods

The weight calculation methods can be divided into subjective methods and objective
methods [33,34], including the binomial coefficient method and the analytic hierarchy
process. The subjective method research is relatively mature, with strong subjective ar-
bitrariness, and more dependence on the thinking of the decision analyst. However, the
principal component analysis, entropy and other objective methods use decision matri-
ces, which have a strong mathematical theoretical basis to determine weights based on
relationships between the original data. Since many factors are involved in the water
resources carrying capacity, and different factors have different effects on it, the actual
situation of the study area should be considered when assigning weights [35]. First, the
relationship between the indicators was clarified, and the corresponding index system
was established. The index system was divided into three levels: target level, criterion
level and index level [36]. In this paper, the analytic hierarchy process and the entropy
weight method were used to discuss and study this respectively, and an appropriate weight
method was found.
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Analytic Hierarchy Process

The analytic hierarchy process (AHP) is a systematic method of making decisions by
means of qualitative indicators and fuzzy quantification [30]. According to the nature of
the problem and the overall goal to be achieved, it deconstructs the problem into different
constituent factors. The AHP combines the factors at different levels according to their
interrelationship and the affiliation relationship, forming a multilevel analysis structure
model. Thus, ultimately, the problem is attributed to the determination of the importance
of the lowest level (plans, measures, etc. for decision making) relative to the highest level
(the overall goal) or the arrangement of the relative order of superiority and inferiority. The
main steps of the analytic hierarchy process are as follows:

(1) Establish the hierarchical structure model;
(2) Construct judgment matrix by comparing paired indexes;
(3) Calculate the maximum eigenvalue and eigenvector of the judgment matrix, and

carry out the consistency test;
(4) Calculate the weight of each evaluation index.

Entropy Weight Method

The entropy weight method is used to determine the weight of each evaluation
index. Generally, when the information entropy of an index is smaller, the information
provided and the index weight is greater, and vice versa [37]. The main calculation steps
are as follows:

The original evaluation index matrix B was obtained according to the membership:

B =

⎡
⎢⎣

b11 · · · b1n

· · · . . . . . .
bm1 · · · bmn

⎤
⎥⎦ (4)

where bij is the original value of the i-th index in the j-th year. The normalized matrix A is
obtained by eliminating the dimensional effect. The positive and negative indicators are
treated as follows:
Positive indicators:

aij =
bij − min

(
bij

)
max

(
bij

)− min
(
bij

) (5)

Negative indicators:

aij =
max

(
bij

)− bij

max
(
bij

)− min
(
bij

) (6)

Normalization matrix:

A =

⎡
⎢⎣

a11 · · · a1n

· · · . . . . . .
am1 · · · amn

⎤
⎥⎦ (7)

Calculation of objective weight through the entropy weight method:

wi =
1 − ei

m − ∑m
i=1 ei

(8)

Information entropy:

ei = − 1
ln n

n

∑
j=1

pij ln pij, pij =
aij

∑n
i=1 aij

(9)

2.2.3. Calculation Method of Weight Sensitivity

In the evaluation of water resources carrying capacity, the weight of each index in the
evaluation index system can be obtained with the help of fuzzy comprehensive evaluation
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model, but it cannot judge which index has a high impact on the evaluation. Sensitivity
analysis can explain the influence of which index weight by changing the value of relevant
variables. It is an essential basic step in the process of multi-criteria decision making,
because it is directly related to the accuracy and reliability of decision-making results [38].

This paper adopted the single-factor division method [39] to test the sensitivity of the
index weight, which can be shown by removing a certain variable weight. The weights
of the other variables were equally distributed to remove the variable weight value and
to maintain the total weight value and the value of 1. The changing situation reflects the
trend and regularity of the influence of single-factor weight changes on the water resources
carrying capacity and then removes the weights of other indicators individually, calculates
their respective sensitivities and evaluates the impact of the uncertainty of the weight
of each indicator on the research results variation. If removing this index weight does
not have a great impact on the score result, then the comprehensive evaluation of the
water resources carrying capacity is insensitive to this index weight, and vice versa. The
calculation of this method is shown in Formulas (10) and (11).

RMSEC =

√
∑n

i=1 (
Y − Yi

Y )
2

n
(10)

TF =
k

∑
i=1

FRMSEC (11)

where RMSEC is the rate of change of root mean square error (the sensitivity index); n
is the number of index weight variables; Y is the comprehensive evaluation value in the
original fuzzy comprehensive evaluation results; Yi is the comprehensive evaluation value
after changing the weight index variable; TF is the total sensitivity; K is the number of
comprehensive evaluation results; FRMSEC is the change rate of the root mean square error
of the comprehensive evaluation results, that is, the sensitivity of each weight variable in
each comprehensive evaluation after changing.

Firstly, the evaluation of water resources carrying capacity is calculated under the
basic framework of the fuzzy comprehensive evaluation model, and the framework of the
evaluation system of water resources carrying capacity is established. Then, according to
the original data, it is processed and indexed according to the grading standards. Secondly,
the reliability analysis of the comprehensive evaluation value obtained by different weights
was compared by using correlation analysis method. The error contrast of mathematical
objectivity was analyzed under a certain research report standard. The evaluation index
value of water resources carrying capacity under the selected weight results was calculated.
Thirdly, the sensitivity analysis method of single variable removal is used to calculate the
sensitivity index of these evaluation values to screen out the index that has the greatest
influence on the evaluation results. For this research, the uncertainty methods provide ideas
for the systematic model study of water resource carrying capacity evaluation, Besides this,
it also provides direction for the improvement of the model.

3. Results and Discussion

3.1. Construction of the Evaluation Index System and Classification Standard

The selection of indicators is directly related to the accuracy and authenticity of the
evaluation results of water resources carrying capacity, so the selection of evaluation
indicators should follow the principles of science, integrity, hierarchy, dynamic and op-
erability [40,41]. To accurately reflect the status of the water resources carrying capacity
in this region, indices were selected from two aspects. On the one hand, when selecting
indicators, we mainly considered our available data (The Shijiazhuang Water Resources
Bulletin, Statistical Yearbook of Zanhuang) [42,43] and referred to indicators in other litera-
ture [39–41,44]; on the other hand, according to the actual situation and characteristics of
water resources in Hebei Province, combined with experts’ opinions, the indexes of the
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study area were selected comprehensively [45]. Finally, the total system was divided into
four subsystems: water resources, water environment, water ecology and social economy.
A total of 13 evaluation indexes were selected to construct the evaluation index system
of water resources carrying capacity in Zanhuang County (Table 1). If the index value
increases indefinitely and approaches the V1 standard with better carrying capacity, it is a
positive index. On the contrary, as the index value increases infinitely and approaches the
V5 standard with poor carrying capacity, it is a negative index. The definition and criterion
of each indicator in the index layer are shown in Table 2.

3.2. Comparison of Weight Results between the Analytic Hierarchy Process and the Entropy
Weight Method

Different weights should be assigned to various evaluation indices because of their
different effects on water resources carrying capacity. Weight is a very important factor
in fuzzy comprehensive evaluation, and its accuracy directly affects the rationality of the
evaluation results. The data sources used in this paper are mainly from the Shijiazhuang
Water Resources Bulletin (2017) and Statistical Yearbook of Zanhuang in 2017. The above
two calculation methods can be used to obtain the weights of the four subsystems of the
analytic hierarchy process (detailed calculation process can be found in the supplementary
materials section in Tables S1 and S2), which are respectively WA = 0.46, WB = 0.14,
WC = 0.13, WD = 0.27; the weight of the four subsystems of the entropy weight method is
WA’ = 0.20, WB’ = 0.38, WC’ = 0.16, WD’ = 0.26. The final weights calculated by each index
layer are shown in Figure 2.

Figure 2. Comparison of weight results calculated by AHP and EWM.

From Figure 2, the five indexes ranked from high to low of the analytic hierarchy
process are water resources development and utilization rate, water consumption per unit
of GDP, water area index, per capita GDP and domestic water quota, with weights of
0.18, 0.15, 0.13, 0.10 and 0.09, respectively, accounting for 65% of the total contribution
rate, including the water resources subsystem and the socio-economic subsystem, which
should be the focus of improving the water resources carrying capacity of study area. The
other indexes have relatively little influence on the evaluation results. This result verifies
that the analytic hierarchy process comprehensively considers the coupling effect between
multiple criteria and multiple indicators, and focuses on the importance of identifying
effective indicators.
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Table 2. Definition and criterion of each indicator in the index layer.

Indicator Definition Criterion

Water Resources Subsystem
Water resources development and

utilization rate
Regional water consumption/regional

water resources
The Shijiazhuang Water Resources

Bulletin

Water consumption per unit of GDP Regional water consumption/total
regional GDP

The Shijiazhuang Water Resources
Bulletin and Statistical Yearbook of

Zanhuang

Water area index Area of water area/ the total area Statistical Yearbook of Zanhuang and
Google Satellite Map

Water Environment Subsystem

Water environmental quality index The rate of water quality discharge up to
standard Environmental monitoring Reports

Industrial wastewater discharge index Regional industrial water discharge/total
wastewater discharge

The Shijiazhuang Water Resources
Bulletin and Environmental monitoring

Reports

Fertilizer intensity index
Total amount of fertilizer applied
(discounted)/cultivated area of

evaluation area
Statistical Yearbook of Zanhuang

Urban sewage discharge index Regional urban sewage discharge/total
wastewater discharge

The Shijiazhuang Water Resources
Bulletin and Environmental monitoring

Reports

Water Ecological Subsystem
The vegetation coverage rate of coastal

zone Length of plant cover/length of shoreline Statistical Yearbook of Zanhuang and
Google Satellite Map

Ecological base flow guarantee rate Average monthly actual flow/minimum
ecological flow Rain station monitoring reports

River network density index River length/watershed area Statistical Yearbook of Zanhuang and
Google Satellite Map

Socioeconomic Subsystem

Population density Regional population/regional
administrative area Statistical Yearbook of Zanhuang

Per capital GDP Regional GDP/regional population Statistical Yearbook of Zanhuang

Domestic water quota Domestic water consumption/ (regional
population· days)

The Shijiazhuang Water Resources
Bulletin and Statistical Yearbook of

Zanhuang

The weights of the first five indicators of the entropy method are urban sewage
discharge index (0.25), domestic water quota (0.19), water consumption per unit of GDP
(0.12), ecological base flow guarantee rate (0.09) and industrial wastewater discharge index
(0.06). The first five indicators calculated by this method cover the four sub-systems of
the entire criterion, namely, water resources, water environment, water ecology and social
economy. First, according to the formula there is no horizontal comparison between the
indicators in the calculation process, in that there is no distinction between primary and
common indicators. Second, the weight value is too mathematically objective, which covers
all the subsystems in the five indicators ranked from high to low. Therefore, the coupling
and correlation of the main influencing indicators are often ignored, and it is limited in
practical applications. The mutual influence between indicators cannot be ignored for
accurate evaluation.

3.3. Comparative Study of Fuzzy Comprehensive Evaluation

It can be seen from Figure 2 that there is a big difference between the weight results
of the analytic hierarchy process and the entropy weight method. Tables 3 and 4 are the
comprehensive evaluation results of the analytic hierarchy method and the entropy weight
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method, respectively. Table 5 presents the correlation analysis, in which IBM SPSS Statistics
25 software was used to illustrate this more clearly.

Table 3. Comprehensive evaluation results of water resources carrying capacity by the analytic hierarchy process in
Zanhuang County.

Sites V1 V2 V3 V4 V5
Comprehensive

Evaluation Value θ

Theta Ranked from
High to Low

Zanhuang 0.2500 0.0026 0.0879 0.1395 0.5000 0.6174 3
Xilongmen 0.1700 0.1813 0.2056 0.2107 0.3124 0.6029 6

Nanxingguo 0.3900 0.1811 0.1833 0.0956 0.2300 0.4589 10
Nanqinghe 0.3277 0.1838 0.1015 0.0971 0.2900 0.4676 9

Yuantou 0.1300 0.2708 0.2182 0.1519 0.3300 0.6067 5
Xiyangze 0.3550 0.1186 0.0364 0.0000 0.4900 0.5303 8

Tumen 0.1800 0.0950 0.1528 0.1622 0.4900 0.6774 1
Huangbeiping 0.1000 0.1932 0.2202 0.0166 0.4700 0.6127 4
Zhangshiyan 0.2433 0.0636 0.0766 0.0470 0.5700 0.6276 2

Xuting 0.2600 0.1641 0.1559 0.0400 0.4600 0.5952 7
Zhangleng 0.3750 0.1232 0.1654 0.0865 0.2500 0.4427 11

Table 4. Comprehensive evaluation results of water resources carrying capacity by the entropy weight method in Zanhuang County.

Scheme 1. V1 V2 V3 V4 V5
Comprehensive

Evaluation Value θ

Theta Ranked from
High to Low

Zanhuang 0.5434 0.0021 0.0733 0.1049 0.2582 0.3974 9
Xilongmen 0.5594 0.1436 0.1492 0.1476 0.0729 0.3426 10

Nanxingguo 0.3701 0.1275 0.0973 0.1821 0.2229 0.4520 7
Nanqinghe 0.2906 0.3073 0.2385 0.0682 0.1653 0.4370 8

Yuantou 0.4672 0.0549 0.0271 0.0000 0.4507 0.4824 6
Xiyangze 0.3245 0.0717 0.1416 0.0839 0.4507 0.5891 2

Tumen 0.0370 0.2726 0.2963 0.0055 0.3885 0.5872 3
Huangbeiping 0.1093 0.1729 0.2006 0.0409 0.4771 0.6211 1
Zhangshiyan 0.3339 0.1360 0.1247 0.0362 0.4415 0.5593 4

Xuting 0.5464 0.1255 0.1535 0.0358 0.1389 0.3190 11
Zhangleng 0.3775 0.1435 0.1193 0.2333 0.1989 0.4827 5

Table 5. Correlation analysis of the membership values of two weighting methods and evaluation values.

Weighting
Methods

Evaluation
Level

Mean
Value

Standard
Deviation

V1 V2 V3 V4 V5 θ

AHP

V1 0.2528 0.1003 1
V2 0.1434 0.0729 −0.251 1
V3 0.1458 0.0620 −0.512 −0.679 * 1
V4 0.0952 0.0661 −0.303 0.073 0.391 1
V5 0.3993 0.1182 −0.368 −0.575 −0.488 −0.361 1
θ 0.5672 0.0791 −0.815 ** 0.679 * 0.871 ** 0.235 0.737 ** 1

EWM

V1 0.3599 0.1715 1
V2 0.1416 0.0883 −0.638 * 1
V3 0.1474 0.0756 −0.717 * 0.871 ** 1
V4 0.0853 0.0750 0.316 −0.148 −0.266 1
V5 0.2969 0.1477 −0.561 −0.159 −0.031 −0.560 1
θ 0.4791 0.1019 −0.833 ** 0.192 0.299 −0.299 0.869 ** 1

Note: *: p < 0.05, significant correlation; **: p < 0.01, extremely significant correlation.

The reason for this result is that the entropy weight method has some shortcomings.
First, the number of indicators selected in this evaluation is larger than the number of
objects to be evaluated, resulting in deviations. Second, the entropy weight method ignores
the importance of the index and excessively relies on an objective weight assignment, which
causes the dimension of the evaluation index to not be reduced and the subjective intention
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of the decision-maker to be ignored [32,46]. At the same time, because each township is
independent and different, the weight of each index layer should be different. This factor
was not well represented in this method, and many similar weight results were obtained
during calculation. The analytic hierarchy process comprehensively considers the coupling
effect between multiple criteria and multiple indicators according to the intention of the
decision-makers and the actual local situation. Moreover, the method more effectively
identifies the importance of the main influencing indicators [47].

In Table 5, we have found that among the five membership values obtained by
the analytic hierarchy process, four membership values (v1, v2, v3, v5) are significantly
correlated with the evaluation value theta, the contribution rate of correlation accounted
for 80%. Among the five membership values obtained by the entropy weight method, only
two membership values (v1, v5) are significantly correlated with theta and the contribution
rate of correlation accounted for 40%. It indicates that the correlation contribution rate
of evaluation results obtained by using the analytic hierarchy process is higher than the
entropy weight method. The reliability of the analytic hierarchy process is higher. In
addition, the average evaluation value theta of the analytic hierarchy process (0.5672)
obtained is higher than the entropy weight method (0.4791), and the standard deviation of
the former (0.0791) is lower than the latter (0.1019). It also indicates that the error result
is smaller. Besides this, the evaluation value obtained by the analytic hierarchy process
is also more satisfied with the degree of non-overloading of the evaluation results in the
evaluation report of Carrying capacity in Hebei Province. In summary, it shows that the
analytic hierarchy process in this study is more suitable for the actual situation.

According to the existing research results, combined with the water resources condi-
tions, ecological environment characteristics and social development of Hebei Province,
the comprehensive grading standards are obtained (Table 6).

Table 6. Classification criteria of comprehensive score values of water resources carrying capacity.

Evaluation Results 0–0.25 0.25–0.50 0.50–0.75 0.75–1.00

Bearing level Unbearable General bearing Good bearing Ideal bearing

3.4. Analysis of Evaluation Results

In general, the scores of the 11 towns and villages in the comprehensive evaluation
value determined by the analytic hierarchy process were between 0.4 and 0.7. This result
indicates that the water resources carrying capacity of the region is in a general and a
good bearing capacity. Water resources remain to be exploited, so the local economy can
maintain its development. Domestic and ecological water use is in a relatively balanced
state, and there will not be a serious water shortage in the near term.

According to the comprehensive score, Tumen, Zhangshiyan, Zanhuang, Huangbeip-
ing, Yuantou, Xilongmen, Xuting, Xiyangze, Nanqinghe, Nanxingguo and Zhangleng
townships are ranked from high to low. In calculating the comprehensive evaluation value,
the weight value of each subsystem is different. When the scores are the same, the score
value of the subsystem with a larger weight value has a greater impact than does the
evaluation result of the subsystem with a smaller weight value [48]. In order to better
show the contribution of each subsystem’s score to the comprehensive evaluation value,
this paper calculates the accumulation of each subsystem in the comprehensive evaluation
value of each township to explore the impact of each subsystem. The results are shown in
Figure 3. The depth of the color orange on the map is used to reflect the final evaluation
value of each region. The darker the color, the higher the evaluation value, and the lighter
the color, the smaller the evaluation value.

Because natural water resources and the distribution of local industry are limited,
various regions have different water resource conditions, ecological environments, and
social and economic development patterns [49]. Therefore, the water resources carrying
capacity of 11 towns shows a certain degree of spatial differentiation. To reflect the spatial
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divergence of various regions at the subsystem level more clearly, this paper conducted
independent fuzzy comprehensive calculations on the water resources, water environment,
water ecological and socioeconomic subsystems. After obtaining the comprehensive score
value of each system, the results obtained were based on the Kriging interpolation method
to carry out optimal unbiased interpolation research on the data results to reduce the
uncertainty of the evaluation results. This process was mainly due to the consideration of
spatial correlation and independence, which makes the results more reliable. The results
are shown in Figure 4.

 

Figure 3. Comprehensive scoring values and accumulation of water resources carrying capacity in
Zanhuang County.

Figure 4 shows that the spatial distribution of the four subsystems to the water
resources carrying capacity was different because of the different index weights. For (a),
the high scoring value was concentrated in the eastern part of the study area, which is far
from the mountainous area. However, the other parts of the study area, especially Tumen,
mainly consumed a large amount of water for irrigation, leading to a high utilization rate
of water resources. Meanwhile, a small number of river systems pass through this area, so
the water area index was low. In contrast, the score was higher in the central and western
regions due to the distant distribution of industrial and urban centers for (b). The eastern
part of the county had a lower score due to the discharge of domestic sewage and industrial
wastewater. The difference was significant between agricultural areas and wetland rivers in
the (c) regional distribution. The high and low values were more obvious when reflecting
the high vegetation coverage and the construction of new river channels. The low value of
the (d) region was mostly distributed in the middle and northeastern parts of the study
area, which have a high per capita GDP, but the domestic water quota and population
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density were much higher than they were in other districts. The contribution of high scores
in other regions may be influenced by the urban–rural integration.

 

  

Figure 4. Maps with the spatial distribution of four subsystems’ classification: (a) Water resources subsystem quality
classification from scoring values; (b) Water environment subsystem quality classification from scoring values; (c) Water
ecological subsystem quality classification from scoring values; (d) Socioeconomic subsystem quality classification from
scoring values.

3.5. Sensitivity Analysis Results of Weight

This paper used a fuzzy comprehensive evaluation model of weight determined by the
analytic hierarchy process. It determined the sensitivity distribution of the weight change
of the index variable. Figure 5 compares the comprehensive evaluation value of each
township with and without one indicator weight removed. “BASE” represents the result of
the comprehensive evaluation value calculated under the condition of all indices, while
“-xx” represents it after removing the weight of this evaluation index. Figure 5 indicates
that when certain indicators were removed separately, there were many differences in the
results of some comprehensive evaluation values. Therefore, the weights of these indicators
are highly sensitive. To further study the sensitivity of the specific index weight to the
comprehensive evaluation value of the water resources carrying capacity, the RMSEC of
each township after the weight change of each index was quantitatively calculated and
added to obtain the total sensitivity, TF. The calculation results are shown in Figure 6.
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Figure 5. Comparison of the comprehensive score values of each township between original and
single index weight removed. (The meaning of the abscissa in the figure is to use the first letters
of the names of the locations to represent the towns. The indexes like “A1, A2. . . D3” express the
meanings of index layer in Table 1 in turn.)

Figure 6. Distribution of total sensitivity of evaluation indexes of water resource carrying capacity.
(The indexes like “A1, A2. . . D3” express the meanings of index layer in Table 1 in turn.)

The overall sensitivity results indicated that the index variables with high sensitivities
were the water area index, water resource development and utilization rate, and per capita
GDP, which reached 73.13%, 38.88% and 27.10%, respectively. All of them belong to the
water resources subsystem and were significantly larger than the index variables of other
systems. Therefore, special attention should be given to the water resources subsystem
with a high sensitivity index in the evaluation of the water resources carrying capacity.

4. Conclusions

This paper used the fuzzy comprehensive evaluation model to evaluate the carrying
capacity of water resources under the weight comparison method. The evaluation results
indicated that the 11 townships in Zanhuang County had good bearings. At the same time,
the sensitivity analysis method based on the index weight was used to identify the index
results with the greatest influence. The evaluation results showed that the sensitivities of
the water area index, water resource development and utilization ratio, per capita GDP,
water consumption per unit regional GDP and domestic water quota were 73.13%, 38.88%,
27.72%, 27.10% and 15.03%, respectively. The analysis of the attribution results of the water
resources carrying capacity subsystem indicated that the water resources carrying capacity
of the study area was greatly affected by the regional water resources endowment and
socioeconomic statuses.
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The case study proved that there is a certain degree of uncertainty in the evaluation
of water resources carrying capacity. The main sources of uncertainty are the uncertainty
of index assignment and the uncertainty of weight. Among them, the uncertainty caused
by water area index is the largest, and the uncertainty caused by fertilizer intensity index
is the smallest. The uncertainty of the weight can be studied by the degree of correlation
contribution. The degree of correlation contribution of the evaluation value obtained by
the analytic hierarchy process is 80%, which is much higher than the 40% obtained by the
entropy method. The final evaluation result obtained from the analytic hierarchy process is
more in line with the actual state of good carrying capacity in Zanhuang County. Therefore,
strengthening the control of the data quality of high-uncertainty indicators can help reduce
errors in the evaluation of water resources carrying capacity.

Compared with previous research, the present study provides a good example of the
uncertainty of water resources carrying capacity evaluation from the perspective of index
sensitivity analysis and weight screening. The result is of great significance to the selection
of water resources carrying capacity evaluation indicators and the practical application
of evaluation results, which has great value in expanding the application of evaluation
models and the development and utilization of local water resources in the future.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
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Abstract: Ecological water supplement relies on river channels to introduce surface water, to make a
reasonable supplement of groundwater, to repair the regional groundwater environment and urban
river ecosystem. Evaluating the degree of groundwater restoration after ecological water supplement
(by taking appropriate measures) is a critical problem that needs to be solved. Thus, based on
the Yongding River ecological water supplement in 2019 and 2020, we analyzed the groundwater
monitoring situates in the ecological water supplement region. We established an unstructured
groundwater flow numerical model in the study area through the quadtree grids. The model was
calibrated with the measured water level. The simulated results could accurately reflect the real
groundwater dynamic characteristics, and it showed that the water level rise was concentrated in the
3–6 km range of the Yongding River after the ecological water supplement. In 2019, the calculated
ecological water infiltration amount was 101.28 × 106 m3, the affected area was 265.19 km2, and the
average groundwater level rise in the affected area was 2.10 m. In 2020, the calculated ecological
water infiltration amount was 102.64 × 106 m3, the affected area was 506.88 km2, and the average
groundwater level rise in the affected area was 1.25 m. While the ecological water supplement had a
positive impact on groundwater level restoration, the groundwater level around the typical buildings
within the study area, including Beijing West Railway Station and Beijing Daxing International
Airport, would not be significantly affected.

Keywords: Yongding River; groundwater numerical simulation; artificial ecological water supple-
ment; groundwater recharge resources amount evaluation

1. Introduction

Yongding River is located in the western suburbs of Beijing and is known as the
“Mother River” of Beijing. Since 1950, due to the long-term impact of numerous water
conservancy projects built in the river, the ecological environment of the river basin has been
continuously deteriorating [1,2]. In addition, due to the influence of social development,
the over-exploitation of groundwater and the gradual seriousness of water pollution led to
the deterioration of water volume and water quality in the Yongding River Basin [3,4]. In
recent years, more attention has been placed on the study of river ecological restoration.
Some investigators focus on the study of restoration methods [5,6], and others focus on the
study of water pollution treatment [7,8]. For the ecological environment in the Yongding
River Basin, some investigators also summarize the progress of the restoration and put
forward specific restoration methods [9] and restoration goals [10]. Since the beginning of
this century, the Beijing Municipal Government has carried out many countermeasures
to restore and control the ecological environment of the Yongding River Basin. In 2016, it
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launched the ecological water supplement project of the Yongding River, with the three
provinces of Tianjin, Hebei, and Shanxi; this project has achieved ideal governance effects
so far [11].

After implementation of the Yongding River ecological water supplement project,
there has been concern over the amount of ecological water needed for the river basin.
In-depth studies have provided a certain theoretical basis for solving the problem of
water allocation in the process of the ecological water supplement. For instance, Wei Jian
et al. used the environmental water demand method and the ecological water demand
method to study the ecological water demand at different stages of the Yongding River
mountain section [12]. Du Yong et al. also calculated the ecological water demand, which
could meet the continuous flow of the entire Yongding River based on the monitoring of
the groundwater level, flow, and infiltration data of the ecological water supplement in
2019 [13].

Researchers have also evaluated the impact of the ecological water supplement on the
groundwater quality and quantity of the basin. Through numerical simulation, Hu et al.
found the lining constructed with the geomembrane in the Yongding River can effectively
control the seepage of water and the diffusion of solutes in the aquifer. They also con-
firmed the diffusion of potential pollutants increases with the infiltration of the Yongding
River ecological water supplement [14]. Using the principal component analysis method,
Luo et al. analyzed the temporal and spatial changes of 11 water quality parameters at 10
monitoring points of Yongding River in April 2011 and September 2016. Based on this, they
evaluated the impact of river restoration projects on groundwater quality [15]. Based on
the ecological water supplement work of the Yongding River in 2020, Hu Litang et al. used
many technical methods, such as groundwater balance analysis, correlation analysis, and
cluster analysis to discuss the leakage loss, groundwater dynamic changes, and control
factors of each river section [16]. Ma Yao et al. used the groundwater balance analysis
method to calculate the amount of groundwater supplements in different sections of the
Yongding River during the ecological supplement period in 2019. They also carried out
an analysis of the impact on the regional groundwater after the ecological water supple-
ment of the Yongding River (Beijing section) [17]. Kangning Sun et al., by developing a
coupled model, integrating a Muskingum method-based open channel flow model and
machine learning-based groundwater model, described the dynamic changes in streamflow
and groundwater levels in response to the ecological water supplement of the Yongding
River [18].

In summary, many researchers have conducted relevant studies on the ecological
restoration of the Yongding River Basin and have obtained many instructive study results.
Studies have shown that the implementation of the ecological water supplement work
in the Yongding River can significantly alleviate the problem of regional groundwater
overexploitation. As a result, the quantity and quality of regional groundwater have
significantly improved. Moreover, the development of ecological water supplement work
can also improve the ecological environment of the Yongding River Basin and promote the
re-flow of the river. However, most studies on the impact of groundwater level restoration
are based on groundwater balance methods and mathematical statistics methods, and
the results are insufficient to characterize the spatial variability of groundwater level
restoration or forecast the repair effect. The most complete and reliable method to solve
the problem is by the numerical simulation of groundwater; moreover, the simulation of
groundwater by the widely used MODFLOW. Gert Ghysels et al. and A. A. El-Zehairy et al.
have successfully applied MODFLOW to the simulation study of the relationship among
rivers, lakes, and groundwater [19,20]. They proposed a feasible method for simulating
the interaction between surface water and groundwater. In addition, MODFLOW has
also been used in numerical simulation studies of saline water encroachments in coastal
areas [21,22] and groundwater in complex karst areas [23]. MODFLOW is widely used in
different fields and different depths of research, which also further demonstrates its full
reliability.
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In this paper, we analyze the dynamic characteristics of groundwater and establish
a numerical model of groundwater under ecological water supplement conditions by
MODFLOW, to reveal the degree of regional groundwater restoration. Meanwhile, the
impact of ecological water supplement on typical buildings within the study area is also
taken into account. The study conclusions can provide suggestions to identify the extent of
groundwater restoration in the region, and provide a reference for future ecological water
supplement work.

2. Methods

2.1. Ecological Water Supplement Information in the Study Area

The Yongding River ecological water supplement plains region (Beijing section) is
located in the southwest side of Beijing (China) (Figure 1a), with a total area of about
888.72 km2. Under the influence of climate drought, irrational exploitation, and utilization
of groundwater, the Yongding River channel was in “cut-off” states for a long time [24,25].
Since the Yongding River Comprehensive Management and Ecological Restoration Project
launched, two large-scale ecological water supplement tasks were carried out in 2019 and
2020. The ecological water supplement was from the Guanting Reservoir (Beijing, China)
all the way to the south, by the San Jiadian barrage, into the plain region. In 2019, it only
reached the 12 km downstream of the Lugouqiao barrage. However, in 2020, it flowed
through the Men Tougou, Shi Jingshan, Fengtai, Fang Shan, and Da Xing, five districts, in
Cui Zhihuiying town (Da Xing, China), out of Beijing’s administrative boundary. Therefore,
it went through the entire Beijing Plain region in 2020. In 2019 and 2020, a total volume
of 313 × 106 m3 and 166.42 × 106 m3 was discharged from the Guanting Reservoir. The
ecological water supplement volume in the plains and the duration are shown in Table 1.

Figure 1. (a) Location map of the Yongding River ecological water supplement plains region (Beijing section). (b) Distribution
map of the groundwater monitoring wells.

Table 1. Ecological water supplement in the plain region of the Yongding River in 2019 and 2020.

Ecological Water
Supplement Year (a)

Start Time of Water
Supplement

Lasted Times (d)
Amount of Water

Supplement in San
Jiadian Barrage (m3)

2019 22 March 77 128.18 × 106

2020 22 April 32 142.38 × 106
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To observe the influence of the ecological water supplement on groundwater in
Yongding River, 32 automatic observation wells of groundwater within 10 km of Yongding
River are shown in this study. The locations of the observation wells are shown in Figure 1b.
From upstream to downstream, within 3 km of the Yongding River, the observation
wells data were selected to draw the groundwater level process lines during 2018–2019
(Figure 2a). Since the Yongding River water supplement started on 22 March 2019, the
groundwater table in the upper and middle reaches of Yongding River rose in early
April 2019. The delay effect on the groundwater level rising in the region could be used
to explain this phenomenon. After the ecological water supplement, the water table
gradually decreased. Xi Wangzhuang and Xin Anzhuang were located in the middle
and lower reaches of Yongding River. Because the ecological water supplement head of
Yongding River did not reach here, not all were affected by the ecological water supplement.
Therefore, the water table could remain unchanged. Zhang Yi village, located near the
Lugouqiao barrage, affected by the San Jiadian barrage—to release water, the water level
changed greatly. Hou Zhuangzi and the reclaimed water plant are located close to the San
Jiadian barrage, so the ecological water supplement affected them much earlier. Compared
to the Bao Tai observation well, which was located in the midstream, the water table also
rose earlier. Finally, compared to the non-ecological water supplement time, the water
level of the four groundwater monitoring wells located upstream recovered significantly
during the ecological water supplement period. The water level gradually returned to the
pre-ecological water level state after the ecological water supplement period. Only a small
increase in the water level had been maintained.

Figure 2. (a) Dynamic curve of the groundwater level of the monitoring wells along Yongding River.
(b) The dynamic curve of the groundwater level of monitoring wells at different distances, with a
perpendicular arrangement to the Yongding River.

According to the “principle of perpendicular” to the Yongding River, from near to
far, observation well data were used to draw the groundwater level process line diagram
during 2018–2019 (Figure 2b). As the distance increased, this influence was gradually
weakened. For example, the Sandstone Pits in the western suburbs observation well, which
was 6 km away from the Yongding River, only had a little impact on the ecological water
supplement. The groundwater level between the selected monitoring wells had more
obviously risen compared to the non-ecological water supplement period.
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2.2. Hydrogeological Conditions in the Study Area

The study area is located in the southwestern part of the alluvial fan of the Yongding
River, which is high in the northwest and low in the southeast (Figure 3a,b). The annual
average atmospheric rainfall is 571.2 mm. The river in the region is mainly the Yongding
River. The regional aquifer is mainly a single phreatic aquifer on top of the alluvial
fan. The average thickness of the aquifer varies from 50 to 240 m, in which Quaternary
sand and gravel dominate its lithology, and the hydraulic conductivity varies from 10 to
250 m/d [26,27]. The hydrogeological profile in the Yongding River alluvial fan is shown
in Figure 4, which is adapted from Figure 2 in the study by Huan et al. [28]. The aquifer is
mainly recharged by means of lateral runoff in the piedmont zone, precipitation infiltration,
and water infiltration of the Yongding River; it is discharged by means of artificial mining
and lateral outflow of the aquifer. For the water diversion channels in cities, most of
them have a lining effect, and the surface water flow has no obvious replenishment effect
on the groundwater. Therefore, it is not included in the source and sink items in our
study. Recently, due to the continuous increase of exploiting groundwater, the depth of
groundwater has been greater than 10 m, so the evaporative water loss of the diving surface
can be ignored. The regional groundwater migrates from northwest to southeast and from
the mountain front to the alluvial plain. The runoff intensity gradually weakened from the
top to the bottom of the alluvial fan and from the upstream to the downstream of the river
channel.

 
Figure 3. (a,b) Location and terrain distribution of the alluvial fan of the Yongding River. (c) Schematic diagram of
generalization of the model boundary and each Yongding River ecological water supplement monitoring section.

2.3. Groundwater Flow Numerical Model

The northern model boundary was extended to the mountain-plain boundary and
treated as an inflow boundary. The southern side of the western boundary was consistent
with the boundary lines of the Dashi-Juma River groundwater system and the Yongding
River groundwater system, divided, which was treated as a non-flow boundary. The
eastern boundary considered of the impact range of groundwater restoration to artificially
delimit the model boundary, and treated it as a general head boundary (Figure 3c). Based
on the study objectives and the distribution characteristics of the aquifer, we generalized
the model as a single-layer model. The upper boundary was the phreatic surface, which
accepted external replenishment. The lower boundary considered the vertical influence
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of the Yongding River’s ecological water supplement. Therefore, we selected the bottom
boundary of the phreatic aquifer as the model boundary and regarded it as a non-flow
boundary.

Figure 4. Hydrogeological profile in the Yongding River alluvial fan (adapted from Figure 2 in the study by Huan et al. [28]).

According to the achievements of previous studies, using quadtree grids to mesh the
model could improve the calculation accuracy based on ensuring the calculation efficiency
of the model [29–31]. Therefore, we also selected the quadtree grids provided by the
MODFLOW-USG module in the GMS software. We set the basic grid size of the model
to 200 × 200 m and carried out two different levels of local encryption. The meshing of
the model was shown in Figure 5. Referring to the analysis of the dynamic characteristics
of groundwater, we preliminarily estimated the impact range of Yongding River’s eco-
logical water supplement was about 3–6 km from both sides of the river. Moreover, the
groundwater table within a 3 km area had obvious uplift. Thus, we refined the grids within
3 km along the Yongding River with a 50 × 50 m size. Then, we segmented the ecological
water supplement infiltration volume of the Yongding River with the distribution of each
monitoring section (Figure 3c). Moreover, we took the water volume, and multiplied
the identified and corrected infiltration coefficient to add to the model in the form of an
injection well. Therefore, the grids where the injection well was located were refined twice,
and the grid size after refinement was 25 × 25 m. A total of 136,721 grids existed in the
model.

The simulation period was from 1 January 2019 to 31 December 2019. During the
simulation period, we allocated the ecological water supplement from April to July to the
“stress period” of days, and the rest of the non-refill months to each natural month, as a
stress period. Each stress period was processed by the corresponding software package
according to the actual source and sink data, and then assigned to each time step. The
initial values of hydrogeological parameters referred to the parameter partition values
generated by previous work experience and fine-tuned through fitting correction.
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Figure 5. (a) Model quadtree grids division diagram. (b) Schematic diagram of a partial enlargement of the first-level en-
cryption in a 3 km range along the Yongding River. (c) Schematic diagram of partial enlargement of secondary intensification
of ecological water injection wells.

2.4. Model Calibration and Validation

The measured groundwater flow field on 31 December 2019, was used as the identifica-
tion and verification flow field, and the model was identified and verified by trial-and-error
calibration. The results showed that the simulated flow field and the measured flow field
were (basically) the same in trend and flow patterns. Except for the piedmont zone on the
north side and the Pang Gezhuang area in the Daxing district, which had a poor simulation
effect, the other parts all reflected the actual groundwater flow trend (Figure 6a). The
simulated groundwater level process line of the typical observation wells was consistent
with the measured groundwater level, which accurately reflected the change process of
groundwater before and after water replenishment (Figure 6b). The parameter partition af-
ter identification and correction is shown in Figure 6c. The hydraulic conductivity changes
showed a clear trend of gradually decreasing from the upper part of the alluvial fan to the
downstream plain region, and the parameter was not much different from the initial value.
Therefore, the established numerical model could reflect the variation characteristics of
the groundwater after the Yongding River ecological water supplement. We could use it
to simulate and predict the impact of groundwater restoration after the Yongding River
ecological water supplement.

Through the calibration and validation of the model, we obtained the results of the
groundwater zone budget in the study area in 2019 (Table 2). During the simulation
period, the total recharge of groundwater in the study area was 359.79 × 106 m3, the total
discharge was 238.17 × 106 m3, and the recharge difference was 121.62 × 106 m3. The
groundwater was in a positive equilibrium state as a whole. Among the recharge items,
the rainfall infiltration was 143.28 × 106 m3, followed by the Yongding River ecological
water supplement infiltration, 101.28 × 106 m3. They accounted for 67.97% of the total
groundwater recharge in the study area. The discharge was mainly assembled by artificial
mining, which was 188.97 × 106 m3, accounting for 79.34% of the total discharge.
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Figure 6. (a) Flow-field fitting diagram at the end of the simulation period. (b) The fitting curve of typical observation well
in the ecological water supplement region. (c) Identification verified the aquifer parameter-zoning diagram (m/d).

Table 2. Groundwater zone budget in the study area in 2019.

Zone Budget Terms Volume (×106 m3) Percentage

Recharge

Rainfall infiltration 143.28 39.82%
Lateral inflow 92.82 25.80%

Pipe network infiltration 22.41 6.23%
Ecological water supplement

infiltration 101.28 28.15%

Total recharge 359.79 100%

Discharge
Artificial mining −188.97 79.34%
Lateral outflow −49.20 20.66%
Total discharge −238.17 100%

Recharge and discharge difference 121.62
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3. Results and Discussion

3.1. Identification of Infiltration Volume and Leakage Coefficient in the Yongding River Channel

The artificially ecological water supplement infiltration volume in each section of
the Yongding River was calibrated and validated by the corrected model. Therefore, we
also obtained the accurate leakage coefficients to provide calculation parameters for the
groundwater flow prediction model of the Yongding River ecological water supplement in
2020. The ecological water supplement “head” of the Yongding River, in 2019, only reached
12 km downstream of the Lugouqiao barrage. The calculation only included the section of
the river from below Wanping Lake to the point where the final hydraulic head reached.
Due to the runoff interception effect of the Lugouqiao barrage causing the water level to
rise, the infiltration capacity of the sandy gravel river channel had tremendously improved.
Therefore, the section from the Yuan Bo lake to the Lugouqiao barrage was significantly
larger than other river sections. Finally, we list the calculated infiltration amount and
leakage coefficient of the Yongding River ecological water supplement in Table 3. About
21% of the total ecological water supplement volume was lost in 2019, and only 79% of the
ecological water supplement volume successfully infiltrated and recharged groundwater.
The loss of ecological supplement water could be explained as the water loss due to wetting
of the river and intercepted by the soil during the infiltration of the ecological water
supplement head through the river. The daily evaporation and infiltration of urban rivers
and lakes could also occupy some ecological water supplement flow. Moreover, the lost
volume, because the water surface of the entire river course evaporated, and was lost in
the process of the ecological water supplement, was also included.

Table 3. Ecological water supplement infiltration volume and leakage coefficient for each section of Yongding River in 2019.

Section
Ecological Water

Supplement Volume of Each
Section (×106 m3)

Ecological Water Supplement
Infiltration Volume of Each

Section (×106 m3)
Leakage Coefficient

Seepage reduction channel section
from the San Jiadian barrage to the

Yuan Bo lake
68.64

5.49 0.08

Section from the Yuan Bo lake to the
Lugouqiao barrage 51.13 0.72

Seepage reduction channel section
from the Lugouqiao barrage to the

Wanping Lake
59.54

8.93 0.15

Section of natural river course from
below Wanping Lake to the point

where the water head reaches
35.73 0.60

Total 128.18 101.28 0.79

3.2. Impact Range Analysis of Ecological Water Supplement in Yongding River in 2019

To obtain the impact range under the single factor of the ecological water supplement
infiltration, the simulation results of the model with ecological water supplement conditions
and the model without water supplement conditions were compared. We also used
the groundwater level data on 31 December 2019, simulated by the two models to map
the uplift variation of the groundwater level in the ecological water supplement region
(Figure 7). It was shown that, by the end of 2019, the ecological water supplement head
would gradually spread outward. Considering the model interpolation errors and the
small fluctuations in the groundwater level, we finally selected the groundwater level rise
value greater than 0.25 m as the standard to quantitatively calculate the impact range. The
calculated affected area was about 265.19 km2, accounting for 29.86% of the study area.
It was distributed within about 6 km on both sides of the Yongding River channel; the
widest impact range was located near the Lugouqiao barrage, reaching 9.7 km. Due to the

71



Water 2021, 13, 3059

impact of seepage reduction in the upstream channel below the San Jiadian barrage, the
groundwater impact range was relatively small, with a maximum width of only 6–7 km.
Owing to the ecological water supplement head only reaching 12 km downstream of the
Lugouqiao barrage, the ecological water supplement had no impact on the groundwater
level of the downstream region, such as Daxing District. Finally, within the range of
the ecological water supplement, the water level rise at the center of the river near the
Lugouqiao barrage was the largest, which could reach about 7–8 m. While the average
groundwater level rise within the impact range was calculated to be only 2.10 m.

Figure 7. Uplift variation map of the groundwater level in the ecological water supplement region.

Combined with the obtained groundwater level rise variation map and the delineated
groundwater level impact range, we analyzed the impact of the main typical buildings
within the study area, such as the centralized water source plant, Beijing West Railway
Station (BWRS), and Beijing Daxing International Airport (BDIA). The analysis was only
limited to the analysis of the groundwater level around the typical buildings and did not
involve the analysis of the impact on the structure of the engineering buildings. The same
was true of the analysis in the following forecast for 2020. While the Fengtai water plant
is within the delineated impact area, the impact of the ecological water supplement on it
only caused the surrounding groundwater level, rising by 0.5 m. Such a small increase will
give the centralized water source plant a few positive impacts. In addition, several typical
buildings, including the Shi Jingshan water plant, the no. 3 water source plant, BWRS,
and BDIA were excluded in the impact range of this ecological water supplement. Thus,
the ecological water supplement would not cause a significant impact on them under this
condition.

3.3. Prediction of Impact Range of Groundwater Level Restoration in Yongding River in 2020

The simulation period of the numerical model was extended to 31 December, 2020, to
predict the groundwater level restoration of Yongding River under the ecological water
supplement scenario in 2020. Moreover, the ecological water supplement data in each
section of the river in 2020 were substituted into the model. Through the comparison of

72



Water 2021, 13, 3059

the simulated groundwater level data on 31 December, 2020, with or without ecological
supplement conditions, the groundwater level restoration impact range of the ecological
water supplement in 2020 was obtained, as shown in Figure 8. The overall distribution
concentrated in the range of about 6–7 km on both sides of the Yongding River. The affected
area was about 506.88 km2, which accounted for 57.01% of the study area. Obviously, only
the Fengtai water plant was within the delineated area of impact range, and the remaining
typical buildings, including the no. 3 water source plant, Shi Jingshan water plant, BWRS,
and BDIA, were not included in it.

Figure 8. (a) Impact range of groundwater level restoration in the Yongding River supplement region in 2020. (b) Profile
A–A’ water level change map for the upper reaches of the Yongding River. (c) Profile B–B’ water level change map for the
middle reaches of the Yongding River. (d) Profile C–C’ water level change map for the lower reaches of the Yongding River.

We set three calculation sections perpendicular to the Yongding River, along the upper,
middle, and lower reaches of the Yongding River, to analyze the changes in the width of the
impact range affected by the ecological water supplement. The position of the calculation
section is shown in Figure 8a, and the groundwater level process lines of each profile are
shown in Figure 8b–d. In regard to the upper reaches of the Yongding River, most of
the river channels had seepage reduction effects, and the impact range of groundwater
level rise was only about 7–9 km. In the middle reaches of the area, affected by the runoff
interception effect of the Lugouqiao barrage, the impact range could be up to 9–11 km. In
the downstream area, due to the decrease of the ecological water supplement, the width of
its impact range was merely about 6–7 km.

3.4. Prediction of the Restoration Degree of the Groundwater Level in Yongding River in 2020

The maximum restoration degree of the groundwater level under the influence of
the ecological water supplement infiltration in 2020 was obtained by the data at the end
of the ecological water supplement period (12 June 2020) (Figure 9a). Identically, the
restoration degree of the groundwater level at the end of the year, was obtained by the
data on 31 December 2020 (Figure 9b). Combined with the calculated impact range of the
Yongding River ecological water supplement in 2020, we also got the average groundwater
level restoration degree.
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Figure 9. (a) Variation map of groundwater level in the study area at the end of the supplement period in 2020. (b) Variation
map of groundwater level in the study area at the end of 2020.

The largest restoration degree of the groundwater level rise at the end of the ecological
water supplement period in 2020 occurred at the center of the channel near the Lugouqiao
barrage, which was about 12–14 m. We explained this by the runoff interception effect of
the Lugouqiao barrage, which caused the water level to rise and then led to the increased
infiltration of the sandy gravel channel. Similarly, because of the general seepage reduction
effect in the upper reaches of the Yongding River, the water level rise was generally
smaller than the middle and lower natural river sections. Until the end of 2020, the water
level gradually dissipated outwards and the water level at the center of the river channel
gradually decreased. The change range of the high water level region near the Lugouqiao
barrage dropped to 4–5 m, with the rest of the river channel generally declining to below
2.0 m. Moreover, the average groundwater level restoration degree of the impact range
was 1.25 m.

For typical buildings, they were not affected by the ecological water supplement head
at the end of the ecological water supplement period in 2020. However, with the gradual
spread of the ecological water supplement head, only the Fengtai water plant was not
significantly affected at the end of 2020. The groundwater level rose about 0.5 m. Outside of
the range of the groundwater level restoration, although the Shi Jingshan water plant was
unaffected, it was already at the edge of the groundwater level restoration area. When the
next large-scale ecological water supplement occurs, it will be affected to a certain extent.
However, the no. 3 water source plant, BWRS, and BDIA, were still more than 2–3 km away
from the groundwater level restoration area. In the future, the ecological water supplement
process would be relatively less susceptible to the impact of groundwater level restoration.

3.5. Analysis on the Ecological Water Supplement Infiltration Volume of Yongding River in 2020

By analyzing the simulation results, the ecological water supplement infiltration
volume of each section of the Yongding River in 2020 is given in Table 4. Compared with
2019 (Table 3), in order to accomplish the ecological water supplement demand of the
downstream reaches, the ecological water supplement of the two river sections above
the Lugouqiao barrage was reduced by 32%. For the river channel below the Lugouqiao
barrage, there was no runoff interception effect, and the amount of the ecological water
supplement was inversely related to the distance from the section to the Lugouqiao barrage.
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The leakage coefficients of each channel segment were selected from the leakage coefficients
after calibration and validation of the ecological water supplement’s numerical model in
2019. The ecological water supplement infiltration volume of Yongding River in 2020 was
about 102.64 × 106 m3, accounting for about 80% of the total ecological water supplement
volume, which was roughly equivalent to the ecological water supplement infiltration
volume in 2019.

Table 4. Ecological water supplement infiltration volume for each section of Yongding River in 2020.

Section
Ecological Water Supplement

Volume of Each Section (×106 m3)

Ecological Water Supplement
Infiltration Volume of Each Section

(×106 m3)

Seepage reduction channel section from the
San Jiadian barrage to the Yuan Bo lake

46.69

3.74

Section from the Yuan Bo lake to the
Lugouqiao barrage 33.62

Seepage reduction channel section from the
Lugouqiao barrage to the Wanping Lake

38.26

3.06

Section from the Wanping Lake to the
Ethylene Pipe Bridge, Jing Liang Road 27.55

Section from the Ethylene Pipe Bridge, Jing
Liang Road to the Sixth Ring Road 10.00 8.00

Section from the Sixth Ring Road to the Gu
An monitoring station 21.82 17.45

Section from the Gu An monitoring station to
the Cui Zhihuiying village (the Beijing

administrative boundary)
11.53 9.22

Total 128.30 102.64

4. Conclusions

By establishing a groundwater flow model, this article studied the ecological water
supplement infiltration volume, groundwater level restoration, and the impact of water
level rise on typical buildings under different water supplement scenarios in the Yongding
River in 2019 and 2020. The numerical model could accurately reflect the dynamic change
characteristics of groundwater and predict the effect of the ecological water supplement.
The conclusions were as follows:

(1) The total recharge of groundwater in the study area was 359.79 × 106 m3, the
total discharge was 238.17 × 106 m3, and the recharge difference was 121.62 × 106 m3.
The groundwater was in a positive equilibrium state as a whole. The ecological water
supplement infiltration volume of the Yongding River reached a 28.15% proportion in the
recharge items, which was 101.28 × 106 m3 in 2019 and 102.64 × 106 m3 in 2020, accounting
for 80% of the total ecological water supplement.

(2) The total impact range of the ecological water supplement of the Yongding River
in 2019 was 265.19 km2, which was concentrated in the 6 km range on both sides of the
Yongding River. The maximum groundwater level restoration was located at the center of
the river channel near the Lugouqiao barrage, in which the groundwater level rose up to
7–8 m. Moreover, the average groundwater level rise was 2.10 m in the affected area.

(3) The predicted area affected by the ecological water supplement of the Yongding
River in 2020 was 506.88 km2, and the maximum groundwater level restoration range was
up to 9–11 km. The upstream section of the river had a smaller impact range due to the
seepage reduction effect, merely about 7–9 km. The largest groundwater level rise rose at
the end of the ecological water supplement period, which was up to 12–14 m. Moreover,
the average groundwater level rise was 1.25 m at the end of 2020.
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(4) For the groundwater level around the typical buildings, such as Beijing West
Railway Station, Beijing Daxing International Airport, and the centralized water source
plant within the study area, only the Fengtai water plant was slightly affected by the two
ecological water supplements in 2019 and 2020. The rest were not significantly affected.

Author Contributions: Formal analysis, Z.J. and Y.C.; investigation, Z.J., S.Z. and J.S.; data curation,
Z.J., Y.C., S.Z., W.C. and J.S.; writing—original draft preparation, Z.J.; writing—review and editing,
Y.C. and J.S.; supervision, Y.C, S.Z., W.C. and J.S. All authors have read and agreed to the published
version of the manuscript.

Funding: This research was funded by the Beijing Science and Technology Plan, China, grant number
(Z191100006919001), and the Special Foundation for the Basic Resources Survey Program of the
Ministry of Science and Technology, China, grant number (2017FY100405).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Conflicts of Interest: The authors do not have any commercial or associative interests that represent
conflicts of interest in connection with the submitted work.

References

1. Lin, Z.; Han, L.; Lianwei, Z. Negative environmental effects of water cons-ervancy projects on Yongding River in Beijin-g from
1950 to 1990. Water Resour. Prot. 2016, 32, 130–135.

2. Yixuan, W.; Yanjun, S.; Ya, G.; Hang, L. Research progress on the changes of environmental and water resources in the upper
Yongding River Basin. South-North Water Transf. Water Sci. Technol. 2021, 4, 656–668.

3. Miao, Y.; Yuansong, W.; Junguo, L.; Peibin, L. Impact of socioeconomic development on water resource and water environment of
Yongding River in Beijing. Acta Sci. Circumstantiae 2011, 31, 1817–1825.

4. Dan, D.; Xiangqin, X.; Mingdong, S.; Chenlin, H.; Xubo, L.; Kun, L. Decrease of both river flow and quality aggravates water
crisis in North China: A typical example of the upper Yongding River watershed. Environ. Monit. Assess. 2020, 192, 1–13.

5. Peng, W. Study on River Health Assessment and Restoration. Master’s Thesis, Hefei University of Technology, Hefei, China, 2007.
6. Piégay, H.; Cottet, M.; Lamouroux, N. Innovative approaches in river management and restoration. River Res. Appl. 2020, 36,

875–879. [CrossRef]
7. Md Anawar, H.; Chowdhury, R. Remediation of Polluted River Water by Biological, Chemical, Ecological and Engineering

Processes. Sustainability 2020, 12, 7017. [CrossRef]
8. Ge, P.; Chen, M.; Zhang, L.; Song, Y.; Mo, M.; Wang, L. Study on Water Ecological Restoration Technology of River. IOP Conf. Ser.

Earth Environ. Sci. 2019, 371, 1–4.
9. Zhaozhong, F.; Shuo, L.; Pin, L. Research progress in eco-environmental issues and eco-restoration strategy in Yongding River

basin. J. Univ. Chin. Acad. Sci. 2019, 36, 510–520.
10. Tao, P.; Zhenming, Z.; Junguo, L. Discussion on the Ecological Restoration Goals of the Yongding River in Beijing Based on

Ecosystem Service Functions Analysis. Chin. Agric. Sci. Bull. 2010, 26, 287–292.
11. Jing, M.; Qingrui, Y.; Wenqi, P.; Huihuang, L.; Yuling, H. Habitat Quality Evaluation of Yongding River in Beijing Mountain

Section after Ecological Rehydration. China Rural Water Hydropower 2021, 30–36. Available online: https://global.cnki.net/kcms/
detail/detail.aspx?filename=ZNSD202102006&dbcode=CJFQ&dbname=CJFDTEMP&v= (accessed on 29 September 2021).

12. Jian, W.; Xingyao, P.; Gang, K.; Tao, B.; Qian, H. Study on ecological restoration of water-deficient rivers based on ecological
water supplement method. J. Water Resour. Water Eng. 2020, 31, 64–69.

13. Yong, D.; Chao, W. Study on water demand for water supply of whole Yongding river and its security plan. Water Resour.
Plan. Des. 2020, 14–17. Available online: https://global.cnki.net/KCMS/detail/detail.aspx?dbcode=CJFQ&dbname=
CJFDLAST2020&filename=SLGH202007004&v=MDAwNDFyQ1VSN3VlWnVadEZ5amhWcnpOTmlITVpyRzRITkhNcUk5
RllJUjhlWDFMdXhZUzdEaDFUM3FUcldNMUY= (accessed on 29 September 2021).

14. Hu, H.; Mao, X.; Yang, Q. Impacts of Yongding River Ecological Restoration on the Groundwater Environment: Scenario
Prediction. Vadose Zone J. 2018, 17, 1–15. [CrossRef]

15. Luo, Z.; Zhao, S.; Wu, J.; Zhang, Y.; Liu, P.; Jia, R. The influence of ecological restoration projects on groundwater in Yongding
River Basin in Beijing, China. Water Supply 2019, 19, 2391–2399. [CrossRef]

16. Litang, H.; Jianli, G.; Shouquan, Z.; Kangning, S.; Zhengqiu, Y. Response of groundwater regime to ecological water replenishment
of the Yongding River. Hydrogeol. Eng. Geol. 2020, 47, 5–11.

17. Yao, M.; Yong, Y.; Guojin, H. Analysis of groundwater replenishment caused by water supplement in Yongding River (Beijing
section). Beijing Water 2020, 4, 22–27.

18. Kangning, S.; Litang, H.; Jianli, G.; Zhengqiu, Y.; Yuanzheng, Z.; Shouquan, Z. Enhancing the understanding of hydrological
responses induced by ecological water replenishment using improved machine learning models: A case study in Yongding River.
Sci. Total Environ. 2021, 768, 1–12.

76



Water 2021, 13, 3059

19. El-Zehairy, A.A.; Lubczynski, M.W.; Gurwin, J. Interactions of artificial lakes with groundwater applying an integrated MOD-
FLOW solution. Hydrogeol. J. 2018, 26, 109. [CrossRef]

20. Ghysels, G.; Mutua, S.; Veliz, G.B.; Huysmans, M. A modified approach for modelling river–aquifer interaction of gaining rivers
in MODFLOW, including riverbed heterogeneity and river bank seepage. Hydrogeol. J. 2019, 27, 1851–1863. [CrossRef]

21. Chakraborty, S.; Maity, P.K.; Das, S. Investigation, simulation, identification and prediction of groundwater levels in coastal areas
of Purba Midnapur, India, using MODFLOW. Environ. Dev. Sustain. 2020, 22, 3805–3837. [CrossRef]

22. Fadoua, H.; Mounira, Z.; Meriem, A.; Mohamedou, B.S.; Moncef, G.; Rachida, B. Hydrogeochemical modeling for groundwater
management in arid and semiarid regions using MODFLOW and MT3DMS: A case study of the Jeffara of Medenine coastal
aquifer, South-Eastern Tunisia. Nat. Resour. Model. 2020, 33, 1–23.

23. Lea, D.; Laurence, G. Modeling spring flow of an Irish karst catchment using Modflow-USG with CLN. J. Hydrol. 2021, 597, 1–14.
24. Jiang, B.; Wong, C.P.; Lu, F.; Ouyang, Z.; Wang, Y. Drivers of drying on the Yongding River in Beijing. J. Hydrol. 2014, 519, 69–79.

[CrossRef]
25. Wang, L.; Wang, Z.; Koike, T.; Yin, H.; Yang, D.; He, S. The assessment of surface water resources for the semi-arid Yongding

River Basin from 1956 to 2000 and the impact of land use change. Hydrol. Process. 2010, 24, 1123–1132. [CrossRef]
26. Xiaofang, Y.; Mingyu, W.; Liya, W.; Jianhui, Z. Investigation of key controlling factors and numerical simulation uncertainty of

the groundwater level companying with Yongding river ecological restoration. J. Univ. Chin. Acad. Sci. 2015, 32, 192–199.
27. Qi-chen, H.; Jing-li, S.; Yu, L.; Zhenhua, X.; Yali, C. Optimization of artificial recharge of groundwater system based on parallel

genetic algorithm—A case study in the alluvial fan of Yongding River in Beijing. South-North Water Transf. Water Sci. Technol.
2015, 13, 67–71.

28. Huan, H.; Jin-sheng, W.; Yuan-zheng, Z.; Jie-qiong, Z. Chemical Characteristics and Evolution of Groundwater in the Yongding
River Alluvial Fan of Beijing Plain. Acta Geosci. Sin. 2011, 32, 357–366.

29. Ezzeldin, M.; El-Alfy, K.; Abdel-Gawad, H.; Abd-Elmaboud, M. Comparison between Structured and Unstructured MODFLOW
for Simulating Groundwater Flow in Three-Dimensional Multilayer Quaternary Aquifer of East Nile Delta, Egypt. Hydrol. Curr.
Res. 2018, 9, 1–12. [CrossRef]

30. Shaoqing, T.; Yanhui, D.; Liheng, W. Methods and applications of an unstructured grid version of MODFLOW: MODFLOW-USG.
Hydrogeol. Eng. Geol. 2016, 43, 9–16.

31. Wei-zhe, C.; Qichen, H.; Kang, C.; Fei, C.; Shinan, T. Comparison of Different Grid Refinement Methods in Simulations of
Groundwater Recharge by Rivers. J. Earth Sci. Environ. 2020, 42, 394–404.

77





water

Article

Research on the Application of Typical Biological Chain for
Algal Control in Lake Ecological Restoration—A Case Study of
Lianshi Lake in Yongding River

Pengfei Zhang 1,2, Xiaoyu Cui 2, Huihuang Luo 2,*, Wenqi Peng 2 and Yunxia Gao 1

Citation: Zhang, P.; Cui, X.; Luo, H.;

Peng, W.; Gao, Y. Research on the

Application of Typical Biological

Chain for Algal Control in Lake

Ecological Restoration—A Case

Study of Lianshi Lake in Yongding

River. Water 2021, 13, 3079. https://

doi.org/10.3390/w13213079

Academic Editor: Antonio Zuorro

Received: 4 September 2021

Accepted: 24 October 2021

Published: 2 November 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 School of Municipal and Environmental Engineering, Hebei University of Architecture,
Zhangjiakou 075000, China; pfzhang1001@163.com (P.Z.); wljgyx@163.com (Y.G.)

2 Department of Water Ecological Environment, China Institute of Water Resources and Hydropower Research,
Beijing 100038, China; cuixy@iwhr.com (X.C.); pwq@iwhr.com (W.P.)

* Correspondence: luohh@iwhr.com or luohuihuang@sina.com; Tel.: +86-138-1089-8180

Abstract: Maintaining the health of lake ecosystems is an urgent issue. However, eutrophication
seriously affects lakes’ ecological functions. Eutrophication is also the main target of lake ecological
restoration. It is vital to carry out research on lake eutrophication control and energy flow evaluation
in ecosystems scientifically. Based on in situ survey results for the aquatic life data for Lianshi Lake
from 2018 to 2019, the Ecopath model was used to establish an evaluation index system for the typical
biological chain to screen out the key species in the water ecosystem, and the fuzzy comprehensive
evaluation (FCE) method was used to screen all the biological chains controlling algae. A combination
of the FCE coupled with the Ecopath screening method for typical biological chains for algal control
was applied to the Lianshi Lake area; the results show that the typical biological chain for algal
control is phytoplankton (Phyt)–zooplankton (Zoop)–macrocrustaceans (Macc)–other piscivorous
(OthP). Upon adjusting the biomass of Zoop and Macc in the typical biological chain for algal control
to three times that of the current status, the ecological nutrition efficiency of Phyt was increased from
0.308 to 0.906. The material flow into the second trophic level from primary producers increased from
3043 to 8283 t/km2/year. The amount of detritus flowing into primary producers for sedimentation
decreased from 7618 to 2378 t/km2/year. Finally, the total primary production/total respiratory
volume (TPP/TR) decreased from 9.224 to 3.403, the Finn’s cycle index (FCI) increased from 13.6%
to 17.5%, and the Finn’s average energy flow path length (FCL) increased from 2.854 to 3.410. The
results suggest that the problem of eutrophication can be solved by introducing Zoop (an algal
predator) and Macc to a large extent, resulting in improved ecosystem maturity. The research results
can facilitate decision making for the restoration of urban lake water ecosystems.

Keywords: alga control; typical biological chain; Ecopath model; ecological restoration; Lianshi Lake

1. Introduction

The rapid expansion of the world’s population has exacerbated the degradation of
global lake ecosystems [1]. According to statistics, more than 60% of the lakes in the world
are in different degrees of eutrophication [2]. The increasing eutrophication of lakes has
become a global water environment problem [3] (e.g., for Lake Canyon in the United
States [4], Lake Geneva in Switzerland [5], and Sugarloaf Lake in Australia [6]).

The interaction between lake water environments and water ecology is complex. It is
important to ensure the integrity of the ecosystem while improving the quality of the
water environment [7–9]. Therefore, how to deal with lake eutrophication and restore
aquatic ecosystems has become an urgent problem to be solved in current limnology,
environmental science, freshwater ecology and other disciplines, and has been closely
followed by international scholars [10,11].
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At present, the recognized theories of lake ecological restoration mainly include
the nutrient salt concentration limit theory by Scheffer [12], multi-steady state theory by
Lewontin [13] and biological manipulation theory by Hrbacek [14]. Among them, the
biological manipulation theory has the most promising application prospects and has
led to many successful cases of lake ecological restoration. For example, the biological
manipulation process implemented by putting silver carp (Silc) and bighead carp (Bigc) in
Donghu Lake in Wuhan is one of the main reasons for the disappearance of cyanobacteria
blooms in the lake [15]. Olin et al. [16] reported that the removal of common carp (Comc)
from 10 lakes in southern Finland effectively reduced the biomass of cyanobacteria and the
degree of algal outbreaks. Shapiro et al. [17] adjusted the ratio of other piscivarious (Othp)
and plankton-eating fish from 1:1.65 to 1:2.2 in the Round Lake, and the concentrations of
total nitrogen (TN), total phosphorus (TP) and chlorophyl-a (Chl-a) in the lake were reduced
to varying degrees. However, biological manipulation cannot enable all ecosystems to
achieve the expected ecological functions and may lead to changes in the species diversity of
the ecosystem, the decline of the average trophic level in the system, and the destruction of
habitats [18,19]. For example, Razlutskij et al. [20], through 72 days of outdoor experiments,
found that introducing Carassius auratus increased the biomass of Phyt. Recent ecological
studies have revealed significant negative effects of crucian carp (Cruc) on the water quality
and ecological states of shallow lakes, e.g., increasing nutrient levels, leading to reduced
water clarity [21,22]. The current international guidance on the application of biological
manipulation technology to the process of lake ecological restoration remains far from
sufficient [23].

In light of this, this study intended to establish a screening method for typical biologi-
cal chains of ecosystems and propose a biomass control strategy for the typical biological
chain of alga control. The purpose of this study was to provide strong theoretical support
for the management of urban lake eutrophication and water ecological restoration, and it
consisted of the following: (1) Key species and target biological chains were screened, based
on the Ecopath model; the key species of the ecosystem were analyzed, and the biological
chain with phytoplankton (Phyt) as the primary producer and including the key species
was selected. (2) Typical biological chains were screened, and an evaluation index that
could reflect the efficiency and stability of the biological chain was constructed. The index
weight was used to select typical biological chains based on the fuzzy comprehensive
evaluation method. (3) The regulatory impact was analyzed, the biomass of key species in
the typical biological chain was regulated, and then the impacts on the regulation target
and the ecosystem were judged.

2. Materials and Methods

2.1. Overview of the Study Area and Data Sources
2.1.1. Overview of the Study Area

As a river-type lake in the urban section of the plain of the Yongding River, Lianshi
Lake is located at the junction of Mentougou and Fengtai District in the southwest of
Shijingshan District (116◦6′58′′~116◦9′34′′ E, 39◦56′3′′~39◦53′15′′ N), which belongs to
the temperate continental monsoon climate, with high temperatures and rain in summer
and cold and dry conditions in winter. The total length of Lianshi Lake is 5.8 km, the
average width of the lake is 376 m, the widest point is about 500 m, the total water area is
106 hm2, and the average depth of the water body is 1.6 m. The phytoplankton in Lianshi
Lake are dominated by Pseudanabaena moniliformis (Cyanophinyta) and Limnothrix. Lianshi
Lake belongs to the northern freshwater city lake. The distribution of the study area and
monitoring points are shown in Figure 1.
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Figure 1. The location of Lianshi Lake and the distribution of monitoring points.

2.1.2. Data Sources

The data sources included long-term field sampling survey data, formula calcula-
tions and reference comparisons. The main source of the biomass Bi of each function
group was a field survey of the biomass at six points in Lianshi Lake from 2018 to 2019.
The macroinvertebrates were collected using a Surber sampler with a mesh diameter of
40 mesh (500 μm) and a sampling area of 0.09 m2, and 70% alcohol was added to the test
tube bottle to be stored for inspection. The zooplankton were collected using a No. 25
plankton net (200 mesh) and immediately fixed with 4% formaldehyde. For the collection
of phytoplankton, a 1 L water sample (0.5 m below the surface of the water body) was
collected in a plexiglass water collector, and 15 mL of Lugol’s reagent was added for
fixation. Sampling areas of 0.5 m × 0.5 m and 1 m × 1 m were used for vascular plants
and submerged plants, respectively. In the field, the plant species were distinguished and
weighed (wet weight). Fish resources were collected mainly using trawl nets, and the
travel distance for each sampling point was no more than 100 m. The biomass of organic
detritus was calculated based on the relationship between the primary productivity and
water transparency [24] (Equation (1)).

logD = 0.954logPP + 0.863logE − 2.41 (1)

where D is the detrital biomass (g C·m−2), PP is the primary production volume
(g C·m−2·a−1), and E is the average transparency (m).
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2.2. Ecopath Model
2.2.1. Principle of the Ecopath Model

The Ecopath is an ecological model that can directly determine the structure of an
ecological system and describe its energy flow and mass transfer through the principle
of nutrition dynamics. The Ecopath model stipulates that each function group (i) energy
input and output in the ecosystem are balanced. The model uses a set of simultaneous
linear equations to define an ecosystem, and each function group is represented by a linear
equation [25] (Equation (2)).

Bi ×
(

P
B

)
i
× EEi =

n

∑
j=1

Bj ×
(

Q
B

)
i
× DCij + EXi (2)

In the formula, Bi is the biomass of the i-th function group.
(

P
B

)
i

is the ratio of the
annual average production of the i-th function group to the annual average biomass, which
is the biomass turnover rate. EEi is the ecological nutrient conversion efficiency of the i-th
function group and is usually obtained by the calculation of the model [26].

(
Q
B

)
i

is the
ratio of the consumption of the i-th function group to the biomass. DCij is the ratio of the
i-th the prey group to the total predation of the predator group j. EXi is the output of the
i-th function group.

2.2.2. Division of Function Groups

The purpose of the establishment of function groups is to merge populations with
highly overlapping niches to simplify the food web. Based on the survey results for the
Lianshi Lake ecosystem, characteristics of the community, and survival habits of each
species, this work identified organisms with similar ecological characteristics, which were
grouped into function groups [24]. A total of 14 function groups were set up (Table 1).

Table 1. Ecosystem function groups and main types for Lianshi Lake.

No.
Function

Group
Abbreviation for

Composition
Included Types

1 Other piscivorous OthP Horsemouth, yellow catfish
2 Common carp Comc Common carp
3 Crucian carp Cruc Crucian carp
4 Bighead carp Bigc Bighead carp
5 Silver carp Silc Silver carp
6 Herbivorous fish HerF Grass carp, bream
7 Other fish OthF Wheat ear fish, tortoisefish
8 Macrocrustaceans Macc Green prawns, prawns, Chinese mitten crabs, etc.

9 Other benthos OthB Hydrophilia, Ceratobranchus, Longbrachium, Fanchus, Chironomus,
Chironomidae, etc.

10 Zooplankton Zoop Protozoa, rotifers, cladocerans, copepods, etc.

11 Phytoplankton Phyt Cyanobacteria, green algae, euglena, dinoflagellate, cryptophytes,
golden algae, etc.

12 Submerged
macrophytes SubM Potamogeton, Myriophyllum, Hydrilla verticillata, Ceratophyllum, etc.

13 Other macrophytes OthM Reeds, cattails, etc.
14 Detritus Detr Organic detritus

2.2.3. Parameter Setting

Some of the parameters refer to lakes with water environmental conditions similar to
those of Lianshi Lake, such as the production/biomass (P/B) and consumption/biomass
(Q/B) parameters of fish resources that were obtained by querying (Available online:
http://www.fishbase.org) (accessed on 20 May 2021). The plant P/B coefficient refers to
related research on Taihu Lake [27]. The P/B coefficients of zooplankton (Zoop), other
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benthos (Othb) and macrocrustaceans (Macc) were estimated based on the measured data
by referring to the research results for Taihu Lake [27], Qiandao Lake [28], Dianshan
Lake [29] and Zhushan Bay [30]. The P/Q coefficient refers to recognized data. The values
for Zoop, OthB and Macc were 0.05 [31], 0.02 [32] and 0.075 [33], respectively. The food
composition (DCi) is shown in Table 2. In addition to ecological investigation and research,
we also referred to related research results [27,34], such as those for Zhushan Lake [30] and
Qiandao Lake [35,36]. According to the cited literature, the GS values for general OthP and
herbivorous fish (HerF) were set to 0.2 and 0.41, and the GS values for Zoop, OthB and
Macc were set as 0.65, 0.94 and 0.7, respectively [31–33,37].

Table 2. Food composition data entered into the model.

No. Prey/Predator 1 2 3 4 5 6 7 8 9 10

1 OthP 0.007
2 Comc 0.15
3 Cruc 0.27
4 Bigc
5 Silc
6 HerF 0.07 0.006
7 OthF
8 Macc 0.38
9 OthB 0.073 0.13 0.230

10 Zoop 0.82 0.24 0.501 0.213 0.620 0.350 0.005 0.009
11 Phyt 0.048 0.361 0.620 0.300 0.022 0.801
12 SubM 0.002 0.09 0.997 0.003 0.101
13 OthM 0.01 0.003
14 Detr 0.04 0.67 0.138 0.167 0.141 0.350 0.872 0.190
15 Sum 1 1 1 1 1 1 1 1 1 1

2.2.4. Model Balance Calculation

The Ecopath model requires the input of six basic parameters: Bi,
(

P
B

)
i
, EEi,

(
Q
B

)
i
,

DCij and EXi. Model balancing was executed, which was established on the basis of
conforming to objective laws. The model parameters could be slightly modified to meet the
requirements of the model operation, but it was necessary to avoid changing reliable data
sources [25]. The nutritional conversion efficiency (EEi) ranged from 0 to 1 [38], the group
EE was close to 1 in the face of considerable predation pressure, and the underutilized
function group had a lower EE value. The value range of GE

(
P
Q

)
was generally 0.1–0.3.

If the balance test had one or more EE > 1, it was necessary to locate which predators
caused the problem for specific prey groups in the predation mortality. The level of model
confidence is mainly related to the quality and reliability of the acquired data. The accuracy
of the Ecopath model was measured using the Pedigree index. The higher the index, the
higher the quality of the model. The input and output parameters of the balanced model
are shown in Table 3.

Table 3. Parameters of Lianshi Lake ecosystem construction.

Function
Group

Biomass
(t/km2)

Production/
Biomass

Consumption/Biomass
Eco-Nutrition

Efficiency
Production/

Consumption

Proportion of
Unassimilated

Food

OthP 0.13 1.670 6.1 0.026 0.274 0.200
Comc 0.5 0.960 10.7 0.248 0.090 0.200
Cruc 0.5 1.130 12.3 0.379 0.092 0.200
Bigc 1.8 0.990 6.9 0.001 0.143 0.200
Silc 1.2 1.100 8.0 0.001 0.138 0.200
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Table 3. Cont.

Function
Group

Biomass
(t/km2)

Production/
Biomass

Consumption/Biomass
Eco-Nutrition

Efficiency
Production/

Consumption

Proportion of
Unassimilated

Food

HerF 0.27 0.987 7.1 0.778 0.139 0.410
OthF 2.3 2.155 11.0 0.001 0.196 0.410
Macc 1.58 3.090 41.0 0.062 0.075 0.700
OthB 16.141 4.130 206.5 0.099 0.020 0.940
Zoop 7.85 20.680 413.6 0.606 0.050 0.650
Phyt 47.42 185.000 0.308

SubM 1460 1.250 0.186
OthM 64 1 0.001
Detr 3.230 0.272

2.3. Fuzzy Comprehensive Evaluation Method

The fuzzy comprehensive evaluation method is based on fuzzy mathematics. There
is a certain characteristic of n things to be evaluated; these n things comprise the ob-
ject set X = {x1, x2, . . . , xn}, the factor set U = {u1, u2, . . . , un} and the evaluation set
V = {v1, v2, . . . vm}. Suppose that the weight distribution of the factors is the fuzzy subset
A on V, denoted as A = {a1, a2, . . . , an}. In the formula, ai is the weight corresponding to
the i-th factor ui, and the general rule is ∑n

i=1 ai = 1.
The evaluation steps for the fuzzy comprehensive evaluation method are as follows:

(1) Establish a factor set.

Assuming there are a total of i factors of the judged object, the factor universe of the
evaluated object U is U = {u1, u2 . . . , ui}.

(2) Determine the membership function.

Assuming that the evaluation level is divided into i levels, the set is V = {v1, v2, v3, . . . vi}.

(3) Establish a fuzzy relationship evaluation matrix.
(4) Establish a weight vector.

Determine the weight vector of the judgement factor A = (a1, a2, . . . , an). A is the
subordination relationship of each factor in U to the thing being judged; it depends on
the focus of people when making fuzzy comprehensive judgments, and it is equivalent to
assigning weights according to the importance of each factor in the judgment.

(5) Establish a fuzzy comprehensive evaluation matrix.

According to the calculated maximum membership value, the program selection or
category evaluation is performed.

3. Results

3.1. Screening of Typical Biological Chains of Fuzzy Comprehensive Evaluation Coupled
with Ecopath

The Ecopath model was used to screen the key species in the Lianshi Lake ecosystem,
identify the types of algae-controlling biological chains containing the key species, and
establish a biological chain evaluation index system that could simultaneously express the
delivery efficiency and stability. Finally, the fuzzy comprehensive evaluation method was
used to screen out the biological chain with the largest weight value.

See Flowchart 2 for specific screening ideas (Figure 2).
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Figure 2. Screening flowchart of a typical biological chain.

(1) Analysis of key species in the ecosystem
The key function group plays an important role in the function of the Lianshi Lake

ecosystem. This study used the method developed by Libralato et al. [39] to calculate
the keystoneness (KS) index of each function group. The one with the largest KS value
is regarded as the key function group. Compared to the calculation method for the
KS value proposed by Valls et al. [40] and Power et al. [41], this calculation is simpler
and comprehensively considers the effects of biomass and capacity. The equation is
KSi = log[εi(1 − pi)], εi =

√
∑n

j �=1 m2
ijε,pi =

Bi
∑n

i BK
, where KSI is the criticality index of

function group i, εi is the total impacts of function group i in the ecosystem (total impacts),
and mij is the value of the mixed nutrition effect of function group i on function group j,
indicating the mutual relationship between each other’s strengths, and Pi is the ratio of
the biomass Bi of function group i to the biomass of the entire ecosystem ∑n

k Bk. Since KSi
and pi are negatively correlated, the criticality index will not be too high due to the high
biomass of the function groups (Table 4).

Table 4. Criticality data table for each function group of Lianshi Lake.

No. Function Group Biomass Pi εi KSi Relative Total Impact

1 OthP 0.13 0.0000809 0.899516 −0.04603 0.622
2 Comc 0.50 0.000311 0.147707 −0.83073 0.122
3 Cruc 0.50 0.000311 0.197666 −0.7042 0.17
4 Bigc 1.80 0.00112 0.054332 −1.26543 0.0531
5 Silc 1.20 0.000747 0.017978 −1.74559 0.0175
6 HerF 0.27 0.000168 0.429709 −0.3669 0.425
7 OthF 2.30 0.001431 0.845322 −0.0736 0.749
8 Macc 1.58 0.000983 0.361432 −0.4424 0.328
9 OthB 16.14 0.010045 1.077714 0.028119 0.867
10 Zoop 7.85 0.004885 0.882764 −0.05628 0.701
11 Phyt 47.42 0.02951 0.914433 −0.05186 0.844
12 SubM 1460 0.90857 1.014112 −1.03283 1
13 OthM 64 0.039828 0.007863 −2.12205 0.00724

85



Water 2021, 13, 3079

As shown in Figure 3, the first key function groups in the Lianshi Lake ecosystem are
submerged macrophytes (SubM). However, other macrophytes (OthM) are redundant in
the food web of the entire ecosystem. Other benthos (OthB), Phyt, other fish (OthF) and
Zoop have a relative total impact second only to SubM, and their criticality index ranks in
the top four.

Figure 3. Key species in the ecosystem of Lianshi Lake.

(2) Screening of target biological chains for alga control and salt reduction
With the goal of alga control, we identified the biological chain with Phyt and SubM

as primary producers, and then determined the biological chain containing key species
such as Zoop, OthB and OthF. The results are shown in Figure 4.

(a) Alga control and salt cutting biological chain containing key species of OthB.

Figure 4. Cont.
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(b) Alga control and salt cutting biological chain containing key species of OthF.

(c) Alga control and salt cutting biological chain containing key species of Zoop.

Figure 4. The biological chain of algal control in Lianshi Lake containing key species.

(3) Establishment of evaluation indicators for typical biological chains
In order to express the characteristics of the Lianshi Lake ecosystem, the ecotrophic

efficiency (EE), production/respiration (P/R), relative total impact (RTI), omnivory index
(OI) and trophic level (TL) are listed as typical indicators for biological chain evaluation
(Table 5). The evaluation indicators have the following characteristics: (1) EE stands
for the utilization and conversion efficiency for the energy contained in the previous
trophic organism. The value of EE ranges from 0 to 1, and it is close to 1 in a group with
considerable predation pressure. (2) P/R represents an important indicator of the maturity
of the biological chain, which is close to 1 in a mature ecosystem. (3) RTI represents the
relative total impact of a single function group on the entire ecosystem. (4) OI indicates
that, when the omnivorous index is zero, the corresponding prey is oriented. (5) TL refers
to the level of the organism in the food chain of the ecosystem. The higher the trophic
level of the organism, the greater the contribution of the food chain to the stability of
the ecosystem.
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Table 5. Basic data of evaluation indicators for each function group of Lianshi Lake.

Serial Number Function Group EE P/R OI TL RTI

1 OthP 0.026 0.520 0.171 3.303 0.622
2 Comc 0.248 0.126 0.048 2.958 0.122
3 Cruc 0.379 0.130 0.186 2.242 0.17
4 Bigc 0.000 0.219 0.255 2.506 0.053
5 Silc 0.000 0.208 0.171 2.215 0.018
6 HerF 0.778 0.308 0.000 2.000 0.425
7 OthF 0.000 0.497 0.125 2.863 0.749
8 Macc 0.062 0.336 0.232 2.353 0.328
9 OthB 0.099 0.500 0.005 2.005 0.867

10 Zoop 0.606 0.167 0.009 2.009 0.701
11 phyt 0.308 - 0.000 1.000 0.844
12 SubM 0.186 - 0.000 1.000 1
13 OthM 0.000 - 0.000 1.000 0.007
14 Detritus 0.272 - 0.251 1.000 -

(4) Fuzzy comprehensive evaluation method for screening typical biological chains
The research did not consider the comment-level domain in the fuzzy comprehensive

evaluation, and selected the typical biological chain according to the maximum weight
(from Equation (3) to Equation (6)):

1© The factor domain U, U = (EE, P/R, RTI, OI, TL) of the judged object was
determined.

2© The membership function was established.
The higher the value, the higher the membership function:

ri =

⎧⎪⎨
⎪⎩

0 (x ≤ S1)
x−S1

S2−S1
(S1<x<S2)

1 (x ≥ S2)

(3)

(I) The determination of the membership functions of EE, P/R, RTI, and OI As
the variation range of EE, P/R, RTI, and OI was between 0 and 1, the membership
function was:

UA(x) = x (4)

(II) The determination of the TL membership function
According to the literature, the lowest trophic level of primary producers in lake

ecosystems is 1, and the trophic level of the function group that is generally at the top is 4,
so the membership function is:

UA(x) =
x − 1

3
(5)

3© Single factor evaluation was performed, and a fuzzy relationship matrix was
established.

The fuzzy evaluation matrix was established according to the following formula:

R =
[
rij
]
=

⎡
⎢⎣

r11 · · · r15
...

. . .
...

r51 · · · r55

⎤
⎥⎦ (6)

In the formula, in the i-th row Ri = (ri1, ri2, . . . rim), i = 1, . . . m, i is the degree of the
membership of the i-th evaluation factor to the evaluation standards at all levels; for the
j-th column Rj =

(
r1j, r2j, . . . , rnj

)
, j is the degree of the membership of each evaluation

factor to the j-th evaluation standard. Taking the nine biological chains containing the
Zoop group as an example, the membership degrees corresponding to different evaluation
indicators of different biological chains were calculated and are shown in Table 6 below.

88



Water 2021, 13, 3079

Table 6. The membership degrees corresponding to different evaluation indicators of different biological chains with the
Zoop group.

Zoop Group Project Evaluation Index 1© 2© 3© 4© 5© 6© 7© 8© 9©
EE 0.257 0.338 0.260 0.251 0.330 0.297 0.457 0.457 0.457

P/R 0.328 0.388 0.396 0.341 0.272 0.271 0.332 0.188 0.193
RTI 0.631 0.79 0.759 0.624 0.584 0.572 0.765 0.521 0.533
OI 0.058 0.046 0.062 0.137 0.122 0.076 0.067 0.09 0.132
TL 0.418 0.323 0.360 0.389 0.380 0.439 0.319 0.247 0.279

The fuzzy relation matrix with the Zoop group:

R =

⎡
⎢⎢⎢⎢⎣

0.257 0.338 0.260 0.251 0.330 0.297 0.457 0.457 0.457
0.328 0.388 0.396 0.341 0.272 0.271 0.332 0.188 0.193
0.631 0.790 0.759 0.624 0.584 0.572 0.765 0.521 0.533
0.058 0.046 0.062 0.137 0.122 0.076 0.067 0.090 0.132
0.418 0.323 0.360 0.389 0.380 0.439 0.319 0.247 0.279

⎤
⎥⎥⎥⎥⎦

4© A weight vector was established.
The weight vector A = (a1, a2, . . . , an) of the judgement factor was determined. A

is the subordination relationship of each factor in U to the thing being judged. Due to
the importance of the distribution of the weight, this study used the analytic hierarchy
process to determine the weight of each evaluation index; the hierarchical structure is
shown in Figure 5.

Figure 5. Hierarchical structure model.

The judgement matrix T =

⎡
⎢⎢⎢⎢⎣

1 4 0.33 0.143 0.25
0.25 1 0.25 0.143 0.2

3 4 1 0.5 3
7 7 2 1 8
4 5 0.33 0.125 1

⎤
⎥⎥⎥⎥⎦. The calculated maxi-

mum characteristic value is λmax = 5.42, the random consensus ratio is 0.0944 < 0.1, and the
consistency test shows that the weight distribution is reasonable, Therefore, the weight of each
evaluation index of a typical biological chain is A = (0.0712, 0.0388, 0.2224, 0.0534, 0.1336).

5© The comprehensive evaluation results were analyzed.

B = AR = (0.2582, 0.2825, 0.2839, 0.2950, 0.2798, 0.2581, 0.2940, 0.2368, 0.2663)

It can be seen that the typical biological chain containing the Zoop group as the
key species is 4©, equal to phytoplankton (Phyt)–zooplankton (Zoop)–macrocrustaceans
(Macc)–other piscivorous (OthP).

According to the same calculation principle, the typical algal control biological chain
containing OthB and OthF as the key species does not exist.
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3.2. Analysis of Typical Algal Control Biological Chain and Nutritional Structure and
Function Response

Through modeling, it was found that the production of primary producers in the
Lianshi Lake ecosystem was 10,661.7 t/km2/year, of which the amount of food consumed
was 3043 t/km2/year, and the remaining 71.5% was not consumed by other predators but
flowed into the debris, entered recirculation, and became deposited through mineralization.
Therefore, the effective removal of plant organisms from the water body plays an important
role in controlling the total amount of nutrients, dissolved oxygen and transparency of the
water body.

In the Lianshi Lake ecosystem, there are 16 biological chains with Phyt as the primary
producer. Among them, the number of biological chains where Phyt is directly grazed
by Zoop is the largest; it has nine chains. The transfer efficiency of Phyt is 0.308. The
transfer efficiency of Zoop reached 0.606. It can be seen that the types of biological chains
that impose significant biological density constraints on algae are mainly Zoop predation
on Phyt. Combined with the screening of typical biological chains, a typical biological
chain of algal control in the Lianshi Lake ecosystem is phytoplankton (Phyt)–zooplankton
(Zoop)–macrocrustaceans (Macc)–other piscivorous (OthP).

This study improved the efficiency of nutrient delivery for primary producers by
simulating an increase in biomass of Zoop and Macc. Under the guidance of biological
manipulation theory, the key factor in the regulation of the algal control food chain is Zoop.
Through the introduction of Daphnia magna, the food chain is opened up through insects
eating algae and fish-eating insects. A symbiotic system of “Daphnia magna–underwater
forest–aquatic animals–microbes” was constructed, and the “grass-type clean water state”
self-purification system was restored.

The proliferation of ecological capacity continuously increases the biomass of the target
species. By observing the changes in other function groups such as the eaten organisms
in the model, when the ecological nutrition transfer efficiency of a function group in the
model EE > 1, the model will become unbalanced; the biomass value of the released species
before the imbalance of the model is the ecological capacity. The biomass of Zoop and
Macc have been increased to 1.5, 2, 3 and 4 times, respectively. It can be seen from Table 7
that, within the ecological capacity of Zoop and Macc, with increases in the biomasses of
both, the ecological nutrition transfer efficiency of Phyt gradually increased, from 0.308
(the current situation) to 0.458 (1.5 times), 0.607 (2 times) and 0.906 (3 times). The flow of
material flowing into the second trophic level from primary producers also increased from
3043 (the current situation) to 4353 (1.5 times), 5663 (2 times) and 8283 t/km2/year (3 times).

Table 7. Comparison table for overall characteristics of the Lianshi Lake ecosystem.

Index Current State 1.5 Times 2 Times 3 Times 4 Times Unit

Zoop biomass 7.85 11.775 15.7 23.55 31.4 t/km2/year
Macc biomass 1.58 2.37 3.16 4.74 6.32 t/km2/year

Phyt Eco-nutrition efficiency 0.308 0.458 0.607 0.906 1.204 -
SubM Eco-nutrition efficiency 0.186 0.186 0.186 0.186 0.186 -

The amount of material flowing into the
second trophic level from primary producers 3043 4353 5663 8283 10904 t/km2/year

The amount of debris flowing into the
primary producer 7618 6308 4998 2378 −241.9 t/km2/year

Total primary production/total respiratory
volume (TPP/TR) 9.224 6.461 4.972 3.403 2.587 -

Finn’s cycle index (FCI) 13.59% 14.33% 15.23% 17.51% 20.38% -
Finn’s average energy flow path length (FCL) 2.854 2.993 3.132 3.410 3.688 -

Connection coefficient (CI) 0.225 0.226 0.226 0.226 0.226 -
System omnivorous degree (SOI) 0.092 0.092 0.093 0.093 0.094 -

The amount of debris flowing into the primary producers for deposition continuously
decreased, from 7618 (the current situation) to 6308 (1.5 times), 4998 (two times) and
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2378 t/km2/year (three times). The total primary production/total respiratory volume
(TPP/TR) continued to decrease from 9.224 (the current situation) to 6.461 (1.5 times),
4.972 (two times) and 3.403 (three times). The Finn’s circulation index (FCI) continued
to rise from 13.59% (the current situation) to 14.33% (1.5 times), 15.23% (two times) and
17.51% (three times), whereas the Finn’s average energy flow path length (FCL) rose from
2.854 (the current situation) to 2.993 (1.5 times), 3.132 (two times) and 3.410 (three times).

Based on the analysis of the nutritional structure of the Lianshi Lake ecosystem, the
artificial introduction of Zoop (Daphnia magna) and Macc can increase the transfer efficiency
and the maturity of the ecosystem. To a certain extent, it can solve the problem of excessive
primary production.

4. Discussion

4.1. Development Characteristics of Lianshi Lake Ecosystem

The total primary production/total respiratory volume (TPP/TR) is an important
evaluation index, which is close to 1 in mature ecosystems, far greater than 1 in developing
ecosystems, and less than 1 in polluted ecosystems. The Finn’s cycling index (FCI) is the
ratio of the circulation flow to the total flow in the system, and the Finn’s mean path length
(FMPL) is the average length of each circulation through the food chain. The higher the
ratio of material recycling, the longer the food chain through which the nutrient flows, and
the FCI value of a mature ecosystem is close to 1. The current Lianshi Lake TPP/TR is
9.224, the FCI is 13.59%, and the FMPL is 2.854, indicating that the Lianshi Lake ecosystem
is immature.

In the typical biological chain of algal control, with an increase in the biomass of Zoop
(Daphnia magna) and Macc within the ecological capacity, the amount of phytoplankton
as a primary producer flowing into the next trophic level gradually increases, the transfer
efficiency gradually increases, the FCI and FMPL gradually increase, and the TPP/TR grad-
ually approaches 1, which reduces the risk of lake eutrophication and increases ecosystem
maturity to a certain extent.

Therefore, there may be two reasons for the low maturity of the Lianshi Lake ecosys-
tem: first, the biomass of the function group that plays a key role in the Lianshi Lake
ecosystem is much lower than the ecological capacity, resulting in insufficient driving force
for the ecosystem to develop to a mature state. Second, the biodiversity of Lianshi Lake is
low, and the flow of energy to higher levels is hindered. It is recommended to introduce
Zoop (Daphnia magna) and indigenous herbivorous fishes to build a food chain in order to
promote material and energy cycles.

4.2. Prospects of Ecopath Model in Lake Ecological Restoration

As early as 1975, Shapiro et al. [17] proposed the biological manipulation theory.
Biomanipulation methods have been developed for nearly 50 years; there have been many
reports in Western European countries, but this technology has not been widely promoted.
This may be because biological manipulation methods involve complex biological networks,
and too many factors are affected. Traditional research methods can only study the behavior
of individual organisms in simple habitats or competitive environments, and there is
very little research on the biological chain that significantly affects the regulation goals
and ecosystem conditions. Therefore, it is generally believed that research on complex
ecosystems must rely on the guidance of mathematical models or theories [42].

The Ecopath with Ecosim (EWE) model, also known as the ecological channel model,
is an ecological model that can assess the true structure of the ecosystem and describe its
energy flow and mass balance. The Ecopath model was originally created in 1984 [43].
After years of development, the Ecopath model has become a key tool for ecosystem
research. Fuzzy comprehensive evaluation (FCE) is based on fuzzy mathematics [44],
which can express the fuzzy relationship between various factors and solve the problem of
ambiguity between multi-factor evaluations that cannot be solved by traditional methods,
and it has been widely used in the field of policy evaluation and risk assessment. A typical
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biological chain of alga control combines the advantages of the Ecopath model and FCE
method, and the results show that the biomass of phytoplankton in Lianshi Lake has been
effectively controlled and that the ecosystem’s maturity has been improved.

Ecopath is a powerful model but is mostly used to assess the condition of the ecosystem
and provide scientific management and control solutions. In the future, the Ecopath
model will continue to be developed and coupled with other models, such as pollutant
diffusion models and ecotoxicology models, which will have important scientific research
significance for exploring the restoration of lake ecosystems.

5. Conclusions

Based on the survey results for aquatic organisms in Lianshi Lake from 2018 to 2019,
this study established, for the first time, a typical biological chain screening method with
fuzzy comprehensive evaluation coupled with Ecopath. Among the organisms, Phyt is
the primary producer, and the typical biological chain of alga control with Zoop as the
key species is phytoplankton (Phyt)–zooplankton (Zoop)–macrocrustaceans (Macc)–other
piscivorous (OthP).

In a typical biological chain with significant biological density constraints on algae,
when the biomass of Zoop was increased from 7.85 (the current situation) to
23.55 t/km2/year (three times) and Macc was increased from 1.58 (the current situation) to
4.74 t/km2/year (three times), the results show that the ecological nutrition efficiency
of Phyt increased from 0.308 (the current situation) to 0.906 (three times), the mate-
rial flow into the second trophic level from primary producers increased from 3043
(the current situation) to 8283 t/km2/year (three times), the amount of debris flowing
into primary producers for sedimentation decreased from 7618 (the current situation) to
2378 t/km2/year (three times), the total primary production/total respiratory volume
(TPP/TR) decreased from 9.224 (the current situation) to 3.403 (three times), the Finn’s cy-
cle index (FCI) increased from 13.59% (the current situation) to 17.51% (three times), and the
Finn’s average energy flow path length (FCL) increased from 2.854 (the current situation)
to 3.410 (three times). In the typical biological chain of alga control, the artificial release of
Zoop (Daphnia magna) and Macc can improve the transfer efficiency of phytoplankton as
primary producers to a certain extent, reduce the harm caused by eutrophication to lake
ecosystems, and improve the maturity of the lake ecosystem.
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Abstract: Songnen Plain is one of the three great plains in northeast China with abundant ground-
water resources. The continuous population growth and the rapid development of agriculture and
economy in China has caused a series of environmental problems in the plain, such as endemic
diseases caused by the accumulation of harmful substances in drinking water. This paper conducts a
systematic investigation of fluorine in the groundwater of Songnen Plain. The results showed that flu-
orine was widespread in the groundwater of the plain in the concentration range of BDL–8.54 mg·L−1,
at a mean value of 0.63 mg·L−1 and detectable at a rate of 85.91%. The highest concentrations of
fluorine were found in central and southwest areas of the plain. The concentration exceeded the
guideline values for fluorine in drinking water and may have varying degrees of adverse effects
on adults, and especially children, in the study area. The fluorine in groundwater mainly came
from the dissolution of fluorite and other fluorine-containing minerals, and the concentrations and
distribution of fluorine were affected by cation exchange, groundwater flow field and hydrochemical
indexes (pH, TDS and HCO3

−). The study provides scientific basis for the investigation, evaluation
and prevention of endemic diseases caused by fluorine.

Keywords: Songnen Plain; groundwater; fluorine; distribution; formation; human health risk

1. Introduction

Water is an important natural resource to guarantee normal human life and socioe-
conomic development. As one of the main components of water resources, groundwater
is exerting a more and more significant influence on society, and groundwater is also a
prerequisite for the development of other resources, especially in arid and semi-arid areas [1].
However, the accumulation of harmful elements caused by geological causes or human
activities not only harms the water environment, but also seriously affects the safety of
drinking water [2,3]. Fluorine is an essential element of the human body and moderate in-
take (0.5–1.5 mg·L−1) is beneficial to human health, according to the WHO guidelines [4–6].
However, excessive fluoride, after long-term consumption may lead to fluorosis, and it is
also a serious problem for the world’s geological environments [2,7]. Studies have shown
that over 260 million people are at risk of fluorosis all over the world, reported in locations
such as America, Argentina, China, Mexico, and India [8–13]. Therefore, the research on
high fluorine groundwater have gradually become a research focus.

Drinking water is the primary route by which fluoride enters the human body [14].
The National Health Commission of the PRC [15] and the WHO [16] guidelines have
set values for fluorine in drinking water at 1.0 and 1.5 mg·L−1, respectively. Fluorine is
widespread in natural minerals, such as flourite, cryolite, fluorapatite, etc. [8,9,17]. Studies
have shown that the main reason for the formation of high-fluorine groundwater in many
regions of the world is dissolution of fluorine-bearing minerals [18–20]. However, the
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distribution, formation and risk of high-fluorine groundwater in Songnen Plain, China
have not been systematically studied.

Songnen Plain is one of the largest and most fertile plains in China, and an important
agricultural production base [21,22]. The plain has a large groundwater aquifer system
with multiple aquifers and abundant groundwater resources [23]. With the continuous
growth of population and the rapid development of agriculture and economy, the con-
tradiction between supply and demand of water resources is becoming more and more
prominent in the area [24], and has caused a series of environmental problems, such as
metal pollution [25], nitrate pollution [26,27], and endemic diseases caused by excessive
content of fluorine, iodine and arsenic [28,29].

In this paper, the high content of fluorine in the groundwater of Songnen Plain is
investigated systematically. Through a series of processes such as field sampling, index
determination, sample preservation, pretreatment, detection and data analysis, the con-
centration, distribution, formation and human health risk of fluorine in groundwater in
Songnen Plain are revealed. This provides scientific basis for the investigation, evaluation,
and prevention of endemic diseases caused by fluorine.

2. Materials and Methods

2.1. Study Area

Songnen Plain is in the northeastern part of China and located at longitude 121◦21′–
128◦18′ and latitude 43◦36′–49◦26′. Songnen Plain is an important grain commodity pro-
duction base and animal husbandry base of China. It covers an area of 103,200 km2, and is
placed in the Songhua River basin. The plain evolved from the Mesozoic-Cenozoic faulted
basin and has accumulated over 8 km of Cretaceous terrestrial clastic deposits. Gravel, sand
and loam are the main components of strata in the study area, and cohesive soil interlayers
are locally distributed [1,26]. Analysis of the strata minerals revealed that fluorine–bearing
minerals are rich in the central and southwest strata of the plain, mainly including flourite,
apatite, cryolite, topaz, biotite, hornblende, tourmaline [26]. The regional groundwater
resources are abundant and the largest groundwater system of the entire aquifer includes
Neogene fissure–pore water, Cretaceous pore–fracture water, Quaternary pore water and
Paleogene fissure-pore water. Irrigation and precipitation constitute the main sources
of local groundwater recharge [30]. The shallow groundwater (depth is less than 50 m)
are greatly affected by anthropogenic activities, complicated and changeable chemical
composition. With the rapid development of agriculture and industry in northeastern
China, groundwater exploitation in this region is expanding and, coupled with decreasing
precipitation, the water table is declining and the groundwater environment in the study
area changed greatly.

2.2. Sampling

In this paper, a comprehensive groundwater pollution survey was carried out in
Songnen Plain from 2012 to 2014. Sampling time was concentrated in May to October each
year, due to the cold winters in northeast China. Groundwater sample collection in the
study area relied on local mechanized wells. A total of 2683 groundwater samples were
collected; their locations are shown in Figure 1. Prior to groundwater collection, the original
well water was pumped more than three times to flush the well’s pump [3]. The sampling
bottles (500 mL) were made of polyethylene plastic and were soaked in a 10%-sodium
hydroxide solution for 3 h [11], then cleaned with deionized water and distilled water in
turn, and finally dried at 60 ◦C for 5 h and stored in ziplock bags. Additionally, 2 mL
of concentrated nitric acid (1:1) was added to the sampling bottle for measuring heavy
metals [26]. Then, 2 mL of concentrated sulphuric acid (1:1) was added to the sample bottles
for the measurement of Fe and Mn [1]. The sample bottles were washed three times with the
corresponding water before each sampling. Each water sample collected was refrigerated at
−4 ◦C, and handled within 48 h. Unstable parameters, such as water temperature (T), pH,
electrical conductivity (EC) and also water-table depth were measured in situ.
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Figure 1. Location of sampling points in the study area.

2.3. Analysis Methods
2.3.1. Data Analysis Method

In this paper, a variety of data analyses are reported; a hydrochemical analysis,
simulation methods, spatial analysis and mapping software are used herein toprocess the
large volume of groundwater-sample testing data collected. The comprehensive parameters
that can reflect groundwater characteristics and kriging method in statistics are selected
as spatial interpolation method. Based on variogram theory and structural analysis, the
comprehensive parameter zoning maps of groundwater at each layer are drawn with
the help of ArcGIS and Surfer professional mapping software. The SPSS software was
used to carry out descriptive statistical analysis on the main components of the sampled
groundwater. SUPCRTBL and PHREEQC were used to calculate the saturation index (SI)
of various rocks in combination with the latest database.

2.3.2. Instrumental Analysis

The instrumental analysis method used for the determinations of the water samples is
referenced from a previous study [1,26]: the pH and redox potential were determined by
dual-channel multi-parameter water quality analyzer (HQ40D, Field Case, cat. No:58258-00,
HACH, Loveland, CO, USA); K, Ca, Na, Mg, Mnand Fe concentrations were measured by
ICP-AES (IRIS Intrepid II XSP, Thermo Scientific, Waltham, MA, USA); the concentrations
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of Cl− and NO3
− in the water samples were measured by ion chromatograph (Dionex2500,

Dionex, Sunnyvale, CA, USA).

2.3.3. Saturation Index

The saturation index (SI) is, itself, derived from the formula of a theoretical derivation
and used to describe the equilibrium state of the water with respect to mineral phases
therein and to determine the dissolution or precipitation of minerals in rock–water interac-
tions [31,32]. The index was calculated by Equation (1):

SI = log
(

IAP
Ks

)
(1)

where IAP is the ion activity product of the solution and Ks is the solubility product
of the mineral. Different SI values indicate different states of ion in solution: SI > 0
indicates oversaturation (precipitation), SI = 0 indicates equilibrium and SI < 0 indicates
undersaturation (dissolution).

2.3.4. Human Health Risk Assessment

A human health risk assessment consists in determining potential adverse effects
of a target pollutant. The health risk assessment model (RBCA) was created to assess
non-carcinogenic risks. We have mainly referred to oral exposures to pollutants in this
study because the mouth is considered the primary route thereof. The calculations of
non-carcinogenic risk (hazard quotient, HQ) of directly consuming water resources were
extrapolated from the oral reference dose (RfD), hazard index (HI) represents the total
non-carcinogenic risk to humans when the ADI (average daily intake) was unavailable, as
shown in Equation (2). HI > 1 indicates that the exposed individual was adversely affected.

HQ =
EDI
R f D

=
CS × IR × EF × ED

BW × AT × R f D
and HI =

n

∑
i=1

HQi (2)

where CS (mg·L−1) is the concentration of OPPs in the water; IR is the average daily
water intake (1.5 and 0.7 L·d−1 for adults, children, respectively); EF stands for exposure
frequency (365 d·y−1). The EDs (exposure durations) for children and adults were 12 and
30 years, respectively; BWs (body weights) for children and adults were 10 and 60 kg,
respectively [16]. AT represents average lifetime, and was 4380 and 1095 days for adults
and children, respectively. RfD stands for the reference dose of the carcinogen consumed
orally. The value of the RfD for fluoride was 0.04 mg·kg−1·day−1 [33,34].

2.4. Quality Assurance/Quality Control (QA/QC)

In order to make sure the accuracy of the measurement results, blank samples and
standard samples were taken from each batch during sampling. After analysis, the standard
deviations ranged from 0.09% to 0.23% and the target pollutant was not detected in the blank
samples, which conformed to the stated data processing standards [35,36]. In determining
groundwater quality parameters, the recovery indicator was added before the water sample
was processed; samples’ recovery rates ranged from 84.4 to 95.7%, and the average was
89.4%; moreover, we compiled the standard curve for target objects and the results of
the analysis show that the correlation coefficient of the linear equation was over 0.99; all
conformed to quality assurance standards for the processing of groundwater [37,38].

3. Results and Discussion

3.1. Hydrochemical Parameters and Types

The concentrations of hydrochemical parameters are shown in Table 1. The main
cations in groundwater in the study area were Ca and Na, the concentration of Ca ranged
from 1.56 to 567.65 mg·L−1, with an average of 95.04 mg·L−1 and the concentration of Na
ranged from 4.51 to 1107.36 mg·L−1, with an average of 74.45 mg·L−1. According to the
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groundwater index detection values, the Piper diagram of groundwater hydrochemistry
types in the study area was drawn in Figure 2. Generally speaking, the main groundwater
chemical type in the study area was HCO3–Ca type [1], accounting for 24.83% of the total
water samples. Other main groundwater types include HCO3–Ca·Mg type, HCO3–Na·Ca
type, HCO3–Na·Mg·Ca type and HCO3·Cl–Ca type, accounting for 19.43%, 16.78%, 13.92%,
12.11% and 9.56% of the total water samples, respectively.

Table 1. Concentrations of hydrochemical parameters and saturation indexes of minerals.

Parameters
Concentration

Minimum Maximum Mean

K+ (mg·L−1) 0.85 234.18 8.55
Na+ (mg·L−1) 4.51 1107.36 74.45
Ca2+ (mg·L−1) 1.56 567.65 95.04
Mg2+ (mg·L−1) 2.43 589.88 36.77

HCO3− (mg·L−1) 11.61 1838.05 354.69
SO4

2− (mg·L−1) 0.19 1198.79 86.93
Cl− (mg·L−1) BDL 1831.56 113.45

NO3− (mg·L−1) BDL 1751.89 100.23
TH (g·L−1) 0.15 2.44 0.98
TDS (g·L−1) 0.58 6.17 1.46

pH 5.76 9.99 7.37
F− (mg·L−1) BDL 8.54 0.63
SI (Flourite) −5.57 −0.48 −1.88
SI (Calcite) −1.87 −0.10 −0.98

SI (Gypsum) −6.01 3.11 −0.79
SI (Halite) −7.16 −0.05 −3.08

SI (Dolomite) −2.80 −0.35 −1.01
Unit: BDL = below detection limit.TH: total hardness; TDS: total dissolved solids.

Figure 2. Piper diagram of groundwater samples.
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3.2. Distributions of Fluorine

The concentration range of fluorine in groundwater was BDL–8.54 mg·L−1, with a
mean value of 0.63 mg·L−1, and its detection rate was 85.91%. The content distributions of
fluorine are showed in Figure 3; in the study area’s groundwater the highest concentrations
of fluorine (over 2 mg·L−1) were found in the central and southwest areas of the Songnen
Plain, such as Tongyu, Qianan, Baicheng, Lindian, Daqing, Zhaozhou, Zhaodong—and,
the observed concentrations exceeded the maximum fluorine content (1.5 mg·L−1) that is
beneficial to human health [6] and within the guideline values set by the National Health
Commission of the PRC (1.0 mg·L−1) [15] and the WHO (1.5 mg·L−1) [16].

Figure 3. Distribution of fluorine in groundwater.

3.3. Formation and Influencing Factors of Fluorine in Groundwater
3.3.1. Dissolution and Precipitation of Minerals

Research has shown that the dissolution of fluorine-bearing minerals and the precipi-
tation of calcium-bearing minerals are the main influencing factors of F− enrichment in
groundwater [8,20,39,40]. Analysis of the strata minerals in the study area revealed an
abundance of fluorine-bearing minerals in the central and southwest strata of the plain,
mainly flourite, apatite, cryolite, topaz and hornblende [1,26]. The saturation indices of SI
fluorite in almost all groundwater samples in the study area were less than zero, and there
was a significant positive correlation between F− concentration and SI fluorite (Figure 4a),
suggesting that the dissolution of fluorite is the main source of F− in the groundwater
of these areas. According to other mineral saturation indices (SI Calcite < 0, SI Halite < 0,
SI Dolomite < 0), calcite, halite and dolomite had not reached the saturation state and were
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easy to dissolve in reaction. SI fluorite had a logarithmic increase, with an increasing
concentration of F− in groundwater (Figure 4a). Where fluorite tended to saturate, the
concentration of F− reached the upper limit, indicating that the concentration of F− was
restricted by the equilibrium constant of fluorite (Ksp = 10−10.059, 22 ◦C). By comparing the
concentration relationship between Ca2+ and F− (Figure 4b), fluorine in the groundwater
samples below the fluorite dissolution curve (dotted line in Figure 4b) mainly came from
the dissolution of fluorite, and the fluorine in the groundwater samples above the disso-
lution curve came not only from the dissolution of fluorite, but also from other sources.
The results show that the dissolution of fluorine-bearing minerals is main reason for the
deposition of significant fluorine in the groundwater of Songnen Plain—similar to condi-
tions found elsewhere in China [14,41] and the world, such as America [11], Mexico [8] and
India [10].

Figure 4. Relationship between F− concentration and SI(Fluorite) (a); Ca2+ concentration (b).

3.3.2. Cation Exchange

The formation of groundwater hydrochemistry is often closely related to cation ex-
change [40], and cation exchange is the significant factor affecting the formation of fluorine
in this study area. Cation exchange was confirmed with chloro-alkaline CAI 1 and CAI 2,
and the indices were calculated by Equations (3) and (4).

CAI 1 =
CI− − (

Na+ + K+
)

CI− (3)

CAI 2 =
CI− − (

Na+ + K+
)

HCO3− + SO4
2− + CO32− + NO3− (4)

where, if CAI 1 > 0 and CAI 2 > 0, it is indicated that the dissolved Na+ and K+ in the
groundwater will exchange cations with the absorbed Mg2+ and Ca2+. However, when
less than zero, it is indicated that the dissolved Mg2+ and Ca2+ will exchange with the
absorbed Na+ and K+. Moreover, the greater the absolute value, the stronger the cation
exchange. Figure 5 shows the CAI 1 and CAI 2 of the groundwater samples. All values
of CAI 2 do not exceed zero, and most values of CAI 1 were negative. This suggested
that the cation exchange process of dissolved Mg2+ and Ca2+ exchanging cations with the
absorbed Na+ and K+ was the driving process explaining local mineral concentrations,
and it is also responsible for the decreased contents of Mg2+ and Ca2+ in the groundwater.
This process may promote the hydrolysis of fluorite and other fluorine minerals (including
apatite, cryolite, topaz, hornblende, tourmaline, etc.), thereby increasing the fluorine in
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groundwater. This indicates that the cation exchange process can affect the fluorine content
in groundwater, as is consistent with previous studies [12,19,40,42].

 
Figure 5. Relationship between CAI 1 and CAI 2.

3.3.3. Hydrochemical and Hydrological Influence Factors

Hydrochemical parameters are also one of the important factors affecting the content
and distribution of fluorine [43,44]. It has been found that fluorine accumulates more
easily in an alkaline environment [18], therefore, the areas with the highest pH values
(pH > 8.5) in the study area (shown in Supplementary materials, Figure S1) also had
the highest F− contents. Correlation analysis between fluorine and other hydrochemical
parameters in groundwater showed (Figure 6) that the concentrations of F− in groundwater
were positively correlated with the concentrations of TDS (total dissolved solids) and
HCO3

−. The results indicated that the concentrations and distribution characteristics of
F− in groundwater were closely related to the pH of the groundwater environment and
the concentrations of TDS and HCO3

−, again, as is consistent with previous studies [44].
Correlation analysis of fluorine and other high concentration pollutants (I−, Mn2+, Fe) in
the groundwater showed (Figure S2) that fluorine was only weakly correlated with iodine
(having similar properties), indicating that the pollutants in the groundwater had little
influence on each other.

Hydrological conditions can partly affect the concentration and distribution of fluorine
in groundwater [1,41]. The shallow groundwater system of Songnen Plain belongs to a larger
groundwater catchment basin, and groundwater gather in its central low plain [16,29]. There-
fore, the groundwater in the surrounding areas, especially the high-fluorine groundwater
in the southwest area, will gradually migrate to the central region through the groundwa-
ter flow field, further increasing the fluorine concentrations in the already-high-fluorine
groundwater in the central plain area.

3.4. Human Health Risk Assessment of Fluorine

Health risk assessments are mainly concerned with oral exposures; to that end, the risk
assessment of non-carcinogens performed was based on the concentrations of fluorine in ground-
water, and the results are shown in Figure 7. The sampling points (HQ Children > 1) accounted
for 92.26% of the total samples, signaling that the groundwater fluorine concentration is

102



Water 2021, 13, 3236

high enough to have significant adverse effects on children in the study area. The sampling
points (HQ Adults > 1) accounted for 32.18% of the total samples, indicating that the fluorine
content was also high enough to adversely affect adults, though much less so than chil-
dren. In addition, the districts where the fluorine in the groundwater showed the greatest
potential influence on children and adults were roughly the same, and were concentrated
in the southwest and central Songnen Plain, such as Tongyu Lindian and Daqing.

 

Figure 6. Correlation of F− and Hydrochemical Indices.

 

Figure 7. HQs of fluorine to children and Adults.

4. Conclusions

Fluorine is widespread in the groundwater of the Songnen Plain, at a concentration
range of BDL–8.54 mg·L−1, with a mean value of 0.63 mg·L−1 and detectable at a rate of
85.91%. The highest concentrations of fluorine (over 2 mg·L−1) were found in the central
and southwest areas of the plain. The concentrations there exceeded the guideline values
for fluorine in drinking water set by both the National Health Commission of the PRC
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(1.0 mg·L−1) and the WHO (1.5 mg·L−1), and represent varying degrees of adverse effect
on adults, and especially children, in the study area. The fluorine in these groundwaters
mainly came from the dissolution of fluorite and other fluorine-containing minerals in the
study area; additionally, the concentrations and distribution of fluorine were shown to be
affected by cation exchange, the groundwater flow field and hydrochemical indexes (pH,
TDS and HCO3

−). The study provides scientific basis for the investigation, evaluation and
prevention of endemic diseases caused by groundwater fluorine.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/w13223236/s1, Figure S1: Distribution of pH in groundwater, Figure S2: Correlation of F− and
other pollutants.
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Abstract: Groundwater is an irreplaceable resource for irrigation and drinking in the North China
Plain, and the quality of groundwater is of great importance to human health and social development.
In this study, using the information from 59 groups of groundwater samples, groundwater quality
conditions for irrigation and drinking purposes in an agricultural region of the North China Plain
were analyzed. The groundwater belongs to a Quaternary loose rock pore water aquifer. The depths
of shallow groundwater wells are 20–150 m below the surface, while the depths of deep groundwater
wells are 150–650 m. The sodium adsorption ratio (SAR), sodium percentage (%Na), residual sodium
carbonate (RSC), magnesium hazard (MH), permotic index (PI) and electrical conductivity (EC) were
selected as indexes to evaluate the shallow groundwater suitability for irrigation. What’s more, the
deep groundwater suitability for drinking was assessed and the human health risk of excessive
chemicals in groundwater was studied. Results revealed that SAR, Na% and RSC indexes indicated
the applicability of shallow groundwater for agricultural irrigation in the study area. We found
57.1% of the shallow groundwater samples were located in high salinity with a low sodium hazard
zone. The concentrations of fluorine (F−) in 79.0% of the deep groundwater samples and iodine (I−)
in 21.1% of the deep groundwater samples exceeded the permissible limits, respectively. The total
hazard quotient (HQ) values of fluorine in over half of the deep groundwater samples exceeded
the safety limits, and the health risk degree was ranked from high to low as children, adult females
and adult males. In addition to natural factors, the soil layer compression caused by groundwater
over-exploitation increased the fluorine concentration in groundwater. Effective measures are needed
to reduce the fluorine content of the groundwater of the study area.

Keywords: groundwater quality; groundwater hydrochemistry; drinking suitability; irrigation
suitability; health risk assessment

1. Introduction

With the development of society, groundwater plays an increasingly important role in
agricultural irrigation and domestic drinking [1,2]. Access to high-quality groundwater
is indispensable to human health, agricultural irrigation and sustainable social develop-
ment [3,4]. The shallow groundwater is often developed for irrigation in agricultural areas
with the advantages of a low well-forming cost and being easy to obtain. In recent decades,
groundwater quality and hydrochemical characteristics have been under the increased
influence of pollution in an area of intense agricultural activities [5]. The pollutants pass
through the soil and unsaturated zones and penetrate the aquifer, causing groundwater
quality deterioration [6]. On the other side, the quality of groundwater directly affects the
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soil permeability, soil fertility and crop production when used for irrigation because of the
ions exchange reaction between groundwater and soil [7–10]. Sodium concentration in
groundwater is important because sodium reacts with soil to reduce its permeability and
then the hydraulic conductivity declines, causing soil with poor internal drainage [11,12].
In general, the type of sodium-enriched soil will not support plant growth. The evaluation
of groundwater suitability for irrigation has been studied by many researchers, which is
mainly based on the important indicator values of total salinity, sodium and other related
ions in irrigation water assessment [13,14]. According to the previous study, different indi-
cators reflect different water quality results for irrigation. Although irrigation water quality
is confirmed to be good by some indicators, the evaluation results by other indicators may
be inappropriate [7,15–17].

In addition to irrigation, another important function of groundwater is domestic
drinking, with over a third of the world population using groundwater as a drinking water
resource [18,19]. Compared with shallow groundwater, deep groundwater is less contami-
nated by human activities and can better play a drinking function. The quality and safety
conditions of drinking water have been a public concern all over the world especially in
developing countries, where many kinds of diseases are directly associated with unsanitary
conditions in drinking water [3,20–22]. Therefore, the evaluation of groundwater quality
for drinking is significant for health [23,24].

Contaminants in groundwater can directly enter the human body by oral, inhalation,
skin contact or indirectly accumulate in the body through the food chain [2,25]. The problem
of contaminants intake from groundwater are more serious in agricultural irrigation areas
and rural areas, as residents tend to drink groundwater directly through simple filtration
measures. Given the adverse effects of such groundwater contamination on human health,
closer links between pollutant concentrations and related health effects are needed to
implement more effective risk assessment and mitigation measures [26,27]. Since the 1990s,
health risk assessment (HRA) has become a hot topic with a crucial guiding function in
determining whether contaminants pose adverse risks to health and whether groundwater
can be drunk directly [28,29]. In recent years, human health risk assessment has been
developed and widely used in many countries to determine the adverse effects of chemicals
taken from groundwater in different populations [30–34].

Fluoride contamination in groundwater has been recognized as a widespread inter-
national problem, which influences millions of people in many regions [35–38]. Drinking
groundwater with a high concentration of fluoride may endanger human health and cause
fluorosis or other diseases. On the other hand, the use of groundwater with a high con-
centration of fluoride for irrigation makes the aeration zone and shallow groundwater
contaminated. Food, vegetables and fruits irrigated by high fluoride groundwater enter the
human body through the food chain, which may cause food-type poisoning [39]. In recent
years, many scholars have assessed the health risk of fluoride in groundwater exposure to
people of different age groups [35,36,40,41].

The North China Plain is a significant agricultural area in China, and also a typical
water shortage area. Groundwater is used as the main resource for irrigation and drinking
in this area. Meanwhile, groundwater with high fluoride concentrations exists in some
areas in central and eastern of the North China Plain, which threatens the health of resi-
dents. At present, the contradiction between supply and demand of groundwater resources
is prominent in this area, and the shortage and pollution problems of groundwater are
increasingly serious [39,42,43]. Thus, a comprehensive and detailed evaluation of ground-
water suitability for agricultural irrigation and drinking is important for groundwater
scientific management and sustainable utilization, which is urgently needed in the North
China Plain [44].

This paper selected a typical agricultural area in the central region of the North China
Plain, where groundwater played an increasingly important role in recent years. In the
study area, groundwater accounts for 65% of the total available water resources, so the
quality of groundwater has a significant effect on irrigation and domestic drinking [45,46].
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The investigation findings showed that the groundwater was over-exploited in the study
area, and some kinds of chemicals in groundwater exceeded the standard levels, especially
fluorine. However, the groundwater suitability for drinking and agriculture in this region
has not been well studied and there are fewer relevant references can be found. Thus, more
detailed research work on this topic is necessary. In this study, the hydrochemical charac-
teristics of the groundwater were analyzed based on 59 groundwater samples collected in
the field. According to the different practical uses of shallow and deep groundwater, the
irrigation suitability of shallow groundwater and drinking suitability of deep groundwater
were evaluated separately and the health risk of major excessive ions to different human
groups was studied. Multiple evaluation methods (irrigation water suitability indexes,
groundwater quality index, groundwater quality standards and health risk model) were
selected to reflect the groundwater suitability situation more comprehensively and objec-
tively, and to find typical indicators affecting the groundwater suitability. The findings
can be used in the formulation of new policies and strategies for groundwater quality
management in the North China Plain.

2. Materials and Methods

2.1. Study Area

The water samples used in this paper were taken from Bazhou irrigation district in the
central North China Plain. The study region extends between E 116◦15′–116◦55′ longitudes
and N 38◦59′–39◦13′ latitudes, covering a total area of about 780 km2 (Figure 1). The study
region is located in the alluvial plain of lower reaches of the Haihe River basin, with four
seasonal rivers including Hongjiang River, Xiongguba New River, Mangniu River and
Zhongting River, as well as more than 50 large drainage and irrigation canals. The terrain
slopes from northwest to southeast in this area, and the ground elevation slowly drops
from 11.1 m to 2.1 m. The climate is suitable for the growth of a variety of crops, with an
annual average temperature of 11.5 ◦C. The annual average precipitation is 543.6 mm and
the mean annual potential evaporation is 1060 mm [46,47].

 

Figure 1. Location of the study area and the sampling sites ((a) China, (b) the North China Plain,
(c) the study area and the sampling sites).
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The study area possesses typicality in the aspect of hydrogeological conditions and
groundwater utilization for the research of groundwater quality, function or suitability.
Field investigation shows that groundwater in this region is mainly deposited in the
loose sand layer pore of the Quaternary system. The aquifer exhibits spatial gradient
characteristics, changing from a single structure composed of freshwater to a multilayer
structure composed of freshwater and saltwater from northwest to southeast. The flow
direction of both shallow and deep groundwater is generally from northwest to southeast,
and the groundwater flow field is changed in the local groundwater funnel area under the
influence of over-exploitation.

Groundwater in the study region can be divided into shallow groundwater and
deep groundwater according to the regional hydrogeological conditions and groundwater
exploitation. The depths of shallow groundwater wells are 20–150 m below the surface,
while the depths of deep groundwater wells are 150–650 m. In general, the groundwater
level is greatly affected by exploitation and precipitation. The shallow groundwater levels
are 2–30 m below the surface, while the deep groundwater levels are within the depths of
30–90 m.

The aquifer system can be classified into four different aquifers by its lithological
properties and geological age, named I, II, III and IV from top to bottom vertically [48]
(Figure 2). Aquifer I is unconfined, composed of sand gravel, medium sand, fine sand and
silty-fine sand, and the depths of the aquifer bottom are 30–50 m. Aquifer II, 140–160 m
deep, is a semi-confined aquifer. Aquifer III consists of sandy gravel and medium to fine
sand with depths of 360–380 m. Aquifer IV is made up of cemented sand gravel and
medium to fine sand, and the aquifer bottom is below 380 m. Both third and fourth aquifers
are confined aquifers. Groundwater in Aquifer I and II is classified as shallow groundwater,
while groundwater in Aquifer III and IV is named deep groundwater based on aquifer
distribution and groundwater exploitation depth [49].

Figure 2. Hydrogeological cross-section along A–A’.

The study region has gradually changed from a single all-freshwater aquifer structure
to a multi-layer structure composed of freshwater on the top, saltwater in the middle and
freshwater on the bottom from northwest to southeast. Saltwater is mainly deposited
in the lower part of Aquifer I and upper part of Aquifer II, and all deep groundwater is
freshwater situated below the saltwater bottom boundary.

According to the field investigation, the source of irrigation water is mainly from
shallow groundwater, and the source of drinking water is mainly from deep groundwa-
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ter. Groundwater provides about 65% of the total water supply, and the proportions of
groundwater used for agricultural irrigation and drinking are about 74% and 14%, re-
spectively, in the study area [45,46]. Long-term groundwater over-exploitation causes a
general decline of groundwater level, forming shallow groundwater funnel of agricultural
exploitation type and deep groundwater funnel of domestic drinking exploitation type.
Due to the geological conditions and anthropogenic activities in the study region, the
fluorine content in groundwater exceeds the standard limits, having a serious impact on
groundwater function.

2.2. Methods of Suitability Evaluation for Irrigation Purpose

In this study, six indicators were selected for comprehensive analysis to evaluate
whether groundwater is suitable for irrigation, containing sodium adsorption ratio (SAR),
sodium percentage (%Na), residual sodium carbonate (RSC), magnesium hazard (MH),
permeability index (PI) and electrical conductivity (EC). According to the suitability classifi-
cation of groundwater agricultural irrigation (Table 1), the proportion of different categories
of each index was statistically analyzed. The spatial distribution figures of different cate-
gories of each index were drawn by the Kriging interpolation method in ArcGIS software,
and this method was often used when analyzing and interpreting groundwater quality
spatial variations [6,50].

Table 1. Classification of groundwater suitability for agricultural irrigation.

Index Range
Classification

Index Range
Classification

Index Range
Classification

Standard Formulas References

SAR (meq/L)

<10 Excellent
SAR = Na+√

Ca2++Mg2+
2

Richards (1954)10–18 Good
18–26 Doubtful
>26 Unsuitable

%Na (%)

<20 Excellent

%Na = (Na ++K+)

Ca2++Mg2++Na++K+ × 100% Wilcox (1955)
20–40 Good
40–60 Permissible
60–80 Doubtful
>80 Unsuitable

RSC (meq/L)
<1.25 Good

RSC =
(

HCO−
3 +CO2−

3

)
−(Ca 2++Mg2+

)
Richards (1954)1.25–2.5 Doubtful

>2.5 Unsuitable

MH (%) <50 Desirable MH =
Mg2+

Ca2++Mg2+ × 100% Szaboles and Darab
(1964)>50 Undesirable

PI (%)
<25 Unsuitable

PI =
Na++

√
HCO−

3

Ca2++Mg2++Na+
× 100% Doneen (1964)25–75 Moderately suitable

>75 Suitable

EC (us/cm)

<250 Excellent

Measured by instruments Wilcon (1955)250–750 Good
750–2250 Doubtful

>2250 Unsuitable

The concentrations of Na+, K+, Ca2+, Mg2+, HCO3
− and CO3

2− are expressed in meq/L; SAR, %Na, RSC, MH and PI indicate the sodium
adsorption ratio, sodium percentage, residual sodium carbonate, magnesium hazard and permeability index, respectively.

SAR is introduced, from the U.S. Department of Agriculture, which can reflect the
relative activity of the alternate adsorption effect between Na+ and soil components in
groundwater. SAR predicts the Na+ hazard of high carbonate waters, especially if they
contain no residual alkali [1], and can act as a good indicator of the alkalization ability
of groundwater. The higher the SAR value is, the stronger the alkalization ability of the
groundwater.

Sodium concentration is usually expressed in the form of %Na [51], which affects the
permeability and structure of the soil. Sodium filling in the soil would limit water and
airflow in the soil, alter the permeability structure of the soil and inhibit crop growth.
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RSC is an indicator that determines the harmful effect of carbonate and bicarbonate on
groundwater quality for irrigation [7,51]. In general, high concentrations of carbonate and
bicarbonate in groundwater along with calcium and magnesium can affect the suitability
of groundwater for crop rising [2]; If the concentration of carbonate in groundwater is too
high, excess carbonate may combine with sodium ion to form bicarbonate which would
affect the permeability structure of the soil.

The magnesium hazard (MH) was suggested by Szaboles and Darab, which was also
used to assess the water suitability for agricultural use [7]. MH values in groundwater
render the soil to become alkaline, thus resulting in low crop production. If the Mg2+

concentration in irrigation water reaches a certain level, MH may affect the soil structure
and produce bad effects on crops.

The existence of sodium, calcium, magnesium and bicarbonate in irrigation water
may influence the soil permeability. If the soil accumulates large amounts of salts, the soil
structure will be destroyed and crop growth will be affected [52]. Permeability index (PI)
can be used to determine the water movement capability in soil based on the concentration
of Ca2+, Mg2+, Na+ and HCO3

− [16]. PI is also a criterion for water quality suitability for
agricultural irrigation, which is used to assess the permeability and drainage capacity of
the soil [51].

In addition, EC is usually used as the indicator of salinity hazard to reflect water
quality for irrigation.

In addition, an irrigation water classification diagram (USSL diagram and Wilcox dia-
gram) is used to classify the groundwater suitability for irrigation according to the irrigation
water quality classification standard from the U.S. Department of Agriculture [53,54]. The
relationship between EC and SAR is indicated by the USSL diagram, and the relationship
between EC and %Na is indicated by the Wilcox diagram.

2.3. Methods of Suitability Evaluation for Drinking

The suitability of groundwater for domestic drinking evaluated by comparing the
values of different water quality parameters with the Class III water limits (suitable for
drinking directly) stipulated by the Standard for Groundwater Quality of China (SGQC,
GB/T 14848-2017) and permissible values for drinking water recommended by the World
Health Organization (WHO, 2017) guidelines [55] presented in Section 3.1.

In this study, groundwater quality index (GQI) values are calculated using the World
Health Organization standard (WHO, 2011) [50,56] and the suitability for drinking purposes
is investigated. GQI variation graphs, computed by using the WHO standard and Kriging
interpolation method, were provided by ArcGIS software. According to the WHO (2011)
standard, GQI is expressed as follows:

GQI =
n

∑
i=1

wi

(
Ci
Si

)
× 100 (1)

where C is the observed groundwater quality parameters (GQP), S is the standard value of
GQP based on the WHO (2011) standard and w indicates the weight of each GQP based on
the WHO (2011) standard. The WHO (2011) standards for each GQP and the weight values
were presented in Table 2. The various groundwater classification grading for drinking
consumptions based on computed GQI values were presented in Table 3.
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Table 2. The WHO (2011) standards for groundwater quality parameters and the weight values.

Parameters WHO Standards (S) Weight (wi) Relative Weight (Wi)

Cl− 250 (mg/L) 3 0.083
SO4

2− 200 (mg/L) 4 0.112
HCO3

− 150 (mg/L) 3 0.083
pH 6.5–9.2 (mg/L) 4 0.112
TDS 500 (mg/L) 5 0.139
EC 500 (us/cm) 5 0.139

Na+ 200 (mg/L) 2 0.055
K+ 10 (mg/L) 2 0.055

Mg2+ 30 (mg/L) 2 0.055
Ca2+ 75 (mg/L) 2 0.055
TH 100 (mg/L) 4 0.112

Total weight 36 1

Table 3. Groundwater quality classifications for drinking based on GQI values.

GQI Type of Water

<50 Excellent
50–100 Good

100–200 Poor
200–300 Very poor

>300 Water unsuitable for drinking

According to the results of drinking water quality evaluation, typical pollutants are
selected for health risk assessment using the mode recommended by the U.S. EPA [57].
Based on the actual situation of water utilization in the study area, the exposure pathways
of drinking water intake and skin contact are considered in health risk assessment, while
the respiratory exposure pathway is negligible due to the low risk for human health [24,34].
Human health risk through drinking intake and skin exposure pathways was calculated
using the following formulas [57,58]:

CDI =
Cw×IR × EF × ED

BW × AT
(2)

DAD =
Cw×Ki×ET × SA × EF × ED × EV × CF

BW × AT
(3)

HQc =
CDI
RfDc

(4)

HQd =
DAD
RfDd

(5)

HQ =∑(HQ c+HQd

)
(6)

where Cw (mg/L) indicates the concentration of the typical pollutant in groundwater. IR
(L/day) is the ingestion rate for drinking water. EF (day/year) is the exposure frequency
for ingestion and dermal pathways. ED (year) is the average exposure duration. BW (kg) is
the human average body weight. AT (AT = 365 × ED, day) indicates average exposure time
for ingestion and dermal pathways. CDI (mg/(kg·day)) and DAD (mg/(kg·day)) indicate
daily average exposure dosage through drinking water and dermal contact, respectively.
Ki (cm/hour) indicates the dermal permeability coefficient. ET (hour/day) means the
exposure time during the shower. SA (cm2) specifies exposed skin surface area during
bathing. EV (times/day) is the bathing frequency. CF (L/cm3) is the conversion factor. RfDc
(mg/(kg·day)) and RfDd (mg/(kg·day)) are the reference dose absorbed by drinking water
and skin contact, respectively. HQc and HQd are the non-carcinogens hazard quotient
through ingestion and dermal absorption of water, respectively. HQ is the total hazard
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quotient including exposure routes of drinking water and skin contact. HQ <1 suggests an
acceptable non-carcinogenic risk, while the value above 1 indicates a higher probability of
adverse health effects.

2.4. Water Sampling and Measurement

In August 2020, 59 groups of groundwater samples were collected in the study area
including 21 groups of shallow groundwater samples and 38 groups of deep groundwater
samples. The shallow groundwater samples were selected within the depth of 20–130 m,
while the deep groundwater samples were selected within the depth of 170–650 m. The
spatial distribution of sampling points were shown in Figure 1. The shallow groundwater
samples were collected from local irrigation wells and the deep groundwater samples
were collected from drinking water wells. Sampling procedures, samples preservation
and treatment methods were conducted in accordance with groundwater sampling techni-
cal standards.

To make sure the collected samples reflect the actual situation of the chemicals in
groundwater, groundwater in wells would be pumped out more than three minutes before
sampling. The 2.5 L plastic sampling bottles were used as containers and were washed
three times with deionized water to keep clean. Haver rapid water quality detector was
used to measure water temperature, pH and redox potential in the field. All groundwater
samples were sealed with sealing membranes and kept in a cryogenic incubator.

All samples were delivered to the laboratory (Tianjin geological and mineral testing
center) to test within 48 h. The test indicators mainly include potassium (K+), sodium
(Na+), calcium (Ca2+), magnesium (Mg2+), chloride (Cl−), sulfate (SO4

2−), bicarbonate
(HCO3

−), carbonate (CO3
2−), orthophosphate (PO4

3−), fluorine (F−), iodine (I−), ammonia-
nitrogen (NH4

+-N), nitrate-nitrogen (NO3
−-N), nitrite-nitrogen (NO2

−-N), total alkalinity,
total hardness (TH), iron (Fe), manganese (Mn) and chemical oxygen demand (CODMn).
The analysis technology and equipment referred to the detection indexes and methods
recommended by the Standard for Groundwater Quality of China (SGQC) [44].

When analyzing groundwater samples, quality control was performed with less
than 5% error for all duplicate samples. Quality assurance is achieved by implementing
laboratory standard procedures and applying quality control methods. In the test of
indicators, average values were obtained from multiple test records. The verification of the
analysis method was based on subsequent criteria for detection quality control, including
external calibration, precision, percent accuracy, linearity, detection limit (DL), quantitative
limit (QL) and blank reagents.

3. Results and Discussion

3.1. Hydrochemical Characteristics of Main Ions in Groundwater

The statistical results of the main anions, cations and hydrochemical indicators in
groundwater are shown in Table 4. The measured pH values ranged from 7.31 to 8.50 with
a mean value of 7.85 in the shallow groundwater and ranged from 8.20 to 9.15 with an
average value of 8.60 in the deep groundwater, indicating that groundwater in the study
area is generally in a partial alkaline environment. The measured EC values ranged from
3.56 to 3717.10 μs/cm with an average value of 1709.77 μs/cm in the shallow groundwa-
ter and changed from 1.59 to 1556.00 μs/cm with a mean of 698.95 μs/cm in the deep
groundwater, showing that shallow groundwater is more susceptible to fertilization and
irrigation. The total hardness (TH, by CaCO3) values of shallow groundwater ranged from
18.73 to 1482.85 mg/L with an average value of 673.82 mg/L and ranged from 10.12 to
82.96 mg/L with an average value of 24.81 mg/L in the deep groundwater. The TH value
in shallow groundwater is over 27 times the value in deep groundwater, probably due to
the salinity and mineral dissolution in aquifers under the influence of climate, precipitation,
evaporation, topography and human activity [7]. The measured CODMn values ranged
from 0.66 to 5.58 mg/L with an average value of 1.74 mg/L in the shallow groundwater
and ranged from 0.37 to 1.66 mg/L with an average value of 0.67 mg/L in the deep ground-
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water, indicating that shallow groundwater is more polluted by organic matter than deep
groundwater.

Table 4. Statistical summary of hydrochemical characteristics of groundwater.

Parameter
Shallow Groundwater Deep Groundwater Standard Values

Min Max Mean SD CV Min Max Mean SD CV GB WG

pH 7.31 8.50 7.85 0.34 0.04 8.20 9.15 8.60 0.17 0.02 6.5–8.5 6.5–8.5
EC (μs/cm) 3.56 3717.10 1709.77 730.56 0.43 1.59 1556.0 698.95 269.50 0.39 1500

Total hardness
(mg/L) 18.73 1482.85 673.82 351.95 0.52 10.12 82.96 24.81 14.67 0.59 450 500

Total alkalinity
(mg/L) 268.76 712.1 494.2 120.83 0.24 185.19 418.35 286.67 51.08 0.18

CODMn (mg/L) 0.66 5.58 1.74 1.09 0.63 0.37 1.66 0.67 0.24 0.36 3
Soluble silica

(mg/L) 3.60 21.20 13.24 4.69 0.35 9.80 15.90 12.67 1.13 0.09

Carbon dioxide
(mg/L) 0.00 85.40 38.64 27.52 0.71 0.00 2.20 0.06 0.35 6.08

K+ (mg/L) 0.30 31.40 2.49 6.51 2.61 0.20 29.10 1.22 4.59 3.76 12
Na+ (mg/L) 44.80 569.70 240.88 134.48 0.56 40.58 314.60 160.48 49.62 0.31 200 200
Ca2+ (mg/L) 4.70 331.20 122.91 81.78 0.67 2.90 327.10 14.44 51.49 3.57 200
Mg2+ (mg/L) 1.70 175.60 89.14 40.69 0.46 0.70 9.60 2.62 2.07 0.79 150
Cl− (mg/L) 55.30 550.50 220.30 132.42 0.60 13.80 231.10 53.83 48.62 0.90 250 250

SO4
2− (mg/L) 16.00 1037.36 344.71 307.02 0.89 0.35 50.07 26.43 12.09 0.46 250 250

CO3
2− (mg/L) 0.00 12.00 1.57 3.16 2.01 0.00 31.20 7.59 5.48 0.72

HCO3
− (mg/L) 315.50 868.30 599.39 147.50 0.25 213.60 491.80 334.09 62.24 0.19 500

F− (mg/L) 0.35 2.15 1.02 0.50 0.49 0.29 4.21 2.23 1.20 0.54 1 1.5
I− (mg/L) 0.00 0.25 0.05 0.08 1.48 0.00 0.36 0.05 0.08 1.52 0.08

NH4
+ (mg/L) 0.04 0.40 0.12 0.07 0.60 0.00 0.16 0.08 0.05 0.56 0.5

NO3
− (mg/L) 0.00 126.80 18.16 31.83 1.75 0.00 7.63 0.62 1.67 2.69 20 50

NO2
− (mg/L) 0.00 0.36 0.05 0.08 1.68 0.00 0.10 0.01 0.02 2.64 1 3

PO4
3− (mg/L) 0.02 0.57 0.08 0.12 1.50 0.02 0.46 0.20 0.10 0.51 30

Fe (mg/L) 0.01 0.07 0.02 0.02 0.91 0.01 0.10 0.02 0.02 0.87 0.3
Mn (mg/L) 0.00 0.60 0.08 0.14 1.87 0.00 0.04 0.01 0.01 1.39 0.1 0.4

SD: standard deviation, CV: variation coefficient, GB: class III water limits (suitable for drinking directly) stipulated by the Standard for
Groundwater Quality of China (GB/T 14848-2017), WG: WHO guideline (2017).

The field investigation findings show that there is continuous aquiclude (confining
stratum) between shallow and deep groundwater, obstructing the chemical exchange
between shallow and deep groundwater. Obvious differences in water levels can be seen
between shallow groundwater and deep groundwater, which illustrate the aquiclude’s
impact. The deep groundwater is in a more closed environment than shallow groundwater.
As a result, the difference in hydrochemistry exists between shallow and deep groundwater.

The average concentrations of cations (expressed as meq/L) in shallow and deep
groundwater in the study area were in the following order of Na+ > Mg2+ > Ca2+ > K+ and
Na+ > Ca2+ > Mg2+ > K, respectively. The high content of Na+ in groundwater is attributed
to the dissolution of sodium-containing minerals, cation exchange among minerals and
high weathering processes of rocks [13,52,59]. Ca2+ is primarily derived from calcium-rich
minerals (including pyroxene, feldspar and amphibole), and Mg2+ is mainly derived from
ions exchange between groundwater and minerals in rocks and soil [13]. Furthermore, the
high concentration values of Na+, Ca2+ and Mg2+ in groundwater may be due to the effects
of domestic wastewater and irrigation water [14].

The average concentrations of anions (expressed as meq/L) in shallow and deep ground-
water in the study area were in the following order of HCO3

− > SO4
2− > Cl− > CO3

2−
and HCO3

− > Cl− > SO4
2− > CO3

2−, respectively. Strong weathering and dissolution
of carbonate, and the reaction of soil CO2 with the dissolution of silicate minerals are all
responsible for the high concentration of bicarbonate in groundwater [60,61]. The strong
evaporation effect and dissolution of gypsum, as well as human activity (including the
utilization of agricultural fertilizers and wastewater discharge) in semi-arid areas, may
increase the SO4

2− concentration in groundwater [59].
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3.2. Hydrochemical Types of Groundwater

The hydrochemical data are shown on the Piper trilinear diagram to determine the
groundwater hydrochemical facies in the study area. Piper trilinear diagram contains two
triangles, one for plotting cations, and the other for plotting anions, where the hydrochem-
ical facies can be identified within the diamond-shaped field [26,62]. The groundwater
samples collected from shallow and deep aquifers were plotted for comparison (Figure 3).
The results showed that most samples of the shallow and deep groundwater were dis-
tributed in the lower right of the cation triangle, indicating that the groundwater samples
are mainly concentrated in the Na+ and Ca2+ cation facies. In the anion triangle, most of
the samples were distributed on the left, indicating that the samples were mainly concen-
trated in the high equivalent percentage region of HCO3

− and SO4
2−. The weathering

of carbonate minerals, dissolution of gypsum and evaporation are important factors in
controlling groundwater chemistry characteristics [10]. Based on the analysis results, the
hydrochemical facies of groundwater in the study area could be classified into HCO3-Na,
HCO3-Ca•Mg, HCO3•SO4-Na•Mg and SO4•Cl-Ca•Mg types in the shallow groundwater
as well as HCO3-Na, HCO3•Cl-Na and HCO3-Ca types in the deep groundwater according
to the naming rules of the Schukalev classification.

Figure 3. Piper diagram showing the groundwater hydrochemical types.

The continuous aquiclude between shallow and deep groundwater has obstructing
impacts on the ions exchange. In addition, there are significant differences in the depths of
the shallow and deep groundwater samples. As a result, sharp variation in hydrochemistry
can be seen between shallow and deep groundwater samples.

3.3. Suitability Evaluation for Agricultural Irrigation

The shallow groundwater suitability evaluation for agricultural irrigation was con-
ducted based on Table 1 using six evaluation indexes: SAR, %Na, RSC, MH, PI and EC.
Irrigation suitability proportions based on different indexes are shown in Figure 4.
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Figure 4. Proportion of groundwater suitable for irrigation based on different indexes: (a) sodium adsorption ratio (SAR),
(b) sodium percentage (%Na), (c) residual sodium carbonate (RSC), (d) magnesium hazard (MH), (e) permotic index (PI)
and (f) electrical conductivity (EC).

SAR can be used to test the suitability of groundwater for irrigation, and a higher SAR
value indicates a stronger alkalinization capacity. The SAR values of groundwater in the
study area ranged from 0.64 to 14.28 meq/L, showing that the groundwater in the study
area has a low sodium hazard and is suitable for irrigation.

%Na is another manifestation of sodium hazard, where high concentrations of sodium
can lead to magnesium and calcium deficiency in plants. To obtain a higher crop yield,
generally, the %Na value of irrigation water should not exceed 60%. The %Na values of
95.2% of the shallow groundwater samples in the study area were less than 60%, indicating
their suitability for irrigation. Moreover, the %Na values of 71.4% of the samples were less
than 40%, showing the groundwater quality was excellent or good for irrigation.

RSC is used to describe the amount of carbonate and bicarbonate present in groundwa-
ter, which would reduce soil permeability when the concentration is too high. According to
Table 2, RSC values in 95.2% of the shallow groundwater samples were less than 1.25 meq/L,
indicating that the groundwater quality in this region is very suitable for irrigation. The
RSC values in the remaining samples were greater than 2.5 meq/L, indicating that they
were not suitable for irrigation.

MH is one of the important parameters used to estimate the groundwater suitability
for irrigation [7]. When Mg2+ content in irrigated water reaches a certain level, magnesium
alkalinization may occur in the soil affecting the soil structure. Only 33.3% of the ground-
water samples in the study area had MH values of less than 50%, which were suitable
for irrigation. The remaining region, with MH values greater than 50%, may lead to soil
magnesinization during long-term irrigation using groundwater.

PI is also an important parameter for measuring the groundwater suitability for
irrigation. Based on computational analysis, PI values in 4.8% of the shallow groundwater
samples were greater than 75%, indicating that the groundwater in these areas is suitable
for irrigation. In addition, PI values in 23.8% of the shallow groundwater samples were
less than 25%, indicating that the groundwater in these areas was not suitable for long-
term irrigation.

Only 4.8% of the shallow groundwater samples were in the good category according
to EC values. We found 71.4% of the samples had EC values between 750 μs/cm and
2250 μs/cm, suggesting that the shallow groundwater at these locations may not be
suitable for drainage restricted soil. More seriously, 23.8% of the shallow groundwater
samples were unsuitable for irrigation based on EC analysis.

An irrigation water classification diagram was drawn according to the U.S. irrigation
water quality classification criteria to evaluate the feasibility of groundwater for irrigation.
A USSL diagram (Figure 5a), where the SAR values were plotted against the EC values in ir-
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rigation groundwater, was used to comprehensively reflect sodium and salinity hazards [7].
The results showed that 57.1% of the shallow groundwater samples fell into C3-S1 zone
(high salinity with low sodium hazard) where using groundwater for irrigation would not
bring sodium harm. However, it was necessary to select crops with good salt tolerance for
planting. In total, 14.3%, 9.5% and 9.5% of the shallow groundwater samples fell into the
C4-S1 zone (very high salinity with low sodium hazard), C3-S2 zone (high salinity with
medium sodium hazard) and C4-S2 zone (very high salinity with medium sodium hazard),
respectively, where it was also necessary to select plants with good salt tolerance and take
drainage measures. Overall, using shallow groundwater for agricultural irrigation would
give rise to a serious salinity hazard, but the degree of sodium hazard would be low. The
process of salt deposition and soil salinization is mainly caused by the salinity in irrigation
water, which may reduce the effective absorption of water and nutrients by plants [20].
Reasonable drainage mode and good soil permeability are needed for better agricultural
irrigation and lower salinity hazards [18].

Figure 5. (a) USSL diagram and (b) Wilcox diagram showing the irrigation water quality classification.
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The relationship between the electrical conductivity (EC) and the sodium percentage
(%Na) was given by the Wilcox diagram for classifying irrigation water quality (Figure 5b).
We found 57.1% and 33.3% of shallow groundwater samples were within good to permis-
sible zone and doubtful to unsuitable zone, respectively. In general, most of the shallow
groundwater in the study area was appropriate for irrigation based on the contrasting
relationship between EC and %Na.

The classification zoning map about groundwater suitability for irrigation based on
six irrigation indexes was shown in Figure 6. As can be seen from Figure 6a, almost
all SAR values are less than 10 meq/L (Excellent level), indicating that groundwater in
the study region has a low sodium hazard for irrigation. Based on Figure 6b, almost all
groundwater is suitable for irrigation (%Na values less than 60%, Excellent, Good and
Suitable levels), except for groundwater in the northeast part of the study (%Na values
exceed 80%, Unsuitable level). According to the on-site investigation, there are factories
in the northeast outside the study area, which may have effects on groundwater quality.
Also, almost all RSC values are less than 1.25 meq/L (Good level) (Figure 6c), showing
groundwater quality has a low harmful effect of carbonate on irrigation. MH values larger
than 50% (Undesirable level) distribute in many parts of the study area (Figure 6d), which
means the Mg2+ concentration in irrigation water reaches a certain level in many regions
and may affect the soil structure. PI values in most areas range from 25% to 75% (Figure 6e),
indicating that groundwater is moderately suitable for irrigation. However, PI values less
than 25% (Unsuitable level) exist in some parts of the northwest and south of the study area,
thus the permeability and drainage capacity of the soil in these areas need more attention.
Almost all EC values range from 750 to 2250 (Doubtful level) (Figure 6f), meaning the
groundwater suitability for irrigation is doubtful when assessed by the EC index.

 

 

Figure 6. Cont.
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Figure 6. Classification of groundwater suitability for irrigation based on different indexes of
(a) sodium adsorption ratio (SAR), (b) sodium percentage (%Na), (c) residual sodium carbonate
(RSC), (d) magnesium hazard (MH), (e) permotic index (PI), and (f) electrical conductivity (EC).
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In conclusion, the utilization of shallow groundwater for agricultural irrigation in the
study area will bring a low degree of sodium hazard but a high degree of salinity hazard,
thus salt-resistant planting mode and sufficient drainage measures are required to solve
the irrigation problems from shallow groundwater. Mg2+ concentration in irrigation water
and the permeability and drainage capacity of soil should cause more attention. Combined
with the actual situation of crop irrigation and utilization of groundwater in the study
area, some effective measures are suggested to take such as making appropriate irrigation
management policies and cultivating salinity-friendly crops. What’s more, it is significant
to apply reasonable fertilizer according to the needs of crops and soil characteristics, to
improve the crop yield and promote the long-term development of agriculture.

3.4. Suitability Evaluation for Drinking and Health Risk Assessment
3.4.1. Suitability Evaluation for Drinking

Statistical analyses of the hydrochemical characteristics of groundwater and permis-
sible limits of water quality are presented in Table 2. According to the SGQC and WHO,
the permissible limit of pH is from 6.5 to 8.5. In the study area, 71.4% of the deep ground-
water samples presented a high pH value exceeding 8.5. According to the suitability of
groundwater based on hardness classification [13,30], the total hardness (TH) as CaCO3
(mg/L) could be divided into four types: soft (<75 mg/L), moderately hard (75–150 mg/L),
hard (150–300 mg/L) and very hard (>300 mg/L). In this study area, 97.4% of the deep
groundwater samples fell in the soft water category; 0.6% and 2% of the deep groundwater
samples belonged to moderately hard and hard water, respectively. The main cations
(Na+, K+, Ca2+ and Mg2+) and anions (Cl−, SO4

2− and HCO3
−) in the deep groundwater

samples were within the permissible concentration range in drinking water recommended
by the WHO. The contents of CODMn, iron and manganese in the samples were lower than
the Class III water limits of SGQC. NH4

+, NO3
−, NO2

− and PO4
3− in the samples were

all below the permissible limits of drinking water recommended by the SGQC and WHO,
reflecting little effect of agricultural activity on deep groundwater quality.

The physico-chemical basic parameters include pH, Cl−, SO4
2−, HCO3

−, Ca2+, Mg2+,
Na+, K+, TH, EC and TDS were calculated to get GQI values according to the WHO
(2011). GQI values indicated the groundwater’s suitability for drinking purposes. The
spatially distributed GQI values were interpolated using the Kriging interpolation method
(Figure 7). It is shown that the GQI values of most deep groundwater samples range from
50 to 100, meaning the groundwater quality is good for drinking purposes and meets the
World Health Organization (WHO) standard. The GQI values of groundwater in the east
part of the study area range from 100 to 200, showing the poor quality of groundwater for
drinking. The main reason is the higher content of Na+, Cl− and TDS in groundwater of
the east region.

 

Figure 7. Spatially distributed groundwater quality index (GQI) values in the study area.
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The fluoride concentration of deep groundwater in the study area ranged from 0.29 to
4.21 mg/L and the mean value was 2.23 mg/L. We found 79.0% of the groundwater samples
with a fluoride concentration higher than the Class III water limit of SGQC (1 mg/L)
and 65.8% of the samples with a fluoride concentration exceeding the permissible limit-
concentration specified by the WHO (1.5 mg/L), indicating that there is a risk of excessive
fluoride in groundwater. Physical or chemical methods need to be used to reduce the
fluorine concentration in the groundwater of the study area. Iodine test results showed that
21.1% of deep groundwater samples exceeded the Class III standard (0.08 mg/L) according
to SGQC. Excessive iodine intake can cause diseases such as thyroid function disease [63].
Monitoring work for iodine concentration in food should be further strengthened, and it is
significant to take iodine reduction measures such as stopping iodine salt and water source
modification in high iodine areas.

Based on a comprehensive water quality evaluation method recommended by SGQC,
9 of the 38 groundwater sampling points in the study area were classified as the Class III
category, which were mainly distributed in the west of the study area. Twenty of the deep
groundwater samples were classified as Class IV, and nine were classified as Class V, which
were mainly distributed in the east of the study area. According to the SGQC groundwater
quality classification standard and the current situation of deep groundwater quality, the
study area could be divided into three parts: Class III zone, where groundwater is suitable
for direct drinking water supply; Class IV groundwater area, where groundwater is suitable
for drinking water supply after proper treatment; Class V zone, where groundwater is
unsuitable for drinking water supply. The spatial distribution of drinking water quality
suitability was interpolated using the Kriging interpolation method and visualized using
ArcGIS software (Figure 8). It can be seen that the deep groundwater quality in the western
study area is suitable for direct drinking. The deep groundwater in the central parts
of the study area including Kangxinzhuang Town, Jianchapu Town, Dongyangzhuang
Town and Tangerli Town could be used as a drinking water supply source after proper
treatment. The deep groundwater in the central and eastern parts of the study area
including Dongduan Town, Yangfengang Town, Wangzhuangzi Town and Shengfang Town
may be inappropriate for a drinking water supply. Fluorine is the main factor excessing
the standard values in groundwater of these locations., The fluorine concentration in deep
groundwater for long-term drinking water supply deserved close attention due to the risk
of skeletal fluorosis.

 
Figure 8. Division diagram of deep groundwater suitable for drinking.
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3.4.2. Drinking Water Health Risk Assessment

This study focused on exposure assessment of drinking water intake and skin contact,
in which drinking water intake is considered as the major pathway of chemicals entering
the human body. Health risk assessment was conducted for different age groups (children,
adult men and adult women) based on the results of deep groundwater quality analysis
in the study area. The corresponding potential non-carcinogenic health risk values for F−
and I− through ingestion of water and dermal absorption were evaluated according to the
International Center for the Study of Cancer (IARC), as shown in Table 5.

Table 5. Personal health risk values of typical pollutants in the deep groundwater.

Statistics
F− I−

HQc HQd HQ HQc HQd HQ

Children
Min 0.22 0.00037 0.22 0.000031 0.018 0.018
Max 3.1 0.0054 3.1 0.0056 3.3 3.3

Mean 1.7 0.0029 1.7 0.00084 0.49 0.49
Male

Min 0.15 0.00028 0.15 0.000023 0.013 0.013
Max 2.2 0.004 2.2 0.0042 2.3 2.3

Mean 1.2 0.0021 1.2 0.00062 0.35 0.35
Female

Min 0.17 0.00028 0.17 0.000023 0.014 0.014
Max 2.4 0.0041 2.4 0.0042 2.5 2.5

Mean 1.3 0.0022 1.3 0.00063 0.37 0.37
HQc and HQd are non-carcinogens hazard quotient through ingestion of water and dermal absorption of water,
respectively. HQ is the total hazard quotient including exposure routes of drinking water and dermal absorption
of water. HQ = HQc + HQd.

According to Table 3, the HQ values of F− and I− in deep groundwater varied greatly
in populations with different age groups (children, adult males and adult females). The
health risk values of F− ranged from 0.22 to 3.10 with an average value of 1.70 for children.
Meanwhile, the HQ values of 71.1% of the deep groundwater sampling sites outstripped the
acceptable safety limit. If groundwater is used directly for drinking purposes, significant
health risks will be brought to children. For adult males, the HQ values of F− ranged
between 0.15 and 2.20, with the mean value 1.2, and the health risk of 65.8% of the deep
groundwater sampling sites was unacceptable. For adult women, the HQ levels of F−
varied from 0.17 to 2.40 with the mean level of 1.3, and the HQ values of 65.8% of the deep
groundwater sampling sites exceeded the acceptable safety limits. Chronic use of deep
groundwater would pose potential harm to female adults. The HQ values of I− ranged
from 0.018 to 3.30 with an average value of 0.49 for children, and the HQ values of 18.4%
of the deep groundwater sampling sites exceeded the safety limits. Long-term exposure to
groundwater with a high iodine concentration can have potentially harmful and adverse
effects on children. The HQ values of I− for adult males ranged from 0.013 to 2.30 with an
average value of 0.35, and the HQ values of 10.5% of the deep groundwater sampling sites
were unacceptable. For adult women, the HQ levels of I− varied from 0.014 to 2.50 with
the mean level of 0.37, and the HQ values of 10.5% of the deep groundwater sampling sites
exceeded the permissible level.

The above results indicated that children have a higher health risk from excessive
intake of high fluoride and iodine in groundwater than in adults, in descending order
of children, adult females and adult males. This phenomenon is mainly attributed to
children’s bodies being more sensitive, lower weight and less immune than adults, so they
are more susceptible to health risks by ingesting water containing high concentrations
of fluoride and iodine. This finding is consistent with many previous studies in other
regions such as China, India, Iran and so on [64–66]. Long-term drinking of high fluoride
groundwater will endanger human health, so it is suggested that before groundwater
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is used as drinking water, adsorption method and chemical sedimentation method can
be applied to reduce the concentration of fluorine and protect the safety of the drinking
water environment.

3.5. Cause of High Fluoride Groundwater Formation

In terms of geological background, high fluorinated groundwater is mainly caused by
weathering, dissolution and groundwater-rock interactions containing fluorine minerals
(apatite, fluorite, mica, etc.) in Quaternary deposits [13,38,61]. The groundwater moves
slowly in the study area because of the poor dynamic conditions, and deep groundwater
in a closed environment moves more slowly, which is conducive to the enrichment of
fluorine elements.

In terms of chemical type and chemical composition of groundwater, alkaline ground-
water is conducive to the dissolution of fluorine-containing minerals. There are more OH−,
which are easy to replace F− in fluorine-containing minerals. The alkalinity environment
with high HCO3

− and Na+ may accelerate the solubility of fluorite in groundwater in the
study area, and competitive adsorption between fluoride and bicarbonate promoted the
release of fluoride in the sediment, leading to an increased concentration of fluoride in
groundwater [39,67]. The pH value of groundwater in the study area is about eight, which
indicates the alkaline characteristics. Ca2+ and CO3

2− produce calcium carbonate precip-
itation, improving the molar concentration of Na+. The characteristics of high HCO3

−
and Na+ concentrations in the study area are conducive to the formation and stability of
fluoride in groundwater.

The effect of human activity on the fluoride content in groundwater cannot be neg-
ligible. Fluorinated solid waste and wastewater emissions from industrial activity can
lead to fluorine concentration increase in soil and groundwater. In addition, groundwater
over-exploitation leads to water level decline and soil layer compression, which is an-
other important factor for fluorine concentration increasing in groundwater [68,69]. With
long-term exploitation of deep groundwater, the water level of the sand aquifer in the
main exploitation layer is declining. Due to the difference in water level, water is released
from the clay soil layer and the fluorine ions adsorbed by the clay soil are also released,
increasing the fluorine content in the groundwater. It can be learned from this study that
regions with higher F− concentrations were consistent with regions of lower deep ground-
water levels and larger ground subsidence based on spatial distribution analysis. Good
correspondence was found between fluorine concentration changes with groundwater
level and soil compression in deep groundwater in the Hebei Plain [70,71]. The layout
and exploitation quantity of deep groundwater exploitation wells should be scientifically
standardized because the soil layer compression caused by groundwater over-exploitation
may increase the fluoride concentration in deep groundwater.

4. Conclusions

In this study, the suitability of shallow groundwater for irrigation and deep groundwa-
ter for drinking in a typical agricultural area of North China Plain were analyzed. What’s
more, the human health risks associated with over-standard chemicals in groundwater
were evaluated. The groundwater belongs to a Quaternary loose rock pore water aquifer.
The depths of shallow groundwater wells are 20–150 m below the surface, while the depths
of deep groundwater wells are 150–650 m. The main conclusions are as follows:

Hydrochemical analysis revealed that groundwater in the study area was generally
in an alkaline environment. According to the analysis of SAR, Na% and RSC indexes,
the shallow groundwater was suitable for irrigation in the study area. According to the
irrigation water quality classification, 57.1% of the shallow groundwater samples fell into
high salinity with a low sodium hazard zone, and 14.3% of the samples fell into very high
salinity with a low sodium hazard zone. Crops with good salt tolerance and drainage
measures were necessary for sustainable agricultural development.
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The evaluation of drinking water quality suitability showed that F− concentrations
in 79.0% of the deep groundwater samples exceeded the Class III water limits of SGQC
(1 mg/L) and 65.8% of the deep groundwater samples contained F− levels exceeding the
permissible value of 1.5 mg/L recommended by the WHO for drinking. Groundwater with
a high concentration of fluoride was mainly distributed in the east of the study area.

The total hazard quotient HQ values of F− exceeded the safety limits (HQ >1) in over
half of the deep groundwater samples, and the degree of risk varied greatly in populations
of different age groups, in descending order of children, adult females and adult males. Ex-
cept for natural factors, the soil layer compression caused by groundwater over-exploitation
is an important reason for high fluoride concentration in deep groundwater.

The rational exploitation of limited groundwater resources is a significant challenge.
Effective measures about groundwater management should be strengthened, such as
carrying out long-term groundwater quality investigation and monitoring, establishing
specialized research projects about fluoride in groundwater and controlling the amount of
groundwater exploitation for irrigation. Physical or chemical methods should be better
used to reduce the fluorine concentration in groundwater and improve the quality of
drinking water. The study on the relationship between fluorine concentration change
and soil layer compression needs more attention. Although this study answers important
questions about the suitability of groundwater quality for irrigation and drinking, its
temporal trends in this region have remained unsolved. More research work about this
subject is suggested to be conducted in the future.
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Abstract: The DPSIR model is a conceptual model established by the European Environment Agency
to solve environmental problems. It provides an overall framework for analysis of environmental
problems from five aspects: driving force (D), pressure (P), state (S), impact (I), and response (R).
Through use of the DPSIR model framework, this paper presents the SEEC model approach for
evaluating watershed ecological security. The SEEC model considers four aspects: socioeconomic
impact (S), ecological health (E), ecosystem services function (E), and control management (C).
Through screening, 38 evaluation indicators of the SEEC model were determined. The evaluation
results showed that the ecological security index of the study area was >80, indicating a generally
safe level. The lowest score was mainly attributable to the low rate of treatment of rural domestic
sewage. The water quality status was used to evaluate the applicability of the SEEC model, and the
calculation results indicated that the higher the score of the ecological security evaluation results, the
better the water quality status. The findings show that the SEEC model demonstrates satisfactory
applicability to evaluation of watershed ecological security.

Keywords: watershed ecological security assessment; DPSIR model framework; environmental
management

1. Introduction

The footprints of human activities have covered the world [1]. In the process of rapid
development of both industry and agriculture, the ecological environment has suffered
unprecedented damage [2,3]. Globally, the soil [4,5], water [6,7], air [8,9], and other environ-
mental media in areas with frequent human activity are in a state of continuous deteriora-
tion [10,11]. Ecosystem degradation and environmental pollution are gradually threatening
and destroying human socioeconomic progress, survival, and development [12,13]. In
recent years, researchers have attempted to evaluate the consequences and degree of
risk associated with current changes of the ecological environment but without reaching
consensus [14,15].

China remains in the process of rapid economic growth and urbanization. How-
ever, various ecological and environmental problems continue to emerge, threatening to
destroy China’s sustainable development and affecting the living conditions of the popu-
lation [16]. China has experienced ecological and environmental crises in the past and it
now faces many new challenges regarding environmental protection. Therefore, President
Xi proposed the idea of an ecological civilization, which means that China’s model of
development has changed from that of “grow first, clean up later” to one of sustainable
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development [17,18]. At the policy level and in everyday life, the expectation is for a
safer and cleaner living environment. In the past, researchers often used the concept of
environmental risk to assess whether the environment of a region might pose a threat to
human health. Specifically, such assessments can be used to evaluate whether the current
ecological situation of an area in which humans survive continues to be safe and whether it
can ensure the environmental needs of human life and development. Therefore, evaluation
of ecological safety is vital.

The main objective of ecological security assessment is to determine the ecological
status and ecological pressure faced by a region under normal human activities [19]. It was
formally proposed by the International Institute for Applied Systems Analysis in 1989 [20].
Evaluation results can be expressed using the ecological security index (ESI). A high ESI
value indicates that the ecological state of the evaluation receptor is able to not only ensure
the needs of human survival and development but also resist the pressures brought by
human development. Therefore, through scientific evaluation of the factors on which the
ESI is based, policies can be formulated to improve the situation. This approach also makes
the work of ecological protection more refined and targeted, which is of great importance
considering China’s current state of development and environmental protection [21,22].

In accordance with different evaluation objects, ecological security can be divided into
water ecological security [23], land ecological security [24], coastal ecological security [25],
and urban ecological security [26], and all these aspects of ecological security assessment
have been widely studied and applied. Broadly, ecological security includes natural
ecological security, economic ecological security, and social ecological security, which
mainly refers to a state in which human life, health, and resources are not threatened in
terms of the above aspects. In this study, we were interested in the ecological security of a
watershed, which refers to the ecological state of the lakes, rivers, and other areas within a
catchment, and its ability to resist the ecological pressure brought by human activities.

Currently, model evaluation methods are used in ecological security assessment,
and the most commonly used evaluation models include the PSR model, DSR model,
and DPSIR model [27]. In 1979, Rapport and Friend proposed a model framework for
analyzing and describing the interaction between socioeconomic development and the
ecological environment, which was further improved by the Organization for Economic
Co-operation and Development and United Nations Environment Programme, forming
the PSR model framework [28]. The basic connotation of the PSR model is that human
activities exert pressure on the environment and its natural resources (P-pressure), which
changes the state of both the environment and the quality of the natural resources (S-state),
forcing human society to respond to these state changes through adoption of policies,
decisions, or management measures that affect the environment, economy, and land (R-
response) [29]. The PSR model is suitable for ecological security evaluation on a small
spatial scale and with few influencing factors. However, because it simplifies the causal
relationship between indicators, it ignores the complexity of the system, especially the
driving force factors of ecological security [30]. To overcome this weakness, the United
Nations Conference on Sustainable Development established the DSR framework in 1996,
in which the driving force factors (D) refer to the regional socioeconomic objectives which
represent the fundamental environmental pressure. The DSR model can better characterize
the impact of the driving force factors on ecosystem evolution, but the definitions of the
driving force factors and the response factors in the model were vague. Therefore, to
improve the applicability of the DSR model, in 1999, the European Environment Agency
officially adopted the DPSIR model (driving force–pressure–state–influence–response), in
which influence refers to the impact of changes in environmental status on environmental
receptors [31]. The model combines the characteristics of the PSR and DSR frameworks.
It has the advantages of comprehensiveness, systematicness, and flexibility, and covers
five assessment factors and constructs a causal network between them to reflect the impact
of socioeconomic development and human activities on the system state and the human
response to adverse impacts [32].

130



Water 2022, 14, 106

In the DPSIR model framework suitable for watershed ecological security assessment,
factor D generally includes population, socioeconomic, and other indicators; factor P
generally includes pollutant discharge and other indicators; factor S generally includes
water quality status, sediment status, and other indicators; factor I generally includes water
service function and other indicators; and factor R generally includes river protection
policy, ecological restoration, and other indicators. Generally, the DPSIR model framework
is a circular system, i.e., the driving force leads to pressure, then the pressure changes
the state, and the change of state has a consequential impact, which promotes a response
that leads to adjustment of the driving force [33]. In recent years, the DPSIR model has
been widely accepted and used in the process of ecological security research because it
can reveal causal relationships between ecology and human activities [33–40]. It provides
a conceptual model for a research scheme for evaluation of human activities, resources,
the ecology, and sustainable development [41,42] and is also applied to interdisciplinary
research [36,43]. Through application of the DPSIR model framework, many studies
have performed ecological security evaluation of lakes, rivers, land, and oceans, thereby
providing a scientific basis for further expansion of the connotation and application of the
DPSIR model framework [44,45].

Although the DPSIR model has been used widely in many fields, applicability of
the evaluation method has been limited owing to inconsistent selection of indicators,
poor analysis of the reasons for the selection of indicators, and unclear determination of
the process of index weighting [27,46–48]. Additionally, in previous watershed ecological
security assessments, factors D and P were usually evaluated using socioeconomic and other
related indicators, and ecological indicators were ignored, which resulted in overestimation
of the impact of policy and economic development and underestimation of the ability of the
ecosystem to deal with the pressure (factor P). Furthermore, the existing evaluation method
lacks verification of the evaluation results, thereby diminishing the reliability and guidance
of the evaluation results [49,50]. To resolve the problems of poor applicability of the DPSIR
model to watershed ecological security evaluation and lack of a verification method, this
study adopted the following research methods. By identifying the key factors affecting the
ecological security of a watershed, and through analyzing the DPSIR model framework,
the SEEC model including the process of indicator selection and the determination of
weights was established. A study area was selected for application of the new model, and
a method of water quality evaluation and analysis was innovatively used to evaluate the
applicability of the SEEC model. The study area, located in an arid area in Northwest China,
comprised a watershed that represents an important water supply source for a large city.
However, owing to the specific geographical location and the harsh natural environment
of the watershed, research data were scant, and therefore a watershed ecological security
assessment was not undertaken. The ESI of the study area was obtained, and the reasons
for low ESI values were analyzed, on the basis of which, suggestions for improvement
of the ESI of the watershed were proposed. The results could serve both as a reference
for subsequent environmental planning and management and as a scientific basis for
comprehensive pollution control and ecological environmental protection of the study area.

2. Materials and Methods

2.1. Construction of the Evaluation Model
2.1.1. Identification of the Model

Currently, methods used for watershed ecological security assessment are not unified.
By identifying the connotation of the model, this article established a method suitable
for watershed ecological security assessment under the framework of the DPSIR model.
However, the DPSIR model only provides an evaluation framework, and it does not offer
methods for selecting and evaluating the applicability of indicators. Therefore, using
the DPSIR model framework, this study identified the primary indicators of each factor
and, in combination with consideration of the key issues of watershed ecological security
assessment, the SEEC model was constructed. The essence of the SEEC model is that it is a
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representation of the DPSIR model framework specifically suited to watershed ecological
security assessment. Therefore, in building the SEEC model, the connotation of the DPSIR
model should be identified first, and an index system suitable for watershed ecological
security assessment should also be established.

The essence of the DPSIR model is to identify the main factors affecting ecological
security under the influence of human activities. It needs to determine the ecological
state under the action of these factors, identify the impact, select relevant indicators of the
response, evaluate the state of ecological security in terms of the five aspects, and obtain
the ESI. Therefore, the key to using the DPSIR model to evaluate watershed ecological
security is to accurately identify representative indicators that can characterize watershed
ecological security.

The driving force factors (D) in the DPSIR model mainly represent social development
and economic growth, reflecting the trends of population change, socioeconomic activity,
and industrial economic development. These factors represent potential causes of environ-
mental change, and they are also the most primitive and important indicators of change of
the water environment security system.

Pressure factors (P) refer to the pressure applied directly to the water ecosystem
through the driving force (D). Similar to D, P is an external force that affects the development
and change of water ecosystem security. In previous research on urban ecological security,
D and P were regarded as two separate factors, because the driving force and pressure can
directly affect urban ecological security [51]. However, it is difficult to observe and calculate
the impact of driving forces on watershed ecological security, mainly because most areas of
many watersheds are not located in urban built-up areas and there are few human activities
around. In this case, it needs to redefine the meaning of P used for watershed ecological
security assessment under the DPSIR framework. Therefore, P mainly reflects the pollution
load in this article.

State factors (S) refer to the state of the water ecosystem under the influence of both
D and P. Thus, S can be illustrated directly through the characteristics of environmental
media such as water quality and sediment, which are indicators of ecological health.

Impact factors (I) refer to the impact of the state of the water environment ecosystem
on the economy and the livelihood and health of the population, which is the inevitable
result of the interaction of the first three factors (D, P, and S). The ecological state changes
caused by the above factors are mainly reflected in changes of the watershed ecological
service functions. Therefore, the impact factors mainly include watershed ecological service
functions such as water resources supply and the cultural landscape.

Response factors (R) refer to the countermeasures taken by humans to improve or
adapt to the ecological state, which reflect the process of human regulation and manage-
ment. Therefore, R mainly includes supervision of the ecological environment, pollution
control, and industrial adjustment.

Because the DPSIR model overestimates nonecological factors such as the economy
and population change, it is considered that the nature of the ecosystem itself is a more
direct factor of ecological security, and thus it should receive greater attention. Moreover,
with improvement of the level of ecological management, government departments also
consider ecological factors when determining economic and population objectives, resulting
in gradual closing of the relationship between the driving force (D) and pressure (P) factors.
Considering D and P as a comprehensive factor (i.e., S—socioeconomic impact) allows more
detailed analysis of the impact of human social activities on ecology. At the same time, by
choosing ecological health (E) as the characterizing factor of S, ecosystem services function
(E) as the characterizing factor of I, and control management (C) as the characterizing factor
of R, the SEEC model can be established. The framework of the SEEC model is shown in
Figure 1.
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Figure 1. Framework of the SEEC model.

2.1.2. Construction of the System of Indicators

After determining the four factors of the SEEC model, the representative indicators
must be screened to obtain the evaluation results of the SEEC model.

(1) Socioeconomic impact
As mentioned in the introduction, the factors D and P in the original DPSIR model were

generally related to the socioeconomic factors in the conventional sense [52,53]. However,
when assessing the ecological security of the watershed, the particularity of this assessment
objective needs to be considered, that is, for the ecological security of the watershed, the
driving force and pressure are not very intuitive in the general sense. This paper needs
to consider the driving force and pressure indicators that have a more significant impact
on the ecological security of the watershed. Moreover, in the assessment of watershed
ecological security, the applicability of each assessment factor should be considered in a
balanced manner, and the original DPSIR model cannot be relied on completely, which will
over amplify the impact of D and P. Therefore, socioeconomic impact factors mainly include
the socioeconomic development and pollution load attributable to human activities in this
article. Socioeconomic development mainly includes population, economic, and social
indicators. Population indicators include the quantity, density, and natural growth rate of
the population. Economic indicators are mainly used to determine the level of economic
development and the intensity of economic activities. Therefore, economic indicators that
can fully represent the structure and scale of the economy should be selected, e.g., GDP,
per capita GDP, and total industrial and agricultural output value. Social indicators are
relatively comprehensive and can be expressed by the urbanization rate.

Watershed pollution load is the primary way in which human activities affect water
ecology. Generally, point source or nonpoint source discharge of pollutants can have serious
impact on a watershed.

(2) Ecological health
Ecological health is reflected by the water quality and water ecology. In the process

of watershed monitoring, water quality is commonly assessed using dissolved oxygen,
total nitrogen, total phosphorus, the permanganate index, ammonia nitrogen, transparency,
suspended solids, chlorophyll a, and heavy metal indicators.

In addition to the above indexes, water ecological indicators also include zooplankton,
phytoplankton, and the benthic biomass. However, because it is very difficult to monitor
the above indicators within many watersheds, the quality of sediment is often used to
characterize the ecological status of water.

(3) Ecosystem services
The ecological services function of a watershed is mainly reflected in purifying the

water quality, providing aquatic products, and providing cultural tourism services. Consid-
ering that aquaculture and fishing are no longer allowed in many watersheds, inclusion
of this indicator was dependent on the specific situation of the watershed. The water pu-
rification function of a watershed is generally realized through natural shoreline filtration
on both banks of the river. Cultural tourism services are also related to the geographical
location of the watershed.
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(4) Control management
Control management is mainly reflected in policies related to the economy, ecology,

and environment, including ecological protection capital investment, industrial structure
adjustment, and ecological supervision capacity building.

Through analysis of the connotation, scientificity, representativeness, and applicability
of each indicator and following literature-based research, 34 evaluation indicators were
determined. See Table A1 for the definition, reasons for selection, and calculation or
acquisition method of each indicator.

2.1.3. Data Processing

(1) Data standardization
All indicators must be standardized to facilitate ecological security assessment. The

concept of a reference standard should be introduced, meaning the value of each evaluation
index in the ideal state (conducive to ecological security) or at the average level in a
large-scale region [54].

The process of standardization of the indicators is conducted as follows:

Positive indicator: Rij = Xij/Sij, (1)

Negative indicator: Rij = Sij/Xij, (2)

where positive indicator means that the larger the value of the indicator, the more favorable
it is to ecological security; negative indicator means that the larger the value of the indicator,
the more unfavorable it is to ecological security; Xij is the measured value of indicator i at
sampling point j; Sij is the reference standard of indicator i; and Rij is the dimensionless
value of the evaluation indicator, where 0 < Rij < 1; when Rij > 1, we take Rij = 1.

(2) Weight calculation
The main methods used to determine the weights are the subjective weight method

and the objective weight method. The most common subjective weighting method is the
Delphi method, also known as the expert scoring method [55]. Its advantages are its clear
concept, simplicity, and ease of operation, which can grasp the main factors of ecological
security assessment, but it needs a certain number of experts with experience to produce
the scores. The objective weighting method determines the index weights using a judgment
matrix composed of evaluation index values. The most commonly used objective weighting
method is the entropy method, which uses the utility values of the index information in
the calculation; the higher the utility value, the more important it is to the evaluation.
The SEEC model involves four factors, each of which contains information with differing
complexity. Thus, the objective weighting method will lead to some factors with less impact
on ecological security obtaining higher weighting, making it difficult to truly reflect the
importance of the factors. Therefore, the weights of the four factors were determined using
the expert scoring method. The full score was set at 10 and the higher the score, the more
important the factor. Using a judgment matrix after sorting the consultation results, the
weighting coefficient of the index was calculated, and the entropy method was used to
determine the weights of the 34 indicators.

The process of application of the entropy method is as follows [56]:

(a) Construct the judgment matrix Z for n samples and m evaluation indicators:

Z =

⎡
⎢⎢⎣

X11 X12 ...... X1m
X21 X22 ...... X2m

...... ...... ...... ......
Xn1 Xn2 ...... Xnm

⎤
⎥⎥⎦ (3)
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(b) The dimensionless data are used to obtain a new judgment matrix, in which the
expression of the element is:

R = (rij n × m) (4)

(c) According to the definition of entropy, for n samples and m evaluation indicators, the
entropy of the evaluation indicators can be determined as follows:

Hi = − 1
l n(n)

[
n

∑
i=1

fij ln fij

]
(5)

fij =
rij

n
∑

i=1
rij

(6)

where 0 ≤ Hi ≤ 1.

To make lnfij meaningful, it is assumed that fij = 0, fijlnfij = 0, i = 1,2, . . . ,m, and
j = 1,2, . . . ,n.

(d) Calculate the entropy weight (Wi) of the evaluation indicators:

Wi =
1 − Hi

m − ΣHi
(7)

where Wi is the weighting coefficients of the evaluation indicators that meet the
following requirement:

ΣWi = 1 (8)

(3) Expression of the evaluation results
The evaluation results are expressed using the ESI; the higher the ESI value, the safer

the ecological status. On the basis of the general expression of river and lake ecosystem
assessment results in China, the ESI is divided into five levels from 0–100, as shown in
Table 1.

Table 1. Classification standard of the ESI.

Classification Ecological Security Index (ESI) Safety Status

I 80 ≤ ESI ≤ 100 Safe
II 60 ≤ ESI < 80 Relatively safe
III 40 ≤ ESI < 60 Generally safe
IV 20 ≤ ESI < 40 Relatively unsafe
V ESI < 20 Unsafe

2.2. Study Area

The study area is located in Northwest China. The watershed is 214 km long and
25–50 km wide from east to west. The drainage area is 4684 km2 and the annual runoff is
237 million m3. The average elevation is 2545.63 m (Figure 2).
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Figure 2. Overview of the study area.

The study area is affected mainly by the mid-latitude near-surface atmospheric circula-
tion. The annual average temperature of the watershed is 3.5 °C. The temporal distribution
of precipitation is uneven, falling mainly in June–August. The annual average precipitation
of the watershed is approximately 420 mm, and its spatial distribution is very uneven.
Solid precipitation accounts for approximately 54.2% of the annual total precipitation.
According to the results of the “Water Resources Bulletin,” the average annual precipitation
in the study area was 1.28 billion m3 during 2006–2013, with no obvious trend of increase
or decrease. In 2015, the amount of surface water resources within the study area was
1.160 billion m3, and the amount of groundwater resources was 574 million m3. The total
amount of the water supply was maintained at more than 1.1 billion m3, and more than
half of the water supply was derived from surface water.

The soil distribution in the upper reaches of the study area has vertical zonation.
In addition to ice and snow cover, at elevations above 3600 m, exposed rocks and stone
mounds are widely distributed, although some areas have poorly developed soil. The
soil in the elevation range of 3100–3400 m is mainly alpine meadow soil; 2000–3100 m
is mainly subalpine meadow soil; 1700–2000 m is mountain chernozem; 1200–1700 m is
mountain chestnut soil; and 800–1200 m is brown calcareous soil. The soil at 1700–2900 m
has mosaic distribution characteristics. Taupe forest soil is mainly found on shady slopes at
elevation of 1700–2900 m, and it is distributed in a compound area with chernozem and
subalpine meadow soil. The climate and terrain in the watershed vary markedly, and the
corresponding vegetation types are relatively complete with obvious regularity in terms of
geographical distribution. The main vegetation types are coniferous forest, broadleaved
forest, shrub, grassland, meadow, and desert grassland. We used ArcGIS 10.3 to interpret
the land use of the study area in 2014, and the results showed that grassland was the main
vegetation cover type, followed by woodland and cultivated land (Figure 3).
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Figure 3. Land use types within the study area (2014).

In addition to the main stream, the study area includes one main glacier and
three reservoirs (Figure 2). The main glacier, which is the source of the river, presently
covers an area of 1.62 km2. Taking this glacier as the center, 109 large and small modern
glaciers are developed within an area of 300 km2, comprising a total glacier area of 38.3 km2.
Among them, 22 glaciers are distributed within the study area, covering a total area of
9.7 km2. The annual runoff of glacier meltwater into the trunk stream is 17.69 million m3.
Therefore, glaciers are not only an important water source in the study area but they also
represent a “solid reservoir” regulating runoff. Reservoir 1 (Figure 2) is located in the
upper reaches of the study area. It is a water conservancy project that has flood control
and irrigation as its primary and secondary purposes. Its operation is mainly divided into
reservoir closure, dam flood control, and sluice water storage. The dam crest elevation is
2189.2 m, and the total storage capacity is 69.9 million m3. The highest dam height is 98 m.
Reservoir 1 can exploit its flood-retention capability to cut the peak flood and regulate and
store the flood during the flood season. Reservoir 2 (Figure 2) is located in a mountain de-
pression of the middle reaches of the study area. It is a series regulating reservoir upstream

137



Water 2022, 14, 106

of the urban area. It undertakes the three tasks of flood control, drought relief, and urban
water supply for the city. The catchment area above the section of Reservoir 1 is 2596 km2,
including 1070 km2 in the mountainous area of the main stream, 950 km2 in the piedmont
plain area, and 576 km2 in the mountainous area of tributary gullies. Reservoir 3 (Figure 2)
is located 6 km downstream of Reservoir 2. It is a through-injection reservoir built using
natural depressions. The current water surface area is 4.5 km2 and the maximum storage
capacity is 53 million m3. It is a large reservoir for comprehensive flood discharge irrigation,
power generation, fish aquaculture, and urban water supply.

To obtain accurate data, a number of investigations were conducted in the study
watershed during 2016–2017. These investigations included discussion with local research
departments, data acquisition through visits to local government departments, collection of
water and sediment samples, and investigation of pollution sources. Thus, data regarding
the 34 evaluation indicators were obtained. Details were given in Table A2, which described
the source of original data. Tables A3 and A4, respectively, introduced the weights and
reference standards of each indicator.

3. Results and Discussion

3.1. Results of the Ecological Security Assessment

Through evaluation of the SEEC model, it was determined that the ESI value of the
study area is 80.9–94.2. In accordance with the geographical characteristics, the watershed
was divided into three sections:

• Upstream area: the section from Glacier No. 1 to the region downstream of Reservoir 1
(hereafter, the upstream area);

• Midstream area: downstream of Reservoir 1 to the region upstream of Reservoir 2
(hereafter, the midstream area);

• Downstream area: the section from the region upstream of Reservoir 2 to Reservoir 3
(hereafter, the downstream area).

The assessment results indicate that the status of the entire watershed was in the “safe”
state, as defined in Table 1, indicating that the ecological security level was high. The ESI
values of the entire study area are shown in Figure 4. It can be seen that the highest ESI
values in the entire watershed are in the upstream area, and that the lowest ESI values
are near Reservoir 2 in the downstream area. The ESI values of the midstream area are
at an intermediate level. To identify the causes of the low ESI scores, we examined the
scores for the four evaluation factors in the SEEC model using radar charts, as shown in
Figure 5. It can be seen that the scores for the four evaluation factors are uneven. The
lowest score is for C, indicating deficiencies in watershed regulation and management, and
the second lowest value is for E (ecological health), indicating the need for attention to
improve the state of ecological health. The scores for S and E (ecological services function)
are high, indicating that the current socioeconomic factors have not impacted negatively
on the ecological security of the watershed. Although the score for ecological health is low,
it might not have affected the ecological services function of the watershed. Nevertheless,
to improve the ESI score of the watershed, factors C and E (ecological health) need to be
the focus of attention.
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Figure 4. Ecological security index (ESI) values throughout the entire study area.

Figure 5. Radar diagram for the four factors in the SEEC model.

3.2. Score for Each Evaluation Factor

(a) Assessment Results of Socioeconomic Impact (S)

The score for S is approximately 96, indicating the positive role it plays in ensuring
ecological security. The score distribution of the 10 indicators is shown in Figure 6a. Among
the 10 indicators, those with relatively low scores are population growth rate and per
capita GDP. The lowest values of both are in the upstream and midstream areas, which are
regions with poor natural conditions, sparse population, and low per capita GDP. In the
past, it was often believed that if the population growth rate and per capita GDP were low,
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the pressure on ecology would be small and ecological security would not be threatened.
The assessment reveals that levels of population growth rate and per capita GDP that are
too low are not conducive to ecological security and thus they should be maintained at
reasonable levels.

Figure 6. Radar diagrams for the four factors in the SEEC model: (a) socioeconomic impact assessment
results, (b) ecological health assessment results, (c) ecological services function assessment results,
and (d) control management assessment results.

(b) Assessment Results of Ecological Health (E)

The score for E (ecological health) is about 78, indicating the negative role it has in
ecological security. The score distribution of the 13 indicators is shown in Figure 6b. Among
the 13 indicators, the value for the total nitrogen in the water is too high, followed by the
comprehensive nutritional index, organic matter, and heavy metal risk index. In terms
of the spatial distribution, the comprehensive nutritional index in the upstream area is
relatively low, but it increases gradually from the midstream area to the downstream area,
reaching its highest value near Reservoir 3, which mainly reflects the intensity of human
activity and tourism development [57]. The heavy metal risk index in the upstream and
midstream areas is low, while the highest value is near Reservoir 2. The evaluation results
of the comprehensive nutritional index and heavy metal risk index are shown in Figure 7.

(c) Assessment Results of Ecosystem Services Function (E)

The calculation result of E (ecosystem services function) is approximately 86, indicating
its negative role in ecological security. The score distribution for the four indicators is shown
in Figure 6c. The main reason for the low score for E is the low coverage of forest and
grass, especially in the upstream and midstream areas, which mainly reflects the relatively
intense water and soil erosion in these areas in recent years. Moreover, human activities
such as livestock grazing and free-range poultry breeding have aggravated grassland
degradation [58]. Additionally, the natural shoreline rate of the river is also low, which
is mainly attributable to the construction of embankments, diversion channels, and other
human projects in the downstream area [59].
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Figure 7. Scoring results for the comprehensive nutritional index (left) and potential heavy metals
ecological risk index (right).

(d) Assessment Results of Control Management (C)

The score for C is approximately 64, indicating its negative role in ecological security.
The score distribution for the seven indicators is shown in Figure 6d. The low rate of
treatment of rural domestic sewage is the main problem in relation to the low C score.
The population of the watershed is sparse and scattered, meaning that the high cost of
construction of environmental infrastructure make it difficult to collect and treat domestic
sewage. The score for the soil and water erosion control rate is the second biggest problem
in relation to the low C score. Water and soil erosion in the upstream and midstream areas
is serious, and the grassland is deteriorating steadily. The effect of implemented mitigation
measures has been limited because the dry climate and steep terrain in the upstream and
midstream areas are not conducive to the control of water and soil erosion.

3.3. Applicability Evaluation of the SEEC Model

To evaluate the applicability of the SEEC model, factors that could characterize the
level of watershed ecological security were selected. If the assessment results of the SEEC
model indicated that these factors were relevant, then the evaluation method could be
considered to have satisfactory applicability. In assessment of watershed ecology, water
quality status is often used as an important comprehensive assessment factor with which
to characterize whether the current ecology is threatened, i.e., whether the ecological
status is safe. Therefore, the water quality of the study watershed was selected as the
assessment factor for evaluation of the applicability of the SEEC method. To keep the
assessment independent, we gave priority to the correlation analysis between the selected
water quality indicators for evaluation (hereafter, the water evaluation indicators) and
the water quality indicators participating in the evaluation of the SEEC model (hereafter,
the water model indicators). The water evaluation indicators comprised pH, conductivity,
biochemical oxygen demand, petroleum, volatile phenol, mercury, lead, copper, zinc,
fluoride, selenium, arsenic, cadmium, hexavalent chromium, cyanide, anionic surfactant,
sulfide, fecal Escherichia coli, sulfate, chloride, nitrate, and suspended solids. The water
model indicators comprised dissolved oxygen, transparency, ammonia nitrogen, total
phosphorus, total nitrogen, the permanganate index, mineralization of water, chlorophyll
a, and the comprehensive nutritional index. The water quality data of the evaluation
indicators were obtained from the local environmental monitoring department.

First, the monitoring data at the same point and for the same period were selected,
and IBM SPSS 20.0 software was used to calculate the Pearson correlation coefficient of the
two datasets (i.e., water evaluation indicators and water model indicators). Evaluation in-
dicators that showed obvious correlation with the water model indicators were eliminated.
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Additionally, because the SEEC model included the heavy metal risk index of sediment, the
heavy metal indicators were also removed from the water evaluation indicators to avoid
affecting the independence of the index. Through the screening process, the evaluation
indicators were determined as follows: pH, petroleum, volatile phenol, fluoride, cyanide,
anionic surfactant, sulfide, fecal Escherichia coli, sulfate, chloride, and suspended solids.
There was no obvious correlation between the final water evaluation indicators and the wa-
ter model indicators, indicating that the final water evaluation indicators were independent
and could be used to evaluate the applicability of the SEEC model.

Second, using the water evaluation indicators, the Nemero index method [60] was
used to evaluate water quality, and the evaluation results were expressed in terms of
China’s surface water environmental quality standard. The evaluation results were char-
acterized as the higher the score, the worse the water quality. Obviously, when the water
quality of the watershed is poor, its ecological security level is low. In other words, under
natural conditions, the water quality score results should be negatively correlated with the
watershed ecological security index. If the evaluation result of this paper also conforms to
the above rules, it shows that the evaluation result of this paper is relatively accurate, and
the evaluation method has good applicability.

Then, ArcGIS 10.3 was used for spatial interpolation to obtain the spatial distribution
characteristics of water quality, as shown in Figure 8. Finally, the Pearson correlation
coefficient between the data illustrated in Figure 8 and the SEEC evaluation results (Figure 4)
was calculated using the ArcGIS 10.3 spatial analysis module. Through calculation, the
Pearson correlation coefficient was determined to be approximately −0.4, which was
consistent with the rules described above, indicating that the comprehensive evaluation
results of water quality were better in areas with high ecological security scores. The
evaluation results showed that the SEEC model has satisfactory performance when applied
to evaluation of watershed ecological security.

Figure 8. Comprehensive evaluation results of water quality in the study area in 2014 (the lower the
score, the better the water quality).
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4. Conclusions

Using the framework of the DPSIR model, and considering the connotation of wa-
tershed ecological security assessment, this article established the SEEC model that in-
corporates four factors: socioeconomic impact (S), ecological health (E), ecosystem ser-
vices function (E), and control management (C). The SEEC model contains 34 evaluation
indicators. We selected a watershed in the arid region of Northwest China for applica-
tion of the research method. Through evaluation, the ESI value of the study area was
approximately 81–94. Through analysis of the evaluation results, it was elucidated that the
factors leading to the low score were mainly the low rate of treatment of rural domestic
sewage and the low rate of mitigation of soil and water erosion. The results of the evalua-
tion of the applicability of the SEEC model showed that the SEEC model has satisfactory
performance in evaluation of watershed ecological security.

This article is successful from these aspects: it puts forward the method approach for
watershed ecological security assessment and gives the specific evaluation index, index
weight, and other key information; through application, it identifies the key factors affecting
the ecological security of the study area, which has good guiding significance for local
environmental management and can also provide reference for similar studies. However,
owing to limited research funds and other reasons, this article fails to verify the SEEC model,
such as through comparison of analysis of the ecological security status in different years.
Therefore, more in-depth research is needed regarding the applicability and verification of
the SEEC model.
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Appendix A

Table A1. Definition, reasons for selection, and calculation or acquisition method of each indicator.

Factors Involved Aspects Indicators Definition and Reasons for Selection
Method of Calculation

(within the Study Area)

Socioeconomic
impact

Population Population density

Population of per unit area. It is an
important factor in the impact of social
economy on the environment. It affects

the allocation of resources and the
surplus of environmental capacity.

Total population/area

Population growth rate

The ratio of population growth to the
total population in a given period of time

(usually one year). It is an important
indicator of population growth.

(Population at the end of the
year - population at the

beginning of the year)/annual
average population × 1000‰

Economy Per capita GDP

Regional GDP per capita in the study
area. It is the most common indicator to
measure the level and pressure of social
and economic development. It can not
only reflect the development of social
economy but also indirectly reflect the

pressure of social and economic activities
on the environment to a certain extent.

Total GDP/total population

Social Human activity
intensity index

Proportion of the sum of construction
land area and agricultural land area in
the total land area, which are the main

land types reflecting the intensity of
human activities, which can reflect the

pressure of social and economic activities
on the environment at present and in the

next few years.

(Construction land
area + agricultural land

area)/total area

Watershed
pollution load

Area source chemical
oxygen demand (COD)

load per unit area

COD load per unit land area, which
mainly includes COD emissions from

area sources such as livestock and
poultry free range breeding, planting,

rural residents’ life, and so on. It is one of
the most important evaluation indexes of

environmental pollution. Considering
the horizontal comparison between
different watersheds and different

statistical units, the COD load per unit
area is used as the evaluation index.

(COD emission of livestock
and poultry free range

breeding + COD emission of
planting + COD emission of

rural residents’ life)/total area

Area source TN load per
unit area

TN load per unit land area, which mainly
includes TN emissions from area sources
such as livestock and poultry free range
breeding, planting, rural residents’ life,
and so on. It is one of the main factors

leading to river eutrophication.

(TN emission of livestock and
poultry free range

breeding + TN emission of
planting + TN emission of

rural residents’ life)/total area

Area source TP load per
unit area

TP load per unit land area, which mainly
includes TP emissions from area sources
such as livestock and poultry free range
breeding, planting, rural residents’ life,
and so on. It is one of the main factors

leading to river eutrophication.

(TP emission of livestock and
poultry free range

breeding + TP emission of
planting + TP emission of

rural residents’ life)/total area

Point source COD load
of per unit area

Point source COD load of per unit area,
which mainly includes urban industrial
COD emission and urban living COD
emission. The reason for selection is

similar to area source but point source
and area source characterize different

processes of pollution.

(Urban industrial COD
emission and urban living
COD emission)/total area

144



Water 2022, 14, 106

Table A1. Cont.

Factors Involved Aspects Indicators Definition and Reasons for Selection
Method of Calculation

(within the Study Area)

Point source TN load of
per unit area

Point source TN load of per unit area,
which mainly includes urban industrial

TN emission and urban living TN
emission. The reason for selection is

same as above.

(Urban industrial COD
emission and urban living
COD emission)/total area

Point source TP load of
per unit area

Point source TP load of per unit area,
which mainly includes urban industrial

TP emission and urban living TP
emission. The reason for selection is

same as above.

(Urban industrial COD
emission and urban living
COD emission)/total area

Ecological health

Water quality

Dissolved oxygen

Molecular oxygen dissolved in water is
an important index to judge water

quality and an important item of water
quality monitoring. The growth and

reproduction of phytoplankton in water
and pollutants in water will affect

dissolved oxygen. It is an important
indicator of water quality.

Field measurement

Transparency

It reflects the clarification degree of the
water body, which is related to the

content of suspended solids and colloids
in the water. It is an important indicator

for evaluating water eutrophication.

Field measurement

Ammonia nitrogen

Refers to nitrogen in the form of free
ammonia (NH3) and ammonium ion
(NH4

+) in water. It is an important
indicator for evaluating water quality.

Testing

Total phosphorus

The total amount of various organic and
inorganic phosphorus in water, which is
generally expressed by the determination
results after various forms of phosphorus

are transformed into orthophosphate
after digestion. It is the key indicator to

evaluate the degree of water
eutrophication and water quality.

Testing

Total nitrogen
The total amount of various forms of

inorganic and organic nitrogen in water.
The reason for selection is same as above.

Testing

Permanganate index

It refers to the amount of oxidant
consumed when treating water samples
with potassium permanganate (KMnO4)
as oxidant under certain conditions. It is

an important indicator to evaluate
water quality.

Testing

Mineralization of water

It refers to the amount of carbonate,
bicarbonate, chloride, sulfate, nitrate,
and various sodium salts containing

calcium, magnesium, aluminum,
manganese, and other metals in water.

The reason for selection is same as above.

Testing

Water
eutrophication

Chlorophyll a

It is an important photosynthetic
pigment in plant photosynthesis. By

measuring chlorophyll a of
phytoplankton, it can master the primary
productivity of water. At the same time,
chlorophyll a content is also one of the
indicators of water eutrophication. It is

an important indicator to reflect
eutrophication and algal biomass

of water.

Testing
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Table A1. Cont.

Factors Involved Aspects Indicators Definition and Reasons for Selection
Method of Calculation

(within the Study Area)

Comprehensive
nutritional index

It is a comprehensive indicator to reflect
water eutrophication.

Taking the state index TLI
(Chla) of chlorophyll a as the
benchmark, the nutritional

state indexes of TP, TN, COD,
SD, and other parameters close
to the benchmark parameters

(with small absolute deviation)
are selected for weighted

synthesis with TLI (Chla). The
comprehensive weighted

index model is:

TLI(Σ) =
M
∑

j=1
Wj·TLI(j)

where: TLI (å) is the
comprehensive weighted
nutritional status index;

TLI (j) is the nutritional status
index of the j-th parameter;
Wj is weight of nutritional

status index of the j-th
parameter.

Wj =
Rij

2

M
∑

j=1
Rij

2

where: Rij means correlation
coefficient between the jth

parameter and the benchmark
parameter, M is number of

main parameters close to the
benchmark parameter.

Sediment

Total nitrogen
Nitrogen content in sediments. It is an

important indicator for evaluating
sediment quality.

Testing

Total phosphorus Phosphorus content in sediments. The
reason for selection is same as above. Testing

Organic matter

It generally refers to substances derived
from life in sediments, including

sediment. Microorganisms, benthos, and
their secretions, as well as plant residues
and plant secretions in soil. The reason

for selection is same as above.

Testing

Heavy metal risk index

It is a relatively fast, simple, and
standard method to classify the degree of

sediment pollution and its potential
ecological risk. The reason for selection is

same as above.

The Hakandson risk index
method [61] is used for

calculation. For detailed
method introduction, please

refer to the references
cited here.

Ecosystem
services function

Drinking water
service function

Standard rate of
centralized drinking

water quality

It refers to the inspection frequency of
the water quality monitoring of all

centralized drinking water sources in the
watershed that meets or exceeds the class

II water quality standard of the
“environmental quality standard for

surface water” (GB 3838-2002),
accounting for the proportion of the total
inspection frequency in the whole year. It

is important data of drinking water
service function survey.

(Sum of compliance frequency
of all monitoring

sections/total monitoring
frequency of all sections

throughout the year) × 100%

Water conservation
function

Forest and grass
coverage

It refers to the proportion of the sum of
forest and grass vegetation areas such as
arbor forest, shrub forest, and grassland

in the regional land area. It is an
important indicator to reflect the
function of water conservation.

(Forest land area + grassland
area)/total land area × 100%
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Table A1. Cont.

Factors Involved Aspects Indicators Definition and Reasons for Selection
Method of Calculation

(within the Study Area)

Interception and
purification

function

Natural shoreline rate of
River (reservoir)

The riverbank zone is divided into
natural zone (undeveloped or natural
shoreline length) and artificial zone.

Here, it refers to the proportion of the
length of natural riverbank zone in the
total length of riverbank shoreline. It is

an important indicator reflecting the
interception and purification function of

the riverbank.

Length of natural
zone/(length of

natural zone + length of
artificial riverside

zone) × 100%

Cultural landscape
function

Habitat representation
of rare species

It mainly refers to whether the habitat
reflects the characteristics of rare fish and
important cultural landscape within the

region, and whether it includes key
species, rare and endangered species,
and key protected species of natural

ecosystem. It is an important indicator to
reflect the function of cultural landscape.

Expert opinion method
(Delphi method)

Control
management

Ecological protection
investment

Ecological protection
investment index

Proportion of environmental protection
investment in regional GDP. According

to the experience of developed countries,
in the period of rapid economic growth,
if a country wants to effectively control

pollution, the investment in
environmental protection should

continuously and stably account for 1.5%
of the gross national product within a
certain period of time. Only when the

investment in environmental protection
reaches a certain proportion can it

maintain good and stable environmental
quality while rapid economic

development.

Environmental protection
investment/regional GDP ×

100%

Pollution control
and environmental

protection

Standard rate of
industrial wastewater

discharge

It refers to the proportion of the total
amount of industrial wastewater

discharged by key industrial enterprises
within the scope of towns and townships

through the sewage outlet and stably
reaching the pollution discharge
standard in the total amount of

discharged industrial wastewater. It is an
important indicator to reflect

pollution control.

(Up to standard discharge
of industrial

wastewater/discharge of
industrial wastewater) × 100%

Centralized treatment
rate of urban

domestic sewage

The proportion of domestic sewage
treated by the sewage treatment plant
and meeting the discharge standard in
the total discharge of urban domestic

sewage. The reason for selection is same
as above.

Treatment capacity of urban
sewage treatment plant/total

urban sewage
generationer) × 100%

Rural domestic sewage
treatment rate

It refers to the proportion of rural
domestic sewage treated by sewage
treatment facilities and meeting the

discharge standards in the total
discharge of rural domestic sewage. The

reason for selection is same as above.

Rural domestic sewage
treatment capacity/total rural

domestic sewage
discharge × 100%

Water and soil erosion
control rate

Water and soil erosion refers to the
migration and deposition process of

water and soil caused by flowing water,
gravity, or human action. The water and

soil erosion control rate refers to the
water and soil loss control area divided
by the original water and soil loss area

within a certain area and a certain period
of time. It is an important indicator to

reflect environmental protection.

Control area of water and soil
erosion in a certain

period/original water and soil
erosion area × 100%
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Table A1. Cont.

Factors Involved Aspects Indicators Definition and Reasons for Selection
Method of Calculation

(within the Study Area)

Regulatory capacity Regulatory capacity
index

The ability to supervise and manage the
ecological environment in the watershed.

It is mainly composed of the degree of
standardized construction of drinking

water sources, environmental monitoring
capacity, environmental monitoring

standardization construction capacity,
scientific and technological support

capacity, etc. It is an important index to
reflect human protection of the

environment through regulation
and management.

Expert opinion method
(Delphi method)

Long term
mechanism

Construction of
long-term management

mechanism

An institutional system that can ensure
the normal operation of the

environmental protection system and
play its expected functions for a long
time. It is mainly composed of laws,

regulations, policies, unified
management institutions in the

watershed, market-oriented long-term
investment, and financing system, etc.

The reason for selection is same as above.

Expert opinion method
(Delphi method)

Table A2. Data acquisition process.

Indicators Data Sources and Processing Source of Original Data

Population density Statistical yearbook 2016 of study area Data available from
government departments.

Population growth rate Same as above Same as above.
Per capita GDP Same as above Data available from

government departments.

Human activity intensity index Graphic translation of land use types

Purchased satellite images from the satellite
remote sensing image Department and used

Arc GIS 10.3 for remote
sensing interpretation.

Area source COD load of per unit area Statistical yearbook 2016 of study area,
data calculation

We took the data published by government
departments as the basis and reference and

calculated it by the method in Table A1.
Area source TN load of per unit area Same as above Same as above.
Area source TP load of per unit area Same as above Same as above.

Point source COD load of per unit area Same as above Same as above.
Point source TN load of per unit area Same as above Same as above.
Point source TP load of per unit area Same as above Same as above.

Dissolved oxygen (water) Sampling, detection, and analysis

In June 2017, 16 surface water samples were
collected on site and tested in field

(Hereinafter referred to as “sampling and test
in field”). The test method was
electrochemical probe method.

Transparency (water) Same as above Sampling and test in field, and the test
method was Saybolt Disk Method.

Ammonia nitrogen (water) Same as above

In June 2017, 16 surface water samples were
collected on site, which were tested in the

Analysis and Testing Center of Beijing
Normal University (Hereinafter referred to
as “sampling and test in laboratory”), and

the test method was salicylic
acid spectrophotometry.
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Table A2. Cont.

Indicators Data Sources and Processing Source of Original Data

Total phosphorus (water) Same as above
Sampling and test in laboratory. The test

method was molybdic
acid spectrophotometry.

Total nitrogen (water) Same as above
Sampling and test in laboratory. The test

method was alkaline potassium persulfate
digestion UV spectrophotometry.

Permanganate index (water) Same as above Sampling and test in laboratory. The test
method was acid method.

Mineralization (water) Same as above Sampling and test in laboratory. The test
method was 180 °C dry gravimetric method.

Chlorophyll a (water) Same as above
Sampling and test in laboratory. The test

methods were acetone extraction and
spectrophotometer determination.

Comprehensive nutritional index (water) Calculated according to the test results
According to the test results of the samples, it

was calculated by the method in attached
Table A1.

Total nitrogen (sediment) Sampling, detection, and analysis
Sampling and test in laboratory. The test

method was the Kai’s Nitrogen
Determination Method.

Total phosphorus (sediment) Same as above
Sampling and test in laboratory. The test

methods were perchloric acid and sulfuric
acid digestion.

Organic matter (sediment) Same as above Sampling and test in laboratory. The test
method was potassium dichromate method.

Heavy metal risk index (sediment) Calculated according to the test results
According to the test results of the samples, it

was calculated by the method in attached
Table A1.

Standard rate of centralized drinking
water quality

Local water resources bulletin of study
area 2015

Data available from
government departments.

Forest and grass coverage Interpretation of satellite remote
sensing images

Purchased satellite images from the satellite
remote sensing image Department and used

Arc GIS 10.3 for remote
sensing interpretation.

Natural shoreline rate of River
(or reservoir) Same as above Same as above.

Habitat representation of rare species Research data of the Chinese Academy
of Sciences Data from the Chinese Academy of Sciences.

Ecological protection investment index
Compilation of performance evaluation

data of study area eco-environmental
protection project in 2015–2016

Data from local environmental protection
department and financial department.

Standard rate of industrial wastewater
discharge

Calculated according to the
environmental system data of study area

Data from local environmental protection
department.

Centralized treatment rate of urban
domestic sewage Same as above Same as above.

Rural domestic sewage treatment rate Same as above Same as above.

Water and soil erosion control rate Local water and soil conservation
Bulletin

Data available from government
departments.

Regulatory capacity index
Compilation of performance evaluation

data of study area eco-environmental
protection project in 2015–2016

Data from local environmental protection
department.

Construction of long-term
management mechanism Same as above Same as above.
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Table A3. Weight of each factor and indicator.

Factors Weight Indicators Weight

Socioeconomic impact 0.21

Population density 0.020
Population growth rate 0.020

Per capita GDP 0.020
Human activity intensity index 0.027

Area source COD load of per unit area 0.020
Area source TN load of per unit area 0.020
Area source TP load of per unit area 0.020

Point source COD load of per unit area 0.020
Point source TN load of per unit area 0.020
Point source TP load of per unit area 0.020

Water ecological health 0.36

Dissolved oxygen (water) 0.001
Transparency (water) 0.022

Ammonia nitrogen (water) 0.026
Total phosphorus (water) 0.046

Total nitrogen (water) 0.009
Permanganate index (water) 0.009

Mineralization (water) 0.025
Chlorophyll a (water) 0.042

Comprehensive nutritional index (water) 0.001
Total nitrogen (sediment) 0.025

Total phosphorus (sediment) 0.114
Organic matter (sediment) 0.014

Heavy metal risk index (sediment) 0.027

Ecological service function 0.23

Standard rate of centralized drinking water quality 0.058
Forest and grass coverage 0.058

Natural shoreline rate of River (or reservoir) 0.058
Habitat representation of rare species 0.058

Regulation and
management 0.2

Ecological protection investment index 0.029
Standard rate of industrial wastewater discharge 0.029

Centralized treatment rate of urban domestic sewage 0.029
Rural domestic sewage treatment rate 0.029

Table A4. Reference standard and basis for determination of each indicator.

Indicators Reference Value Unit Determination Basis

Population density 193.5 person/km2
Statistical bulletin of local national economic

and social development in 2016,
regional level

Population growth rate 6.08 ‰ Same as above
Per capita GDP 69565 ¥ Same as above

Human activity intensity index 0.2 Dimensionless Consulting experts, regional level
Area source COD load of per

unit area 20 kg/(hm2·a) Lake ecological security strategy

Area source TN load of per unit area 5 kg/(hm2·a) Same as above
Area source TP load of per unit area 0.5 kg/(hm2·a) Same as above

Point source COD load of per
unit area 40 kg/(hm2·a) Same as above

Point source TN load of per unit area 1.5 kg/(hm2·a) Same as above
Point source TP load of per unit area 0.1 kg/(hm2·a) Same as above

Dissolved oxygen (water) 7.5 mg/L Environmental quality standard for surface
water, Class I

Transparency (water) 1 m Same as above
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Table A4. Cont.

Indicators Reference Value Unit Determination Basis

Ammonia nitrogen (water) 0.15 mg/L Same as above
Total phosphorus (water) 0.02 mg/L Same as above

Total nitrogen (water) 0.2 mg/L Same as above
Permanganate index (water) 2 mg/L Same as above

Mineralization (water) 1 μg/L Lake ecological security strategy

Chlorophyll a (water) 300 mg/L
Comprehensive background value,

groundwater standards, and drinking
water standards

Comprehensive nutritional
index (water) 30 Dimensionless Comprehensive nutritional index

classification, take the poor nutrition level
Total nitrogen (sediment) 700 mg/kg Consulting experts, take a very safe level

Total phosphorus (sediment) 500 mg/kg Same as above
Organic matter (sediment) 1.69 % Same as above

Heavy metal risk index (sediment) 150 Dimensionless
Classification of heavy metal ecological risk

index, take the level of slight
ecological hazard

Standard rate of centralized drinking
water quality 100 % Consulting experts, take a very safe level

Forest and grass coverage 75 % Same as above
Natural shoreline rate of River

(or reservoir) 100 % Same as above

Habitat representation of rare species 0.7 Dimensionless Same as above
Ecological protection

investment index 3 % Environmental and economic benefit
analysis data

Standard rate of industrial
wastewater discharge 100 % Consulting experts, take a very safe level

Centralized treatment rate of urban
domestic sewage 90 % The 13th five-year plan for

environmental protection
Rural domestic sewage treatment rate 80 % Same as above

Water and soil erosion control rate 2.45 % 2014 water and soil conservation Bulletin
Regulatory capacity index 5 Dimensionless Consulting experts, regional level
Construction of long-term
management mechanism 5 Dimensionless Same as above
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Abstract: The rational utilization of unconventional water sources is of great significance to ar-
eas where conventional water resources are scarce, and water resource allocation is an important
way to realize the rational distribution of multiple water sources. This paper constructs a water
resources allocation system integrating model data parameter database, water resources supply
and demand prediction module, groundwater numerical simulation module and water resources
allocation module. Taking brackish water as the main research object and final goal of achieving the
best comprehensive optimization of social, economic and ecological benefits. The brackish water
is incorporated as an independent water source into the water resource allocation model, and the
stratum structure model and groundwater numerical model are constructed to simulate the brackish
water level in the planning target year. The water resources allocation system is applied to Guantao
County, China. The results show that increasing the development and utilization of brackish water
under the recommended scheme can significantly reduce the water supply pressure of local fresh
water resources in agriculture and industry. Compared with the current year, the overall water
shortage in the region will be reduced by 4.493 × 106 m3 in 2030, and meanwhile, the brackish water
level will be decreased by 12.69 m in 2035, which plays a positive role in improving soil salinization.

Keywords: water allocation; brackish water; groundwater numerical simulation; general algebraic
modeling system

1. Introduction

Water resources are one of the important natural resources that protect people’s liveli-
hood and promote social and economic development, especially for developing countries
that have a large population and need to improve their water-saving level and practices.
Since the 21st century, rapid population growth and rapid development of the economy
has increased the urgent demand for the quantity and quality of water resources [1]. The
increasing demand for water has gradually exceeded the supply capacity of local water
resources, resulting in a large-scale water resources shortage [2,3]. Especially for agricul-
ture, under the current situation of insufficient local surface water, it is often necessary to
use large amounts of groundwater to maintain the normal growth of crops and meet the
needs of agricultural production, which also causes problems such as groundwater level
decline and land subsidence [4], threatening the safety of human water use and the benign
operation of the natural water cycle. There is an urgent need to balance water supply and
use, in order to eliminate the increasingly fierce competition of water use and deterioration
of the water ecological environment [5,6].

Water resources allocation refers to the planning for macro-control of water resources
according to historical water inflow data and user water demand. It is considered to be one
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of the most effective methods to coordinate the balance of social, economic, and ecological
water use [7]. With researchers globally conducting in depth research, the water resources
allocation model has been continuously developed [8,9]. Minsker, et al. [10] constructed a
multi-objective allocation model of water resources based on genetic algorithm through the
uncertainty of hydrological factors, and characterized the uncertain factors in the process
of water resources allocation. Rosegrant, et al. [11] coupled the hydrological model with
the economic development model to evaluate social and economic benefits brought by
the improvement of water resources allocation and utilization efficiency. Chen, et al. [12]
formulated the interval multi-level classified water resources allocation model to optimize
water resources allocation to the municipal scale, and the allocation objects are industry,
hydropower, and agriculture. In addition, with the development of computer technology,
optimization algorithms, artificial intelligence, and space technology are increasingly used
in the field of water resources allocation, such as artificial fish school algorithm [13,14],
particle swarm optimization algorithm [15,16], and neuro-fuzzy reinforcement learning
method [17], which greatly optimizes the scientific nature and accuracy of the water
resources allocation model. In addition, it also drives the water resources allocation model
to gradually transit to multi-disciplinary integration, so as to serve the solution of multi-
objective problems. In the study of optimal allocation of unconventional water resources,
Li, et al. [18] developed an interval number hierarchical planning model to integrate water
into the water allocation system, taking into account the interests of decision-makers
at different levels and the uncertainty of the water allocation system, and to guide the
conventional and unconventional water supply sectors to supply water rationally and
efficiently. Mooselu, et al. [19] proposed a method for optimal allocation of wastewater
reuse water with the objective of minimizing the cost of water supply and regional water
shortage. Gao, et al. [20] proposed an optimal allocation method for wastewater reuse water
with the objective of minimizing the consumption of freshwater resources and the energy
consumption of the water supply process by incorporating medium and desalinated water
into the water allocation study, and used NSGA-II. The optimal water and energy-saving
scheme is given on the Pareto boundary by solving this multi-objective problem using
NSGA-II.

Brackish water refers to the water resources buried underground with a salinity of
2–5 g/L [21]. With the increasingly severe shortage of conventional water resources, it
is urgent to bring brackish water into the optimal water resources allocation. China is
rich in brackish water resources. According to statistics, the amount of brackish water
resources in China is 27.7 billion m3, of which 13 billion m3 can be utilized. Underground
shallow brackish water is mainly distributed in the Northern China Plain, northwest arid
area and eastern coastal area, with a buried depth of about 10–100 m, which is easy to be
exploited and utilized [22]. As one of the main grain production areas in China, the use of
brackish water for agricultural irrigation in the Northern China Plain has very important
practical significance [23]. The use of brackish water for farmland irrigation has a long
history worldwide. In the southwest of the United States, the use of brackish water for
irrigation of cotton, sugar beet and other crops basically does not affect the crop yields [24].
Israel, Australia, Spain, Tunisia, and other countries all have carried out practices related
to brackish water irrigation and achieved good results [25]. In addition to the relevant
research on the impact of brackish water irrigation on crop yield, other scholars have also
carried out relevant research on the impact of brackish water salinity on soil infiltration
characteristics [26], soil water and salt transport model [27], soil water and salt regulation
measures [28–30], further expanding the depth and breadth of the research on the internal
mechanism of the impact of brackish water irrigation on soil and crop growth.

In summary, this paper provides a comprehensive review of the research results on
water resources allocation, non-conventional water resources allocation and brackish water
utilization, etc. The limitations of the existing water resources allocation research are mainly
reflected in the following two aspects: Firstly, the focus of the current research on optimal
water resources allocation is to reasonably allocate the water supply from conventional
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water sources, medium water and desalinated water through various engineering and
technical measures, so as to meet the demand of different users. Secondly, in terms of
brackish water utilization, the current research mainly focuses on the impact of brackish
water irrigation on crop growth, yield, and land quality by conducting irrigation exper-
iments, while there are relatively few studies on the prediction and simulation of water
level changes after the large-scale application of brackish water.

Based on the above discussion, the main objective of this study is to construct a wa-
ter resources optimization allocation system, the core of which is to couple numerical
groundwater simulation with water resources optimization allocation, to reasonably allo-
cate brackish water as an independent water source, to realize the efficient utilization of
brackish water resources in agricultural irrigation and industrial water use, and to input
the allocation results into the numerical groundwater model to predict the changing trend
of brackish water level. This study has certain reference value for reducing the water
supply pressure of conventional water sources and inter-basin water transfer in agricultural
irrigation and industrial water use, improving the development and utilization rate of
brackish water resources, and realizing the synergistic allocation of conventional water
resources and brackish water resources in water-scarce areas.

2. Material and Method

2.1. Study Area

Guantao County is located in the south of the Northern China Plain (longitude
115◦06′–115◦40′, latitude 36◦27′–36◦47′), with a total area of 456.3 km2. It borders Shandong
Province with Wei Canal in the east, Guangping, Quzhou and Qiu Counties in the west,
Daming County in the south and Linxi County in the north. The main river in the territory
is Wei Canal. Its annual average surface water resource is 4.645 million m3, its groundwater
resource is 57.654 million m3, and the total amount of water resources is 62.299 million m3.
By the end of 2019, the total population was 350,900, including 74,100 urban residents
and 276,800 rural residents, with an urbanization rate of 21.1%. The gross national prod-
uct is CNY 7.095 billion, and the proportion of the three industries is 6.2:6.3:11.1. The
geographical location of Guantao County is shown in Figure 1.

Figure 1. Geographical location of Guantao County.
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Guantao County is rich in shallow brackish water reserves. According to the relevant
results of Evaluation of Water Resources of Guantao County, Hebei Province, the salinity of
Guantao County is 2 g/L < M ≤ 3 g/L, and the multi-year average groundwater resources
of brackish water is 15.15 million m3. The salinity is 3 g/L < M ≤ 5 g/L, and the multi-year
average groundwater resources of brackish water is 4.05 million m3. The distribution of
brackish water in Guantao County is shown in Figure 2. It can be seen from the figure that
groundwater with salinity M ≤ 2 g/L is mainly distributed in Shoushansi Township and
Chaibao Town in the south-central part of Guantao County. The groundwater with salinity
3 g/L < M ≤ 5 g/L is mainly distributed in Luqiao Township and Weisengzhai Town in the
north of Guantao County, Chaibao Town in the middle and Fangzhai Town and Wangqiao
Township in the south. The salinity of other areas is 2 g/L < M ≤ 3 g/L.

 
Figure 2. Distribution of brackish water in Guantao County.

2.2. Optimal Water Resources Allocation System

The optimal water resources allocation refers to the spatial and temporal allocation of
limited water resources through various engineering or non-engineering measures in the
basin or specific area, in accordance with the principle of natural sustainable development,
so as to meet the water demand of each area to the maximum extent and coordinate the
contradictions of water users without affecting the ecological environment. This aims
to maximize the social and economic benefits of water resources, and to promote the
sustainable and stable development of the river basin, regional economy, and the health
and stability of ecological environment. In order to achieve the above objectives, this
study constructs the optimal water resources allocation system on the premise of fully
considering the water resources endowment conditions in the study area. The main work
modules of the system include model data parameter database, water resources supply
and demand prediction module, groundwater numerical simulation module, and water
resources allocation module. The working relationship between modules is shown in
Figure 3.
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Figure 3. Working relationship of modules of optimal water resources allocation system.

2.2.1. Model Data Parameter Database

The model data parameter database is the data source of the optimal water resources
allocation system as well as the basis for the normal operation of other modules. It mainly
includes the following three contents:

1. Data input: it mainly includes hydrological data, social and economic data, river
(canal) system network, river (canal) basic information, calculation unit information,
basic information of hydraulic engineering, basin unit information, etc.

2. Model parameters: they mainly include the discharge capacity, evaporation and leak-
age coefficients, etc., of river, canal system and drainage channel, sewage discharge
rate and reuse rate, upper and lower limit coefficients of annual and monthly ex-
ploitation of groundwater supply, and evaporation, leakage, and into-river proportion
coefficient of irrigation canal system of calculation unit.

3. Water resources allocation system network diagram: its main function is to master
the relationship among surface water, groundwater, external diverted water and
unconventional water and urban life, rural life, agriculture, industry and tertiary
industry, ecology and environment, and to clarify the supply, consumption and
discharge of water resources among society, economy and ecological environment.
It is an important basis for building the water resources allocation model [31]. The
drawing principle of the water resources allocation network diagram is water balance
principle, that is, any node on the diagram must conform to Equation (1):

159



Water 2022, 14, 948

Qu − Qs − Ql − Qd = ΔQ (1)

where Qu is the upstream water inflow of the node, 10,000 m3; Qs is the water supply
quantity of the node, 10-thousand m3; Ql is the water loss of the node, 10-thousand m3;
Qd is the downstream water transmission of the node, 10,000 m3; and ΔQ is the storage
variable of the node, 10,000 m3.

The water resources allocation system network diagram is the generalization and
abstraction of water resources allocation. The river system is drawn by approximating
the actual river distribution in the study area, river basin and administrative area sections,
reservoir nodes, water diversion and lifting nodes, calculation units, lakes, etc., are marked
in the river system. Reservoir nodes, water diversion and lifting nodes, calculation units,
lakes and other nodes are used to connect local surface water sources, groundwater sources,
unconventional water sources and external diverted water sources in the study area. The
drainage line of the calculation unit is connected with the river to form a drainage system.
The study area is partitioned to ensure that there are water transmission lines in each
partition. On the basis of fully collecting the data of the study area and comprehensively
considering the brackish water distribution and water use of various departments in
Guantao County, Guantao County is generalized into 17 calculation units, five water lifting
nodes, 12 control section nodes and one water plant node. The water resources allocation
system network diagram in Guantao County is shown in Figure 4.

 
Figure 4. Water resources allocation system network diagram in Guantao County.

2.2.2. Water Resources Supply and Demand Prediction Module

The water resources supply and demand prediction module mainly includes a water
demand prediction part and a water supply prediction part, wherein, the water demand
prediction part adopts the combination of time series method and index quota method,
and comprehensively considers the requirements of social and economic development and
water conservation, so as to formulate the water demand schemes for different industries
under different social development situations.
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Urban and rural residents’ domestic water demand forecast is calculated by the formula:

Wt= ptqt (2)

where Wt is the projected water demand of urban and rural residents in level t, pt is the
projected population in level t, and qt is the projected water quota in level t.

Industrial water demand forecast is calculated by the formula:

It= etrt (3)

where It is the predicted industrial water demand at level t, et is the predicted industrial
value-added water consumption per million yuan at level t, and rt is the predicted industrial
value-added at level t.

Agricultural irrigation water demand forecast is calculated by the formula:

Wmt =
∑m

j=1 Atjωj

η
(4)

where Wmt is the gross irrigation water demand in level t, Atj is the planted area of the
jth crop in level t, ωj is the irrigation quota of the jth crop, m is the crop type, and η is the
integrated irrigation water effective utilization coefficient.

The water supply prediction part is based on the comprehensive investigation and
analysis of the engineering layout, water supply capacity, operation status, development
and utilization of water resources and existing problems of existing water supply facilities,
and analyzes the prospect and potential of water resources development and utilization, so
as to formulate water supply planning schemes for different target years, and predict the
available water supply quantity of each planning scheme. The accuracy of water demand
prediction and water supply prediction has a great impact on the results of water resources
allocation. Therefore, it is necessary to closely combine the relevant requirements of social
and economic development and water conservancy project planning in the study area so as
to avoid the excessive deviation between the prediction results and development objectives.

2.2.3. Water Resources Allocation Module

The water resources allocation module is based on the binary water cycle theory,
which takes the water resources system, the social economic system, and the ecological
environment system as an organic whole, and efficiently promotes social and economic
construction under the premise of ensuring the sustainable and sound development of the
ecological environment. To promote the conservation and protection of water resources
with the advancement of economy and technology, and the high-quality water resources
saved can be distributed to various water users, realizing a virtuous circle of the organic
whole. The water resources allocation module adopts the system analysis method based
on linear programming, and establishes the balance equation and constraint equation of
each control node, reservoir and calculation unit in the water resources allocation system
network diagram according to the principle of water balance. It aims at the comprehensive
optimization of social benefit goal, economic benefit goal and ecological environment
benefit goal to construct the objective function of water resources allocation, and programs
by using the general algebraic modeling system (GAMS). The optimal configuration scheme
is solved by repeated iteration. The explanations of relevant variables are shown in Table 1,
as the constructed objective Equations (2)–(6).
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Table 1. Variable definition.

Number Name Definition Number Name Definition

(5) SCj
Local surface water supplies the

urban water supply (3) DAj
External water supply for
agricultural production

(5) SIj
Local surface water supplies

industrial production (3) DRj
External water supply rural

water supply

(5) SEj

Local surface water supplies
water to the

ecological environment
(3) BIj

External water supply rural
water supply

(5) SAj
Local surface water supplies

agricultural production (3) BAj
Brackish water supplies water

for agriculture

(5) SRj
Local surface water supplies rural

water supply (5) RIj
Sewage treatment and reuse supply

industrial production water

(5) GCj
Groundwater supplies water to

cities and towns (5) REj
Sewage treatment and reuse supply

ecological environment

(5) GIj
Groundwater supplies water for

industrial production (6) ACj Urban life is short of water

(5) GEj
Groundwater supplies water to

the ecological environment (6) AIj Industrial production is short of water

(5) GAj
Groundwater supplies water for

agricultural production (6) AEj
The ecological environment is short

of water

(5) GRj
Groundwater supplies water for

rural life (6) AAj
Agricultural production is short

of water

(5) DCj
External water supply urban

living water (6) ARj
Agricultural production is short

of water

(5) DIj
External water supply for

industrial production (7) WLwl Lakes and wetlands are short of water

(5) DEj
External water supply ecological

environment water

1. Social benefit goal

The social benefit goal is mainly reflected by the safety level of water supply. Each
water allocation department shall carry out multi-source joint water supply to meet the
requirements of each water user for water quantity and quality. Therefore, in the process
of allocation, the water supply weight of each water source shall be reasonably set to
determine the optimal safety level of water supply.

Max F1 = ∑
j

αsur ×
(
SCj+SIj+SEj+SAj+SRj

)
+∑

j
αgrd ×

(
GCj+GIj+GEj+GAj+GRj

)
+∑

j
αdiv ×

(
DCj+DIj+DEj+DAj+DRj

)
+∑

j
αbw × (

BIj+BAj
)

+∑
j

αrec ×
(

RIj+REj
)

(5)

where αsur is surface water supply coefficient, αgrd is groundwater supply coefficient, αdiv is
external diverted water supply coefficient, αbw is brackish water supply coefficient, and
αrec is sewage disposal recycled water supply coefficient.

2. Economic benefit goal

The economic benefit goal is mainly reflected by water shortage rate. For industry and
agriculture, the lower the water shortage rate is, the higher the economic benefit of water
supply will be. The corresponding water shortage weight is allocated to each industry
according to the industrial demand and the economic benefits generated by unilateral water,
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so as to minimize the regional water shortage and realize the coordinated development of
the regional economy.

Min F2 = ∑
j

(
αc

j ACj+αI
j AIj+αE

j AEj+αA
j AAj+αR

j ARj

)
(6)

where αc
j is urban domestic water shortage coefficient; αI

j is industrial water shortage

coefficient; αE
j is ecological environmental water shortage coefficient; αA

j is agricultural

water shortage coefficient; αR
j is rural water shortage coefficient.

3. Ecological environment benefit goal

The ecological environment benefit goal is mainly reflected by lake water shortage. At
present, Princess Lake in the study area has shrunk to a certain extent. Therefore, it is very
necessary to protect the existing lake area and give full play to its due ecological function.

Min F3 =
n

∑
wl=1

αwl × WLwl (7)

where αwl is the water use coefficient of lake and wetland.

4. Final goal

The final goal is to achieve the optimal comprehensive benefits of water resources
allocation. In the process of water resources allocation, it comprehensively considers the
carrying capacity of water resources and water environment, and gives consideration to the
water supply and consumption coordination between multiple water sources and multiple
users, so as to meet the water requirements for the healthy development of social economy
and ecological environment.

F = c1F1+c2F2+c3F3 (8)

where F is the final goal of water resources allocation, and c1, c2, and c3 are the coeffi-
cients of social benefit goal, economic benefit goal, and ecological environment benefit
goal, respectively.

5. Constraints

The constraints mainly include node water balance, supply and demand balance of
calculation unit, water supply balance of various water sources (surface water, groundwater,
external diverted water, brackish water, water for sewage treatment, etc.), river and canal
overflow capacity, river network channel storage, return water balance of calculation unit,
lake and wetland constraints, etc. Limited by the length of the article, see [32] for the
specific constraint equation expression.

2.2.4. Groundwater Numerical Simulation Module

Numerical simulation is one of the most commonly used methods to solve the problem
of groundwater flow. It mainly uses the approximation principle to divide the study
area, and transforms the nonlinear partial differential equation into a difference equation
through discretization, which can solve the complex groundwater evaluation problem on
the premise of ensuring a certain accuracy. The differential equation of groundwater flow
is as follows:⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

∂
∂x

[
K(H − Z) ∂H

∂x

]
+ ∂

∂y

[
K(H − Z) ∂H

∂y

]
+ ∂

∂z

[
K(H − Z) ∂H

∂z

]
+ ε = μ ∂H

∂t
∂

∂x

(
KM ∂H

∂x

)
+ ∂

∂y

(
KM ∂H

∂y

)
+ ∂

∂z

(
KM ∂H

∂z

)
+ W + p = SM ∂H

∂t
H(x, y, z)|t=0 = H0(x, y, z)
H(x, y, z, t)|Γ1

= H1(x, y, z, t) x, y, z ∈ Γ1 t > 0

KM ∂H
∂x

∣∣∣
Γ2

= q(x, y, t) x, y, z ∈ Γ2 t > 0

(9)
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where H is water level, m; Z is floor elevation of the first phreatic aquifer, m; K is hydraulic
conductivity of aquifer, m/d; ε is rainfall infiltration and agricultural regression intensity,
m/d; μ is water yield of the first phreatic aquifer; W is overflow strength, L/d; P is mining
intensity per unit volume of aquifer, L/d; S is water storage rate of confined aquifer, L/m;
H0 is initial head, m; Г1 is class I head boundary; H1 is class I boundary water level, m;
Г2 is class II flow boundary; and q is boundary flow, m2/d.

3. Results and Discussion

3.1. Establishment of Groundwater Numerical Model

According to the hydrogeological conditions of Guantao County, combining with the
long-term observation data of groundwater and the actual exploitation of groundwater, the
phreatic layer in Guantao County is generalized into a groundwater system with unified
hydraulic connection by using the 3D groundwater flow numerical simulation software
GMS, and the system is generalized into a heterogeneous and unstable groundwater system
whose parameters change with space.

3.1.1. Stratigraphic Structure Generalization

The aquifer in the study area is a loose rock pore aquifer. Its lithology is mainly
interbedded with fine sand, silty sand and silty clay, and the formation type is alluvial and
lacustrine. The stratum thickness changes uniformly, and there is hydraulic connection
between aquifers in the horizontal direction.

According to the spatial distribution of stratigraphic lithologic structure within the
study area and combining with the horizon of existing monitoring wells in Guantao County,
the strata in the study area are generalized into a three-layer structure composed of two
aquifers and one aquitard which are interbedded. Referring to the deep mining depth of
the groundwater mining layer in the study area, the bottom boundary depth of the model
is set as 160 m.

3.1.2. Generalization of Aquifer Boundary Conditions

1. Lateral boundary conditions.

The southern part of the study area is mainly recharged by lateral runoff. In terms of
boundary conditions, it is regarded as class II flow inflow boundary. There is almost no
water exchange between the north of the study area and the surrounding counties, and
the boundary is perpendicular to the water level line, which can be generalized as a water
barrier boundary. Since the overall flow direction of shallow groundwater in Guantao
County is from northeast to southwest, the west and the east of the study area can be
generalized as constant head boundaries.

2. Vertical boundary generalization.

The upper part of the model is the phreatic surface boundary, which is recharged by
atmospheric precipitation, river leakage and agricultural irrigation return, and discharged
by phreatic surface evaporation and manual mining. Therefore, the upper boundary is
generalized as the water exchange boundary. The bottom of the model has relatively
impermeable clay and bedrock, so it is generalized as an impermeable boundary.

3.1.3. Determination of Hydrogeological Parameter Partitions and Initial Values

The hydrogeological parameters of Guantao County are determined according to the
relevant hydrogeological maps and hydrogeological exploration data of Guantao County.
The phreatic aquifer in Guantao County is a loose rock pore aquifer. Its lithology is mainly
composed of fine sand, with NE trending silty sand bands scattered. The study area is
divided into four areas. The initial values of hydraulic conductivity and water yields are
shown in Table 2, and the hydrogeological parameter partitions are shown in Figure 5.
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Table 2. Hydrogeological parameters.

Parameters/District I II III IV

K (m/d) 1.5 1.2 2.0 3.5
μ 0.1 0.08 0.07 0.12

  

(a) (b) 

Figure 5. Permeability coefficient partition (a); hydraulic conductivity zoning and observation well
locations in the study area (b).

3.1.4. Construction and Solution of Numerical Model

1. Spatial subdivision.

The study area is divided into rectangular grid elements by GMS software. After
spatial subdivision, the study area is divided into rectangular grid elements, of which
about 11,000 rectangular grid elements are in each layer. See Figure 6a for model element
subdivision results.

2. Initial flow field.

In this study, the initial time of 1 January 2018 was taken. According to the ground-
water level of groundwater monitoring wells, Kriging interpolation method is used to
draw the initial water level contour of the study area, as shown in Figure 6b. Indicated by
Figure 6b, due to the influence of topography, the groundwater level is generally high in
the southwest and low in the northeast. Due to the long-term exploitation of groundwater,
an obvious depression cone has been formed in Shoushansi area in the west and Fangzhai
Town in the south of the study area.

3. Processing of source and sink items.

The main recharge items include: precipitation infiltration recharge, lateral recharge,
irrigation recharge, etc. The main discharge items include: artificial mining, evaporation
and lateral discharge. Darcy’s Law is used to determine the lateral supply and discharge
at the boundary. The precipitation is multiplied by the precipitation infiltration recharge
coefficient to obtain the precipitation infiltration recharge. The determination method of
irrigation infiltration recharge and evaporation discharge is the same as that of precipitation
infiltration recharge. The mining yield is input into the model in a well form.
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(a) (b) 

Figure 6. Schematic diagram of network segmentation (a); the initial flow field in the study area (b).

3.1.5. Model Identification and Verification

The identification period of the model is from May 2018 to May 2019. The identifi-
cation period of the model is an inversion process. According to the formation lithology
characteristics of each parameter partition, and combining with the obtained initial hydro-
geological parameters, the calculated water level at the monitoring well is consistent with
the measured water level through appropriate adjustment of hydrogeological parameters
within a reasonable parameter value range, and the water level change trend is generally
consistent with the measured water level change trend. The verification period of the model
is from May 2019 to December 2019. The model verification period is a forward process,
that is, the parameters are kept unchanged, and observe whether the calculated water level
of the monitoring well and the trend are consistent. If the two are consistent and the trend
is consistent, it indicates that the model can objectively reflect the actual situation of the
study area.

After identification and verification, the comparison of historical changes between
the calculated water level and the measured water level of some groundwater monitoring
wells in the study area is shown in Figure 7. It can be seen from the Figure that the
calculated water level of the monitoring well is well fitted with the measured water level,
and the constructed groundwater seepage numerical model can objectively reflect the
actual situation of the study area. The model simulation error statistics are shown in Table 3.
From Table 3, it can be seen that the model MAE and RMSE are both lower than 0.5 m, with
high accuracy, and can be used to predict the groundwater level situation in this region.

Table 3. Groundwater model simulation error statistics results.

Monitoring Wells MAE/m RMSE/m

Houshiyu 0.2473 0.3240
Houfudu 0.2974 0.3842

Xucunxiang 0.2836 0.3574
Fangzhaixiang 0.2127 0.2926
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Figure 7. Comparison between measured and simulated groundwater level in partial typical moni-
toring wells.

3.2. Prediction Results of Social and Economic Development and Water Demands

This study analyzes the water supply source and water supply quantity of Guantao
County in the base year, and predicts the water supply capacity of the study area in the
planning target year according to the Surface Water Allocation and Utilization Plan of Hebei
Province. Comprehensively considering the local social and economic development plan,
total water consumption control index and water efficiency control index, this study adopts
the scenario analysis method to formulate two schemes of high growth and moderate
growth, respectively, according to the two scenarios of enhanced water saving and moderate
water saving. A total of four water demand scenarios are combined to analyze and predict
the social and economic development and water demands of Guantao County. See Table 4
for the setting of water demand prediction scheme.

Table 4. Setting of water demand forecasting scheme.

Development Plan
Moderate Water

-Saving Scenario
Strengthen Water-Saving

Scenarios

High growth Scheme I Scheme II
Moderate growth Scheme III Scheme IV

3.2.1. Analysis and Prediction of Water Supply

Water supply quantity refers to the sum of gross water supply quantity provided
by various water source projects to users, including water transmission loss. The total
water supply quantity of the existing water supply facilities in Guantao County in 2019
is 84.7 million m3. Among them, the water supply quantities of surface water, ground-
water, external diverted water, brackish water and reclaimed water are 38.25 million m3,
32.5 million m3, 4.95 million m3, 7 million m3, and 2 million m3, respectively, accounting
for 45.16%, 38.37%, 5.84%, 8.26%, and 2.36% of the total water supply quantity, respectively.
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The surface water supply source mainly comes from the Wei Canal and the Yellow River
Diversion Project in the east of the study area, the groundwater source comes from 9019
motor-pumped wells in the study area, the external diverted water source comes from
the South-to-North Water Transfer Middle Route Project, and the reclaimed water source
comes from the reclaimed water of Guantao County sewage treatment plant. The water
supply capacity of the current water supply project in the study area is 103 million m3.
According to the Surface Water Allocation and Utilization Plan of Hebei Province, by the
end of 2025, the Weixi New Canal Connection Project and Shennong Canal Project will
be added in Guantao County, and the Matou, Xiaocun and Shenjie pump stations will be
started. It is estimated that the water supply capacity of 5.6 million m3 will be increased.
Therefore, the estimated water supply capacity of Guantao County in the planning target
year is 108.6 million m3.

3.2.2. Prediction of Social and Economic Development

The main contents of prediction of social and economic development include popula-
tion prediction, agricultural irrigation area prediction and industrial added value prediction.
The short-term (2021–2025), medium-term (2026–2030), and long-term (2031–2035) social
and economic development prediction results of Guantao County are shown in Figure 8
under the scenarios of high growth and moderate growth. The results show that in terms of
population, Guantao Town, Shoushansi and other areas with relatively high urbanization
rates have a large population and a relatively large growth rate; in terms of irrigation area,
the agricultural irrigation area in Guantao County is widely distributed on both sides of the
Weixi Main Canal, of which the length is long in Luqiao Township and Chaibao Town, so
the irrigation area is significantly higher; and in terms of industrial added value, the main
industrial enterprises in Guantao County are distributed in Guantao Town and Shoushansi,
and the industrial enterprises in the other townships are relatively few.

3.2.3. Prediction of Water Demand

Based on the prediction results of social and economic development, this study adopts
the quota method to predict the water demands of different industries in Guantao County.
The results are shown in Figure 9, which indicates that the agricultural water demand
under each scenario is significantly higher than that of other industries, followed by the
urban domestic water demand. With the continuous improvement of China’s attention to
the ecological environment in recent years, the proportion of water demand of ecological
environment is also relatively high. With the development of urbanization and indus-
trialization, the water demands of urban life, industry, and ecological environment are
gradually increasing. At the same time, the popularization of agricultural water-saving
technology makes the water demand in agriculture and rural areas gradually decline. In
addition, due to the relatively small scope of the study area, the water demand in the high
growth scenario increases by 2–3% compared with that of the moderate growth scenario,
and the water demand in the moderate water-saving scenario increases by 2–4% compared
with that of the enhanced water-saving scenario.
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Figure 8. Social and economic development prediction: (a) Population prediction; (b) Agricultural
irrigation area prediction; (c) Industrial added value prediction.

169



Water 2022, 14, 948

(a) 

(b) 

(c) 

(d) 

Figure 9. Prediction results of water demand in different industries under different scenarios:
(a) High growth and moderate water-saving scenario; (b) Moderate growth and moderate water-
saving scenario; (c) High growth intensifies water-saving scenario; (d) Moderate growth intensifies
water-saving scenario.

3.3. Analysis of Optimal Water Resource Allocation Results

According to the proposed three water demand schemes in different planning target
years, which are respectively the high scheme (high growth and moderate water saving),
medium scheme (high growth and enhanced water saving) and low scheme (moderate
growth and moderate water saving), the water resources allocation results of different
schemes in the planning target year of the study area are obtained through the calculation
with the water resources allocation module, as shown in Table 5. The relationship between
water supply and demand between different water sources and different users is shown in
Figure 10.

The overall supply–demand structure of the low scheme is basically reasonable
through the reasonable allocation of water sources. The depth of water shortage is the
least of the three schemes. It belongs to the way of “determining production by water
and taking connotative development”. In the planning year, it inhibits the agricultural
development of the county so as to control water shortage, and it is a better scheme from
the perspective of water resource supply–demand balance. However, the scheme limits
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the social and economic development of Guantao County to a certain extent and hinders
the development strategy of “striving to build Guantao County into a sub-central city with
great radiation in the border area of Hebei, Shandong and Henan and the most influential
rural tourism destination in the central south plain of Hebei”, thus, it is not the preferred
allocation scheme.

 

Figure 10. The relationship between water supply and demand between different water sources and
different users in 2030 under the second scenario.

The high scheme adopts the mode of “determining water consumption by production
and taking epitaxial development”. Under the development goal of fully supporting social
and economic development and building a sub-central city and ecotourism destination,
it controls agricultural water consumption and increases industrial water consumption.
Therefore, it is also the scheme with the highest water shortage. Although the quantity
of water diverted from Wei Canal and the Yellow River and the water network coverage
can be increased by building the water system connection project in the planning target
year, considering the difficulty and complexity of the external water transfer project, there
are still a lot of feasibility studies and preliminary demonstration work to be invested.
Therefore, it is difficult to realize the large surface water supply quantity and scale by 2035.
Thus, this scheme is not recommended as a priority scheme but a reservation scheme.

The medium scheme adopts the mode of “supply and demand coordination and steady
and healthy development”. In the planning target year, it improves the water use efficiency
of various industries and comprehensively realizes the balance of regional groundwater
exploitation and recharge by controlling groundwater overexploitation. In this way, under
the water supply conditions of the established South-to-North water transfer project, it can
not only meet the new social and economic, industrial and agricultural water demands,
but also save costs and make the rational use of various resources. Therefore, it can be used
as a recommended scheme. The results of water resources allocation of each calculation
unit in 2030 under the medium scheme are shown in Table 6. It can be seen from Table 6
that by increasing the development and utilization of brackish water, the brackish water
agricultural area of Nanxu Village, the brackish water agricultural Chaibao area 2 and the
industrial area of Guantao Town will achieve the balance between supply and demand
of water resources. For Shoushansi water-saving agricultural area which does not have
brackish water resources, the local conventional water resources cannot support the regional
agricultural economic development, so it is also the area with the highest water shortage.
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4. Discussion

4.1. Results of Brackish Water Allocated According to Industry under the Recommended Scheme

The water resources allocation model constructed in this paper can calculate the
quantity of water supplied by different water sources to water users in various industries
in different calculation units. Taking the brackish water allocation according to industry of
the recommended scheme as an example, the brackish water allocation results in 2030 are
shown in Figure 11 which indicate that only the brackish water in Guantao Town is supplied
to industry, and the brackish water in other areas is only supplied to agricultural irrigation.
The main reason is that the main industrial enterprises in Guantao County are located in
Guantao Town and Shoushansi, and there are no brackish water resources in Shoushansi.
Therefore, only brackish water in Guantao Town is used for industrial production. At the
same time, brackish water consumption is positively correlated with crop yield in saline
water areas. In areas with high crop yields (such as Luqiao Township, Weisengzhai Town,
Chaibao Town, Wangqiao Township, etc.), the brackish water consumption is also high.
The exploitation of brackish water not only relieves the water supply pressure of shallow
groundwater and Wei Canal to a certain extent and alleviates the contradiction between
supply and demand of water resources, but also reduces the water level of brackish water

 
Figure 11. Brackish water configuration in 2030 under the second scenario, reduces soil salinization
and improves the soil ecological environment.

4.2. Analysis on Variation Characteristics of Brackish Water Level under Recommended Scheme

The brackish water allocation results of the medium scheme are substituted into the
groundwater model for water level simulation, and the variation results of brackish water
level in each planning target year are shown in Figure 12. Figure 12 shows that the brackish
water level in the study area decreases from −19.57 m in 2019 to −32.26 m in 2035. In
2035, the highest brackish water level in the study area is located in Weisengzhai Town,
with a water level of −24.21 m, and the lowest water level is located in Nanxu Village,
with a water level of −53.36 m, forming three brackish water cone areas: Chaibao Town,
Guantao Town, and Wangqiao Township. The decline of brackish water level can enhance
the regulation and storage capacity of soil aeration zone, promote the vertical alternating
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movement with shallow groundwater, and realize the desalination of brackish water, so
as to increase the quantity of fresh water resources [33]. Therefore, the development and
utilization of brackish water under the recommended scheme appropriately reduces the
brackish water level, which is conducive to alleviating the demand for fresh water resources
for agricultural irrigation and industrial production.

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 12. Groundwater flow field under high growth and enhanced water saving scheme: (a) at the
end of 2019; (b) at the end of 2025; (c) at the end of 2030; (d) at the end of 2035.

5. Conclusions

(1) This paper proposes an optimal water resources allocation system integrating model
data parameter database, water resources supply and demand prediction module,
groundwater numerical simulation module and water resources allocation module,
expounds the principle of coordinated work among all modules and the relation-
ship between data input and output, and puts forward a method for predicting
the change of brackish water level under the allocation scheme by groundwater
numerical simulation.

(2) Taking the brackish water resources that are easy to develop and rich in reserves in
unconventional water sources as the key allocation object, this paper takes the brackish
water resource as the independent water source, aims to meet the comprehensive
optimization of social, economic and ecological environmental benefits, and takes
the water quantity balance and supply–demand balance as constraints, so as to
construct the water resources allocation model based on the rational utilization of
brackish water. Then it obtains the quantity of brackish water resources supplied
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to agricultural irrigation and industrial production of each calculation unit in the
planning target year, so as to realize accurate water resources allocation.

(3) This paper applies the water resources allocation system to Guantao County, Handan
City. Through scheme comparison, the medium scheme is finally selected as the
optimal allocation scheme. Under this scheme, in 2030, the brackish water agricultural
area of Nanxu Village, the brackish water agricultural Chaibao area 2 and the indus-
trial area of Guantao Town will achieve the balance between supply and demand
of water resources. Compared with the current year, the overall water shortage in
the study area is decreased by 4.493 × 106 m3. Meanwhile, under the recommended
scheme, the brackish water level in the study area will drop by 12.69 m in 2035. There-
fore, while alleviating the tension of water supply of local conventional water sources,
it also reduces soil salinization and realizes the coordinated development of society,
economy, and ecology in the study area.
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Abstract: The influence of surface water resource exploitation and utilization projects on groundwater
has been widely studied. Surface water diversion projects lead to a reduction in river discharge, which
changes the recharge of groundwater systems. In this study, the numerical simulation method is used
to predict the variation in groundwater level under different diversion scale scenarios. The Zhangfang
water diversion project in Beijing, China, was chosen for the case study. The downstream plain area of
the Zhangfang water diversion project is modeled by MODFLOW to predict the influence of reducing
water diversion on the dynamic change in the groundwater level in the downstream plain area. The
model results show that the difference in groundwater recharge and discharge on the downstream
plain of Zhangfang is 9,991,900 m3/a, which is in a negative water balance state, and the groundwater
level continues to decrease. Reducing the amount of water diverted by the Zhangfang water diversion
project to replenish groundwater is beneficial to the rise of the groundwater level in the downstream
plain area. The results indicate that the groundwater flow model in the downstream plain area of
Zhangfang performed well in the influence assessment of surface water resource exploitation and
utilization projects on groundwater. This study also provides a good example of how to coordinate
the relationship between surface water resources and groundwater resources.

Keywords: water diversion project; groundwater; numerical simulation; MODFLOW

1. Introduction

Groundwater plays an important role in social development and in maintaining
the ecological environment [1]. River leakage recharge is an important part of ground-
water recharge, so the interaction between the river and aquifer has become a research
hotspot [2–4]. The interaction between surface water and groundwater is constantly chang-
ing due to the different spatial and temporal distribution of the exchange between surface
water and groundwater [5,6]. A water diversion project will change the interaction between
the surface water and groundwater, and directly reduce the discharge of the river channel,
which is one of the man-made factors causing the change of regional groundwater level
and quality [7,8]. Among them, there are many studies on the impact of external water
transfer in the water receiving area, including the impact of the South-to-North water
transfer project on the groundwater systems of the North China plain [9] and Beijing [10],
the impact of watershed ecological water transfer on the hydrological situation in the lower
reaches of the Heihe River basin [11], and the impact of the ecological water supplement on
the section of Yongding River, Beijing plain [12]. Research shows that water transfer is con-
ducive to the recovery of the groundwater level in the water receiving area. However, there
have been few studies on the impact in the water transfer area. The water transfer project
directly leads to the reduction of groundwater discharge in the water transfer area [13],
resulting in a decline of the downstream groundwater level [14].

The Zhangfang water diversion project is located in the Fangshan district of Beijing,
supplying water from the Juma River to Beijing through the Shengtian Canal. In September

Water 2022, 14, 985. https://doi.org/10.3390/w14060985 https://www.mdpi.com/journal/water
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1981, Beijing decided to divert water from the Juma River to relieve the pressure of a water
shortage. In 2004, the Zhangfang water diversion project was completed, and supplied
water to Beijing. Since the construction of the project, the Zhangfang water diversion project
has diverted approximately 100 million m3 of water from the Juma River every year. The
large amount of water diversion has reduced the surface runoff of the Nanjuma River and
the Beijuma River downstream of the Zhangfang water diversion project, which has caused
a serious impact on downstream water resources and the water environment. Therefore,
research on the influence of the Zhangfang water diversion project on downstream water
resources is conducive to rational water diversion projects and can enrich the research on
the influence of water diversion on the water diversion area.

The water diversion project inevitably leads to changes in hydrogeological conditions
along the river and changes the supplement and discharge relationship between down-
stream groundwater and the surface. A variety of methods can be used to quantitatively
describe the process: the water balance method [15], Darcy law [16], the groundwater level
dynamic method [17], the isotope method [18] and the numerical simulation method [19].
Numerical simulation achieves the purpose of simulating the actual groundwater system
by solving the mathematical model. It is one of the most popular methods for solving
groundwater-related problems and has been widely used in groundwater resource evalu-
ation [20], the evaluation of the impact of groundwater development [21], the impact of
water conservancy projects on groundwater [22], the mutual conversion of groundwater
and surface water, etc. Popular groundwater flow numerical simulation codes include the
finite element groundwater flow system FEFLOW [23] and modular 3D groundwater flow
model MODFLOW based on the finite difference method [24]. MODFLOW-2005 [25] is a
recent popular core version of MODFLOW, which uses a block-centered finite difference
method to simulate confined and unconfined groundwater flow, as well as external stresses
that include regional recharge, pumping wells, evapotranspiration, rivers, etc.

In this study, we use MODFLOW-2005 as a solver to construct a transient three-
dimensional groundwater flow numerical model in the downstream plain of Zhangfang
and study the current groundwater flow of this area. Based on this model, different water
diversion amounts from the Zhangfang water diversion project are designed to evaluate
the impact of the Zhangfang water diversion project on the groundwater level in the
downstream plain area. Additionally, this study reveals the importance of river infiltration
for groundwater recharge and proposes suggestions for the rational development and
utilization of downstream water resources.

2. Basic information of the Study Area

2.1. Meteorology of the Study Area

The study area is located between 39◦35′57” and 39◦4′50” east longitude and 115◦30′40”
and 116◦15′26” north latitude. The total area is approximately 2603 km2. The research scope
is shown in Figure 1. The climate in this area is a temperate continental monsoon climate.
The perennial mean temperature is 13.4 °C, the winter is severely cold from December to
January, and the summer is hot from July to August. The mean annual precipitation is
489.9 mm.

2.2. Hydrogeological Conditions in the Study Area

The study area is located on multistage geological faults in front of the alluvial-
proluvial fan of the Juma River. The main fault structures are the Huairou-Laishui deep
fault and Donglutou-Qiaoliufan fault. West of the Huairou-Laishui deep fault, quaternary
deposits directly cover Proterozoic carbonate rock, and the buried depth of the bedrock is
generally 10–40 m. East of the fault to the line of the Donglutou-Qiaoliufan fault, underlying
the quaternary strata are tertiary cemented conglomerate and glutenite, and the buried
depth of the bedrock is generally 20–60 m. To the east of the Donglutou-Qiaoliufan fault
line, quaternary deposits suddenly thicken to 170–550 m. The hydrogeological profile in
the study area is shown in Figure 2b.
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Figure 1. (a,b) Location and terrain distribution of the study area. (c) The location of the river system
and hydrological stations in the study area.

Figure 2. (a) The distribution of boundary conditions and monitoring well locations in the study area.
(b) Hydrogeological profile in the study area.
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The aquifer is mainly recharged by means of lateral runoff in the piedmont zone, and
precipitation infiltration and water infiltration of the Nanjuma River and Beijuma River; it
is discharged by means of artificial mining and lateral outflow of the aquifer. Affected by
topography, groundwater flow in the study area mainly flows from northwest to southeast.
In recent years, as a result of the large scale of water through the Zhangfang water diversion
project and human exploitation of groundwater, the aquifer has almost drained.

2.3. The Water Diversion Information of the Zhangfang Water Diversion Project

The Zhangfang water diversion project supplies water to Beijing through the Shengtian
Canal, with an annual flow of approximately 100 million m3 from the Juma River. The
water diversion amounts can be estimated through the observation data of hydrologic
stations. The location of three hydrological stations on the Juma River is shown in Figure 1.
Zhangfang hydrological station is located downstream of the Duya hydrological station,
with Shengtian Canal between them. Figure 3 shows the monthly average flow data of each
hydrological station. According to Figure 3, the discharge data of the Duya Hydrological
station is significantly higher than that of the Zhangfang hydrological station, which is
caused by the interception of a large amount of water from Juma River by the Shengtian
Canal. The Luobaotan hydrological station is located on the Juma River and downstream
of the Zhangfang hydrological station. Except for flood season, the flow of Luobaotan
hydrological station is almost 0, indicating that the Nanjuma River is in a state of perennial
flow failure. The observation data of the hydrological stations show that the Zhangfang
diversion project has caused a serious impact on water resources and aquatic ecology in
the downstream.

Figure 3. Monthly average flow of hydrological station from 2008 to 2016.

3. Methods

3.1. Groundwater Flow Numerical Model

The western boundaries of the study area are the junction of a mountainous area
and plain area, which mainly receives lateral recharge in front of the mountain and is
generalized as prescribed flow boundaries. The northern boundaries of the study area
are perpendicular to the multiyear average groundwater level contour, which can be
generalized as no-flow boundaries. The eastern and southern boundaries are mainly
the administrative boundaries of cities and counties. Observation wells are distributed
near the boundaries, and the variation range of the groundwater level is small; therefore,
the boundary can be generalized as prescribed head boundaries. The generalization
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of boundary conditions is shown in Figure 2a. Based on the study objectives and the
distribution characteristics of the aquifer, we generalized the model as a single-layer model.
The upper boundary is the phreatic surface, which accepts external replenishment. Due to
the continuous increase in groundwater exploitation, the depth of the groundwater table
is greater than 10 m; therefore, the evaporative water loss of the diving surface can be
ignored. The bottom boundary of the phreatic aquifer is selected as the model boundary
and regarded as a nonflow boundary.

In this study, the flow field on 1 January 2017 was taken as the initial condition of
the model. Due to topography, groundwater mainly flows from northwest to southeast.
Figure 4a shows the initial flow field in the study area. The study area is located on the
alluvial fan of the Juma River, and the groundwater type is quaternary loose rock pore
water. According to the survey data, the northwest of the study area is mainly gravel,
medium sand, and coarse sand, while the southeast is interbedded with medium sand,
fine sand, and silty clay. According to formation lithology and the geological structure, the
study area is divided into five regions of hydrogeological parameters. Figure 4b shows
the five regions of the hydrogeological parameters. Table 1 shows the value range of
hydrogeological parameters in different partitions.

 

Figure 4. (a) The initial flow field in the study area. (b) The hydrogeological parameter partition of
the study area.

Table 1. Value range of hydrogeological parameters of the study area.

Partition Number Lithology K (m/d) μ

I gravel 45–55 0.15–0.2
II Coarse sand 25–35 0.11–0.18
III Medium-coarse sand 15–25 0.10–0.15
IV Medium sand 5–15 0.02–0.08
V Medium sand 5–15 0.09–0.15
VI Fine sand 0–5 0.05–0.1

Groundwater recharge in the study area includes precipitation infiltration, agricul-
tural irrigation regression, lateral inflow, and river leakage. The precipitation infiltration
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coefficient in the study area is about 0.11–0.22 and the agricultural irrigation coefficient is
about 0.1–0.15. According to the data of the Water Resources Bulletin, the average annual
agricultural irrigation water consumption in the study area is about 3.74 million m3/a,
and the agricultural irrigation regression water amount is about 56 million m3/a. The
lateral inflow is calculated by Darcy′s law according to the contour map of the ground-
water level. The lateral inflow of piedmont and other inflow boundaries is calculated
to be 85 million m3/a. According to the investigation data, the river leakage coefficient
in the study area is 0.45. Groundwater discharge in the study area includes exploitation
and lateral outflow. According to the Water Resources Bulletin, the average groundwater
exploitation in the study area is 461.56 million m3/a. The lateral outflow is calculated
by Darcy’s law. The distribution of precipitation infiltration, agricultural irrigation and
groundwater exploitation is divided according to the administrative boundaries of each
county. This is mainly determined by the data of the Water Resources Bulletin that we
collected. Figure 1 shows the administrative divisions of Zhuozhou, Yuyuan, Gaobeidian
and Dingxing.

According to the variation in the groundwater flow field, the model is extended to
a three-dimensional transient groundwater flow model with heterogeneous anisotropy.
To simulate the change in groundwater level in the study area, MODFLOW-2005 is used
to solve the three-dimensional numerical groundwater flow model in the study area.
MODFLOW-2005 uses the finite difference method to calculate the hydraulic conduction
between cells. First, the asymmetric conduction matrix is generated, and then the conjugate
gradient method is used to solve the problem. MODFLOW-2005 is realized through the
GMS platform developed by the Environmental Modeling Research Laboratory of Brigham
Young University in the United States. In this study, we set the basic grid size of the model
to 500 m×500 m. In the vertical direction, the region is discretized into one layer by using a
deformed mesh. A total of 2592 grids exists in the model.

The simulation period is from January 2017 to December 2023, which is divided into
29 stress periods. Each stress period from 2017 to 2018 is one month, with 24 stress periods
in total and a time step of 10 days. This time period is used as the identification and
verification period of the model. From 2019 to 2023, each stress period is one year, and the
time step is 30 days.

3.2. Model Calibration and Validation

Model calibration is the process of adjusting and improving the model parameter
structure and parameter values. The model in this study is corrected by the trial and
error method to continuously adjust the hydraulic conductivity and recharge input pa-
rameters [26,27] to minimize the error between the simulated value and the observed
value [28,29]. The measured groundwater flow field on 26 May 2017 is used as the identifi-
cation and verification flow field. Figure 5a shows that the simulated flow field and the
measured flow field have the same trend and flow patterns. Except on the southwestern
side of the study area, which has a poor simulation effect, the other parts all reflect the
actual groundwater flow trend.

A total of 27 monitoring wells are used in this calibration process, and their distribution
locations are shown in Figure 2a. In this study, Yihezhuang, Xiyi′an, Nangaoguanzhuang,
Chenzhuang, Liyuzhuang and Chencunying are selected as six typical monitoring holes
for display (the rest are not shown). Figure 5b shows the process fitting curve between the
calculated water levels and the measured water levels of the selected monitoring wells.
The simulated groundwater level process line of the typical monitoring wells is consistent
with the measured groundwater level, which accurately reflects the process of groundwater
before and after water replenishment.

The parameter partition after identification and correction is shown in Table 2. The
hydraulic conductivity changes show a clear trend of gradually decreasing from the upper
part of the alluvial fan to the downstream plain region, and the corrected parameter is
within its value range. Therefore, the established numerical model can reflect the variation
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characteristics of the groundwater in the plain area downstream of Zhangfang. The model
can be used to simulate and predict the influence of the Zhangfang water diversion project
on the groundwater level in the downstream plain.

Figure 5. (a) Flow-field fitting diagram on 26 May 2017. (b) The fitting curve of typical monitoring
wells in the study area.

Table 2. Calibrated hydrogeology parameters with the groundwater flow model.

Partition Number Lithology K (m/d) μ

I gravel 50 0.2
II Coarse sand 30 0.17
III Medium-coarse sand 17 0.15
IV Medium sand 10 0.12
V Medium sand 8 0.05
VI Fine sand 5 0.1

4. Results and Discussion

4.1. Groundwater Budget Calculation

The groundwater budget calculation in the study area from January 2017 to December
2018 is obtained according to the operation results of the groundwater flow numerical
model, as shown in Table 3. During the simulation period, the total recharge of groundwater
in the study area is 466.8 million m3, the total discharge is 476.79 million m3, and the
supplementary discharge difference is −9.99 million m3. The groundwater system is in
a negative water balance state. Among the recharge items, the precipitation infiltration
is 257.35 million m3, followed by river leakage of 68.77 million m3. They account for
69.86% of the total groundwater recharge in the study area. The discharge is mainly
assembled by artificial mining, which is 461.56 million m3, which accounts for 96.81% of
the total discharge.
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Table 3. Mean groundwater budget of the study area during the simulation period (2017–2018).

Budget Components Volume (×106 m3) Percent (%)

IN

precipitation infiltration 257.35 55.13
river leakage 68.77 14.73
Lateral inflow 84.68 18.14

agricultural irrigation 56.00 12.00
Total IN 466.80 100

OUT

Exploitation 461.56 96.81
Lateral outflow 15.23 3.19

Evaporation Negligible 0
Total OUT 476.79 100

IN-OUT −9.99

4.2. Schemes of Reducing Water Diversion in the Zhangfang water diversion project
4.2.1. Consideration of Different Diversion Schemes of Zhangfang Water Diversion Project

Through model correction and validation, the groundwater flow model can be used to
predict the dynamic changes of groundwater level in the downstream plain of Zhangfang
in the future. According to the monitoring data of the hydrology station, the Zhangfang
water diversion project diverted a large amount of water, which caused a serious impact to
the downstream water resources and river ecology. Water diversion projects directly lead
to a significant reduction in river discharge, coupled with a large degree of groundwater
exploitation; surface water and groundwater interaction gradually developed into a single
form of river recharge groundwater. Therefore, the Zhangfang water diversion project
should consider the shortage of water resources in the downstream as a whole and make a
reasonable allocation of water resources.

In this study, we considered three schemes to predict groundwater level changes in
the study area from 2019 to 2023, we set the stress period as one year and the time step as
one month in the prediction period.

Scheme 1 maintains the current water diversion volume of the Zhangfang water
diversion project at 100 million m3. This scheme can be used to evaluate the change of
groundwater resources of the downstream plain of Zhangfang.

Scheme 2 considers reducing the amount of water diverted from the Zhangfang water
diversion project by 50%, that is, to discharge 50 million m3/a of water into the South
Juma River and North Juma River. The discharge is divided between the South Juma River
and North Juma River in a natural water ratio of 7:3. The direct utilization coefficient of
surface water is 0.5, and the infiltration coefficient of the river is 0.45. Therefore, the river
infiltration replenishment in the downstream plain area increases by 11.25 million m3/a.

Scheme 3 assumes that the water diversion volume of the Zhangfang water diversion
project is 0 and analyzes the dynamic influence of groundwater recharge on the ground-
water level of the downstream plain after the water volume of the Beijuma River and
Nanjuma River increases. In Scheme 3, groundwater infiltration recharge is increased to
22.5 million m3/a.

4.2.2. Prediction of Groundwater Level of the Downstream Plain of Zhangfang in 2023
in Scheme 1

A groundwater flow field in the study area at the end of 2018 is shown in Figure 6a.
The prediction of the groundwater level in 2023 is shown in Figure 6b. Figure 6c shows
the simulation of groundwater level variation from 2019 to 2023 in Scheme 1. Accord-
ing to Figure 6c, if the amount of diversion of the Zhangfang water diversion project
remains unchanged, the groundwater level in the downstream plain of Zhangfang will
continue to decline. The water diversion of the Zhangfang water diversion project is about
100 million m3/a, accounting for 1/5 of the total replenishment of the downstream plain
area. We think that the amount of water diverted is catastrophic. The region with the
largest drop in groundwater level is the northwest of the study area, where the aquifer is
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thin and the hydraulic conductivity is large. In the case of unfavorable upstream water
inflow conditions, the groundwater in this region is very easy to lose. The maximum drop
of water level in this area is more than 10 m.

 

Figure 6. (a) contour map of groundwater level at the end of 2018. (b) contour map of groundwater
level of Scheme 1 at the end of 2023. (c) Simulation of groundwater level variation from 2018 to 2023
of Scheme 1.

The current development and utilization pattern of water resources in the downstream
plain of Zhangfang is extremely unreasonable. The diversion of the Zhangfang water
diversion project reduces the recharge source of groundwater and intensifies the drop of
groundwater level. At the same time, the Zhangfang water diversion project leads to the
interruption of downstream river flow, which causes serious harm to water ecological
security. Therefore, we should consider reducing the amount of water diverted by the
Zhangfang water diversion project and rationally allocate the water resources.
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4.2.3. Prediction of Groundwater Level of the Downstream Plain of Zhangfang in 2023 in
Schemes 2 and 3

Figure 7a,b shows the contour maps of the groundwater levels at the end of 2023
of the Schemes 2 and 3. In order to quantitatively describe the water level changes from
2018 to 2023., Figure 8a,b shows the groundwater level variation from 2018 to 2023 of
Schemes 2 and 3.

 

Figure 7. (a) contour map of groundwater level of Scheme 2 at the end of 2023. (b) contour map of
groundwater level of Scheme 3 at the end of 2023.

 

Figure 8. The simulation of groundwater level variation from 2018 to 2023: (a) Scheme 2; (b) Scheme 3.

According to Figure 8, compared with Scheme 1, reducing the water diversion amount
of the Zhangfang water diversion project to recharge groundwater can alleviate the decline
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rate of the groundwater level in the whole study area. Although the water level in the
eastern part of the research area still continues to decline, the maximum decline range is
reduced to 2–4 m. The water level in the northwest of the study area increased greatly, and
the groundwater level in the water receiving areas of the South Juma River and North Juma
River also increased to a certain extent. Figure 8 shows that the unreasonable allocation of
water resources in the Zhangfang water diversion project has caused serious impacts on
the downstream water resources. The pressures resulting from the water shortage in the
downstream can be alleviated by reasonably reducing the water diversion.

According to the operation results of Schemes 2 and 3, the calculation results of
the groundwater budget in the study area are obtained. According to Table 4, the river
leakage in Scheme 2 increases by 11.25 m3/a, and the supplementary discharge difference is
0.13 million m3/a. The groundwater system is in a positive water balance state. In Scheme
3, the river leakage increases by 22.5 million m3/a, and the supplementary discharge
difference is 8.31 million m3/a. The groundwater system is in a positive water balance state.
Therefore, in order to ensure the sustainable utilization of groundwater in the study area,
we propose to reduce at the diversion water amount of the Zhangfang water diversion
project by at least 50%to recharge the groundwater.

Table 4. Groundwater budget of the study area of Schemes 2 and 3.

Budget Components
Scheme 2 Scheme 3

Volume (×106 m3) Percent (%) Volume (×106 m3) Percent (%)

IN

precipitation infiltration 257.35 53.84 257.35 52.83
river leakage 80.02 16.74 91.27 18.74
Lateral inflow 84.68 17.71 82.48 16.93

agricultural irrigation 56.00 11.71 56.00 11.50
Total IN 478.05 100.00 487.10 100.00

OUT

Exploitation 461.56 96.58 461.56 96.40
Lateral outflow 16.36 3.42 17.23 3.60

Evaporation Negligible 0.00 Negligible 0.00
Total OUT 477.92 100.00 478.79 100.00

IN-OUT 0.13 8.31

According to Figure 8b, when the water diversion amount of Zhangfang water diver-
sion project is 0, the groundwater level of the South Juma River and North Juma River
receiving area rises significantly, but the water level near Baigou River still drops. The
reason for this is that we only recharge groundwater though natural rivers. Therefore,
when a large number of surface water sources can be used to recharge the groundwater,
the replenishment amount of the surface water increased by connecting channels.

5. Conclusions

By means of groundwater monitoring and numerical simulation, this paper studied
the impact of the Zhangfang water diversion project on the downstream groundwater level.
Through research, the following conclusions are obtained.

The groundwater flow model in the downstream plain area of Zhangfang is established.
With the flow model, it is concluded that the Zhangfang water diversion project reduces
the river discharge and the river infiltration recharge in the study area, which places the
supplement and discharge difference in a negative water balance state.

If the Zhangfang water diversion project maintains the current water diversion amount
of 100 million m3/a, the water level of the downstream plain of Zhangfang will continue
to decline. According to the prediction results, the groundwater level of the South Juma
River and the North Juma River will rise to a certain extent by reducing the amount of the
Zhangfang water diversion project to recharge the groundwater. The water level of the
Baigou River will continue to decline, but the decreasing rate will be effectively alleviated.
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For the sustainable development of the region, it is recommended to reduce the amount of
water diverted by the Zhangfang water diversion project by at least 50%.

Through numerical simulation, the dynamic influence of the Zhangfang water diver-
sion project on the change of groundwater levels in the downstream is discussed from the
perspective of water resources allocation, which has practical significance. The prediction
scheme of the model can provide suggestions for decision- making.
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