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Preface

This collection of thirteen articles presents cutting-edge research addressing critical challenges

related to soil and groundwater management and environmental sustainability. By integrating

advanced methodologies and innovative technologies, the articles enhance our understanding and

management of complex soil and groundwater environmental and geological issues.

This collection emphasizes evaluating and improving soil and groundwater quality. Key

studies explore the dynamics of pollutants in soil and groundwater ecosystems, offering important

insights into processes such as toluene mineralization and petroleum contamination self-purification.

Some articles employ models such as GIS-based DRASTIC for decision-making in groundwater

protection. These findings inform effective remediation and management strategies. Research

on low-salinity nanofluids for oil recovery in sandstone reservoirs shows promise for improving

extraction efficiency. Analysis of pathogen-microbiota interactions in karst springs provides insights

into managing waterborne disease risks, particularly in rocky desertification areas. Urban studies

include geo-environmental suitability evaluations and urban engineering construction assessments.

Models such as the entropy weight hierarchy-cloud model and combined weighting methods assess

urban underground spaces, emphasizing strategic environmental considerations in urban planning.

Groundwater vulnerability and protection strategies in coastal areas are highlighted, underscoring

the need for effective groundwater management. Integrated site remediation methods tailored to

contaminant distribution present innovative solutions for site cleanup, enhancing environmental

safety and public health.

This Special Issue is motivated by the urgent need to address challenges posed by environmental

degradation and climate change. By presenting innovative research and practical solutions, we aim

to contribute to sustainable urban environments and the protection of vital natural resources. This

Special Issue is intended for researchers in environmental science, urban planning, geosciences and

related disciplines. It provides insights and fosters collaboration among professionals dedicated to

advancing environmental sustainability and resilience.

We express our sincere gratitude to all authors for their invaluable contributions and to the

reviewers for their rigorous evaluations and constructive feedback. We hope that this collection will

serve as a valuable resource and inspiration for ongoing research and practical applications in soil

and groundwater management.

Yizhi Sheng, Wanjun Jiang, and Min Zhang

Editors
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The delicate balance of our ecosystems is under threat from the unrelenting release of
contaminants into the environment. Among the most concerning are organic and inorganic
pollutants that infiltrate the soil and permeate into the groundwater, posing significant
risks to both environmental health and the wellbeing of humans who use groundwater as
drinking water. To address this pressing issue, we present our Special Issue on the topic of
“The Mobilization, Speciation, and Transformation of Organic and Inorganic Contaminants
in Soil–Groundwater Ecosystems”. This collection of research articles and studies seeks to
shed light on these critical processes and foster innovative solutions for safeguarding our
soil–groundwater ecosystems.

The common types of inorganic pollutants in soil and groundwater environments
include inorganic salts, toxic metals, radioactive substances, etc. [1–4]. The common types
of organic pollutants in soil and groundwater environments include polycyclic aromatic
hydrocarbons (PAHs), volatile organic compounds (VOCs), chlorinated solvents, polychlo-
rinated biphenyls (PCBs), pesticides, and other emerging contaminants [5–8]. Biological
contaminants have also raised significant concerns [9]. Both organic and inorganic pol-
lutants are propagated through soil–groundwater systems and eventually enter the food
chain, posing health risks to humans. Long-term rock–water interactions, different ground-
water recharge patterns, and intensive human activities have resulted in a complicated
enrichment of those pollutants [10,11]. The mobilization, speciation, and transformation
of these pollutants in the soil and groundwater ecosystem vary greatly depending on the
specific hydro-biogeochemical processes and environments.

Understanding the factors influencing the mobilization of contaminants is crucial
to implementing effective strategies to prevent their spread and mitigate their impacts.
Unforeseen climatic events, human activities, and land-use changes all contribute to the
release of harmful substances into subsurface environments. Climate change poses a
threat to groundwater by affecting various aspects of the physical, chemical, and biological
characteristics of soil and surface water bodies and aquifer recharge patterns. For instance,
when heavy precipitation causes flooding, soil erosion occurs, and pollutants such as heavy
metals, organic compounds, nutrients, and pathogens are transported from the soil into
surface water bodies [12]. In regions where geomorphic units facilitate frequent interactions
between surface water and groundwater, pollutants are carried into the groundwater
aquifers as surface water infiltrates in large quantities, subsequently deteriorating the
groundwater environment [13].

The hydraulic connections and frequent exchanges between surface water and ground-
water (SW–GW) constitute a widespread phenomenon [14]. The variations in the water
quality and quantity in these bodies of water are significantly influenced by their mu-
tual interactions on both the time and space scales [15–17]. Once one of them becomes
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polluted, the other is inevitably under serious threat. During the process of pollutants
infiltrating and recharging groundwater from surface water, the migration process and
flux of pollutants are notably influenced by the local hydrodynamic characteristics and
biogeochemical processes within the hyporheic zone [18,19]. Differences in flow pathways,
velocities, residence times, and the exchange between surface water and groundwater
control the reactive transport of, and affect the flux in, pollutants.

In the process of pollutants from the vadose soil environment entering the groundwa-
ter system, their adsorption, migration, and transformation within the geological media
are complex and take forms such as surface runoff, leaching, erosion, desorption, and
dissolution [19–21]. This complexity encompasses factors including the soil lithology,
porosity, moisture content, pollutant type and concentration, oxidation–reduction potential
(ORP), pH, organic matter, cation exchange capacity, microbial communities, etc. [22,23].
It is worth noting that certain elements (e.g., phosphorus, iron, fluoride, arsenic, iodine,
uranium, and molybdenum,) are naturally abundant in the form of minerals/rocks in soils
and groundwater sediments [3,24–26].

Although elevated levels of these inorganic constituents are often attributed to ge-
ogenic processes such as weathering, leaching, and water–rock interactions, anthropogenic
activities can be expected to introduce and further intensify the contaminations [27–29].
These contaminants are primarily derived from domestic, agricultural, and industrial
sources, including the application of fertilizers and pesticides in agricultural production,
irrigation with sewage (or reclaimed water), leakage from domestic sewage networks
and landfill site wastewater, waste residues generated during mining, or oil and gas field
exploitation. [1–8,18–20]. For instance, fluctuations in groundwater levels caused by either
natural or anthropogenic processes accelerate the leaching of organic matter, nitrogen, and
heavy metals from the soil into shallow groundwater [30] and affect the aquifer redox
cycling and microbial activity [31]. Intensive groundwater pumping can draw recently
recharged contaminated modern groundwater into deeper aquifer systems [32]. Petroleum
and natural gas exploitation causes petroleum hydrocarbon and salinity contamination in
the vadose zone [33] and shallow groundwater [34]. Furthermore, the role of metals (e.g.,
Hg, Zn, Cu, and Cd) in co-selecting antibiotic resistance might be important in the spread
of antibiotic resistance genes [20].

The speciation of contaminants adds another layer of complexity to the soil–groundwater
environment. As pollutants interact with the soil matrix and microbial communities, they
undergo chemical transformations, altering their properties and toxicity. Contaminants
can undergo different chemical transformations, resulting in various species with different
properties and toxicities. Metals can exist in different oxidation states, and organic contami-
nants can undergo degradation or transformation into metabolites and greenhouse gases.
The speciation of contaminants affects their mobility, bioavailability, and toxicity, and an
understanding of these forms is crucial to accurately assessing their environmental impact
and risk.

For instance, arsenic (As) primarily exists as As(V) and can transform into more mobile
As(III) under reducing conditions, affecting the groundwater quality [35]. Chromium (Cr)
exists as both the Cr(VI) and Cr(III) forms, with Cr(VI) becoming soluble and migrating
into groundwater under oxidizing conditions [36]. Uranium (U) in soil and sediments
is typically found as less mobile U(IV) compounds, while, in groundwater, it exists as
more mobile uranyl U(VI) and UO2

2+ complexes, which are strongly influenced by various
groundwater physicochemical factors [37]. Redox conditions and natural organic matter
play key roles in these transformations [24,29,38,39].

Fluoride often exists in nature in the form of F− and forms soluble salts with monova-
lent alkali metals in groundwater, such as fluoride salt (NaF) and fluoride potassium salt
(KF) [3]. Meanwhile, fluorite (CaF2), sellaite (MgF2), and fluoride-bearing silicate minerals
such as mica, amphibole, tourmaline, and fluorapatite are commonly found in soils or
rocks. Therefore, the weathering of fluoride minerals could be a natural source of fluoride
in water [3]. In the groundwater systems, I commonly exists in the form of iodide (I−),
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iodate (IO3
−), and organic iodine (OI), and I− is the dominant species in groundwater,

whereas IO3
− and OI are the common species in the soil/sediments [29].

Organic contaminants include a range of conventional pollutants such as petroleum
hydrocarbon, phenolic compounds, and pesticides, while concerns have also extended to
persistent organic pollutants, such as perfluoroalkyl and polyfluoroalkyl substances (PFAS),
pharmaceuticals and personal care products (PPCPs), antibiotics, and microplastics [2,5,8]).
Perfluorinated compounds (PFCs) including PFAS are persistent organic pollutants that
can linger in soil and impact groundwater long after their use [40]. They are highly
toxic and include chemicals such as PFOA and PFOS. The antibiotic pollution in soils
and groundwater is diverse, with substances such as ciprofloxacin and sulfamethoxazole
found in high concentrations [8,20]. Microplastics include small plastic particles including
polyethylene and polyvinyl chloride, etc., resulting from the breakdown of larger plastic
waste [41,42].

Pollutants in soil and groundwater pose significant risks to both ecosystems and
human health [39,43]. These pollutants enter the human body through pathways including
bioaccumulation, the food chain, and drinking water, leading to different types of toxicity,
including chemical toxicity, radiation toxicity, and carcinogenicity. Common pollutants,
such as nitrogen, when present in excess, can cause various cancers and other health
issues [21]. Heavy metals, such as arsenic, chromium, and lead, can lead to cancer, organ
damage, and nervous system disorders [29,36]. Radioactive isotopes in groundwater can
be highly toxic, affecting various bodily systems. Additionally, non-degradable organic
pollutants, such as antibiotics and microplastics, pose emerging health risks due to their
persistence and limited microbial degradation [20,42].

The transformation of contaminants within soil–groundwater ecosystems can lead to
either an exacerbation or attenuation of their effects. The processes of degradation, redox
reactions, and other chemical transformations can significantly impact the persistence
and fate of pollutants. An in-depth exploration of these mechanisms together is vital
to developing sustainable solutions for remediating contaminated sites. The range of
strategies for alleviating the impact of contaminants in soil–groundwater systems includes
the monitoring and assessment of pollutant levels, the implementation of containment
measures, the promotion of natural attenuation through bioremediation, the incorporation
of remediation materials, and the employment of engineered solutions such as permeable
reactive barriers or pump-and-treat systems to capture and treat contaminated groundwater,
as well as phytoremediation to treat contaminants before they seep into aquifers ([44–49]).
Before these techniques are used, their cost and resulting environmental impacts should
be considered.

Bioremediation emerges as a particularly promising, sustainable, environmentally
friendly, and cost-effective strategy. To start with, understanding the assembly of mi-
crobial communities, their driving forces (e.g., their pH, salinity, nutrients, and metals)
and their role in transforming pollutants in the vadose-zone–groundwater ecosystem is
instrumental to unlocking the full potential of bioremediation [22,50–52]. While advanced
techniques have been developed for characterizing microbes, significant gaps remain in
our understanding of dynamic subsurface microbial communities and the biogeochem-
ical processes in the environments they inhabit [53], which hinder the effective use of
biostimulation or bioaugmentation as an in situ remediation strategy. For example, the
complex coupled carbon and iron cycling at multiple redox interfaces across subsurface
environments can be expected to positively and negatively affect both microbial and ex-
tracellular enzyme activity [54]. Dissimilatory nitrate reduction to ammonia is enriched
in the downgradient along the groundwater flow path [55]. Sulfate reduction acceler-
ates groundwater arsenic contamination in aquifers with replete iron oxides [56]. The
intrusion of produced water enhances the salinity and petroleum hydrocarbon levels in
shallow groundwater, causing a transformation in the composition and functionality of
bacterial and archaeal communities [34]. Moreover, hydrodynamic disturbance is another
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possible driving force for microbial community assembly and biogeochemical processes in
sedimentary environments [57].

The mobilization, speciation, and transformation of contaminants in soil–groundwater
ecosystems represent an urgent call for action in the face of environmental degradation.
The task of preserving the integrity of our soil–groundwater ecosystems is a complex one
that requires a multidisciplinary approach. There is still a gap in our understanding of the
mechanisms that connect mobilization, speciation, health impacts, and microbial processes
related to groundwater contaminants. To effectively address soil pollution sources and
manage the risks of groundwater pollution, it is essential to comprehend how complex
geological and hydrogeological factors in soil–groundwater systems interplay with climate
change and human activities. This understanding can significantly inform the development
of remediation strategies.

As we present this Special Issue on “The Mobilization, Speciation, and Transformation
of Organic and Inorganic Contaminants in Soil–Groundwater Ecosystems”, we call upon re-
searchers to come together, share knowledge, and work toward a shared vision of a cleaner
and greener future. Through the insightful research and innovative solutions showcased in
this Special Issue, we are reminded of our collective responsibility to safeguard the delicate
balance of nature.
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Abstract: Millions of contaminated sites worldwide need to be remediated to protect the environment
and human health. Although numerous remediation technologies have been developed, selecting
optimal technologies is challenging. Several multiple criteria decision-making methods for screening
the optimal remediation technology have been proposed, but they mostly focus on a specific area
rather than the whole contaminated site. In recent years, the “contamination source control—process
blocking—in situ remediation” technology mix model has gradually gained high appreciation.
Nevertheless, the screening of technologies within each chain of this model relies heavily on arbitrary
personal experience. To avoid such arbitrariness, a petroleum-contaminated site containing light non-
aqueous phase liquids (LNAPLs) was used as an example, and a scientific screening and combination
procedure was developed in this study by considering the distribution characteristics of contaminants.
Through the procedure, a technology mix, which includes institutional control, risk monitoring,
emergency response, multiphase extraction, interception ditch, monitoring of natural attenuation,
hydrodynamic control, as well as some alternative technologies, was found, aiming at different
locations and strata. The clear spatial relationship concept promises to enhance the effectiveness
of contaminated site remediation. The proposed method only gave us a technical framework and
should be tested and enriched in future studies.

Keywords: contaminated site; contaminants distribution; remediation technology; integrated mix
method

1. Introduction

Contaminated sites and the environmental problems they bring are issues of major
global concern. Taking petrochemical sites as an example, Europe and the US have ap-
proximately 342,000 and 200,000 petrochemical-contaminated sites, respectively [1]. China
has approximately 120,000 filling stations, 300 refineries, and bulk factories occupying
78 million m3 in our previous statistics in 2020. The soil and groundwater at these sites are
all laden with potential contaminants. The US EPA and other national environmental agen-
cies emphasize that contaminated sites must be remediated in order to restore and protect
groundwater resources, and thereby create a safe living or working environment [2,3].

There are many types of contaminated site remediation technologies. For instance,
nearly 30 soil and groundwater contamination remediation and control technologies have
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been used in the remediation of the 1468 Superfund sites in the US [4–6]. The List of
Contaminated Site Remediation Technologies (first batch) issued by China in 2014 lists
15 types of remediation and risk control technologies [7]. In most cases, these techniques
have commonly been evaluated by experienced experts, but different technologies are
often selected because they are familiar but not because they are the most applicable or
cost-effective for a given site [8].

To emilite the arbitrary technology selection, several multiple criteria decision-making
methods, including simple additive weighting (SAW), ordered weighted average (OWA),
analytic hierarchy process (AHP), preference ranking organization method for enrich-
ment evaluation (PROMETHEE), and technique for order preference by similarity to ideal
solution (TOPSIS), have been used to screen the optimal technology [8–13].

These screening processes for remediation methods mainly focus on specific areas of
contaminated sites, with technologies primarily selected or ruled out based on the type of
contaminants, stratigraphy, and petrology [14–17]. However, contaminants in the soil and
aquifers can migrate with groundwater flow [18], leading to variations in contaminants over
time and space. Depending on the phase and concentration distribution of contaminants in
different areas, contaminated areas or strata at a site can be classified as the contamination
source zone and contamination plume [19]. The undifferentiated treatment of different
strata and vague spatial delineation of remediation technology application tend to over-
look the inhomogeneous and dynamic distribution of contaminants across sites, probably
result in the excessive remediation of certain areas or post-remediation reappearance of
contamination, and are not consistent with a precise and scientific control system.

In the currently recognized remediation framework, the ultimate goal is to prevent
potential receptors from being contaminated or restore receptor risks within acceptable
limits [20]. Therefore, within this framework, we only need to protect the receptors without
considering non-receptors. However, in order to protect the receptors effectively, every
link that contributes to receptor contamination should be taken into account. This means
that when selecting remediation technologies, we should consider the entire chain of
contamination—source zone, plume, and receptors—as a whole. Based on this understand-
ing, researchers have recently proposed and lent widespread support to the “contamination
source control—process blocking—in situ remediation” technology mix model [21–23].
However, the screening of technologies under the technology mix model is largely reliant
on empirical methods, and the model lacks a scientific screening method of the combinato-
rial system.

To develop a valid site remediation technology mix method matching the “contam-
ination source control—process blocking—in situ remediation” technology mix model,
in the study, a petrochemical-contaminated site was set as an example. Based on the
site contaminant distribution characteristics, and clear-cut “contamination source zone-
plume—potentially contaminated area” linkage, an integrated site remediation technology
mix method with a clear spatial relationship concept was established.

2. Materials and Methods
2.1. Technology Mix Method

Based on the site’s contaminant distribution characteristics, we adopt the “contam-
ination source control—process blocking—in situ remediation” technology mix concept
and then establish a list of remediation technologies classified by area in keeping with the
standards and guidelines issued by various countries’ environmental agencies. After per-
forming an assessment and ranking of each technology from technological, environmental,
and social perspectives, we optimize the technology mix in accordance with ranking results,
which yields a solution with an optimized technology mix. The specific steps include:

(1) Clarification of the contamination source zone, plume area, and formation process

Based on a site survey or collection of data, determine the site’s chief contaminant
types and their distribution characteristics, analyze the hydrological and geological data
including the site’s strata, lithology, and water table, and establish a conceptual model of
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the contaminant’s hydrological and geological characteristics. Identify the contamination
source (including site contamination source and groundwater contamination source), con-
tamination plume, and potentially contaminated area within the site and the peripheral area
based on contaminant concentration or phase, and predict the contamination pathways.

Taking a site contaminated with non-aqueous phase liquids (NAPLs) as an example,
the groundwater contamination source can be defined as the area containing NAPLs, the
contamination plume can be defined as the area in which contaminants exist as a soluble
phase [24], and the potentially contaminated area can be defined as the area of concern,
i.e., the area which has not yet been contaminated, but which may be contaminated in
the future.

(2) Establishment of a list of classified remediation technologies

In accordance with the contaminated source zone, plume area, potentially contam-
inated area, and contamination pathways identified in Step 1, analyze each area’s con-
tamination control and prevention needs on the basis of remediation requirements and
assess whether the migration of contaminants between different areas must be controlled.
Determine the technologies that can be used for site remediation, including but not limited
to source control, process blocking, contamination plume in situ remediation, and other
assisting technologies. Generally, in the source zone, source control technologies can be
selected; in the plume area, in-suit technologies can be selected; process blocking tech-
nologies are mainly used to block the contaminants migrating from the source zone to the
plume area, and the plume area to the potentially contaminated area. Then, collect specific
feasible contamination remediation techniques based on the foregoing technology types. It
should also be noted that a certain specific remediation technique can be associated with
multiple technologies.

(3) Assessment of the classified remediation technologies

Use assessment methods such as decision-making support system [25] and multicrite-
ria decision system [26] to assess and rank specific contaminated source control, process
blocking, and contamination plume in situ remediation technologies in accordance with
technological, environmental, and social indicators.

Technological indicators chiefly consider technological feasibility. Assessment is gen-
erally performed on the basis of a hydrological and geological conceptual model of site
contamination and reflects technological principles and applicable conditions. The appli-
cability of site contaminant characteristics, stratigraphy, lithology, contamination strata,
and water table conditions is then assigned points, where full applicability is assigned
3 points, basic applicability 2 points, conditional applicability 1 point, and no applicability
0 points. A sample site condition assessment matrix is shown in Table 1. The specific
number of points assigned for each condition will reflect the actual contaminated site and
contaminant types.

Environmental indicators chiefly consider the impact of the remediation technologies
on peripheral safety and the environment during the design, construction, operation, and
maintenance processes. These indicators consist of safety, environmental friendliness,
low resource/energy consumption, and sustainability. See Table 2 for the content and
assessment standards for each indicator. High, moderate, and low are assigned respective
scores of 3 points, 2 points, and 1 point.

Social indicators chiefly consider the feasibility of technology implementation. The
indicators shown below have been adapted and revised from the guidelines in the con-
taminated site remediation technology screening matrix issued by the US Department of
Defense Environmental Technology Transfer Committee (DOD ETTC) [27], and chiefly
consist of the five aspects, including technological maturity, social acceptability, technology
complexity, time frame, and capital investment. The content and scoring standards of each
indicator are shown in Table 3.
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Among the technological, environmental, and social indicators, technological indica-
tors are the most fundamental; if a technology is completely infeasible (a score of 0), no
further assessment will be conducted.

In the assessment standard tables, the technology’s resource/energy consumption
among environmental indicators and economic cost among social indicators should be
“equivalent to that of other comparable technologies”. As a consequence, the same reme-
diation technology may have different final scores in different contaminated areas. For
example, although multiple extraction technologies can be applied to contamination source
and contamination plume areas when compared with such other technologies as natural
attenuation and enhanced bioremediation, its economic cost is relatively high when applied
to the contamination plume, giving it a lower score, but its economic cost is relatively low
when applied to contamination source areas, giving it a higher score.

(4) Preferred technology mix: Follow the principle of “optimize each item, seek mutual
compatibility; if not compatible, score again”.

The implementation process involves the selection of optimal technologies from source
control, process blocking, and in situ remediation technologies, and the assessment of their
mutual compatibility; if they are compatible, they constitute an optimal solution. A com-
patible technology mix implies that the implementation of these technologies in tandem
will not affect the original scores of these technologies in Step 3; if the implementation
of any one technology causes changes in environmental conditions, which makes it im-
possible to satisfy the conditions for use of another remediation technology, or if it causes
the technological, environmental, or social suitability of another technology in the mix to
decrease, then the implemented technology does not meet the requirement for compati-
bility. For instance, the implementation of certain chemical oxidation technologies may
affect the activity of microbes within an aquifer [28], which will cause the suitability of
natural attenuation and microbial augmentation methods to decline. This implies that
chemical oxidation technology is incompatible with the natural attenuation and microbial
augmentation methods.

If optimal technologies are not compatible, continued screening should be performed
via the following two approaches: (1) sequentially substitute suboptimal technologies in
a certain item and re-assess compatibility, until mutual compatibility has been achieved;
then calculate the total score for the compatible technologies; (2) re-assess the score of each
technology of other types in Step 3 after changing the implementation conditions of an
incompatible technology, select the optimal mix, and calculate the total score. Compare the
total scores in (1) and (2) and take the mix with the highest score as the optimal solution.

2.2. Site Situation

The case site consists of the gasoline and diesel tank area at a certain in-production
refining enterprise on the mid-stream section of China’s Yangtze River. The tank area rests
on a 1–2 m layer of fill; an approximately 5 m layer of silty clay lies below the fill, with a
layer of fine sand in some places; a roughly 20 m layer of fine sand lies below this layer;
the fine sand layer is underlain by clay. The water table lies 2–3 m below the surface. The
aquifer has a classic floodplain binary structure, with the upper portion consisting of a silty
clay phreatic aquifer and the lower portion consisting of an underlying fine sand micro-
confined aquifer, where the clay layer below the aquifer can be considered an impermeable
layer. The main groundwater flow direction is from south to north. Contaminants at the
site chiefly consist of petroleum hydrocarbons, and contaminants consisting of light non-
aqueous phase liquids (LNAPLs) in the form of gasoline and diesel components are present
near the water table. A conceptual hydrological and geological model of contamination at
the site is shown in Figure 1.
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Figure 1. Conceptual hydrological and geological model of contamination at the case site ((a) is a
plan, (b) is a cross-section along A-A′, and (c) is a cross-section along B-B′).

3. Results
3.1. Identification of Contamination Source, Contamination Plume, and Contamination Pathways

It can be seen from the foregoing conceptual model that the source of contamination
consists of oil storage tanks, and the source of groundwater contamination consists of
the non-aqueous phase petroleum hydrocarbons leaking into the ground from the oil
storage tanks. The source area is chiefly located in the clay phreatic aquifer constituting
the upper portion of the aquifer, and the contamination plume is largely distributed
in the downstream micro-confined fine sand aquifer constituting the lower portion. The
potentially contaminated area, namely, the acceptor, chiefly consists of soil and groundwater
outside the boundaries of the plant and also includes downstream surface water bodies.
The chief contaminant migration pathway consists of the lower micro-confined aquifer.

3.2. Establishment of a Classified Remediation Technology List

In accordance with the results of the assessment in Step 1, since a source of contam-
ination and source of groundwater contamination existed at the site, it was necessary to
eliminate the source in order to prevent the continued leakage of contamination; the path-
way by which contamination would migrate into the potentially contaminated area could
be obstructed by process blocking, and the lower micro-confined aquifer is the chief migra-
tion strata of contaminant migration which requires key point control; if the risk that the
contamination plume would still contaminate the potentially contaminated area continue
to exist after eliminating the source and blocking pathways, in situ remediation of the con-
tamination plume could be performed. Since the contaminant chiefly migrated vertically in
the vadose zone, and the migration of contaminant into the groundwater aquifer might
cease after the site’s contamination source was eliminated, so that contaminant would have
almost no effect on the potentially contaminated area, contamination of the vadose zone
could be ignored for the time being. Based on this understanding, remediation of the site
could employ the following approaches: site source control, groundwater contamination
source elimination, process blocking (of contaminant migration in the lower micro-confined
aquifer), and in situ remediation of the contamination plume. We consequently gathered
various usable technological methods (Table 4).
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Table 4. List of petrochemical site contamination control technologies.

Type Technology

Source
control

Site contamination source Institutional control [29], risk monitoring (of production installation leaks) [30],
emergency response [31]

Groundwater
contamination source

Natural source zone depletion [32], soil gas phase extraction, multiphase
extraction, pump and treat, enhanced soil solubilization, in situ thermal

desorption, vitrification immobilization

Process blocking Containment barrier, interception ditch, permeable reactive barrier,
hydrodynamic control

In situ remediation of contamination plume

Monitoring of natural attenuation, soil gas phase extraction, multiphase
extraction, pump and treat, enhanced soil solubilization, in situ thermal

desorption, vitrification immobilization, bioventing, enhanced bioremediation,
phytoremediation, chemical oxidation, aeration, well stripping

Assisting technologies Pressure fracturing, directional wells

3.3. Assessment of the Classified Remediation Technologies

We used a decision-making support system (Figure 2) to assess contaminated source
control, process blocking, and in situ remediation technologies in different strata in accor-
dance with technological, environmental, and social indicators (Tables 1–3). Addressing
this petrochemical site, we referred to the applicable conditions for remediation technolo-
gies in the US EPA’s Underground Storage Tank Sites [17]; the resulting technology score
matrix is shown in Table 5.
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Figure 2. Technology screening decision-making support system model. Figure 2. Technology screening decision-making support system model.

It is assumed that in this case that technological indicators, environmental indicators,
and social indicators are equally important, and the secondary indicators and various links
within the technological indicators, environmental indicators, and social indicators are also
equally important. If the technological indicator score is 0, it is assumed that the technology
is not suitable for this site, and no further assessment will be performed. A summary of
assessment results and ranking of contamination source control—process blocking—in situ
remediation technologies is shown in Table 6.
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Table 6. Ranking of petrochemical site contamination remediation technologies.

Type Upper (Phreatic) Aquifer Lower (Micro-Confined) Aquifer

Remediation Technology Score Rank Remediation Technology Score Rank

Source control

Site
contamination
source control

Institutional control 3.00 1 Institutional control 3.00 1

Risk source monitoring 3.00 1 Risk source monitoring 3.00 1

Emergency response 3.00 1 Emergency response 3.00 1

Groundwater
contamination
source control

Multiphase extraction 2.68 1 Multiphase extraction 2.68 1

Natural source zone depletion 2.52 2 Pump and treat 2.54 2

In situ thermal desorption 2.51 3 Natural source zone depletion 2.52 3

Enhanced soil solubilization 2.51 3 In situ thermal desorption 2.51 3

Pump and treat 2.38 5 Enhanced soil solubilization 2.42 5

Soil gas phase extraction 0.00 / * Soil gas phase extraction 0.00 /

Vitrification immobilization 0.00 / Vitrification immobilization 0.00 /

Process blocking

Interception ditch 2.59 1 Hydrodynamic control 2.80 1

Hydrodynamic control 2.55 2 Interception ditch 0.00 /

Permeable reactive barrier 2.53 3 Permeable reactive barrier 0.00 /

Underground barrier 2.31 4 Underground barrier 0.00 /

In situ remediation of contamination plume

Monitoring of natural attenuation 2.82 1 Monitoring of natural attenuation 2.82 1

Enhanced bioremediation 2.72 2 Enhanced bioremediation 2.63 2

Phytoremediation 2.69 3 Multiphase extraction 2.61 3

Multiphase extraction 2.61 4 Chemical oxidation 2.57 4

Chemical oxidation 2.49 5 Pump and treat 2.54 5

In situ thermal desorption 2.44 6 Aeration 2.51 6

Enhanced soil solubilization 2.44 6 In situ thermal desorption 2.44 7

Aeration 2.43 8 Enhanced soil solubilization 2.36 8

Pump and treat 2.38 9 Well stripping 2.27 9

Well stripping 2.19 10 Phytoremediation 0.00 /

Soil gas phase extraction 0.00 / Soil gas phase extraction 0.00 /

Vitrification immobilization 0.00 / Vitrification immobilization 0.00 /

Bioventing 0.00 / Bioventing 0.00 /

Assisting technologies Directional wells 0.00 / Directional wells 0.00 /

Pressure fracturing 0.00 / Pressure fracturing 0.00 /

* “/” indicates that the technology is not suitable for the site, and scored 0.00, and will not be ranked.

From the table, institutional control, risk source monitoring, and emergency response
all gained the full mark. That is because the site is located in an in-production plan, and
all the site contamination source control procedures should be carried out. Assisting
technologies gained scores of zero, for the remediation work condition was good and no
additional assisting technologies were needed.

For other types of technologies, many factors affected the final scores. For example, for
process blocking, the upper (phreatic) aquifer, both interception ditch and hydrodynamic
control gained higher scores. In environmental factors, they obtained the same score, 2.85
(See Table S1). In social factors, the interception ditch obtained a lower score (2.40) than
hydrodynamic control (2.53), for the lower development status of the interception ditch
(See Table S2). In technical factors, the interception ditch obtained a higher score (2.50)
than the hydrodynamic control (2.25), for the hydrodynamic control is hardly used in clay
stratum (See Table S3).

3.4. Preferred Technology Mix

The mix when selecting the technologies ranked first in Table 6 is as follows: site
contamination source control technologies consist of institutional control, risk monitoring,
and emergency response; for upper phreatic aquifer remediation, the groundwater con-
tamination source control technology consists of multiphase extraction, process blocking
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technology consists of interception ditch, and in situ plume remediation technology consists
of monitoring of natural attenuation; for lower micro-confined aquifer remediation, the
groundwater contamination source control technology consists of multiphase extraction,
process blocking technology consists of hydrodynamic control, and the in situ plume reme-
diation technology consists of monitoring of natural attenuation. These technologies are
mutually compatible, and, therefore, form an optimal technology mix for this site.

4. Discussion
4.1. The Screened Technologies for the Case Site

The screened technologies include institutional control, risk monitoring, emergency
response, multiphase extraction, interception ditch, monitoring of natural attenuation,
and hydrodynamic control. These technologies have been selected and widely used in
managing various contaminated sites [33–36], but combining these technologies together
to remediate one site is seldom performed.

Previous studies always aimed at a certain layer of the aquifer or considered several
layers as a whole [37–39]. Therefore, there was always only one optimal technology for each
location. In the present study site, two aquifer layers have been contaminated. According
to the present developed method, the different layers should be treated discriminately,
which resulted in the two optimal technologies at one location. For example, for blocking
the transportation of contaminates, interception ditch and hydrodynamic control were
both selected, but the former is for the upper (phreatic) aquifer and the latter is for the
lower (micro-confined) aquifer. The interception ditch is hardly operated when the depth
is greater than 15 m and, therefore, was not suitable for the lower aquifer, while in the
shallow aquifer, it is easily developed, operated, and maintained [40–42], and, therefore,
was selected for upper aquifer in the study. The other technology, hydrodynamic control, is
not suitable for the clay medium [43] and, therefore, was not been selected for the upper
aquifer, but is suitable for the sandy lower (micro-confined) aquifer. Separately treating
for different characteristic stratum or contaminant concentrations is the precondition for
precise remediation and can avoid ineffective remediation.

In practice, combining more than one technology to remediate contaminated soil
and aquifer is not rare [44]. For example, Fenton processes and biotreatment were com-
bined for soil remediation [45]; microbial combined methods, including microbe-biochar,
microbe–nutrition, and microbe–plant technologies were used to remediate the petroleum-
contaminated soils [46]; a plant–microbial combined bioremediation of polychlorinated
naphthalene-contaminated soil was established using the intelligent integration of ana-
lytic hierarchy process and formula evaluation methods [47]; a sustainability assessment
methodology for prioritizing the technologies of groundwater contamination remedia-
tion was established [48]. In comparison, combining multiple techniques to remedy a
contaminated site is rare. A classic case is combining five technologies to remediate a
PHC site, which was a former gasoline service station located in southwest Ohio [49].
At first, the remediation plan consisted of a combined groundwater pump and treat and
soil vapor extraction. However, accompanied by the remediation processes, to meet the
requirements, the plan had to be adjusted, and natural attenuation needed to be monitored,
so surfactant-based soil washing and catalytic oxidation had been added empirically. The
case represents most remediation projects that choosing the techniques is experiential and
lacking systematicness. In our study, the contaminated soil and groundwater, as well as
the receptors, were deemed as a system, and the techniques can be chosen systematically.
Combining with the assessment methods and compatibility evaluation, an effective and
reasonable approach is expected to be found.

4.2. Implications

Protecting the receptor is the terminal goal, and, therefore, the screened optimal tech-
nology mix does not necessarily include the site’s ultimate remediation technologies; these
technologies can be selected after reviewing them in the order of their scores during subse-
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quent effectiveness modeling [50,51]. For instance, in this case study, the preferred in situ
contamination plume remediation technology consists of natural attenuation monitoring; if
it is found during modeling that natural attenuation monitoring will not yield the desired
remediation effects during the period of validity, enhanced bioremediation can be assessed.
If funding permits, different types of technology can be employed jointly; the technologies
employed jointly can be selected in accordance with their ranking order. This principle can
be also used to adjust the technologies during the course of a remediation project, especially
when the initially selected technologies may not yield the desired results.

During the technology screening process, attention must be paid to the spatial distri-
bution characteristics of contamination and contamination migration processes in order to
clarify the spatial locations and relationships of the contamination source, contamination
plume, and potential receiving bodies. In order to enhance the specificity of technology
screening, each remediation technology must be assessed on the basis of different standards
when used in different contaminated areas or for different remediation links.

Compatibility assessment must be performed for technologies in the preferred tech-
nology mix, and a dynamic score adjustment and re-screening plan must be made when
technologies are incompatible. The goal is to enhance the compatibility of the remediation
mix as a whole and realize an integrated remediation solution.

With regard to the establishment of an easy-to-implement technological and envi-
ronmental indicators system, the technology score matrix can be used directly in the case
of most petrochemical-contaminated sites; in the case of environmental indicators, the
safety, environmental friendliness, resource/energy consumption, and sustainability of
remediation technologies during the four stages of design, construction, operation, and
maintenance can be assessed.

By providing ideas and principles concerning technology screening via classified
assessment, the technology screening mix method presented in this paper offers powerful
expandability. For example, during the classified assessment of remediation technologies
in Step 3, various types of decision-making support systems can be employed, and other
screening techniques can be used as well. These methods can be used in a flexible manner
in light of the actual situation. The proposed procedure is not only suitable for hydrocarbon-
contaminated unconsolidated sediment sites but also suitable for other contaminants and
lithologies. When the contaminated sites or conditions vary, we simply need to follow the
procedure and construct a new mix.

5. Conclusions

This study proposed a method of screening the optimal technologies for site remedi-
ation. The method is rooted in the “contamination source control—process blocking—in
situ remediation” site remediation principles and the distribution characteristics of con-
taminants, as well as relationships among different areas including the source zone, plume
area, and potentially contaminated area. The clear spatial relationship concept promises to
enhance the effectiveness of contaminated site remediation. When using the procedure in
an in-production petrochemical-contaminated site where LNAPLs are present, a technology
mix, which includes institutional control, risk monitoring, emergency response, multiphase
extraction, interception ditch, monitoring of natural attenuation, hydrodynamic control,
as well as some alternative technologies, was found, aiming at different locations and
strata. The technologies in the mix may not be the final ones and should be tested using
computer simulation or pilot scale tests before carrying out the remediation work. The
proposed method only gave us a technical framework and should be tested and enriched
in future studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/app131911076/s1, Table S1: The scores in environmental factors;
Table S2: The scores in social factors; Table S3: The scores in technical factors.
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Abstract: Iron reduction is one of the most crucial biogeochemical processes in groundwater for
organic contaminants biodegradation, especially in the iron-rich aquifers. Previous research has
posited that the reduction of iron and the biodegradation of organic substances occur synchronously,
with their processes adhering to specific quantitative relationships. However, discrepancies between
the observed values of iron reduction and organic compound degradation during the reaction
and their theoretical counterparts have been noted. To find out the relationship between organic
substance biodegradation and iron reduction, this study conducted batch experiments utilizing
toluene as a typical organic compound and electron donor, with various iron minerals serving as
electron acceptors. Results indicate that toluene degradation follows first-order kinetic equations
with different degradation rate constants under different iron minerals, but the generation of the iron
reduction product Fe(II) was not uniform. Based on these dynamic relationships, a conceptual model
was developed, which categorizes the reactions into two phases: the transformation of toluene to
an intermediate-state dominated phase and the mineralization of the intermediate-state dominated
phase. This model revealed the relationships between toluene oxidation and Fe(II) formation in the
toluene biodegradation through iron reduction. The coupling mechanism of toluene degradation
and iron reduction was revealed, which is expected to improve our ability to accurately assess the
attenuation of organic contaminants in groundwater.

Keywords: toluene; organic contaminants; iron reduction; biodegradation; groundwater; attenuation

1. Introduction

Organic contaminants, particularly benzene compounds, are widespread in the ground-
water of sites contaminated with substances such as petroleum, posing significant adverse
effects on both the environment and the economy [1–6]. Due to the prevalent anaerobic
conditions in the groundwater of polluted sites [7,8], anaerobic biodegradation has become
a crucial approach for addressing organic pollution in site remediation. Organic contam-
inants undergo biological degradation through processes such as nitrate reduction, iron
reduction, manganese reduction, sulfate reduction, and methane production [9–11].

Iron, as one of the most abundant elements in the Earth’s crust, constitutes approx-
imately 6% of its surface. It is one of the most abundant electron acceptors, and the
dissimilatory iron reduction process stands out as a primary mechanism in anaerobic
biodegradation [12]. Research on the iron reduction of organic compounds, especially
aromatic hydrocarbons, is particularly crucial [13].
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Over the past three decades, researchers have extensively studied dissimilatory iron-
reducing bacteria and the reduction of iron-containing minerals. These minerals, including
ferrihydrite, goethite, amorphous iron minerals, magnetite, iron-bearing clay minerals, jarosite,
and schwertmannite, among others [14–21], serve as electron acceptors in dissimilatory iron
reduction reactions, while certain compounds serve as electron donors in these reactions.

CH3COOH + 8Fe3+ + 4H2O→8Fe2+ + 2HCO3− + 10H+ ∆H = 651.98 kJ/mol (1)

C6H6 + 30Fe3+ + 18H2O→30Fe2+ + 6HCO3− + 36H+ ∆H = −475.92 kJ/mol (2)

C7H8 + 36Fe3+ + 21H2O→36Fe2+ + 7HCO3
− + 43H+ ∆H = −550.39 kJ/mol (3)

C6H5OH + 28Fe3+ + 17H2O→28Fe2+ + 6HCO3
− + 34H+ ∆H = −468.99 kJ/mol (4)

C8H10 + 42Fe3+ + 24H2O→42Fe2+ + 8HCO3
− + 50H+ ∆H = −637.7 kJ/mol (5)

In actual pure cultivation experiments, iron-reducing bacteria utilize trivalent iron
compounds as electron acceptors for the biological degradation of compounds such as
acetate, benzene, toluene, phenol, ethylbenzene, and xylene isomers [22,23]. In these
reactions, the electron donor–substrate and the electron acceptor–trivalent iron react in a
specific ratio. However, the actual ratio often deviates from the theoretical ratio.

Taking the extensively studied organic pollutant, toluene, as an example, the theo-
retical molar ratio of toluene oxidation to the generated reduced iron in the reaction is
1/36. However, previous studies [24–27] have found that the ratio of these two components
often exceeds the theoretical value of 1/36. The following two perspectives explain this
phenomenon: firstly, it is suggested that some organic carbon may be bound to bacterial
cells, ultimately promoting biomass growth [28]. On the other hand, it is possible that
toluene has undergone partial loss over time. Whether it is due to the loss of synthesized
biomass or the adsorption and volatilization loss of toluene over time, these processes are
functions of time. However, as of now, no coupled analysis has been conducted regarding
the temporal evolution between toluene oxidation and iron reduction.

In order to delve into the stoichiometric relationship of the microbial degradation reaction
of toluene with iron under pure cultivation conditions, we designed and conducted an
experiment. Four prevalent and extensively studied iron oxides commonly found in geological
formations—amorphous iron hydroxide, hematite, magnetite, and goethite—were selected
as electron acceptors. Toluene served as the electron donor in this experiment. Based on the
above study, a dynamic model for characterizing the relationships between toluene oxidation
and Fe(II) formation in toluene biodegradation through iron reduction was developed.

Understanding the coupling mechanism between toluene degradation and ferrous
reduction is crucial for accurately quantifying the degradation of pollutants such as toluene,
offering new insights and directions. If the degradation amount is underestimated accord-
ing to the production of iron, the pollution source leakage estimate will be insufficient, and
the assessment will be misleading, resulting in insufficient risk understanding.

2. Materials and Methods
2.1. Preparation of Fe(III) Oxide

Amorphous iron hydroxide was synthesized through gradually neutralizing a solution
containing 0.4 mol/L FeCl3 with 10 mol/L NaOH until the pH reached 7.0. The metal oxide
suspensions underwent three centrifugation and washing cycles before being resuspended
in distilled water. Subsequently, the metal oxides were suspended in a basal medium [29].
This process resulted in the formation of brick-red mineral particles with no apparent
crystal structure and an amorphous morphology, characterized by a high surface area.
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Hematite and magnetite were procured from Guoming Mineral Resources. In order
to closely mimic natural conditions, naturally occurring ores were carefully selected. To
achieve the highest surface area, the minerals were ground to particles of 350 mesh size.
The chosen hematite was a reddish-brown powder with a primary composition of Fe2O3,
while magnetite was pure black with a primary composition of Fe3O4.

Goethite was prepared by dissolving unhydrolyzed Fe(NO3)3·9H2O in distilled water to
create a fresh 1 mol/L Fe(NO3)3 solution. Taking 100 mL of the 1 mol/L Fe(NO3)3 solution in a 2 L
polyethylene bottle, 180 mL of the 5 mol/L KOH solution was rapidly added via stirring, resulting
in the formation of brownish-red hydrated iron ore precipitation. The suspension was promptly
diluted to 2 L with distilled water and incubated at 70 ◦C for 60 h in a sealed polyethylene
bottle [30]. This process yielded fibrous and needle-like crystals of yellow mineral powder.

2.2. Inoculum Source

The site is located in a petroleum and chemical industrial area in Northwest China,
near the gas condensate storage tanks at a purification plant. The water table depth ranges
from 3.2 to 4.7 m below the ground surface. The vadose and saturated zones are primarily
composed of fine sands. Groundwater flows generally from north to south. Due to gas
condensate releases from the storage tanks and groundwater flow, contaminants spread
nearly across the site. These contaminants are largely light-end petroleum hydrocarbons,
such as benzenes and other small volatile hydrocarbons (C6–C9).

In areas where the benzene and iron content jointly exceed contamination standards,
soil samples were taken for bacterial inoculation. Under anaerobic conditions, 100 g of
soil was concentrated in a 600 mL glass bottle with a medium containing 250 mg NH4Cl
per liter, 600 mg NaH2PO4, 100 mg KCl, 0.1 mmol toluene, 3.6 mmol amorphous ferric
hydroxide, 10 mL mineral solution, and 10 mL vitamin solution [31]. The contents of trace
elements and vitamin solutions are listed in Tables 1 and 2. After 20 days of dark incubation
at 25 ◦C, 60 mL of the culture medium was transferred to a new sterile bottle with 500 mL
of fresh medium. This process was repeated 10 times over 200 days, enriching the bacterial
strains with iron-reducing capabilities.

Table 1. The components of the vitamin solution.

Components Concentration (mg/L)

Biotin 2.0
Folic acid 2.0

Pyridoxine HCL 10.0
Riboflavin 5.0
Thiamine 5.0

Nicotinic acid 5.0
Pantothenic acid 5.0

B-12 0.1
p-Aminobenzoic acid 5.0

Thioctic acid 5.0

Table 2. The components of the mineral solution.

Components Concentration (g/L)

Trisodium nitrilotriacetic acid 1.5
MgSO4. 3

MnSO4·H2O 0.5
NaCl 1

FeSO4·7H2O 0.1
CaCl2·2H2O 0.1
CoCl2·6H2O 0.1

ZnCl2 0.13
CuSO4·5H2O 0.01

AIK(SO4)2·12H2O 0.01
H3BO3 0.01

Na2MoO4 0.025
NiCl2·6H2O 0.024

Na2WO4·2H2O 0.025
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2.3. Anaerobic Incubation with Different Iron Oxides

The experiments followed the same procedure as the enrichment process, using the
same medium but replacing the amorphous ferric hydroxide with four different types of
iron minerals, as shown in Figure 1. Negative control groups were constructed in the same
manner, with the bacterial solution being replaced by purified water. Each type of iron
mineral had three parallel experimental groups and three parallel control groups. On days
1, 3, 5, 7, 12, 18, 22, 28, 32, and 40, water samples were collected from each microcosm for
analysis. The concentrations of toluene, total ferrous, and total iron in the solution were
measured. The sampling process was conducted under strict anaerobic conditions.
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2.4. Analytical Method

Toluene Analysis Method: Toluene samples were analyzed using headspace-based gas
chromatography (Nexis GC-2030, Shimadzu, Kyoto, Japan) with an automated headspace
sampler (HS-10, Shimadzu, Kyoto, Japan). The headspace operating conditions were as
follows: low shaking of the tested sample solution at 35 ◦C for 2 min, a GC cycle time of
25 min, and a vial pressurization time of 0.1 min. The gas chromatograph was equipped
with a capillary column (HP-5, Shimadzu, Kyoto, Japan) and a flame ionization detector
(FID). The injector, detector, and column temperatures were held at 150, 200, and 100 ◦C,
respectively. Air and hydrogen served as fuel gases for the FID. Nitrogen served as a carrier
gas, and the flow rate was 40.1 mL/min.

Ferrous Iron Analysis Method: The ortho-phenanthroline colorimetric method is
utilized [32]. Before conducting the ferrous iron test, a uniformly mixed culture suspension
of 0.5 milliliters is injected into 4.3 milliliters of 0.5 mol/L hydrochloric acid and subjected to
extraction at 30 ◦C for 24 h. Subsequently, 2.4 milliliters of the extraction solution are taken,
and 0.32 milliliters of 6 mol/L hydrochloric acid, 0.32 milliliters of 2 mmol/L ammonium
fluoride, 0.32 milliliters of 1% o-phenanthroline, 0.48 milliliters of ammonium acetate buffer,
and 0.16 milliliters of distilled water are added. The absorbance of the solution is measured
at 510 nm using a UV spectrophotometer (UV2550). Then, the total dissolved ferrous iron
concentration is calculated according to the standard curve formula, c

(
Fe2+

)
= c × n,
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where c represents the ferrous iron concentration in the water sample as measured by
the spectrophotometer in mg/L, and n is the dilution factor. As the dissolution of iron
minerals gradually decreases during the reaction, the experiment employs the method of
multiplying the proportion of dissolved ferrous iron values to total iron by the amount
of total iron minerals added in order to determine the total ferrous iron generated during
the reaction.

2.5. Data Statistical Processing

The toluene and ferrous iron concentration data were presented as mean ± S.D.
Duncan’s multiple range test, conducted using SPSS Statistics 22.0, was employed to assess
the differences among the three systems, with a significance level set at p = 0.05.

To investigate the degradation kinetics of toluene in various systems with different
iron oxides as electron acceptors, we assumed first-order kinetics for the reactions. To
determine the degradation rate constants, we conducted a series of experiments where
the concentration of toluene was monitored over time. The concentration data were
then processed through calculating the natural logarithm of the ratio of the remaining
concentration at time t (Ct) to the initial concentration (C0). This relationship is represented
as ln(Ct/C0).

Subsequently, we plotted ln(Ct/C0) against time (t) for each system. According to the
first-order reaction kinetics equation, ln(Ct/C0) = −kt., where k is the degradation rate con-
stant. The slope of each line corresponds to the negative of the first-order degradation rate
constant (k). Through determining these slopes, we were able to calculate the degradation
rate constants for toluene in each system with different iron oxides.

The mean absolute percentage error (MAPE) is a metric used for assessing the accuracy
of a predictive model. The calculation process is as follows:

For each observed value yi and its corresponding predicted value ŷi, calculate the
absolute percentage error (APE):

APEI =

∣∣∣∣
yi − ŷi

yi

∣∣∣∣× 100 (6)

Compute the average of all APEs, resulting in the mean absolute percentage error (MAPE):

MAPE =
1
n∑n

i=1 APEI (7)

Here, n = 3, represents the number of observed values.

3. Results
3.1. The Relationship of Toluene over Time under Different Iron Mineral Conditions

Toluene degradation follows first-order kinetics, and the corresponding first-order
reaction kinetics equations for toluene under four different electron acceptors are shown in
Table 3. The reaction rate constant graphs for the microbial treatment and sterile control
groups in various electron acceptor systems are shown in Figure 2.

Table 3. Four Fe(III) oxides and their kinetic equations and parameters for toluene degradation.

Group First-Order Kinetic Equation R2 Reaction Rate Constant

Amorphous iron hydroxide group CAT = C0e−0.128t 0.98 0.128
Hematite group CHT = C0e−0.027t 0.97 0.027
Magnetite group CMT = C0e−0.025t 0.99 0.025
Goethite group CGT = C0e−0.073t 0.99 0.073
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Figure 2. Toluene degradation kinetics fitting curves under the influence of four Fe(III) oxides.
(a–d) represent the first-−order reaction kinetics fitting curves for toluene degradation in the pres-
ence of four iron minerals (Fe(III) initial concentration of 3.6 mmol/L) acting as electron acceptors,
facilitated by iron-reducing bacteria. The initial concentration of toluene added to the culture bottle is
denoted as C0 (0.1 mmol/L). CAT represents the toluene concentration at time t in the amorphous
iron hydroxide group, CHT represents the toluene concentration at time t in the hematite group, CMT

represents the toluene concentration at time t in the magnetite group, and CGT represents the toluene
concentration at time t in the goethite group.

3.2. The Relationship of Ferrous Products over Time under Different Iron Mineral Conditions

In the case of the four electron acceptors, assuming that all electrons from toluene
mineralization are used to reduce Fe(III), iron is finally recovered in the form of Fe(II). The
theoretical formula for the real-time concentration of Fe(II) is obtained through converting
the fitted toluene degradation kinetics formula. According to reaction Equation (3), The
theoretical formula for the Fe(II) concentration is obtained using CFe(II) = 36C0(1 − e−kt),
where k is the degradation rate constant of toluene. The theoretical and actual Fe(II)
concentration graphs in the four different electron acceptors are shown in Figure 3.
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curacy and reliability of theoretical models in predicting Fe(II) generation under different 
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Figure 3. A comparison between the theoretical Fe(II) concentration curves and the actual Fe(II)
concentration curves. (a–d), respectively, represent the four iron minerals, namely, amorphous iron
hydroxide, hematite, magnetite, and goethite, respectively (initial Fe(III) concentration of 3.6 mmol/L)
as electron acceptors. The initial concentration of toluene (C0) was 0.1 mmol/L. The theoretical Fe(II)
concentrations (CFAT, CFHT, CFMT, and CFGT) correspond to the mineralization of toluene to Fe(II) at
time t for amorphous iron hydroxide, hematite, magnetite, and goethite, respectively.

To elucidate the relationship between theoretical predictions and experimental ob-
servations of ferrous iron (Fe(II)) generation from toluene oxidation, and to verify the
accuracy and reliability of theoretical models in predicting Fe(II) generation under different
conditions, we performed MAPE (mean absolute percentage error) analysis for different
groups. The MAPE for four different iron oxides (amorphous iron hydroxide, hematite
group, magnetite group, goethite group) are 2864%, 457%, 510%, and 381%, respectively.

3.3. The Relationship between Toluene and Ferrous Products under Different Iron
Mineral Conditions

In order to investigate the proportional relationship between the consumption of
toluene and the generation of ferrous iron during the reaction process, we measured the
toluene consumption (vertical axis) and ferrous iron generation (horizontal axis) at specific
time points (3rd, 5th, 7th, 12th, 18th, 22nd, 28th, and 40th days) in the biodegradation
of toluene. These findings are visually depicted in the two-dimensional graph shown in
Figure 4.
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Figure 4. The mutual relationship between the degradation of toluene and iron reduction is depicted
in the figure, where (a–d), respectively, represent the four iron minerals, namely, amorphous iron
hydroxide, hematite, magnetite, and goethite, with an initial Fe(III) concentration of 3.6 mmol/L. The
figure illustrates the real-time consumption of toluene (initial concentration of 0.1 mmol/L) and the
real-time generation of ferrous ions under the influence of iron-reducing bacteria. For comparison,
a reference line y = 1/36x is plotted, representing the theoretical ratio of 1/36 between toluene
consumption and ferrous ion generation. This line serves as a reference, indicating that, in the
theoretical reaction, the complete oxidation of 1 mmol of toluene would theoretically yield 36 mmol
of ferrous ions. The direction of the arrow indicates the direction of the reaction.

According to the graph, the vertical axis, from bottom to top, represents the increasing
amount of toluene consumption, while the horizontal axis, from left to right, represents
the gradually increasing ferrous iron production, reflecting the progression of the reaction
over time.

Hematite group: At the beginning of the reaction, the toluene consumption increases
slowly from 0 mmol/L, and the ferrous iron production also starts at 0 mmol/L and
increases gradually. If the initial toluene consumption and ferrous iron production follow
the theoretical ratio of 1/36, the curve would tend toward the direction of the theoretical
curve. However, as observed in the graph, from the first point to the second point, the
curve deviates from the theoretical curve toward the Y-axis, indicating higher toluene
consumption and relatively insufficient ferrous iron production. From the first point to
the sixth point, the slope of the curve decreases, gradually approaching the slope of the
theoretical curve, indicating a gradual reduction in toluene consumption and a relative
increase in ferrous iron production from 0 to 22 days, reaching a stage where toluene
and iron approach the theoretical 1/36 ratio. From the sixth point to the seventh point, a
temporary equilibrium is reached, indicating that at some point between 22 and 28 days,
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toluene consumption and iron production are in a theoretical 1/36 ratio. From the seventh
point to the eighth point, the slope of the curve is less than the slope of the theoretical curve,
indicating that from 28 to 40 days, the ratio of toluene to iron is less than the theoretical
1/36 ratio. Similar analyses were conducted for the fitting relationship between toluene
consumption and ferrous iron production in the hematite, magnetite, and goethite groups,
as shown in Table 4.

Table 4. Phases of the coupled relationship between toluene consumption and ferrous iron reduction
for four Fe(III) oxides.

Group Time Periods with Slopes
Greater than 1/36

Time Periods with Slopes
Approximately Equal to 1/36

Time Periods with Slopes
Less than 1/36

Amorphous iron hydroxide Group 0–22 22–28 28–40
Hematite Group 0–12 12–28 28–40
Magnetite Group 0–22 22–28 28–40

Goethite Needle Group 0–18 18–22 22–40

4. Discussion
4.1. Toluene Degradation under Different Iron Mineral Conditions

Under anaerobic conditions mediated by dissimilatory iron-reducing microorganisms,
the degradation reaction between toluene and various iron minerals undergoes a series of
slow and sequential steps. Initially, toluene enters the microbial cells from the aqueous
solution, followed by a series of intracellular reactions leading to gradual degradation
within the microbial cells. Ultimately, electrons are transferred from the microbial cells to
the iron minerals attached to the dissimilatory iron-reducing microorganisms. Throughout
this process, Fe(III) in the iron minerals undergoes reduction [33].

The degradation of toluene follows first-order kinetics, consistent with previous stud-
ies by researchers [34,35]. During the preliminary degradation of toluene under four
types of iron minerals, the first-order kinetic reaction rate constants are, respectively, as
follows: amorphous iron hydroxide group, 0.128 d−1; hematite group, 0.027 d−1; magnetite
group, 0.025 d−1; and goethite group, 0.073 d−1. The reaction rate constant depends on
the temperature, activation energy, and concentration, and the activation energy depends
on the structure (mineral type) and its interaction with the toluene, in this case. In the
experiment, amorphous iron hydroxide appears as aggregates of amorphous irregularly
shaped particles, while hematite exhibits long needle-like crystals. Hematite primarily
exists as granular crystals, and magnetite exists in the form of inverse spinel. Amorphous
iron hydroxide with a lower crystallinity and a slightly higher crystallinity of hematite
demonstrate higher reaction rate constants. In contrast, hematite with a higher crystallinity
exhibits lower reaction rate constants. We observed that the crystallinity of iron minerals
affects their interaction with reactants such as toluene. This confirms the existence of a
certain relationship between the crystallinity and reaction rate constants, although this
relationship may be influenced by various factors [36].

Crystals with a higher crystallinity often have a more complete and compact crystal
structure, resulting in a smaller surface area and lower exposure of active sites. In contrast,
crystals with a lower crystallinity may have more grain boundaries and defects, leading to
an increased surface area and more exposed active sites, thereby promoting the adsorption
and conversion of reactants and increasing the reaction rate constants.

Internally, crystals with a higher crystallinity typically have a more complete and
ordered structure, limiting the diffusion of reactants within the crystal and affecting the rate
of reaction. In contrast, crystals with a lower crystallinity may have more grain boundaries
and defects, allowing reactants to diffuse more easily within the crystal, thereby increasing
the reaction rate constants. Crystals with a higher crystallinity often have higher bond
energy and higher activation energy, increasing the energy required for the reaction to
occur and consequently reducing the reaction rate constants. In contrast, crystals with a
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lower crystallinity may have lower bond energy and lower activation energy, making the
reaction easier to occur and thus increasing the reaction rate constants.

It should be noted that the relationship between the crystallinity and reaction rate con-
stants is influenced by specific reaction systems, reaction conditions, and crystal structures,
and is not an absolute rule. The order of rate constants is amorphous iron hydroxide >
goethite > hematite > magnetite. In this study, we focused on exploring the effect of the
reactant structure on reaction rate constants, particularly for iron minerals with different
crystallinities, providing valuable insights into the reaction kinetics between iron minerals
and organic pollutants.

During the degradation process of toluene, the theoretical amount of iron reduction is
much higher than the actual reduction amount. This suggests that the complete oxidation
of toluene and the reduction of iron do not occur synchronously. This discrepancy may be
due to the degradation process of toluene not being a one-step mineralization, but rather
involving intermediate states, leading to the incomplete reduction of ferrous iron and poor
model fitting [28,37].

4.2. The Conceptual Model of the Interrelationship between Toluene Degradation and Iron
Reduction Processes

Observation reveals a deviation between the experimental curve and the theoretical
straight line. Initially, the slope of the experimental curve exceeds that of the theoretical
curve. As the reaction progresses, the slope gradually decreases, eventually becoming
less than that of the theoretical curve. This suggests the occurrence of electron-delayed
ferrous iron reduction during the reaction. After analysis, three potential reasons have been
identified. Firstly, during the extracellular anaerobic respiration of microorganisms with
solid electron acceptors, electrons are typically transported by electron shuttles, leading
to the storage of some electrons on these shuttles. This storage mechanism may cause a
deviation in the stoichiometric ratio between toluene and iron during the reaction pro-
cess [38]. Secondly, the synthetic metabolism and assimilation by microorganisms may
result in the partial assimilation of toluene as a carbon source, promoting microbial biomass
growth. With an increase in the microbial population, the amount of assimilated toluene
also increases, leading to the accumulation of un-reduced toluene inside microbial cells.
This accumulation prevents the detection of toluene, resulting in delayed electron trans-
fer, which can be released upon microbial decay, achieving delayed electron release [39].
Thirdly, toluene may be completely degraded into multiple intermediate products within
a short period of time. These intermediate products may accumulate during the degra-
dation pathway, causing delayed electron transfer. For example, under the catalysis of
benzoyl-CoA synthase, fumarate is added to the methyl group of toluene to form benzoyl
succinate. Subsequently, a series of modified β-oxidation reactions occur after the addition
reaction, converting phenylsuccinic acid into benzoyl-CoA, which is an intermediate prod-
uct of the anaerobic degradation of aromatic compounds. Then, benzoyl-CoA is reduced
by benzoyl-CoA reductase to form non-aromatic products, with the final products being
CO2 and H2O [40]. Only one suspected intermediate product was found in the gas chro-
matography analysis. It is speculated that many intermediates have their specificity, and a
specific treatment is required for each intermediate product to achieve the identification of
the product. The existence cycle of each intermediate is short, and the identification and
characterization of intermediate products can be specialized in the later stage.

Under the influence of microorganisms, all intermediate states can undergo min-
eralization. For instance, electron shuttles can transfer all their electrons to an electron
acceptor, transitioning from a reduced state to an oxidized state, thereby achieving the
reconversion of the electron shuttle storage state [41]. Similarly, biomass storage states
can be consumed through microbial growth and decay, resulting in the depletion of the
electron storage state [39]. Intermediate products, such as benzyl-succinate, benzyl-succinyl-
CoA, E-phenylitaconyl-CoA, (hydroxymethylphenyl)-succinyl-CoA, benzoylsuccinyl-CoA,
benzoyl-CoA, and succinyl-CoA, are present throughout the reaction process. The elec-
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tron storage states of these intermediates can be gradually consumed over time [42–44].
Consequently, the degradation capability of intermediate states, whether in the form of an
electron shuttle storage state, biomass storage state, or intermediate product storage state,
can release electrons for utilization via the iron electron acceptor, leading to the reduction
of trivalent iron to divalent iron.

In summary, there exists an intermediate state of electron storage. Here, it is referred to
as the intermediary state (electron shuttle storage state, biomass storage state, intermediate
product storage state), as shown in Figure 5. The first-order degradation of toluene men-
tioned earlier might be toluene converting into an intermediate state. Due to the presence
of this intermediate state, this reaction is more complex than a single-step reaction. Here,
we discuss a relatively simpler continuous reaction process divided into two stages. Let us
assume that toluene undergoes a series of processes, first generating the intermediate state
B, which then further transforms into the final product C. The entire series of reactions can
be represented as follows:

toluene
v1→ B

v2→ C (8)
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In the first stage, the conversion of toluene into an intermediate state dominates the
reaction process. In the initial phase, the rate of toluene conversion is high, indicating
a significant rate of intermediate state generation, while the rate of intermediate state
consumption is low (v1 > v2). Primarily, two types of reactions occur as follows: the
conversion of toluene into the intermediate state and the subsequent conversion of the
intermediate state into the final product. However, the conversion of toluene into the inter-
mediate state is the predominant reaction, leading to the accumulation of the intermediate
state. This indicates that this stage of the reaction is primarily driven by the conversion
of toluene into the intermediate state. The initial first-order kinetics equation for toluene
consumption represents the initial conversion of toluene, but the conversion of toluene
is not completely mineralized, resulting in the generation of ferrous iron not following
first-order kinetics. This suggests that there is still an intermediate state carrying some
electrons. The ratio of toluene consumption to iron reduction is greater than 1/36.

As the reaction progresses, the rate of toluene conversion gradually decreases along
with the decreasing concentration of toluene. The rate of intermediate state generation
diminishes, resulting in an accumulation of the intermediate state. Meanwhile, the rate
of transformation of the intermediate state also increases. When the generation rate of
the intermediate state equals its consumption rate (v1 = v2), the accumulation of the
intermediate state ceases, reaching its maximum value. At this point, a balance is achieved
between the conversion of toluene into the intermediate state and the transformation of
the intermediate state into the final product, with the ratio of toluene conversion to iron
reduction equaling 1/36.

The rate of toluene conversion continues to decrease, and the generation rate of the
intermediate state slows down. The consumption rate of the intermediate state exceeds
its generation rate (v1 < v2), indicating that, in this stage, two reactions primarily occur:
toluene conversion to an intermediate state and the subsequent transformation of the
intermediate state into the final product. There is minimal generation of the intermediate
state but there is significant consumption. The intermediates accumulated in the early stage
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of this phase begin to gradually deplete. Overall, this stage signifies a predominance of the
transformation of the intermediate state. Consequently, in the overall reaction, the electrons
obtained from ferrous iron reduction exceed those released from toluene consumption
during this period. In other words, the lagged electrons at this point contribute to the
reduction of ferrous iron. The ratio of toluene conversion to iron reduction is less than 1/36.

It can be inferred that under microbial mediation, the degradation reaction of toluene
using trivalent iron minerals as electron acceptors is likely to proceed in stages rather
than in a single step; initially, toluene is transformed into certain intermediate states, and
eventually transformed into final products. Therefore, through analysis, we have developed
this conceptual model, as shown in Figure 6.
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Figure 6. Conceptual model of the interrelationship between toluene degradation and iron reduction
processes, where the red curve represents the reaction progress line, and dashed lines indicate
reactions that have not occurred. The # points denote the points with a slope of 1/36, with the left
side representing the transformation of toluene to intermediate-state-dominated phase and the right
side representing the mineralization of the intermediate-state-dominated phase. The solid black line,
y = 1/36x, represents the reaction progress line according to the theoretical equation.

By integrating experimental data into the model, we can ascertain the predominant
stages of various iron minerals. The slope of the regression line, depicted in Figure 4,
with the ferrous iron concentration on the x-axis and toluene consumption on the y-axis
(representing the ratio of toluene consumption to iron reduction, hereinafter referred to as
“the slope”), effectively delineates the phases of different iron minerals within the model.
Those with slopes greater than 1/36 denote the dominant phase of toluene transitioning to
an intermediate state, while those with slopes less than 1/36 signify the dominant phase of
intermediate state mineralization. The phases of the coupled relationship between toluene
consumption and ferrous iron reduction for four Fe(III) Oxides represents the division of
stages, as illustrated in Table 4.

In the process of toluene transformation to an intermediate-state-dominated phase, the
slopes are largest for magnetite and amorphous iron hydroxide, followed by goethite, and
then red hematite. A larger slope indicates a faster oxidation rate of toluene relative to the
iron reduction rate, with a rapid accumulation of the intermediate state. Active oxidized
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iron acts as a catalyst, promoting the rapid degradation of toluene. The catalytic effects are
in the following order: magnetite > amorphous iron hydroxide > goethite > red hematite.

Through analyzing the duration of toluene transformation to the intermediate-state-
dominated phase, the process is longest in amorphous iron hydroxide and magnetite,
followed by goethite, and then by red hematite. This suggests that different activities of
oxidized iron lead to different accumulation times of the intermediate state. The order of
accumulation times is as follows: amorphous iron hydroxide and magnetite > goethite >
red hematite.

Arranging based on the slope of the line connecting the endpoint and starting point,
the order is amorphous iron hydroxide > magnetite > goethite > red hematite. The slope of
the line represents the final ratio of toluene consumption to ferrous iron reduction. This also
suggests that higher activity of oxidized iron leads to a lower ratio of toluene consumption
to ferrous iron reduction, which might be due to the high activity of oxidized iron affecting
the iron reduction in the intermediate state of electron storage, resulting in the accumulation
of electrons.

In addition, the microorganisms in the culture system of different minerals may be
different, the degradation products may be different, and the ability to degrade intermediate
products may be different, resulting in these differences in slope and time [45–48].

4.3. Implication

In the process of practical field application, special attention must be paid to the
oxidation of toluene-like compounds and the reduction of iron. When considering the
co-existence of toluene-like compounds and iron pollution in a site, it is not sufficient to
rely solely on the iron content to assess the original quantity of contaminants. Evaluating
the age of contaminants requires a comprehensive consideration of the iron content and
cannot simply rely on specific coupling ratios. Additionally, factors such as the type
of iron oxides, specific coupling conditions, and the delay in electron transfer must be
taken into account. Therefore, in practical applications, it is essential to consider multiple
factors comprehensively for a more accurate assessment and treatment of organic and iron
pollution on the site.

The integration of our proposed model applies not only to organic contaminants, but
also extends to biomass and organic acids. The coupling interaction with iron minerals,
leading to the formation of complexes with iron, significantly influences the solubility
and mobility of iron. We can further explore the significance of the interaction between
carbon and iron in soil ecosystems. Microbes, through metabolic activities such as the
decomposition of organic matter and redox reactions, play a regulatory role in the cycling
of carbon and iron in the soil. The specific organic substances released by microbes, such
as biochar and lignin, may mediate the reduction process of iron, thereby affecting the
form and bioavailability of iron in the soil [49]. Our model provides a mechanism to
elucidate this influence, particularly in the context of microbial involvement in oxidation–
reduction processes.

Based on a comprehensive understanding of toluene degradation and iron reduction
processes, the model can reasonably interpret experimental results and possesses a certain
degree of universality. However, the model is only in its preliminary qualitative stage
and is also subject to limitations imposed by experimental conditions and environmental
factors, necessitating further investigation. The model provides important insights into
the mechanisms and kinetics of organic degradation and iron reduction processes. Further
research could reveal the time lag between toluene degradation and iron generation,
providing deeper insights into the mechanism of toluene degradation.

The effect of temperature on the reaction rate is a classic phenomenon in chemical
kinetics. Changes in temperature usually do not alter the fundamental mechanistic pro-
cesses of a reaction [50]. Temperatures may vary the rate constant (k) and may affect the
final results of the conceptual model curves, but they do not alter the reaction equations.
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Therefore, the presentation may vary at different temperatures, but the established model
remains applicable because individual reaction mechanisms remain unchanged.

5. Conclusions

In the presence of iron minerals with varying crystallinity, the degradation of toluene
does not coincide with the reduction of iron; the electrons released during toluene degra-
dation fail to fully reduce the iron. Aside from the losses incurred during the toluene
experimental process, the assimilation by microbial growth, and the pre-measurement
losses of iron, the results indicate the presence of incompletely degraded intermediate states.
Consequently, a conceptual model delineating the mutual relationship between toluene
degradation and iron reduction processes is established as follows: the heterotrophic iron-
reducing microorganisms participate in two reaction stages of toluene and iron mineral
heterotrophic iron reduction. The first stage corresponds to the dominant phase of toluene
conversion to an inter-mediate state, while the second stage pertains to the dominant phase
of intermediate state mineralization.

This study delves into the relationship between toluene degradation and iron reduc-
tion, proposing a comprehensive conceptual model. It is helpful to deduce the coupling
mechanism of toluene degradation and the ferrous reduction amount. It deepens our under-
standing of microbial involvement in degradation processes within complex environments,
providing a significant theoretical framework and practical guidance for comprehending
the degradation of toluene-like contaminants in subsurface environments.

In practical field applications, it is imperative to consider the specific types of iron
minerals in the subsurface of the site when evaluating the natural attenuation degree
of pollution and the age of the contaminants. Moreover, the delayed electron transfer
phenomenon between contaminants and iron also impacts the site assessments. Therefore,
this factor should be taken into account during the assessment process.
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Abstract: The mineralization of benzene, toluene, ethylbenzene, and xylene (BTEX) into inorganic
substances by microorganisms may affect the water–rock interaction. However, few studies have
quantitatively analyzed the processes. To quantitatively reveal this mechanism, in this study, nitrate
and toluene were taken as the typical electron acceptor and BTEX, respectively. Based on hydro-
geochemical theory, the mechanism and mathematical model were established. In addition, the
model was verified with a toluene mineralization experiment. The mechanism model demonstrated
that H+ was the main factor in the dissolution or precipitation of CaCO3. The mathematical model
derived the equations quantitatively between the amount of toluene mineralization, CaCO3, and some
biogeochemical indicators, including temperature, microbial consumption, and other major ions in
groundwater. According to the model, the amount of dissolved CaCO3 increased with the increasing
proportion of completely reduced nitrate. For a complete reaction, the greater the microorganisms’
consumption of toluene was, the smaller the precipitation of CaCO3. CaCO3 dissolution was a
nonmonotonic function that varied with temperature and the milligram equivalent of other ions.
Furthermore, the validation experiments agreed well with the mathematical model, indicating its
practicality. The established model provides a tool for assessing the biodegradation of toluene by
monitoring the concentration of groundwater ions.

Keywords: BTEX mineralization; toluene; denitrification; carbonate dissolution and precipitation;
mechanism; model

1. Introduction

Contamination caused by petroleum leakage occurring during oil production, trans-
portation, refinement, and mishandled storage is widespread [1–5]. Benzene, toluene,
ethylbenzene, and xylene (BTEX) are volatile organic compounds in petroleum that result
in neurotoxicity, genotoxicity, and reproductive toxicity [6–8]. Due to its mutagenic and
high migration, BTEX leads to the deterioration of aquatic and terrestrial environment
quality when released into the environment and causes adverse effects on human health
when absorbed by breathing, touching, or swallowing [9–11].

Natural attenuation processes, such as biomineralization, adsorption, advection, disper-
sion, and volatilization, can all decrease the number of contaminants in an aquifer [12–14].
Since biomineralization uses microorganisms to convert BTEX into inorganic substances, it is
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considered an environmentally friendly technology [15,16]. In the 1960s, scientists found that
some bacteria could use BTEX as their source of carbon energy, thus decomposing the BTEX
into CO2 and water, which confirmed that it could be aerobically degraded [17,18]. How-
ever, the underground environment is usually anaerobic, and the anaerobic mineralization of
BTEX is more feasible and practical. BTEX can be biodegraded with NO3

−, Mn4+, Fe3+, and
SO4

2−, and CO2 as terminal electron acceptors [19–22]. As NO3
− dissolves well in water, and

denitrification yields the highest energy, NO3
− can easily be applied for anaerobic mineraliza-

tion [23–26]. The mineralization mechanism of BTEX under denitrification conditions is as
follows: BTEX acts as both a carbon source and energy for the growth and reproduction of
bacteria, and NO3

− acts as an electron acceptor to convert hazardous materials to CO2 and
H2O, leading to the mineralization of BTEX [27,28].

The BTEX mineralization equations are as follows:

C6H6 + 6NO3
− + 6H+ → 6CO2 + 3N2 + 6H2O (1)

C7H8 + 7.2NO3
− + 7.2H+ → 7CO2 + 3.6N2 + 7.6H2O (2)

C8H10 + 8.4NO3
− + 8.4H+ → 8CO2 + 4.2N2 + 9.2H2O (3)

It was previously believed that this mineralization could solve the problem of BTEX
pollution. However, mineralization impacts the water–rock interaction, especially in the
dissolution and precipitation of carbonate rocks. Studies in this area have found that
transforming BTEX to inorganic C involves a series of reactions, resulting in a decreased
pH and the dissolution of carbonate mineral calcite [29].

Two main aspects influence the dissolution and precipitation of CaCO3 via biominer-
alization. First, under denitrification conditions, BTEX is converted into neutral or acidic
organic compounds, which induce a variety of pH levels [30,31]. Second, BTEX is converted
into end-product CO2 (Equations (1)–(3)), which, together with H+ from the water, forms
H2CO3 and causes the pH to decrease (Equations (4)–(8)) [27].

CO2 + H2O � H2CO3 (4)

H2CO3 � H+ + HCO3
− (5)

HCO3
−� H++ CO3

2− (6)

H2O � H+ +OH− (7)

CaCO3 � Ca2+ + CO3
2− (8)

Currently, most studies show that the degradation of BTEX promotes the dissolution
of calcium carbonate, whether this is demonstrated through indoor column experiments or
field data collection [32,33]. Moreover, several studies suggest that the pH could rise slightly
as CO2 is degassed from water and autotrophic microbial metabolism occurs, resulting in
carbonate precipitation and removal [34,35]. Until now, few studies have quantitatively
analyzed the effect of BTEX mineralization on the dissolution and precipitation of CaCO3.

Therefore, based on hydrogeochemical and organic biomineralization theory, a mecha-
nism model was revealed. To quantitatively evaluate the effect of BTEX mineralization on
the water–rock interaction and to infer the impact of BTEX mineralization on downstream
water quality, a quantitative model was established, taking nitrate as a typical electron
acceptor and toluene, the most abundant species of BTEX, as a typical BTEX pollutant,
respectively [36]. Only the toluene mineralization and carbonate equilibrium reaction
occurred in the solution. In this case, the difference between the Ca2+ and HCO3

− concen-
trations in the solution at different periods can be substituted into the mathematical model,
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and the toluene degradation amount in each period can be roughly determined. Further-
more, a toluene mineralization experiment was conducted to verify the established model.

2. Materials and Methods
2.1. Model Construction
2.1.1. Mechanism Model Construction

This paper integrates relevant hydrogeochemistry and organic matter degradation
theories and selects toluene and nitrate as a typical BTEX pollutant and a typical electron
acceptor, respectively. According to the theoretical equation of toluene mineralization
under denitrification conditions, the changes in H+, Ca2+, and HCO3

− concentrations were
qualitatively analyzed, and a mechanism model for examining how the mineralization of
toluene affected the dissolution and precipitation of calcium carbonate was established.

2.1.2. Mathematical Model Construction

In this study, to quantitatively analyze the effects of toluene mineralization under
denitrification conditions on carbonate dissolution and precipitation, based on the above
mechanism model and according to mass conservation and charge conservation equations,
the relationships between the H+, Ca2+, and HCO3

− concentrations and toluene degrada-
tion were obtained. To facilitate this analysis, several assumptions were made. Since the
main inorganic salt ions in groundwater account for 90–95% of the total inorganic salt ions,
the main inorganic salt ions were taken into account by the model [37].

This paper mainly considers the influence of four variables on the model, namely,
the influence of the proportion of nitrate consumed by the complete reduction of nitrogen
on the total amount consumed; the temperature; the proportion of toluene consumed by
microbial growth to total toluene content; and the milligram equivalent of other ions on the
dissolution and precipitation of calcium carbonate.

2.2. Model Validation
2.2.1. The Validation Experiment

(1) Toluene biodegradation enrichment cultures

The enrichment culture microorganisms originated from groundwater in a Chinese
coking plant.

Microcosms were set up using 280 mL air-tight bottles. Each microcosm contained
225 mL of sterilized basic culture medium, 25 mL of bacterial solution, and 0.0175 g of
CaCO3 to simulate the carbonate environment. The bacterial culture medium was modified
from a recipe developed by Zhang [38]. The basic culture medium was prepared according
to the following compositions (per liter): KNO3, 80 mg; KH2PO4, 0.50 mg; K2HPO4 3H2O,
1.00 mg; MgSO4, 1.00 mg; mineral solution, 0.10 mL; and vitamin solution, 0.20 mL. The
components of the vitamin and mineral solutions are shown in Tables 1 and 2. Then, the bottles
were autoclaved at 121 ◦C for 30 min to prevent biological activity. The medium was purged
with nitrogen to remove oxygen, and the air-tight bottles were sealed with a halogenated
butyl rubber stopper to ensure their air tightness. Furthermore, toluene was added to each
bottle to form 0.1 mmol/L toluene solution. Three parallel controls were established for the
blank and experimental groups. In the sterile controls, the bacterial solution was replaced
with purified water. All of the microcosms were stored in a biochemical incubator at 20 ◦C.
On days 1, 2, 4, and 8, water samples were collected from each microcosm for analysis.
Sampling procedures were accomplished under strictly anaerobic conditions. As CaCO3 is
an insoluble impurity in water, it was difficult to observe, and there were no other calcium
inputs in the system, so the concentration of Ca2+ was used to characterize the dissolution
and precipitation of calcium carbonate. To evaluate the carbonate dissolution/precipitation
via biodegradation, the consumption of Ca2+, HCO3

−, NO3
−, and NO2

− was continuously
measured during the entire experimental period.

41



Appl. Sci. 2023, 13, 11867

Table 1. The components of the vitamin solution.

Compounds Concentration (mg/L)

Biotin 2.00
Folic acid 2.00
Riboflavin 5.00

Nicotinic acid 5.00
p-Aminobenzoic acid 5.00

Thioctic acid 5.00
Calcium D-(+)-pantothenate 5.00

Pyridoxine hydrochloride 10.00

Table 2. The components of the mineral solution.

Compounds Concentration (g/L)

FeSO4 4H2O 1.80
CoCl2 6H2O 0.25
CuCl2 2H2O 0.01
NiCl 6H2O 0.01

ZnCl2 0.10
H3BO3 0.50
EDTA 2.50

MnCl2 4H2O 0.70
(NH4)6Mo7O24 4H2O 0.01

(2) Physical and chemical parameter analyses

The toluene samples were analyzed by headspace-based gas chromatography (Nexis
GC-2030, Shimadzu, Japan) carried out on an automated headspace sampler (HS-10, Shi-
madzu, Japan). Headspace operating conditions were as follows: low shaking of the tested
sample solution at 35 ◦C for 2 min, GC cycle time of 25 min, and vial pressurization time of
0.1 min. The gas chromatograph was equipped with a capillary column (HP-5, Shimadzu,
Japan) and a flame ionization detector (FID). The injector, detector, and column tempera-
tures were held at 150, 200, and 100 ◦C, respectively. Air and hydrogen served as fuel gases
for the FID. Nitrogen served as a carrier gas, and the flow rate was 40.1 mL/min.

The pH value was measured with a portable pH meter (portable pH meter pH30,
CLEAN, Sherman Oaks, CA, USA), and the Ca2+ and HCO3

− concentrations were mea-
sured via titration. The NO2

− and NO3
− concentrations were analyzed according to

the International Organization for Standardization ISO 10304-1 [39] with an ultraviolet
spectrophotometer (UV-2550, Shimazu, Japan).

2.2.2. The Validation Method

To evaluate the accuracies of the model, residual sum of squares error (SSE), mean
square error (MSE), and root mean square (RMS) error were considered as the criteria for
the accuracy evaluation and calculated by the following (Equations (9)–(11)).

SSE =
n

∑
i = 1

( –
yi − yi

)2
(9)

MSE =
SSE

n
=

1
n

n

∑
i = 1

( –
yi − yi

)2
(10)

RMS =
√

MSE =

√
SSE

n
=

√
1
n

n

∑
i = 1

( –
yi − yi

)2
(11)

where
–
yi is the value calculated by the model, yi is the value of the experimental data, and

n is the number of samples. SSE, MSE, and RMS error reflect the reliability and stability of

42



Appl. Sci. 2023, 13, 11867

the model. It is commonly accepted that the closer the sum of squares error (SSE) is to 0,
the better the model fits the data.

3. Results and Discussion
3.1. Mechanism Model
3.1.1. Response of H+ to Toluene Mineralization

According to Siobhan M. et al., the nitrification process comprises a two-step reaction
during microbially mediated toluene mineralization. The first product of nitrate reduction
is nitrite (NO2

−). Further reduction of nitrite proceeds to nitrogen gas (N2) [40,41].
Nitrification first step (nitrate reduction):

C7H8 + 18NO3
− = 18NO2

− + 7CO2 + 4H2O (12)

Nitrification second step (nitrite reduction):

C7H8 + 12NO2
− + 12H+ = 6N2 + 7CO2 + 10H2O (13)

According to Song et al., in the two-step nitrification process, nitrite reduction produces
hydrogen ions, whereas nitrate reduction does not [42]. During the complete mineraliza-
tion process of toluene, the generated end products include gaseous carbon dioxide and
water [43]. When gaseous carbon dioxide dissolves in water, it reacts and forms carbonic
acid. The dissociation of hydrogen ions from the carbonic acid provides bicarbonate, and
subsequently, a carbonate ion leads to an increase in H+ (Figure 1).
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Under natural practical conditions, nitrate usually degrades directly into nitrogen
gas (Equation (2)). Toluene mineralization consumes H+, and the aqueous pH increases
during the reduction process. The end products of mineralization are still carbon dioxide
and water, which dissolve into the solution and eventually react with water to form stable
carbonate compounds. Due to the complexity of the reactions, changes in the concentration
of hydrogen ions in the solution are complicated. Based on the ionization fractions, the
ratio of the solute components in the aqueous carbonate system will vary with H+. As
the pH of the solution increases, the concentration of CO3

2− also increases, particularly in
an alkaline solution. When the saturation index (SI) reaches a certain value, some of the
calcium carbonate in the solution precipitates out.

3.1.2. Response of Ca2+ and DIC to Toluene Mineralization

H+ is one of the critical factors affecting carbonate composition. Along with the change
in H+, the concentration of other ions in the solution will change accordingly. Dissolution
and precipitation are more difficult to observe under field conditions; Ca2+ and dissolved
inorganic carbon (DIC) are the most commonly used to detect CaCO3 dissolution. DIC
is composed of three dominant species: dissolved CO2 (CO2), bicarbonate (HCO3

−), and
carbonate (CO3

2−).
If the amount of hydrogen ions produced by carbon dioxide dissolved in water and

then electrolyzed is greater than the amount of hydrogen ions consumed by the reaction,

43



Appl. Sci. 2023, 13, 11867

the CaCO3 dissolves, which leads to an increase in the concentration of Ca2+ and CO3
2−,

accompanied by a corresponding increase in the concentration of H2CO3 and HCO3
−. On

the other hand, when the solution is saturated with CaCO3, then the CaCO3 precipitates,
and the concentrations of Ca2+, CO3

2−, and HCO3
− decrease.

In summary, multiple reactions are involved in toluene mineralization under deni-
trification conditions, and they are strongly interdependent. Therefore, a mathematical
model is required to analyze the impact of toluene mineralization on calcium carbonate in
this context.

3.2. Mathematical Model

Groundwater is uniform within an infinite small range. Each ion concentration of
groundwater is low, and the temperature of groundwater is generally relatively con-
stant [44]. The aeration zone blocks the exchange of aquifer and atmospheric gas, and the
carbonate in an oil-polluted aquifer is often saturated [34].

Therefore, the following assumptions are made to facilitate the establishment of the
mathematical model: (1) the components are well mixed, and the pressure, salinity, and
ionic strength are uniform, (2) CO2 is the ideal gas, (3) the temperature is constant, (4) the
ionic activity of an ion equals the actual concentration at which the reactions take place in a
homogeneous environment, and (5) the solution in the system, which is a closed system, is
a calcium carbonate saturated solution.

Based on the mechanism model, the mathematical model was derived from the mass
conservation and charge conservation equations in Equations (12) and (13).

In case a carbonate component is not introduced into the system, the Ca2+ and dis-
solved carbonate components come from the degradation of toluene and calcite. As a result,
the mass conservation equation can be expressed as follows:

7[C7H8] + [Ca2+] = [H2CO3] + [HCO3
−] + [CO3

2−] + [CO2] (14)

where [C 7H8] is the concentration of toluene involved in the reaction, mol/L. [] is the ionic
activity of the ions, mol/L.

The electric charge conservation equation is as follows:

[H+] + [Na+] + [K+] + 2[Ca2+] + 2[Mg2+] = [Cl−] + 2[SO4
2−] + [HCO3

−] + 2[CO3
2−] + [NO3

−] + [NO2
−] + [OH−] (15)

where [] is the ionic activity of the ions, mol/L.
The equilibrium constant in the system can be expressed as:

KH =
[H 2CO3]

Pco2
(16)

KH2CO3 =

[
H+
]
×
[
HCO−3

]

[H 2CO3]
(17)

KHCO3− =

[
H+
]
×
[
CO2−

3

]

[HCO−3
] (18)

Kw =
[
H+
]
×
[
OH−

]
(19)

Kcal =
[
Ca2+

]
×
[
CO2−

3

]
(20)

According to Equations (16)–(20), the relationship equation between the H+ concentra-
tion and the toluene degradation is established (Equation (21)).
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]

[
Ca2+
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√

D

(21)

where [] is the ionic activity of the ions, mol/L. V is the total volume of air and solution,
and Va is the volume of solution, L. f is the proportion of toluene consumed by microbial
growth to the total toluene content. T is the temperature of the system, ◦C.

The concentration of H+ in the system can be calculated from the equation.
d is defined as the proportion of nitrate consumed by the complete reduction of

nitrogen to the total amount of nitrate consumed at a certain time. The simplified model
can be expressed as:





14× f × [C7H8] =
[
H+
]
− Kw

[H+]
− (1 + d)

[
NO−3

]
+ E + (2× A + B + C)× 1

[Ca2+]

A =
Kcal×[H+]

2

KH2CO3×KHCO3−

B =
Kcal×[H+]

KHCO3−

C =
Kcal×(V−Va)×[H+]

2

KH2CO3×KHCO3−×KH×R×T×Va

D =

(
[H+]− Kw

[H+ ]
−(1+d)[NO−3 ]+C

)

16

2

− Kcal×[H+]
2×KHCO3−

+ Kcal

E =
[
Na+

]
+
[
K+
]
+ 2
[
Mg2+

]
−
[
Cl−

]
− 2
[
SO2−

4

]

[
Ca2+

]
=
−[H+]+ Kw

[H+ ]
+(1+d)[NO−3 ]−E

4 +
√

D

(22)

Due to the large number of parameters involved in the reaction, the following scenarios
are proposed. The system is saturated with calcium carbonate. Based on the data from a
contaminated site that we studied, the toluene concentration was 0.1 mmol/L. According
to the theoretical stoichiometric relationship, the ratio of the nitrate concentration to the
toluene concentration was 7.2:1. The specific discussion is as follows.

3.2.1. The Effect of the Proportion of Nitrate Consumed by the Complete Reduction of
Nitrogen to the Total Amount Consumed (d)

It has been reported that microbial growth can consume from 5% to 8% of toluene, so
it is assumed that the consumption of microbial growth is 6.5% in this section [45]. The
temperature is assumed to be 20 ◦C, which combines the average groundwater temperature
with the culture temperature of the bacteria used in this paper.

If d is 0, there is no nitrite in the solution, and the nitrate entirely transforms into
nitrogen (Equation (2)). As shown in Figure 2, carbon dioxide produced by toluene miner-
alization reacts with water, increasing the amount of hydrogen ions and producing a large
amount of bicarbonate. The precipitation rate of calcium carbonate resulting from reaching
the SI value is greater than the dissolution rate of calcium carbonate caused by increased
hydrogen ions. This result is consistent with the study of Alenezi et al. [10].
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When d equals 0.5, half of the nitrate in the solution is reduced to nitrogen, while the
remaining half is reduced to nitrite. The concentration of H+ in the solution increases due
to the production of carbon dioxide (Equations (12) and (13)) and the consumption of OH−

(Equation (13)).
Carbon dioxide produced by toluene mineralization reacts with water to increase

the concentration of bicarbonate, which is the same as when d = 0. However, the precip-
itation rate of calcium carbonate in this state is higher than the formation rate, and the
concentration of Ca2+ increases.

When d is 1, all the nitrate in the solution is converted to nitrite. The reduction of nitrate
to nitrite neither consumes nor produces hydrogen ions. However, the carbon dioxide
produced by the reaction increases the concentration of H+ in the solution. Increased
bicarbonate in solution makes the SI always greater than the solubility rate, and the Ca2+

concentration decreases.
It can be seen from the figure that when the reaction does not occur, the amount of

each element in the solution is the same in the three cases. The mineralization of toluene
increases the concentration of hydrogen ions to varying degrees, and the formation of
carbon dioxide increases the concentration of bicarbonate. Depending on the reaction
mechanism in the solution, the concentration of Ca2+ varies with the proportion of nitrate
consumed in the two-step reaction.

Under natural practical conditions, the nitrite concentration in the solution is small,
the reaction is less likely, and d = 0 occurs more often.

3.2.2. The Effect of the Proportion of Toluene Consumed by Microbial Growth on the Total
Toluene Content (f )

Mathematical models were created to illustrate the impact of microbial growth on
CaCO3, with diagrams presented in Figure 3 for levels of 0%, 4%, and 8%. Under natural
practical conditions, nitrate is completely reduced to nitrogen, and it is assumed that d is 0
and the temperature is 20 ◦C.

It can be seen that f has little effect on concentration, the consumption of toluene in-
creases, and the concentrations of H+, Ca2+, and HCO3

− decrease (Figure 3). The influence
of microbial growth on calcium carbonate is mainly reflected in the fact that the more
significant the consumption of microorganisms is, the smaller the amount of toluene used
for the reaction.
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3.2.3. The Effect of Temperature (T)

Since the water temperature of aquifers is mainly in the range of 9–20 ◦C, in order to
simulate the relationship between CaCO3 and toluene at different temperatures, mathe-
matical model diagrams of 10 ◦C, 15 ◦C, and 20 ◦C are presented in Figure 4. This paper
assumes that the nitrate is entirely transformed into nitrogen and that the consumption of
microbial growth is 6.5%.
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As the temperature increases, the activity of ions increases, and the equilibrium
constant changes. In addition to directly affecting the temperature assignment in the model,
temperature also affects the equilibrium constant of the reaction. As shown in Figure 4, the
higher the temperature is, the higher the concentration of H+. The trend of Ca2+ and H+

changes could be more consistent, possibly due to the combination of temperature and the
equilibrium constant. Therefore, the influence of temperature on toluene mineralization is
complicated. The Ca2+ concentration in the system is not a monotonic function that varies
with temperature.

3.2.4. The Effect of the Milligram Equivalent of Other Ions (E)

Figure 5 presents the effects of the milligram equivalent of other ions (E) under toluene
mineralization on carbonate dissolution and precipitation. This section assumes that nitrate
is entirely transformed into nitrogen, the consumption of microbial growth is 6.5%, and the
temperature of the system is 20 ◦C.
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Based on the ion concentration in groundwater, Figure 5 shows the influence of com-
plete mineralization on calcium carbonate when E is 0 mol/L, 0.001 mol/L, and 0.002 mol/L.
According to the given information, it appears that the trend of ion concentration change is
the same in all three cases, as the reaction mechanism is identical. As can be seen from the
figure, the smaller the value of E is, the greater the concentrations of H+ and HCO3

− in the
corresponding solution at the initial concentrations.

The amplitude of variation in the H+ and HCO3
− concentrations increases as the value

of E decreases. The change in Ca2+ concentration is slightly different from that of the above
two ions. E affects the initial concentration of calcium ion as follows: the larger the value of
E is, the smaller the initial concentration. Moreover, E has an impact on the change trend
of the Ca2+ concentration. When E is 0, the Ca2+ concentration always increases; when
E is 0.002, the Ca2+ concentration always shows a downward trend; when E is 0.001, the
Ca2+ concentration shows a trend of first decreasing and then increasing, and there is an
inflection point near a toluene concentration of 7 × 10−5 mol/L. The variation in Ca2+

concentration is complex, possibly due to the complex relationship between Ca2+ and H+

in the model.

3.3. Fitting Results

The analysis of the experimental results related to toluene mineralization presented
in Figure 6 indicates that nitrate concentrations decreased with the increasing amount of
toluene degraded. The figure shows that toluene was reduced by 0.02 mmol/L on the
first day, suggesting that after domestication, the microorganisms quickly adapted to the
experimental environment. The adaptation period of microorganisms in this study was
much shorter than that in other studies. Toluene decreased gradually with time. It was
degraded by more than 80% on the fourth day of the experiment and was approximately
fully degraded within eight days.

The figure shows that the concentration of NO3
− decreased gradually with time and

was degraded by more than 80% on the fourth day of the experiment. The formation
of NO2

− was observed as a temporary phenomenon. According to A. PEÑA-CALVA,
A. OLMOS-DICHAR, a similar phenomenon was observed and was called a respiratory
pattern [46].

The CO2 resulting from the complete degradation of toluene reacts directly with
CaCO3 and water in the following reactions:

CaCO3 + CO2 + H2O = Ca(HCO3)2 (23)
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If the above reaction occurs, the magnitude of the change in HCO3
−: Ca2+ should be

2:1. A graph of the amount of change in the concentration of HCO3
−: Ca2+ during the

experiment is shown in Figure 7. The slope of the plot is 5.29, and the ratio of the change in
the HCO3

− concentration to the change in the Ca2+ concentration is much greater than 2:1.
This image also shows that mineralization promotes the increase in HCO3

− concentration.
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− production for experiments in which calcite was the solid phase.

To determine the degradation process of toluene and nitrate in the system, the the-
oretical and practical correspondence between toluene and nitrate was calculated using
the following formula. The consumption of NO3

− was equal to the concentration of the
experimental group NO3

− plus the reduction of the experimental group NO3
−. The con-

sumption of NO3
− and the residual amount of NO3

− were measured, and the reduction
of NO3

− was calculated. Actual toluene consumption versus theoretical consumption is
shown in Figure 8. The slope between the theoretical and actual consumption of toluene is

49



Appl. Sci. 2023, 13, 11867

0.93, which indicates that the degradation roughly followed Equations (12) and (13), which
would satisfy the presupposition of the model.
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Based on the results shown in Figures 6–8 and the physics models introduced earlier,
it is necessary to fit the models’ equations to the experimental data.

The parameters of the model were set as follows:
The ratio for both nitrate and nitrite at each monitoring time was calculated. Because

the proportion of toluene consumed by microbial growth compared to total toluene content
(f) has little influence, the median of 6.50% was substituted into the model calculation.
According to the experimental design, V was 280 mL, Va was 250 mL, and T was 20 ◦C.

The SSE, MSE, and RMS error of the Ca2+ concentration of the theoretical model
and the experimental model were calculated and were 3.15 × 10−9, 6.31 × 10−10, and
2.51 × 10−5, respectively. Initially, the Ca2+ concentration was lower than the model-
derived value, but it gradually increased and eventually became greater than the model-
derived Ca2+ concentration (Figure 9a).
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Figure 9. The fitting diagram of experimental data and model data. (a) The fitting diagram of Ca2+;
(b) the fitting diagram of HCO3

−.

The SSE, MSE, and RMS error of the HCO3
− concentration of the theoretical model

and the experimental model were calculated to be 2.04× 10−8, 4.08× 10−8, and 6.38× 10−5,
respectively. As can be seen from Figure 9b, among the five points, except for the second
point, the gap is large, and the other points are well fitted.
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After the above rough analysis, the fitting situation of the ions was studied.
Temperature affects the dissolution of calcium carbonate in groundwater. At the first

point, the calcium carbonate may not be completely dissolved.
Toluene is converted to metabolic intermediates, such as benzylsuccinate and benzene

carboxylic acid, which affect the pH value in the aqueous carbonate system [47,48]. The
experimental data of the Ca2+ concentration showed slightly higher values than the model
data. This may be because the intermediate product is acidic, which affects the ionization
of carbon dioxide and promotes the dissolution of calcium carbonate.

The first two points may have belonged to the stage when microorganisms were
adapting to their environment. The second to third points marked the period of rapid
conversion of nitrate to nitrite, when the concentration of nitrate and nitrite changed
rapidly, so there may have been a great difference in monitoring concentration. In addition,
this stage also represented the exponential period of microbial growth and reproduction,
and the toluene consumption of microorganisms may have been much higher than 5%,
which may be the reason for the significant difference between the third point and the
model. In the later period, microorganisms were in the decline period, and microorganisms
had almost stopped consuming toluene, so the fitting results of the latter two points were
slightly poor.

To ensure the survival of microorganisms, small amounts of Mg2+ and phosphate
plasma were added to the experiment as necessary nutrients. The influence of various ions
in the system also caused a difference between the model and the experiment.

3.4. Implications

The derivation of the model is based on part of the life cycle, which refers to the whole
process of producing nitrogen, carbon dioxide, and water from the reaction of the reactants
toluene and nitrate [49]. The effects of toluene degradation on the calcium carbonate system
include many qualitatively complex reactions, and the mathematical model still has some
limitations. Therefore, numerical simulation can be used to guide and apply the actual
practice in the future, and the model can be better generalized [50]. Thus, it can serve to
calculate the amount of degradation of petroleum pollutants by calculating the change in
inorganic ion concentrations in the field, avoiding a series of problems associated with field
organic tests, such as delayed test results, dangerous test drugs, and secondary pollution of
the test solution. At the same time, with the help of the model, the degradation of toluene
in a fixed period can be quickly determined, which is of great significance for improving
the distribution efficiency of regional groundwater organic pollution.

In the model, NO3
− is converted to N2 by the action of microorganisms. According

to the research, fungi are capable of this reaction. They possess enzymes involved in
denitrification, including nitrate reductase (Nar) and nitrite reductase (Nir). Similarly,
bacteria such as nitrite-reducing bacteria and facultative denitrifying bacteria also possess
these enzymes and can carry out the reaction in the model [42,51].

In general, denitrifying bacteria have diverse living conditions. The pH range for
these microorganisms is generally between 6.5 and 9, and they can thrive in environments
with temperatures ranging from 10 to 40 degrees Celsius. For bacteria, the reaction occurs
under anaerobic conditions. For fungi, a small amount of oxygen can promote the reaction,
but excessive oxygen inhibits the reaction [52]. The environment of most groundwater
systems is suitable for the growth of microorganisms. At present, the living environment of
microorganisms is not considered in the derivation of the model. In the future, the existing
research will be expanded by a series of experiments with different initial conditions,
including toluene concentration, intermediate organic acids, and initial pH.

4. Conclusions

Based on hydrogeochemical and organic biomineralization theory, this study obtained
conceptual and mathematical models of the effect of toluene mineralization on the dissolu-
tion and precipitation of CaCO3.
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It was found that several factors may influence the dissolution and precipitation
of CaCO3. The first is whether the nitrate is thoroughly reduced to N2. When nitrate is
thoroughly reduced, CaCO3 will precipitate. On the contrary, calcium carbonate dissolution
and precipitation depends on the degree of nitrate reduction. The second influencing factor
is the proportion of toluene consumed by microbial growth compared to total toluene
content (f). For a complete reaction, the greater the consumption of microorganisms is, the
smaller the amount of toluene consumed in the reaction and the smaller the precipitation of
calcium carbonate. The third factor is temperature (T). The Ca2+ concentration in the system
is not a monotonic function that varies with temperature. The milligram equivalent of other
ions (E) may also affect the dissolution and precipitation of CaCO3 in a nonmonotonic
function style.

In summary, toluene mineralization impacts the dissolution and precipitation of
CaCO3, which changes with the change in relevant parameters in the mathematical model.
The established model provides a tool for evaluating biodegraded hydrocarbons by mea-
suring the NO3

−, NO3
−, and Ca2+ concentration variations in groundwater.
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Abstract: Production of crude oil from matured oil reservoirs has major issues due to decreased
oil recovery with water channeling; however, the low-salinity water flooding technique is more
commonly used to maximize recovery of the remaining oil. In this study, we demonstrated a new
hybridization technique of combining low-salinity water and nanofluids; this was achieved by
using experiments such as contact angle measurement with water of different salinity levels and
nanofluid concentrations, core displacement, and NMR (nuclear magnetic resonance) between low-
/high-permeability rock. The trial results demonstrated that the test with KCl-1+NF outperformed
those with other compositions by changing the original contact angle from 112.50◦ to 53.3◦ and
increasing formation production up to 15 cc. In addition, we saw that when 2 PV of KCl-1+NF
was injected at a rate of 5 mL/min, the middle pores’ water saturation dropped quickly to 73%
and then steadily stabilized in the middle and late stages. Regarding the novel application of the
hybridization technique, the insights presented in this paper serve as a helpful resource for future
studies in this field.

Keywords: low-salinity water; silica nanofluids; EOR; wettability alteration; NMR

1. Introduction

According to forecasts that global energy consumption will go up by roughly 50%
over the next 20 years, the world’s energy demand is likely to continue rising in the future.
The oil and gas industries are required to find a cost-effective strategy to recover remaining
oil from reservoirs to fulfill the increasing global energy demand [1]. To extract the oil
that primary or secondary recovery methods were unable to produce, EOR (enhanced
oil recovery) techniques are utilized. The largest oil reserves in the world are found in
sandstone reservoirs. A sandstone reservoir is a layer of sandstone that contains petroleum
that may be extracted using existing technology. Sandstone reservoirs often contain fluid-
filled pores, stable minerals, and supplemental minerals. Grains of sand must range in
size from 1/8 to 2 mm for a rock to be referred to as sandstone [2–7]. Compared to oil-wet
reservoirs, recovering oil from water-wet reservoirs is far simpler [8]. EOR is attracting
increasing interest, since oil is in greater demand than ever before, hence the need to
increase oil production [9].

Nanofluids, which are nanotechnology-based fluids containing nanoparticles, have
emerged as a promising solution for enhanced oil recovery. The advancement of nan-
otechnology has led to the introduction of nanofluids as an economical, effective, and
environmentally friendly replacement for existing chemicals [10]. Nanofluids might in-
teract with the rock surface by chemical and physical mechanisms when they are injected
into an oil reservoir. The rock’s wettability can be altered from oil-wet to water-wet or
intermediate-wet by the nanoparticles adhering to the surface and forming a thin layer.
Better oil recovery is encouraged by this change in wettability because it strengthens the
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capillary forces between the fluid and the rock. A nanoparticle is one with a diameter
of 1–100 nanometers (nm) [11]. A technique called “nanofluid flooding” is used in EOR
operations to increase the efficiency of oil recovery by dispersing nanoparticles in a fluid
and injecting them into oil reservoirs [12]. When creating a nanofluid, selecting the right
nanoparticles is essential. For example, silica nanoparticles have demonstrated encour-
aging outcomes in modifying wettability and enhancing oil recovery. Because of their
large surface area and ability to absorb the rock surface, these nanoparticles can facilitate
oil displacement by lowering the interfacial tension between water and oil. Through sev-
eral mechanisms, such as decreased interfacial tension and altered wettability, nanofluid
flooding can enhance oil recovery. During the reduction of interfacial tension, the tension
that exists between the oil and the injected nanofluid can be lessened by the presence of
nanoparticles dispersed throughout the fluid. By lowering the interfacial tension, the oil
can be more efficiently displaced by the nanofluid, increasing oil recovery. When oil and
water come into contact, the nanoparticles group together to produce a stable layer that
helps release trapped oil. The fluid’s contact angle with the reservoir rock surface can
be altered by nanoparticles. Wetness conditions may shift from oil-wet to water-wet or
intermediate-wet as a result of this shift [13].

For decades, it was considered that injecting anything other than saline water into
a reservoir could permanently destroy it, but we noticed that by reducing the salinity
of injected water, trapped oil molecules can be more easily released from the surface of
rock [14]. At the moment, the primary problem associated with enhanced oil recovery
is wettability. The goal of the suggested EOR technique was to lower the oil’s affinity
and increase oil recovery by turning the reservoir from an oil-wet state to a water-wet.
Wettability is important because the amount of oil recovered from water-wet reservoirs
is higher than that from oil-wet reservoirs. Low-salinity water (LSW) flooding is a novel
approach that has been effectively applied in several industries. It can convert an oil-wet
sandstone reservoir to a water-wet one by changing the wetting characteristics of the
reservoir rock. One of the most crucial factors to take into account is the ionic concentration
and composition of low-salinity water. In our research, we demonstrated that oil molecules
are bonded to clay particles on the surface of rock with the help of divalent cations. The
electrical force of highly ionically concentrated saline water will force divalent cations
to the clay surface [15]. If the salinity of water is reduced, divalent cations can expand,
and mono-valent ions can access and replace their places [16]. LSW flooding is a new
technology that has been successfully employed in various areas and affects the reservoir
rock’s wetting properties, thus increasing oil recovery; it can turn an oil-wet sandstone
reservoir into a water-wet one [17]. The ionic composition of injected water is one of the
main parameters to be considered. A study revealed deionized water has more potential to
be used as an EOR technique than regular seawater. By injecting the right concentration of
LSW, we can change the wettability of the reservoir [18].

To address the limitations of low-salinity water flooding, we propose a hybrid tech-
nique that combines low-salinity water flooding with nanofluids. This approach in EOR
can improve the disadvantages of LSW flooding such as water channeling and improve
sweep efficiency during flooding operations [19]. The nanofluids can modify fluid–rock
interactions, while LSW can alter the wettability and promote spontaneous imbibition,
leading to higher oil recovery [20]. LSW flooding can change the wettability of the rock
surface by making it more favorable for displacement [21]. Nanofluids, on the other hand,
can further enhance wettability alteration by providing additional surface activity through
nanoparticle adsorption and interaction with the rock surface [22]. This combined effect
can lead to improved oil mobilization and displacement [23].

In this study, we used sandstone rocks as the research object, and the treated thin
slices were immersed in formation crude oil to form an oil film. The wettability angle
of the thin slices’ surface in both LSW solution and pure water at different times was
measured. The formation of an oil film on the sandstone rock surface and the mechanism
of wettability alternation were explained. We concluded that LSW-based NF flooding has
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many advantages for use as an EOR technique. Below, we present all the needed data and
the method of our investigation.

2. Experiments
2.1. Experimental Materials

We used Berea sandstone core samples provided by Shengli Oilfield (Dongying, China)
during these experiments. The specifications of core samples are shown in Table 1.

Table 1. Core sample properties.

Formation
Average Permeability

(mD)
Average Porosity (%)

Dimensions

Diameter
(mm)

Thickness
(mm)

Sandstone 560 26 25 2~4

X-ray diffractometer (XRD) and core analyses were provided by Shengli Oilfield
(Dongying, China) specialists; details are summarized in Table 2.

Table 2. XRD mineral composition test results.

SiO2 Al2O3 FeO/Fe2O3 TiO2 CaO MgO Alkalis H2O N/D Total

85.38 6.47 1.23 0.75 1.35 0.20 2.33 1.53 0.76 100

The density of light crude oil is 0.85 g/cm3 with a viscosity of 65 cp; our core samples
were acquired from a heavy oil reservoir (15 MPa, 80 ◦C) in Shengli Oilfield, Dongying,
Shandong, China. Detailed specifications are listed in Table 3.

Table 3. Crude oil properties.

Gravity (API) TAN (mg/gm) Kinematic Viscosity
(cSt)

Initial Oil Saturation
(%)

20.6 0.8 325 57

The different salinity levels of KCl were compounded, and named KCl-1
(TDS = 500 mg/L) and KCl-2 (TDS = 6500 mg/L). Low-salinity formulations are listed in
Table 4.

Table 4. Brine formulations.

Brine K+ Cl− TDS, mg/L

KCL-1 262.2 237.8 500
KCL-2 3408.6 3091.4 6500

The nanoparticles that we used are mono-dispersed commercial hydrophilic silica
nanoparticles (SiO2) of 99% purity. The surface area of SiO2 is 180–600 m2/g, and average
particle size ranges from 20 nm to 30 nm.

2.2. Experimental Apparatus and Main Procedures

We divided our experiment into two main steps. The first step is to obtain the wetta-
bility measurements of rock core samples by using the contact angle method with different
solutions including saline solutions, nanofluids, and a mixture solution of salt and nanoflu-
ids. The second step is to observe the effects of the hybridization on EOR, based on the core
displacement results from nuclear magnetic resonance. The core displacement experiments
provide data on breakthrough times, flow rates, and the displacement efficiency of various
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compositions. The fluid distribution and saturation changes that occurred within the
sandstone cores during the displacement process could be seen and characterized thanks
to the NMR analysis. This study verified the quick decrease in water saturation and the
stabilization that followed, which showed that the oil had been successfully displaced. The
details on each step can be found below.

2.2.1. Contact Angle Measurement

A commonly used method for determining the wettability characteristics of a solid
surface by dripping a liquid droplet is contact angle measurement. It offers important
insights regarding the interaction between liquid and solid at the interface, and is especially
pertinent when researching phenomena associated with rock wetting. Rock wettability
also can be measured by using the contact angle value. Angle (θ) created at the contact
line of the liquid–fluid interface and the solid substrate is typically used to calculate the
contact angle [24]. In applications involving oil recovery, the contact angle of a droplet of
water or oil is measured for a rock surface that has already been treated with the substance
anticipated to have an impact on the wettability [25–27]. The experimental steps were as
follows and shown in Figure 1:

1. We polished the sandstone rock slices and washed and dried them with deionized
water, immersed the slices in light crude oil, and then placed them inside a drying
oven at 60 ◦C for 10 days. After taking out pieces from the oil, we rinsed them quickly
with N-Heptane (C7H16). We then left them to air dry at room temperature for 1 day.
We used contact angle measurement equipment to measure the wetting angle;

2. At room temperature, we prepared KCl LSW by adding 500 mg/6500 mg KCl to 1 L
of deionized water. The solution is stirred for 1 h by using a magnetic stirrer to make
sure that all KCl was fully dissolved in the deionized water. For the SiO2 solution, we
added 4 g of SiO2 nanoparticles to 1 L of deionized water. The solution was stirred
for 1 h using a magnetic stirrer, and after that, we used an ultrasonic cleanser to
fully break up and dissolve all the formed SiO2 clumps. Then, the rock slices were
immersed in the solutions, and we then took pictures of the wetting angle at 6 h, 12 h,
24 h, 36 h, 48 h, 60 h, and 72 h timepoints;

3. Using contact angle measuring equipment, we measured the wetting angle for each
solution at different times;

4. After obtaining the best result from the LSW and NF solutions, we mixed them to form
a mixed hybrid solution. We placed the oil-wet rock slices in the solutions, and then
took pictures of the wetting angle at 6 h, 12 h, 24 h, 36 h, 48 h, 60 h, 72 h timepoints;

5. To summarize, oil-wet rock slices were soaked in different solutions. By measur-
ing the wetting angle and recording the difference in the change in the angles, we
analyzed and compared them. Using, Excel v.2021 and Origin v.2022 we obtained
post-processing results.
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Figure 1. Wettability measurement experiment flow chart.

2.2.2. Core Displacement

A core displacement experiment is a laboratory method that we used to model and
examine fluid flow and displacement processes in a porous medium. It is sometimes
referred to as a displacement test or core flood test. To investigate the displacement
efficiency, fluid flow behavior, and several factors influencing fluid–fluid and fluid–rock
interactions, one fluid (LSW, NF, and a mixed hybrid solution) must be injected into a
prepared core sample saturated with another fluid (light crude oil). The detailed core
flooding experimental steps are as follows and shown in Figures 2 and 3:
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6. Core Preparation: Cylindrical rock samples, known as core plugs, are extracted from
reservoir rocks and prepared for experimentation. The cores are cleaned, dried, and
saturated with light crude oil. Saturation is carried out by using kerosene. First, we
vacuum-cleaned rock cores to be sure that any other foreign matter was not left in the
rock pores. After that, we saturated them with kerosene at 5 MPa for 1 day.

7. Saturation and Injection: Core plugs were placed in a core holder, and the desired
fluid (low-salinity water, nanofluid, and mixed hybrid solution) was injected into
the core with a certain pressure and flow rate. The injection was performed using a
displacement pump, also known as an ISCO pump.

8. Fluid Flow Monitoring: To evaluate fluid flow behavior, saturation profiles, and re-
covery efficiency during the injection process, injected fluid volumes and the pressure
drop of the core were tracked. These data aid in assessing how well flooding with
nanofluid and low-salinity water works to remove oil from the core.

9. Recovery and Analysis: After the displacement process, the core was extracted,
and the residual oil saturation was measured. Additional analysis, such as fluid
composition analysis or imaging techniques, can be performed to further evaluate the
fluid–rock interactions and recovery mechanisms.
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2.2.3. NMR (Nuclear Magnetic Resonance)

Reservoir rocks and other porous media can be studied using NMR, an effective
method for studying fluid behavior and interactions [28]. NMR provides insights into fluid
distribution, pore size distribution, fluid-phase characterization, and wettability [29]. We
used MnCl2 solution for NMR spectroscopy instead of distilled water, because manganese
chloride solution is a frequent paramagnetic shift reagent in NMR spectroscopy. Param-
agnetic shift reagents are chemicals that interact with the NMR instrument’s magnetic
field, causing a change in the chemical shift of adjacent nuclei, resulting in a shift in the
NMR [30]. The Mn2

+ ion in manganese chloride has an unpaired electron, making it
paramagnetic. When Mn2

+ ions are given to a sample, they interact with the magnetic field
of the NMR instrument, causing a paramagnetic shift in adjacent nuclei such as proton
(1H) and carbon-13 (13C). This shift can help to improve the resolution and sensitivity of
the NMR spectra by enhancing the NMR signals of these nuclei. Manganese chloride is a
popular paramagnetic shift reagent in NMR spectroscopy because it is widely available,
reasonably priced, and gives strong signal enhancement for a wide variety of nuclei [31].
The detailed experimental steps of NMR are as follows and shown in Figure 4:
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10. Sample Preparation: Similar to the core displacement method, rock core samples
were extracted and prepared for experimentation. The cores were cleaned, dried,
and saturated with kerosene. For NMR, we used unsaturated dry rocks and rocks
saturated with kerosene and deionized water, first to observe all rock information,
and then to observe the difference they make.

11. NMR Measurements: The saturated cores were placed within an NMR instrument,
and NMR measurements were performed. NMR signals were generated by the
hydrogen nuclei (protons) present in the fluids within the rock pores.

12. Fluid Characterization: Information on fluid-phase characteristics, including fluid
composition, saturation, and distribution, was provided by NMR. It helps in under-
standing how low-salinity water, nanofluids, and mixed hybrid solutions interact
with the reservoir rock, and how they affect the wettability and displacement of oil.

13. Time-Lapse Monitoring: NMR can also be used for time-lapse monitoring to observe
fluid displacement and flow processes within rock cores. This helps in tracking
changes in fluid saturation, flow patterns, and recovery efficiency during low-salinity
water, nanofluid, and mixed hybrid solution flooding experiments.
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3. Results
3.1. Wettability Changes

The contact angle of the rock sample progressively rose, and its development rate was
rapid, as seen in Figure 5. The wetting angle increment was mild and stabilized after the
seventh day. As the wetting angle shifted from the original 22.5◦ to 118◦, the rock sample’s
surface changed from water-wet to oil-wet.
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After that, we treated rock samples with pure water, KCL-1, and KCL-1+NF solutions.
As shown in Figure 6, it is possible to see how low salinity affects the change in wettability.
Figure 6a shows the effect of pure water, Figure 6b the effect of KCL-2 solution, Figure 6c
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that of KCL-1 solution, and Figure 6d that of the mixed KCL-1 and NF solution. The
experiment’s findings showed that as opposed to pure water, KCl changed the contact
angle by making it more water-wet. The combination solution including KCL-1 and NF
showed the biggest alterations in wettability, followed by KCL-1 solution. The KCL-1+NF’s
contact angle showed a notable change in wettability, changing the initial angle from
112.50◦ to 53.3◦.
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3.2. Core Flooding

To observe the effects of brines during core flooding, we used pure water, KCl-1, KCl-2,
and KCL-1+NF with SAS concentration set at 1/0 wt%. The KCl-1+NF injection pattern
is depicted by the red curve in Figure 7. The injection pattern of KCl-2 is represented by
the yellow curve. Finally, the pure water injection pattern is represented by the green
curve. As demonstrated in Figure 7, in the case of KCl-1+NF injection, the residual oil
recovery rate increases up to 0.5 PV directly after the injection. This is the key indicator of
the favorable conditions generated by LSW’s wettability-altering features. Starting from
0.5 PV to 2 PV, the recovery rate is not visible, passing the barrier when a minimum of
2 PV was produced. Our observation showed during this interval, the maximum recovery
rate was achieved by the KCl-1+NF injection pattern. This is because of the significant
wettability changes. Oil recovery can be increased in addition to the wettability adjustment
by lowering the IFT between the displacing fluid and oil. This was primarily the function
of the mixed composition’s injected NF, which also allows for improved mobility control
and sweep efficiency.

3.3. Fluid-Flow Characteristics Based on NMR

Matching MR images are displayed in Figure 8, showing the situation after the injection
rate is changed from 1 mL/min to 5 mL/min. The displacement areas are visible in the
high-permeability and low-permeability layers at 5 PV. As the injection continues, the
high-permeability layer’s displacement front moves clearly, and the low-permeability
layer’s displacement front’s position barely changes between 10 and 15 PV. Conversely,
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we discovered that in both the high and low-permeability layers, the displacement front
moves at the same pace.
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When 2 PV of KCl-1+NF is injected at a rate of 5 mL/min, Figure 9 shows how the
water saturation in the middle pores quickly declines to 73%, and then gradually flattens
in the middle and late stages. The water saturation in the medium pores decreases to
35.9% at 15 PV, which is a significantly higher percentage than what KCl-2 produced.
Raising the injection rate reduces the impact of fluid displacement in the medium and
small holes, as shown by the observation that the water saturation in small pores only
decreases to 63.6%. This may be the result of a high fluid input rate decreasing jamming
capacity. The fast injection rate quickly causes a shear-thinning effect, which drastically
lowers the fluid’s apparent viscosity. Increasing the injected solution sweep efficiency in
the small and medium holes becomes more difficult when the blocking resistance in the
large pores decreases.
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4. Discussion

This study took into account the benefits of combining LSW with NF as well as the
problems associated with NF flooding and LSW, such as sweep efficiency and the influence
of wettability alteration. Then, to increase the effectiveness of low-salinity flooding, a
novel hybrid EOR technique of combining LSW with NF to alter the wettability of the rock
surface was presented. This technique is known as LSWNF (low-salinity water + nanofluid)
flooding. Throughout this research, various experimental methods were employed to
analyze the effects of different concentrations of low-salinity water and nanofluids on
wettability alteration and enhanced oil recovery. The results demonstrated that the compo-
sition with KCl-1+NF outperformed other compositions in terms of wettability alteration
and enhanced oil recovery. This finding indicates that a specific combination of LSW and
NF can have a significant impact on improving oil recovery efficiency. The most significant
findings and accomplishments from this research include the following.

First, nanofluids can alter the wettability of the reservoir rock further, enhancing the
displacement of oil by water. The nanoparticles in the nanofluids interact with the rock
surface, modifying the surface properties and improving the spreading and penetration
of the injected fluid. This leads to improved oil recovery by reducing the residual oil
saturation and increasing the sweep efficiency.

Second, the presence of nanoparticles in the nanofluids can also exhibit unique fluid
behavior, such as reduced viscosity and increased thermal conductivity. These properties
can enhance the fluid flow within the reservoir, allowing for better fluid mobility and
improved displacement of oil. The reduced viscosity of the nanofluids can mitigate the
challenges of a high mobility ratio between injected fluids and the reservoir oil, resulting in
more efficient oil displacement.

Furthermore, the hybridization of nanofluids and low-salinity water can potentially
address the issue of water channeling. The nanoparticles in the nanofluids can act as solid
diverting agents, plugging the high-permeability zones and redirecting the injected fluids
into the low-permeability areas. This helps in achieving a more uniform sweep of the
reservoir, preventing the bypassing of oil and improving overall oil recovery efficiency.

Both NF and LSW have a positive impact on the wettability alteration of the rock
surface. However, oil binds to the rock surface as KCl and SiO2 concentrations rise. As a
result, choosing compositions with lower LSW and NF concentrations is a smart practice.

The KCl-1+NF injection pattern from the core flooding trials produced the maximum
residual oil recovery, which was followed by the KCl-2 and pure water injection patterns.
The presence of NF has been shown to increase the amount of oil that can be collected,
since it increases the mobility and sweep efficiency of the residual oil. Additionally, it was
discovered that the KCl injection pattern produced the maximum recovery for the same
interval. Its high wettability variations are the cause of this.

The magnetic resonance images and the T2 spectrum test results obtained from the
NMR investigations may demonstrate the migration properties of LSW + NF in hetero-
geneous cores, and the displacement of the solution in different porosities. The results
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showed that due to the initial injection stage’s low flow resistance, the saturation in big
pores increased quickly. At 15.0 PV, the saturation increased slightly to 95.8%. At 15 PV, the
medium pores’ occupation climbed gradually to 91.5%.

5. Conclusions

In conclusion, a viable strategy for improved oil recovery from mature oil reservoirs is
the hybridization of nanofluids with low-salinity water floods. The synergistic effects of
combining these two approaches improve fluid movement, sweep efficiency, and wettability
change. This study’s findings add to our knowledge of the possible advantages of this
hybrid strategy, and offer insightful information for future research as well as possible
applications in the realm of oil reservoir production. The increasing need for energy
worldwide makes it imperative to investigate new and economical ways to maximize
oil recovery from current reserves. Combining low-salinity water floods with nanofluid
hybridization is an achievable approach to ensure sustainable and effective use of oil
resources, while also helping to fulfill the world’s growing energy demand.
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Abstract: The Xiaojiang watershed in Luxi, Yunnan, is a typical rocky desertification area, in which
karst groundwater pollution is severe and water resources are scarce. This article takes the watershed
as an example and investigates the response mechanisms of surface karst spring water quality
to agricultural pollution in rocky desertification areas. Specifically, the study was conducted as
follows: (I) A total of 108 water samples from 54 sources were collected during the dry and wet
seasons for analysis. (i) Principal component and correlation analyses identified the main pollution
indicators in the soil surface karst zone of the area, including total bacterial count, total coliforms,
COD, pH, and redox potential. (ii) It was also discovered that surface soil, impacted by agricultural
activities, directly contributes to groundwater pollution in the soil surface karst zone. (II) Local soil
was used to prepare soil columns under various conditions for simulation. The findings indicate:
(i) Temperature significantly affects the surface karst springs, with higher temperatures leading to
more pronounced water quality responses, increased enrichment of pathogen-microbiota indicators,
and degraded water quality. (ii) Soil porosity substantially influences the water quality of surface karst
springs. Increased porosity results in looser soil, more oxidizing conditions in the storage matrix,
reduced pathogen-microbiota development, and consequently, less water pollution. This study
offers theoretical and technical references for evaluating, monitoring, and issuing early warnings for
pathogenic bacteria-microbiota pollution in groundwater in rocky desertification areas.

Keywords: rocky desertification; surface karst spring; groundwater pollution; pathogenic microbiota;
simulated in situ experiment

1. Introduction

Southwest China hosts the world’s largest exposed karst region, where karst water
resources, totaling 2039.67 × 104 m3/year, comprise 23.39% of the nation’s groundwater [1].
However, challenges such as high population density, uneven spatial and temporal distri-
bution of these resources, intricate storage and burial dynamics, and significant pollution
reduce per capita water availability [2,3]. Karst areas, characterized by rocky desertification,
present a complex and diverse range of underground water pollution. This leads to a
highly sensitive and vulnerable groundwater system, which is particularly susceptible to
pathogen-microbiota pollution [4,5]. Research indicates that pathogen-microbiota indica-
tors in groundwater are not merely detrimental to human health but also potentially harbor
or transmit other harmful microbes. These indicators serve as proxies for microbial viruses
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posing threats to human health [6–9]. Consequently, investigating the response changes of
pathogen-microbiota indicators in groundwater within rocky desertification areas holds
substantial theoretical and practical significance.

The soil–water matrix environment plays a pivotal role in exploring the response mech-
anisms of groundwater to pathogen-microbiota pollution. The sequence of interactions,
spanning from groundwater contamination through infiltration to microbial pollution,
culminates in the response of pathogen toxicology indicators. This sequence is intimately
linked with the evolutionary processes of microbes [4,5].

Soil, as a three-phase porous medium, exhibits substantial purification capabilities
attributed to its unique structure and the presence of mineral ions. Within this porous matrix
environment, the evolution and migration of groundwater microbes are influenced by the
soil’s self-purification capacities, which play a crucial role in retaining microbes, thereby
substantially diminishing the microbial content that enters the groundwater [10,11]. The
factors affecting microbial evolution in soil solid porous media can be classified into three
categories: microbial factors, soil medium factors, and soil environmental factors [12,13].

Microbial factors encompass the microbe type, strain size, surface charge, hydrophobic-
ity, and chemotactic nature of the community. The surface charge of microbes significantly
influences their adsorption within the soil–water matrix environment [14]. Moreover, their
migration and attenuation are associated with factors such as microbial type [8,15–17],
surface hydrophobicity [18], individual size [19], community chemotaxis [12,20], and popu-
lation heterogeneity [21,22].

Soil medium factors encompass soil particle size, pore structure, moisture content,
mineral composition, and overall content. The dynamics of solute movement in the
soil–water matrix environment adhere to mechanisms such as interception, leaching, and
physicochemical filtration, as delineated in previous studies [23,24]. The ionic content of
clay minerals demonstrates pronounced adsorption [25,26] and desorption [27,28] effects
on microbes. Microbial mobility is enhanced in larger pores [29,30]. An increase in moisture
content correlates with greater microbial retention [29,31], and smaller effective particle
sizes are associated with higher microbial retention [32–34].

Soil environmental factors encompass pH, temperature, flow rate, and ionic strength.
Within certain limits, elevated temperatures enhance the activity of microbial pathogens [35,36].
The migration capacity of microbes notably increases with the environmental pH [11,13].
Enhanced hydrodynamic conditions facilitate microbial migration capacity while diminish-
ing retention effects [32,36]. An increased ion concentration amplifies microbial migration
and penetration capabilities [37,38]. However, molecular diffusion effects are generally
inconsequential in most microbial transport processes [39,40].

In summary, both domestic and international experts and scholars have extensively
researched the response mechanisms, evolutionary processes, and patterns of pathogen-
microbiota in the soil–water matrix environment. However, the response evolution of
groundwater pathogen-microbiota indicators involves a complex interplay between the
matrix environment and the microbes themselves. The mechanisms of response under
varying conditions remain intricate, with many aspects still obscure, underscoring the
need for in-depth exploration. Therefore, a water quality analysis of surface karst springs
in a rocky desertification area was conducted through field sampling and laboratory
tests in this paper, which provided theoretical and technical references for exploring the
response mechanisms of pathogenic bacteria and microorganisms in groundwater in a
rocky desertification area, which is of great scientific significance.

2. Materials and Methods

The Xiaojiang Watershed, situated in southeastern Yunnan Province (Figure 1), fea-
tures a terrain that descends from the northeastern highlands to the southwestern lowlands,
extending northeasterly over an area of approximately 1009.28 km2. It has a population of
200,400. This watershed exemplifies a typical independent karst water system, encompass-
ing comprehensive processes of recharge, flow, and discharge. The area is marked by thin
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surface soil, sparse vegetation, pronounced karst geological structures, extensive fractures,
and complex hydrogeological formations [1,2,5]. Given that surface karst springs are a vital
source of drinking water in the region, analyzing the response of pathogenic microbes to
the water quality of these springs within the typical rocky desertification context of the
Xiaojiang Watershed is of substantial practical importance.
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The surface spring is located in Wanbankong Village, Santang Township, Luxi County.
The village now has a population of more than 900 people, who mainly farm. The upper
layer of the surface spring is a shallow surface karst aquifer of pure carbonate rock with a
high degree of rock fissures. The physical and biological weathering and the karst process
form a large number of karst voids, such as dissolved pores and network dissolved gaps.
The atmospheric precipitation seeps into the surface karst water through the solution holes
and gaps, and the karst runoff seeps into the surface to form the surface spring, where the
aquifer and the bottom water-barrier layer are exposed [1–3,5].

2.1. Field Sampling

Following comprehensive field surveys, a total of 108 water samples were collected
from 54 sources within the basin. This included 18 natural spring outlets, 13 rivers, 12 reser-
voirs, and 11 wells, during both the dry and wet seasons. The spatial distribution of these
sampling points is depicted in Figure 2. The field sampling adhered strictly to the technical
specifications presented in [41]. Subsequent analyses of these samples were carried out
by the Testing Center of the Institute of Hydrogeology and Environmental Geology at the
Chinese Academy of Geological Sciences, Ministry of Natural Resources. This analysis
followed the Standard Examination Methods [42].
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2.2. Soil Column Experiment

Undisturbed soil samples were collected from various depths within the soil surface
karst zone of the Xiaojiang Watershed. Indoor density was measured using the ring knife
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method, volume was measured using the wire method, moisture content was measured
using the weighing method, and specific gravity was measured using the heavy bottle
method to obtain the basic physical parameters of the undisturbed soil (Figure 3). To
replicate the natural conditions of the soil surface karst zone soil layers in the Xiaojiang
Watershed, taking local undisturbed soil, from the surface to the bedrock depth, we packed
the undisturbed soil per 10 cm layers. After returning to the laboratory, the 60 cm soil
column was filled according to the same physical parameters (density, porosity, moisture
content, etc.) of the in situ soil (every 10 cm depth corresponds to the same layer). Addi-
tionally, outlets were strategically installed at 10 cm intervals along the side of the column
to facilitate the study [43–45].
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2.3. Experimental Conditions

Informed by the annual temperature variation chart of the Xiaojiang Watershed and
the distribution range of physical and mechanical indicators of the soil surface karst zone
soil (Tables 1 and 2), temperature and porosity rate, as controllable conditions, were
chosen as variables. Experimental setups, representing different levels of these factors,
were established to conduct indoor simulated in situ soil water environment percolation
process experiments.

Table 1. The monthly average temperature in the research area over many years.

Month Jen Feb Mar Apr May Jun Jul Aug Sept Oct Nvo Dec

Tave(◦C) 9.5 11 15 18 22 24 26 29 29 23 15 12
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Table 2. The experimental condition table.

Experimental Numbers Temperature (◦C) Porosity

1 10 0.5
2 20 0.5
3 30 0.5
4 10 0.55
5 20 0.55
6 30 0.55
7 10 0.6
8 20 0.6
9 30 0.6

According to weather data from 1958 to 2023, the average annual temperature in the
Xiaojiang River Basin is 19.5 ◦C, with an annual temperature of ≥9.5 ◦C. The coldest month
is January, with an average monthly temperature of 9.5 ◦C, while the hottest month is July,
with an average monthly temperature of 29 ◦C. Therefore, the indoor test temperature
conditions are set at 10 ◦C, 20 ◦C, and 30 ◦C.

2.4. Sampling and Analyses

Water samples were systematically collected from various depths (10 cm, 20 cm, 30 cm,
40 cm) of the soil column outlets at predetermined intervals: 0, 1, 3, 6, 10, 15, 21, 28, 35,
42, 49, and 56 days. In the case of orthogonal experiments, wastewater samples were
specifically gathered at different depths on days 7 and 9. These samples were secured in
100 mL sterile glass bottles and subsequently stored at 4 ◦C. The water samples underwent
testing for pH, redox potential, COD, total bacterial count, total coliform count, and other
physical, chemical, and microbiological indicators of groundwater, in accordance with the
Standard Examination Methods [42].

2.5. Statistical Evaluation

The water quality of the field water samples was analyzed completely. Data analysis
was conducted using the Nemero index method (Equations (1) and (2)), and the water
quality comprehensive grade of each water source was calculated (Table 3).

Pi =
Ci
Si

(1)

where Pi is the single-factor pollution index, Ci is the single-factor pollution measured
value, and Si is the single-factor pollution evaluation standard value.

Ps =

√
P2

+ P2
imax

2
(2)

where Ps is the composite pollution index, P is the single-factor index average, and Pimax is
the maximum value of the single-factor index.

Table 3. Water quality comprehensive pollution grade classification standard.

Ps Ps
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of the data were calculated. A threshold of ≤0.05 was set for the consistency test to ensure
statistical significance.

3. Results
3.1. Determination of Pollution Indicators

Utilizing pre-human-engineering-activity baseline values from the basin, pollution
indicators for karst water quality at 54 water source locations were established based on test
results (Table S1). These results were derived from seven water sources in the study area,
which included seven population drinking water source areas (Baishuitang, Yanjinggou,
Wuzhe Shuiku, Zuyuandi, Aobushan, Wulang Haizi), as well as one karst spring water
source (Pijiazhai Daquan). The establishment of these baselines followed the guidelines of
the report presented in [43] in conjunction with the Standard Examination Methods [42].

The Nemero index method was used to calculate the degree of water pollution and
the water quality grade in the study area (Figure 4). The results are as follows:
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(i) The value of Pi was calculated, and the contribution degree of the water quality
grade was analyzed. The identified pollution indicators include total bacterial count,
total coliforms, total hardness (CaCO3), HCO3−, oxygen demand (COD), pH, Ca2+, Mg2+,
chroma, odor, visible objects, and turbidity, ordered by their individual factor contribution.
Collectively, the first eight factors account for 89.82% of the cumulative pollution affecting
the water quality in the area.

Notably, total hardness (CaCO3), HCO3−, oxygen demand (COD), pH, Ca2+, Mg2+,
chroma, odor, visible objects, and turbidity align with the chemical characteristics of car-
bonate rocks in rocky desertification karst areas [43]. In addition, ORP as a comprehensive
water quality indicator should also be considered. Consequently, the laboratory experi-
ments prioritized pathogen-microbes (total bacterial count, total coliforms), COD, and pH
as the target characteristic pollution indicators.

(ii) Under the influence of long-term agricultural activity, the thin surface soil layer not
only fails to purify surface water but also acts as a repository for pollution. Field surveys
revealed that the primary sources of karst groundwater pollution in the area are domestic
sewage, livestock breeding, and agricultural cultivation, which significantly pollute both
water resources and soil layers.

3.2. Temperature Variations and Karst Groundwater Quality Indicator Responses
3.2.1. Changes in pH of Groundwater at Various Depths under Different
Temperature Conditions

Indoor experiments at different temperatures measured the pH values of groundwater
at various depths, as shown in Table 4 and Figure 5.

Table 4. The pH values of groundwater under different temperature and depth conditions.

Depth/(m)
Temperature

10 ◦C 20 ◦C 30 ◦C

0.1 6.18 6.30 6.32 (max)
0.2 5.99 6.12 6.25
0.3 5.94 6.05 6.10
0.4 5.88 (min) 5.98 6.03
0.5 5.92 6.02 6.08

Average value E 5.98 6.09 6.16
Range R 0.3 0.32 0.29
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(i) As shown in the results, under varying temperature conditions, the pH value
of groundwater in the soil surface karst zone exhibited fluctuations within the range of
5.88–6.32, typically demonstrating acidic characteristics. The variation range was relatively
narrow at 0.44, indicating modest fluctuation levels.
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(ii) As demonstrated in Figure 5, across the entire soil surface karst zone, the overall
trend shows that the groundwater pH tends to decrease with increasing soil depth. How-
ever, this rate of change gradually diminishes, reaching an extreme value at a depth of
0.4 m. This is followed by a slight upward fluctuation between 0.4 m and 0.5 m, although
the extent of this increase is minimal.

(iii) The pH value of karst groundwater tends to increase with higher temperatures,
exhibiting smaller fluctuations and a tendency towards stability. Conversely, in winter,
with the lowest temperatures, groundwater pH reaches its minimum value.

3.2.2. Changes in ORP (Oxidation-Reduction Potential) of Groundwater at Various Depths
under Different Temperature Conditions

In the experiments conducted under varying temperature conditions, the oxidation-
reduction potential (ORP) values of groundwater were measured at different depths. The
results of these measurements are detailed in Table 5 and Figure 6.

Table 5. The ORP values of different depths of groundwater under different temperature conditions.

Depth/(m)
Temperature

10 ◦C 20 ◦C 30 ◦C

0.1 43.11 15.67 (min) 24.33
0.2 49.00 26.33 34.33
0.3 47.33 33.67 40.83
0.4 56.00 (max) 37.33 45.83
0.5 47.23 31.28 39.66

Average value E 48.53 28.86 37.00
Range R 12.89 21.67 22.67
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(i) As shown in the results, under varying temperature conditions, the ORP (oxidation-
reduction potential) values in the groundwater of the soil surface karst zone exhibited a
range of fluctuation between 15.67 and 56.00. This range suggests an overall low potential
and strong reduction characteristic, with a variation extent of 40.33, indicating considerable
and unstable fluctuations.

(ii) As demonstrated in Figure 6, the general trend in the ORP values of groundwater
across the entire soil surface karst zone is an increase with greater soil depth, signifying
a decrease in reduction and an increase in oxidation. Nevertheless, this rate of change
gradually decreases, peaking at a depth of 0.4 m. Beyond this point, a minor decreasing
fluctuation trend is observed between 0.4 and 0.5 m depth, though the extent of this decline
is minimal.

(iii) Under different temperature conditions, lower temperatures correlate with higher
karst groundwater ORP, displaying minimal fluctuations and a tendency towards stability.
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Conversely, with the highest temperatures, groundwater ORP shows the most significant
fluctuations and is least stable.

3.2.3. Changes in COD (Chemical Oxygen Demand) of Groundwater at Various Depths
under Different Temperature Conditions

Indoor experiments at different temperatures measured the chemical oxygen demand
(COD) values of groundwater at various depths, as shown in Table 6 and Figure 7.

Table 6. The COD values of different depths of groundwater under different temperature conditions.

Depth/(m)
Temperature

10 ◦C 20 ◦C 30 ◦C

0.1 7.87 10.64 14.05
0.2 7.74 (min) 9.84 16.47
0.3 10.21 12.20 17.21
0.4 12.34 14.58 21.32
0.5 14.39 19.86 25.15 (max)

Average value E 10.51 13.42 18.84
Range R 6.65 10.02 11.10
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(i) As shown in the results, under various temperature conditions, the chemical
oxygen demand (COD) values of groundwater in the soil surface karst zone demonstrated
fluctuations between 7.74 and 25.15, with a range of 17.41. This significant fluctuation
indicates that the groundwater in this karst surface zone generally exhibits high chemical
oxygen demand and is substantially polluted.

(ii) As demonstrated in Figure 7, the overall trend of COD values throughout the soil
surface karst zone tends to increase with increasing soil depth, displaying a generally linear
positive correlation.

(iii) At consistent temperature conditions, with a temperature rise, the COD values in
karst groundwater increase, exhibiting more significant fluctuations and instability. When
temperatures reach their lowest, groundwater COD values are at their minimum, with the
smallest fluctuations, indicating greater stability.

3.2.4. Changes in TBC (Oxidation-Reduction Potential) of Groundwater at Various Depths
under Different Temperature Conditions

Indoor experiments under different temperature conditions measured the total bac-
terial count (TBC) values of groundwater at various depths, as shown in the Table 7 and
Figure 8.
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Table 7. The TBC of different depths of groundwater under different temperature conditions.

Depth/(m)
Temperature

10 ◦C 20 ◦C 30 ◦C

0.1 38,102 41,825 290,667
0.2 46,483 51,089 293,333
0.3 38,900 47,019 340,000
0.4 42,792 45,521 278,667
0.5 26,900 (min) 28,900 386,667 (max)

Average value E 38,635 42,871 317,867
Range R 19,583 22,189 108,000
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(i) As shown in the results, under varying temperature conditions, the total bacterial
count (TBC) value range of groundwater in the soil surface karst zone was observed
to fluctuate between 26,900 and 386,667, with a substantial range of 359,767, indicating
significant fluctuations. This suggests that the groundwater in this karst surface zone is
subject to severe TBC exceedance, indicative of serious microbial pollution.

(ii) As demonstrated in Figure 9, across the entire soil surface karst zone soil layer, at
lower temperatures, there is a general trend of decreasing groundwater TBC values with
increasing soil depth, although the range of this change is quite minimal. Conversely, at
higher temperatures, the overall trend is for groundwater TBC values to disperse more
with increasing soil depth.

(iii) Under different temperature scenarios, with the summer temperature rise, karst
groundwater TBC values increase, displaying larger fluctuations and more instability.
When temperatures are at their lowest, groundwater TBC values reach their minimum and
exhibit the smallest fluctuations, indicating greater stability.

3.2.5. Changes in TEC (Total Escherichia coli) of Groundwater at Various Depths under
Different Temperature Conditions

Indoor experiments under different temperature conditions measured the total Es-
cherichia coli (TEC) values of groundwater at various depths, as indicated in Table 8 and
Figure 9.

(i) As shown from the results, under diverse temperature conditions, the total E. coli
count (TEC) values in the groundwater of the soil surface karst zone exhibited fluctuations
between 60 and 1600, with a range of 1540. This substantial fluctuation indicates that the
groundwater in this karst surface zone experiences severe TEC exceedance, signifying
serious microbial pollution.

(ii) As demonstrated in Figure 9, throughout the entire soil surface karst zone soil layer,
at lower temperatures, the general trend shows a decrease in groundwater TEC values
with increasing soil depth, although the range of this change is relatively minor. At higher
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temperatures, groundwater TEC values initially decrease and then tend to stabilize as soil
depth increases.

(iii) Under different temperature scenarios, with the summer temperature rise, karst
groundwater TEC values increase, demonstrating larger fluctuations and more instability.
When temperatures are at their lowest, groundwater TEC values reach their minimum,
with the least fluctuation, indicating greater stability.

Table 8. The TEC of different depths of groundwater under different temperature conditions.

Depth/(m)
Temperature

10 ◦C 20 ◦C 30 ◦C

0.1 222 470 1600 (max)
0.2 186 467 1178
0.3 196 432 1068
0.4 200 457 1137
0.5 60 (min) 139 1158

Average value E 173 393 1228
Range R 162 331 532
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3.3. Response of Karst Groundwater Quality Indicators to Changes in Porosity
3.3.1. Changes in pH of Groundwater at Various Depths under Different
Porosity Conditions

Indoor experiments under different porosity conditions of undisturbed soil tested the
pH values of groundwater at various depths, as indicated in Table 9 and Figure 10.

(i) As shown in the results, in the soil surface karst zone under various porosity
conditions, the pH value range of groundwater exhibited fluctuations between 5.91 and 6.29,
typically acidic, with a fluctuation range of 0.38, indicating relatively minor fluctuations.

(ii) Within the soil layer of the surface karst zone, with smaller porosity, karst ground-
water pH values tend to increase, exhibiting greater fluctuations and more instability.

(iii) As demonstrated in Figure 10, throughout the entire soil surface karst zone, the
general trend of groundwater pH values showed a tendency to decrease with increasing
soil depth. The change was approximately linear in the 0.1−0.3 m depth range, reaching
extreme values at a depth of 0.3 m under varying porosity rates. This was followed by a
slight upward fluctuation trend with increasing soil depth, although the magnitude of this
rise was quite minimal.
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Table 9. The pH of different depths of groundwater under different porosity conditions.

Depth/(m)
Porosity

0.60 0.55 0.50

0.1 6.16 6.28 6.29 (max)
0.2 6.02 6.10 6.15
0.3 5.91 6.02 6.03
0.4 5.91 (min) 5.95 5.96
0.5 5.93 5.97 6.01

Average value E 5.99 6.06 6.09
Range R 0.25 0.33 0.34
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3.3.2. Changes in ORP (Oxidation-Reduction Potential) of Groundwater at Various Depths
under Different Porosity Conditions

Indoor experiments under different soil porosity conditions tested the oxidation-
reduction potential (ORP) values of groundwater at various depths, as indicated in Table 10
and Figure 11.

(i) As shown from the results, in the soil surface karst zone with varying porosity
rates, the oxidation-reduction potential (ORP) values of groundwater fluctuated between
22.50 and 49.72, indicative of overall low potential and strong oxidizing conditions. The
variation range of 27.22 suggests substantial and unstable fluctuations.

(ii) Within the soil layer of the soil surface karst zone, the smaller the porosity results in
minimized groundwater ORP values and secondary stability, exhibiting greater fluctuations
and more instability.

(iii) As demonstrated in Figure 11, across the entire soil surface karst zone, the general
trend is for groundwater ORP values to increase with increasing soil depth, although the
rate of change gradually diminishes. An extreme value is observed at a depth of 0.4 m,
followed by a minor downward fluctuation trend between 0.4 and 0.5 m depth; however,
the extent of this downward fluctuation is minimal.

Table 10. The ORP values of different depths of groundwater under different porosity conditions.

Depth/(m)
Porosity

0.60 0.55 0.50

0.1 35.89 24.72 22.50 (min)
0.2 42.17 36.83 30.67
0.3 48.67 38.50 34.67
0.4 49.72 (max) 46.17 43.28
0.5 45.62 37.78 35.89

Average value E 44.41 36.80 33.40
Range R 13.83 21.44 20.78
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Figure 11. The ORP curve for different depths of groundwater under different porosity conditions.

3.3.3. Changes in COD (Chemical Oxygen Demand) of Groundwater at Various Depths
under Different Porosity Conditions

Indoor experiments under different soil porosity conditions tested the chemical oxygen
demand (COD) values of groundwater at various depths, as indicated in Table 11 and
Figure 12.

Table 11. The COD values of different depths of groundwater under different porosity conditions.

Depth/(m)
Porosity

0.60 0.55 0.50

0.1 8.76 10.76 13.02
0.2 7.62 8.25 12.65
0.3 7.19 (min) 10.28 18.83
0.4 10.44 11.65 21.49
0.5 16.24 24.35 28.78 (max)

Average value E 10.05 13.06 18.95
Range R 9.05 16.10 16.13
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Figure 12. The COD curve for different depths of groundwater under different porosity conditions.

(i) As shown from the results, in the soil surface karst zone with different porosity
rates, the range of chemical oxygen demand (COD) values in groundwater fluctuated
between 7.19 and 28.78, with a variance of 21.59. This significant fluctuation suggests
that the groundwater in this karst surface zone generally has a high COD, indicative of
substantial pollution.
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(ii) In the soil surface karst zone soil layer, with smaller porosity, the fluctuations in
groundwater COD values are also reduced, indicating increased stability.

(iii) As demonstrated in Figure 12, throughout the entire soil surface karst zone, the
overall trend shows that groundwater COD values tend to increase with increasing soil
depth, exhibiting a non-linear positive correlation.

3.3.4. Changes in TBC (Total Bacterial Count) of Groundwater at Various Depths under
Different Porosity Conditions

Indoor experiments under different soil porosity conditions tested the total bacterial
count (TBC) of groundwater at various depths, as indicated in Table 12 and Figure 13.

Table 12. The TBC values of different depths of groundwater under different porosity conditions.

Depth/(m)
Porosity

0.60 0.55 0.50

0.1 109,275 (min) 118,925 152,060
0.2 114,750 124,133 162,689
0.3 113,667 127,973 184,280
0.4 116,592 121,809 178,578
0.5 114,633 131,467 186,367 (max)

Average value E 113,783 124,861 172,795
Range R 7317 12,542 23,677
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(i) As shown in the results, in the soil surface karst zone, under varying porosity
rates, the Total Bacterial Count (TBC) values of groundwater fluctuated between 109,275
and 186,367 CFU/mL, with a range of 77,092. These significant fluctuations suggest that
the groundwater in this karst surface zone generally experiences severe TBC exceedance,
indicative of serious microbial pollution.

(ii) Within the soil layer of the soil surface karst zone, with smaller porosity, the
groundwater TBC values increase, with the average being approximately 1.5 times higher
than in looser soil layers, and fluctuations are larger and more unstable.

(iii) As demonstrated in Figure 13, across the entire soil surface karst zone, as soil
becomes denser or the soil particle size decreases, the general trend is for groundwater
TBC values to increase with increasing soil depth, typically exhibiting non-linear changes.
In contrast, when the soil layer is looser or the soil particle size is larger, changes in
groundwater TBC values with increasing depth are relatively smaller.

3.3.5. Changes in TEC (Total Escherichia coli) of Groundwater at Various Depths under
Different Porosity Conditions

Indoor experiments under different soil porosity conditions tested the total Escherichia
coli (TEC) values of groundwater at various depths, as indicated in Table 13 and Figure 14.
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Table 13. The TEC values of different depths of groundwater under different porosity conditions.

Depth/(m)
Porosity

0.60 0.55 0.50

0.1 480 540 839
0.2 418 445 968
0.3 357 (min) 415 998
0.4 432 451 1020
0.5 366 386 1100 (max)

Average value E 411 447 985
Range R 123 154 261
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(i) As shown in the results, in the soil surface karst zone, under varying porosity
rates, the total E. coli count (TEC) values in groundwater fluctuated between 357 and
1100 MPN/100 mL, with a variance of 743. This significant fluctuation suggests that
the groundwater in this karst surface zone typically experiences severe TEC exceedance,
indicative of serious microbial pollution.

(ii) As demonstrated in Figure 14, throughout the entire soil surface karst zone, as soil
becomes denser or the particle size decreases, the general trend is for groundwater TEC
values to increase with increasing soil depth, displaying predominantly non-linear changes.
Conversely, in conditions where the soil layer is looser or the soil particle size is larger, the
changes in groundwater TEC values with increasing depth are relatively smaller, and the
fluctuations are less pronounced.

(iii) Within the soil layer of the soil surface karst zone, with smaller porosity, the
groundwater TEC values increase, with the average being approximately 2.4 times higher
than in looser soil layers, and fluctuations are larger and more unstable.

4. Discussion and Conclusions
4.1. Water Quality and Pollution Status

In the study area, exposed bedrock, developed cracks, thin surface rooted soil zone,
sparse vegetation, uneven annual rainfall, and strong monsoon effect lead to uneven distri-
bution of groundwater resources in the inland basin in terms of morphology and burial,
contributing to severe rocky desertification, water scarcity, and notable pollution. The
primary pollution sources in the basin include dispersed domestic waste, farmyard manure
application in fields, and unregulated livestock farming, leading to a high concentration of
total bacterial count, total coliforms, and other microbes in the soil. The research focused
on identifying primary pollution indicators in the soil surface karst zone of the study
area, including total bacterial count, total coliforms, COD, pH, and oxidation-reduction
potential. It was observed that under long-term agricultural activity, the thin surface soil
layer serves as a direct source of pollution for groundwater in the soil surface karst zone.
The uneven distribution of water resources, combined with intense pollution and the local
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residents’ limited awareness of water resource conservation, has resulted in significant
ecological degradation.

4.2. The Temperature and Porosity Effects on Groundwater Quality

The results of the present study have demonstrated that temperature was the most
significant factor influencing groundwater pathogen-microbiota indicators. Mesophilic mi-
crobes, such as bacteria and coliforms, exhibit optimal growth within specific temperature
ranges. Coliforms, which are commonly found in the intestines of animals and humans,
demonstrate optimal growth at temperatures ranging from 30 ◦C to 40 ◦C, with the most
rapid reproduction occurring at 37 ◦C. The quantity, metabolism, and activity are subject to
change when the temperatures are not conducive to their survival [44–48]. This is consistent
with our finding that TBC and TEC values are lower below 30 ◦C. In summer, with high
temperatures, the average groundwater TEC values are approximately seven times higher
than in other seasons. This suggests that during summer, the microbial TBC and TEC
exceedance in soil surface karst zone groundwater is severe, rendering it unsuitable as a
source of potable water for human use.

Soil consists of particles of varying sizes, and its particle size distribution, coupled
with porosity, constitutes one of its critical physical properties. These aspects significantly
influence the evolution of groundwater microbes. Research by scholars such as Bradford
and Harter, using saturated soil columns with varied particle sizes, has demonstrated that
as particle size diminishes, microbial concentration at the column outlet decreases, while
retention at the inlet increases [32,33]. Furthermore, David’s experiments on agricultural
grassland soil revealed that particles of different sizes possess distinct adsorption surface
energies. For instance, only 2% of Escherichia coli were retained in soil particles ≥31 µm,
compared to 65% in particles <2 µm [49]. In studies involving Bacillus subtilis spores in
soil, Minyoung found that doubling the soil particle size could increase the migration
speed of spore microbes by 82%, likely due to the impact of larger pores in sandy soil on
both adsorption capacity and hydrophobic interactions [50]. This is consistent with our
finding that in denser soil or with smaller soil particle sizes, the groundwater TBC and TEC
values increase. This phenomenon underscores that in rocky desertification areas under
agricultural conditions, more frequent tilling and looser soil quality correlate with higher
groundwater TBC levels, with the smallest and most stable fluctuations.

4.3. Implication

The results highlight that temperature exerts the most significant influence on the
quality of karst groundwater. Elevated temperatures lead to increased pH, COD, and
microbial indicator (total bacterial count and total coliforms) values in groundwater, along
with wider ranges in ORP values. When the temperature exceeds 25 ◦C, the total bacterial
count markedly increases with rising temperatures, while below 25 ◦C, there is minimal
response to temperature variations. Total coliform concentration gradually increases with
temperature, showing a more rapid rise above 15 ◦C. At the same temperature, depth shows
little impact on water quality changes in surface karst springs. When porosity exceeds
0.55, the hydrodynamic cycle is accelerated, and soil oxygen content increases, resulting in
higher ORP values and lower pH, indicative of a pronounced oxidative environment in the
soil–water matrix. This suggests that the surface charge of soil mineral particles increases,
thereby enhancing the adsorption capacity of the soil mineral surface for microbial indica-
tors in karst groundwater, leading to more enriched pathogen-microbiota indicators. On
the contrary, when porosity is less than 0.55, the surface soil layer exerts the opposite effect
on karst groundwater microbes, reducing the concentration of pollution indicators. This
indicates that denser soil surface karst zone soil or smaller soil particle sizes possess some
capacity to purify karst groundwater quality.
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Abstract: With the gradual emphasis on health by people, the research on the pathogenesis of
endemic diseases has become increasingly in-depth. Through analyzing the environmental selenium
characteristics and conducting a comparative study in typical areas of Chinese loess and black
soil in this paper, it is concluded that the environmental selenium in the two regions has different
characteristics. The soil in the loess area has the characteristics of high alkalinity, low selenium, and
relatively high selenium availability, and the crops are selenium-deficient, while the soil in the black
soil area has the characteristics of high organic matter, low selenium availability, and relatively high
selenium in crops. The research concluded that the environmental occurrence mechanism of Keshan
disease in the loess area and the black soil area is different. Keshan disease can be induced in both
low-selenium and sufficient-selenium environments, and environmental selenium should be one of
the inducing factors of Keshan disease. This research provides a reference for predicting the areas
where Keshan disease occurs and for disease prevention, and it can also serve in the prevention and
control of endemic diseases.

Keywords: China; loess area; black soil area; Keshan disease; environmental selenium

1. Introduction
1.1. Preface

Keshan disease is an unidentified endemic cardiomyopathy [1]. It was discovered in
Keshan County, Heilongjiang Province, in 1935, and was therefore named Keshan disease.
By the end of 2015, Keshan disease was distributed in 16 provinces [2], municipalities, and
autonomous regions in China, involving 328 counties, 2953 townships, and a population of
about 60 million [3]. Geographically, it formed a broad band extending from the northeast
to the southwest in China [4].

Keshan disease has a concentrated high-incidence season in both northern and south-
ern disease areas. It is more common in winter in the northeast region and in summer
in the southwest region. Nowadays, it occurs sporadically throughout the year. There
was a high-incidence period from 1955 to 1978. After 1978, the incidence rate showed a
downward trend. In 1959, the incidence rate of acute and subacute Keshan disease in the
disease area reached 60.18/100,000, and 40.42/100,000 in 1970, with a fatality rate of more
than 40% [1]. During the Keshan disease surveillance from 2000 to 2004, a total of 2096 cases
of potential and chronic Keshan disease were detected nationwide in five years, including
113 new cases of potential Keshan disease and 29 cases of chronic Keshan disease, with an
average annual incidence rate of 3.1‰ [5].

The main pathological changes in this disease are myocardial parenchymal degenera-
tion, necrosis, and fibrosis, resulting in the failure of cardiac systolic and diastolic function.
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It is an independent endemic cardiomyopathy and a serious local public health problem in
China [6,7].

Due to its regional high incidence, studying the environmental mechanism of the onset
of the disease to prevent its occurrence has always been a hot topic in scientific research.

This research conducts a comparison of the environmental selenium in the high-
incidence areas of Keshan disease in Chinese loess and black soil, analyzes the differences
between the two kinds of environmental selenium, and proposes that Keshan disease
can occur in both high-selenium and low-selenium environments; in the loess area where
selenium is generally deficient, it puts forward in-depth planting suggestions to maximize
the selenium content of crops to ensure the selenium intake of the population; and this
research provides a basis for the prediction and prevention of Keshan disease.

1.2. Previous Research Results on the Etiology of Keshan Disease

The etiology of Keshan disease is currently not clear. There are more than 10 the-
ories about the etiology. Current research on the etiology of Keshan disease focuses on
two aspects: biogeochemical etiology and biological etiology.

(1) Biogeochemical etiology

A. Environmental element deficiency etiology
In the 1960s, the Keshan Disease Research Laboratory of Xi’an Medical University

proposed the hypothesis of soil and water etiology and found that the pathological changes
in white muscle disease caused by selenium deficiency in animals in Keshan disease areas
were similar to those of Keshan disease, so it was suggested that selenium deficiency
was the cause of Keshan disease [8]. However, selenium deficiency cannot explain all the
epidemiological characteristics of Keshan disease. Keshan disease does not occur in areas
with low selenium, and there is also Keshan disease in areas with sufficient selenium [9].
Moreover, selenium deficiency does not change correspondingly with the seasonal and
annual high incidence of Keshan disease. There is no significant difference in selenium and
blood selenium between children with and without the disease in the disease area, so sele-
nium deficiency is not the only factor [10]. At the same time, epidemiological investigations
found that manganese can promote the excretion of selenium, and abundant manganese
can further aggravate myocardial damage, suggesting that abundant manganese is related
to the onset of Keshan disease [11].

B. Lack of protein amino acids and vitamins
Experiments conducted by Yu Weihan and others found that the total weight gain,

food utilization rate, and glutathione peroxidase activity in the whole blood of rats fed with
low selenium and low protein were lower than those of rats fed with low selenium and high
protein, and the detection rate of myocardial lesions was higher [12]. The supplementation
of protein has a protective effect on the myocardium of rats. Through a comparative
analysis of the amino acid content in the main grain in the disease area and the free amino
acid content and antioxidant capacity in the plasma of the residents, it was found that the
sulfur amino acid level in the population in the disease area was at a critical deficiency state,
which may lead to a decrease in the antioxidant capacity of the body, thereby inducing the
onset of Keshan disease [13].

Studies have shown that the total amount of vitamin E in the plasma of the population
in the disease area is significantly lower than that in the non-disease area, and the content of
alpha-tocopherol, which has the strongest antioxidant effect in vitamin E, is generally lower
than that in the non-disease area. Studies have found that the content of polyunsaturated
fatty acids in grain in the disease area is significantly increased, which can lead to a relative
lack of vitamin E, thereby reducing the antioxidant capacity of the body and inducing the
onset of Keshan disease [1].

(2) Biological etiology

Previous studies have suggested that factors such as simple selenium deficiency
cannot fully explain the epidemic pattern of Keshan disease, but some characteristics are
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consistent with the characteristics of biological factor infection, such as the isolation of
multiple viruses from the myocardial tissue of Keshan disease, including Coxsackie B
group virus [14], chlorogenic acid, T-2 toxin [15], and fusarium toxins [16]. It is believed
that viruses are also factors that cause Keshan disease.

2. Materials and Methods

To conduct this study, soil and crop samples were collected in Xunyi County in the
high-incidence area of Keshan disease in the Loess Plateau of China and Keshan County
in the high-incidence area of black soil, and their selenium characteristics were analyzed
and compared, in order to analyze the contribution of environmental selenium to Keshan
disease and provide a reference for the prevention of endemic diseases.

2.1. Research in Xunyi County, Shaanxi Province

(1) Overview of Xunyi County

Xunyi County, under the jurisdiction of Xianyang City, Shaanxi Province, is located
in the north of Xianyang City, with a total area of 1811 square kilometers. The exposed
strata mainly include the Quaternary, Tertiary, Triassic, and Cretaceous systems. There are
nine main types of soil in Xunyi County, among which loess is the most widely distributed,
followed by cinnamon soil and black loess. The soil samples collected in this study mainly
include black loess in Zhitian Town, black loess in Tuqiao Town, and yellow loess in the
southeast of Zhangbaosi Town.

(2) The situation of Keshan disease in Xunyi

Shaanxi Province is a province with relatively severe Keshan disease. Xunyi County
is located in the southern part of the Northern Shaanxi Plateau, and all 14 townships in
the county are Keshan disease areas. In the mid-1960s, it was one of the historically severe
Keshan disease areas (counties) in Shaanxi Province. In 1965, the incidence rate of acute and
subacute Keshan disease in Xunyi County reached 86.8/100,000. Since 1990, Xunyi County
has been listed as one of the first national Keshan disease surveillance sites in China [17].
There are 14 disease-stricken townships in Xunyi County, with a population of 265,448. A
survey in 2005 showed that there were still 14 new cases of natural chronic Keshan disease,
with an annual incidence rate of 0.53/10,000.

Houyiyang Village and Changshetou Village in Houzhang Township, and Dongcao
Village in Tuqiao Town, Xunyi County, serve as national surveillance points for Keshan
disease in Xunyi County. In 2003, there were still 50 potential cases and 3 chronic cases [18].

This time, Changshetou Village, Zaochi Village, and Dongcao Village in Xunyi County
were selected as high-incidence study areas to conduct soil selenium research.

(3) Sample collection and testing

Soil sampling was carried out across the county in August 2017, with a sampling
area of approximately 1811 km2. The sampling depth was 0–20 cm. Sample testing was
conducted by the Xinjiang Geological Laboratory. Elements and oxides such as Al2O3, Cr,
Ga, K2O, Nb, P, Pb, V, Rb, SiO2, Ti, Y, Cl, Zr, Br, Cu, Ba, CaO, Co, TFe2O3, MgO, Mn, Na2O,
Ni, Sr, and Zn were analyzed using X-ray fluorescence spectroscopy (XRF). Elements such
as Ag, B, Sn, and Mo were analyzed using emission spectroscopy (AES). Elements such as
Cd, Mo, U, Th, TL, Bi, Ge, W, Ga, Rb, Nb, Pb, Cr, Y, Cu, and Ce were analyzed using plasma
mass spectrometry (ICP-MS). Elements such as As, Sb, Hg, and Se were analyzed using
atomic fluorescence spectroscopy (AFS). Elements such as Be, CaO, Ce, Co, TFe2O3, La, Li,
MgO, Mn, Na2O, Ni, Sc, Sr, Zn, Al2O3, Ti, Ba, K2O, and V were analyzed using inductively
coupled plasma emission spectroscopy (ICP-OES). The actual number of samples analyzed
in the whole county was 460, and 25 sets of wheat and its rhizosphere soil and 20 soil profile
samples were collected in the high-incidence area.

(4) Characteristics of selenium in the soil of the whole county

1© 1:250,000 soil selenium characteristics
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Based on the soil data of the whole county, the element characteristic table related to
Keshan disease in Xunyi County is calculated, as shown in Table 1.

Table 1. Characteristics of soils in Xunyi County.

Sample Size Mean Median Maximum Minimum

As (10−6) 427 13.07 13.35 15.80 6.65
CaO (10−2) 430 6.58 6.60 14.50 1.70
Cd (10−9) 429 174.33 170.00 230.00 118.84
Corg (10−2) 410 0.98 0.82 3.84 0.36
Cr (10−6) 427 69.04 69.10 84.20 48.90
Cu (10−6) 422 24.60 24.67 32.77 16.20
Hg (10−9) 405 28.77 27.13 229.00 12.20
MgO (10−2) 413 2.31 2.29 3.19 1.73
Mn (10−6) 423 652.9 650.0 887.37 432.0
Mo (10−6) 427 0.77 0.77 0.96 0.58
Pb (10−6) 431 22.41 22.40 26.60 18.20
PH 428 8.23 8.26 8.56 7.28
Se (10−6) 420 0.13 0.13 0.30 0.07
Zn (10−6) 422 68.51 68.25 96.20 43.50

The average selenium content in the soils of Xunyi County is 0.13 × 10−6, while the
national average is 0.29 × 10−6 [19]. Compared with the national level, Xunyi County is
a selenium-deficient area, with an enrichment coefficient of 0.45. The analysis results of
the total selenium content in the surface soils of Shaanxi Province show that the range is
0.018–17.618 × 10−6, with an average of 0.118 × 10−6 [20]. Compared with the soils of
Shaanxi Province, it is relatively stable. The selenium content in the surface soils of the
Guanzhong area of Shaanxi Province is 0.034–2.628 × 10−6, with an average content of
0.174 × 10−6 [21]. The enrichment coefficient is 0.75, and it still belongs to a low-selenium
county in the loess area.

Blazina et al. (2014) divided China into four regions based on soil selenium content.
Regions with a selenium content ≤ 0.1 mg/kg are selenium-deficient areas, those with
selenium content of 0.1–0.2 mg/kg are low-selenium areas, those with a selenium content
of 0.2–0.4 mg/kg are areas with normal selenium content, and those with a selenium
content > 0.4 mg/kg are high-selenium areas [22].

All the soils in the whole Xunyi County area are alkaline and have less organic matter,
and there is a general lack of selenium.

2© Selenium characteristics of different soil types
According to the soil-type map of Xunyi County, the main soil types in this area

are loessial soil, cinnamon soil, and black loam, and the elemental characteristics of the
three soil types are shown in Table 2.

Table 2. Element characteristics of main soils in Xunyi.

Element As (10−6) CaO (10−2) Cd (10−9) Corg(10−2) Cr (10−6) Cu (10−6) Hg (10−9)

Cinnamon
soil 12.77 6.75 172.3 1.18 69.16 24.36 29.21

Black loam 13.93 6.37 189.2 0.74 70.78 25.78 33.74
Loessial soil 13.21 6.82 174.0 0.87 69.25 24.52 27.96

Element Mn (10−6) Mo (10−6) Pb (10−6) PH Se (10−6) Zn (10−6) MgO (10−2)

Cinnamon
soil 650.8 0.75 22.23 8.23 0.13 67.73 2.33

Black loam 670.3 0.79 22.94 8.2 0.14 69.47 2.24
Loessial soil 647.3 0.77 22.31 8.24 0.13 68.23 2.3
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From the table, it can be seen that Se has similar contents in the three soils and is
all in the low-selenium zone. It is known that Keshan disease mainly occurs in black
loam. Although Se is relatively higher than that in loessial soil and cinnamon soil, it is still
selenium-deficient.

3© Correlation of selenium elements
Using SPSS software (IBM spss statistics20) to calculate the correlation of elements and

draw diagrams of the correlation between each element and selenium, as shown in Figure 1.
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Figure 1. Correlation of each element with selenium.

It can be seen from the figure that the distribution of selenium in the soil of this area is
positively correlated with Corg, Cd, Mn, Hg, Pb, etc. The most correlated is organic carbon.
Due to the low level of soil organic matter, the effectiveness of Se is positively correlated
with organic matter [23]. At the same time, Cd, Hg, Pb, etc., have an antagonistic effect on
selenium, which can also affect the effectiveness of selenium. According to previous studies,
the pH value range that is most suitable for selenium absorption is about 6.7–7.9 [24]. The
soil in this area is 7.28–8.56, in the middle of the most suitable pH range. The closer the soil
pH is to 7.28, the higher the total amount of Se, and the more the soil tends to be neutral,
which further affects the absorption of selenium.

(5) Characteristics of selenium in the high-incidence area of Keshan disease.

In order to further study the selenium content in the soil and crops in high-incidence
areas, soil samples and crops were collected in high-incidence areas such as Dongcao
Village, Tuqiao Town, Zhichian Town, and Changshetou Village, for a total of 25 sets of
wheat and root soil, 2 soil profiles, etc.

1© Characteristics of selenium in soil and crops in the high-incidence area.
The characteristics of wheat samples, the main crop in the area, are shown in the

following Table 3.

Table 3. Element content in root soil in high-incidence areas.

Pb (10−6) Zn (10−6) Cr (10−6) Mo (10−6) Ge (10−6) Se (10−6)

High-incidence
area soil

25.41 80.71 68.64 0.89 1.05 0.12

Corg
(10−2) pH Mn (10−6) Ca (10−2) Fe (10−2)

1.7 8.44 0.07 3.68 3.32

It can be seen that the mean value of selenium in the soil of the high-incidence area
is 0.12 × 10−6, slightly lower than the average value of soil in the whole county, which is
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0.13 × 10−6. Compared with the Guanzhong area [25], the mean value of selenium in
the soil of the Guanzhong Plain is 0.171 × 10−6, and the selenium in the soil of the high-
incidence area is significantly lower, with an enrichment coefficient of about 0.702.,as shown
in Table 4.

Table 4. Characteristics of wheat in the high-incidence area.

Pb (10−6) Zn (10−6) Cr (10−6) Mo (10−6)

Wheat in the high-incidence area

0.04 20.72 0.4 0.89

Se (10−6) Mn (10−6) Ca (10−2) Fe (10−2)

0.014 47.8 426.83 36.86

The mean value of wheat in the high-incidence area is 0.014 × 10−6. Referring to
the relevant selenium content standards for selenium-rich and selenium-containing soil in
Shaanxi Province, it is the selenium-containing standard. Compared with the Guanzhong
area [26], the mean value of selenium in the wheat of the Guanzhong Plain is 0.056 × 10−6,
and the enrichment coefficient is 0.25.

2© Selenium availability in root zone soil
The existing forms of selenium in the soil determine the ability of crops to absorb

this element [27]. Existing studies have shown that the forms of selenium in the soil can
be roughly divided into water-soluble, ion-exchangeable, carbonate, humic acid, iron-
manganese oxide-bound, organic matter-bound, and residual states [28,29]. Based on
bioavailability considerations, water-soluble and ionic states are classified as available
states; carbonate-bound and iron-manganese oxide-bound Se are the direct source of
available Se and can be classified as potentially available states; while humic acid-bound,
organic-bound, and residual-state Se can be classified as non-available Se.

There are significant differences in the valence content of selenium in the soil of this
area, with most being in the residual and strong organic forms, as shown in Figure 2.
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It can be seen from Figure 3 that the forms of selenium in the area are in the order
of residual > strong organic > humic acid > water-soluble > carbonate > iron-manganese
binding > ion-exchangeable. By statistically analyzing the content of available Se, poten-
tially available Se, and non-available Se in the area, it is found that Se in the area is mainly
in the non-available state, accounting for 84.81% of the total Se, the available Se is only
8.75%, and the potentially available Se accounts for 6.45% of the total Se. Compared with
the soil selenium in the tillage layer of soil in Zhejiang, Qinghai, and Jilin, the proportion of
available Se is the same, which is higher than that of red soil and black soil [30–32].
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3© Relationship between available selenium in soil and content of soil elements.
Based on the characteristics of root zone soil elements and the availability of soil

selenium, the SPSS software (IBM spss statistics20) was used to calculate the correlation
between availability and each element, as shown in the histogram of the correlation between
availability and each element.

It can be seen from the figure that the effectiveness of soil selenium is weakly positively
correlated with the total amount of Se and organic matter. According to the research, when
the overall content of soil organic matter is low, within a certain range, a higher content
of soil organic matter will increase the content of organic selenium. Along with the
mineralization of organic selenium, the small molecule organic selenium and inorganic
selenium that are easily dissolved in the soil will increase, thereby improving the biological
effectiveness of selenium [33]; the organic matter in the loess area is generally low, which
makes the selenium effectiveness positively correlated with the organic matter, but when
the organic matter rises to a certain extent, it can show a decrease in the effectiveness of Se.
At the same time, the available selenium in the soil is negatively correlated with elements
such as Zn, Mn, Mo, and Pb, reflecting that the lower the content of these metal elements in
the soil, the higher the effectiveness of selenium.

4© Enrichment coefficient of wheat selenium
In order to reflect the enrichment of Se in the soil-agricultural crops, the enrichment

factor (EF) is expressed by EF = wheat Se/root soil Se. The maximum value of EF in this
area is 0.22, the minimum value is 0.1, and the average value is 0.14.

Based on the measurement results, the selenium coefficient of wheat and root soil was
calculated. The correlation diagram of the enrichment coefficient of wheat and the various
elements of the root soil is shown in Figure 4.
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It can be seen from the figure that most elements are positively correlated with the
wheat selenium enrichment coefficient, among which Mo and Zn have the greatest influence
coefficient. The acidity and alkalinity are negatively correlated with the wheat selenium
enrichment coefficient. It reflects that in this area, the wheat-producing areas have a high
Mo and Zn, and the pH tends to be neutral. The higher the enrichment coefficient, the
higher the selenium content in wheat.

5© Vertical profile selenium characteristics
Samples were collected from the profile PM01 in Dongcao Village in the high-incidence

area, with a profile depth of 2.0 m and sampling every 20 cm; Samples were collected
from the profile PM02 in Zhitian Town Zaochi Village, with a profile depth of 2.2 m and
sampling every 20 cm. The results of the selenium and available selenium profile are shown
in Figures 5 and 6.
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From the curves of the change in selenium and available selenium with depth in the
two profiles, it can be concluded that the overall selenium in the soil in this area is relatively
low. From the surface to 2 m underground, the selenium shows a certain change trend: the
total amount of soil selenium and available selenium in PM01 both reach a peak at 0.8 m;
the soil selenium in PM02 changes with the depth, and the soil selenium first increases and
then decreases, reaching a peak at 0.6–1.2 m; and then the soil selenium value is always
lower than the surface selenium with the increase in depth, and the lowest value is at 1.8 m.
The above indicates that the variety of the root activity layer of the crops in this area at
0.8 m can achieve the maximum absorption of soil selenium.
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2.2. Comparison of Environmental Selenium Characteristics in Keshan County,
Heilongjiang Province

Keshan County is under the jurisdiction of Qiqihar City, Heilongjiang Province. It
is located in the western part of Heilongjiang Province, with a total area of 3320 square
kilometers. It is the earliest place where Keshan disease was discovered. The geological
background of the county is mainly Quaternary black soil. The high-incidence area of
Keshan disease in the county is Guorong Village. According to the survey, there were a total
of 286 people in Guorong Village in the winter of 1935, including 205 men and 81 women.
In just two months, 36 people died of Keshan disease [9].

(1) Comparison of soil selenium values in the entire area

The county has conducted a 1:250,000 land quality survey. The survey results are
compared with the characteristics of elements such as As, Cao, Cd, Corg, Cr, Cu, Hg, Mgo,
Mn, Mo, Pb, Ph, Se, and Zn in Xunyi County, as shown in Table 5.

Table 5. Comparison of soil element characteristics between Xunyi County and Keshan County.

As (10−6) Cd (10−9) Corg (10−2) Cr (10−6) Cu (10−6) MgO (10−2)

Xunyi County 13.07 0.174 0.98 69.04 24.6 2.31
Keshan County 10.65 0.09 2.28 66.09 20.77 1.281

ratio 1.23 1.85 0.43 1.04 1.18 1.8

Mo (10−6) Pb (10−9) PH Se (10−6) Zn (10−6) Mn (10−6)

Xunyi County 0.77 22.41 8.23 0.13 68.51 652.93
Keshan County 0.64 23.17 6.45 0.25 58.65 683.7

ratio 1.21 0.97 1.27 0.52 1.17 0.95

Compared with Keshan County, the soil in Xunyi County has higher contents of As,
Cd, Cr, Cu, MgO, Mo, Pb, Ph, and Zn, indicating that the soil in Xunyi County is more
alkaline, with higher contents of Cd and Cr within the safe range; Xunyi County has lower
Mn and Pb contents, and the mean value of selenium in the soil of this county is only
0.52 times that of Keshan County, as shown in Table 6.

Table 6. Comparison of soil selenium in the high-incidence areas of Keshan disease in the two coun-
ties.

Pb (10−6) Zn (10−6) Cr (10−6) Mo (10−6) Se (10−6) Corg
(10−2) pH Mn (10−2)

Xunyi County 25.41 80.71 68.64 0.89 0.12 1.7 8.44 0.07
Keshan County 25 63.35 66.18 0.63 0.33 3.1 5.8 0.08

ratio 1.02 1.27 1.04 1.42 0.36 0.55 1.46 0.92

In the high-incidence areas of Keshan disease in the two counties, Xunyi County has
higher Ph and Mo contents and lower organic matter and Se.

(2) Comparative analysis of the correlation of soil selenium elements

Based on the characteristics of root soil elements and the availability of soil selenium,
the SPSS software (IBM spss statistics20) was used to draw a column chart of the correlation
between the calculated soil selenium in Keshan County and various elements, as shown
in Figure 7.
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Figure 7. Correlation diagram of selenium in the surface soil of Keshan County with other elements.

It can be seen from the figure that when the selenium content in the soil of Keshan
County increases, As, Cr, Cu, Zn, Ph, Org.C, etc., also increase, while Mo decreases. The
organic matter in the black soil area is higher, which can reduce the availability of selenium.
In the area where the selenium content in the soil of Xunyi County increases, Corg, Cd, Mn,
Hg, Pb, etc., also increase. Among them, the organic matter can increase the availability of
selenium due to its lower content.

(3) Comparison of the availability of soil selenium.

According to previous data, in Keshan County, Se in the unavailable state occupies
90.37% of the total Se, and the available Se is only 6.03%; in Xunyi County, the unavailable
Se occupies 84.81% of the total Se, and the available Se is only 8.75%.

Compared with Keshan County, the soil pH in Xunyi County is 8.4, while that in
Keshan County is 5.8; the organic matter in Xunyi County is 1.7, while that in Keshan
County is 3.1; the soil in Xunyi County has the characteristics of low organic matter, being
alkaline, and high selenium availability.

(4) Element contents in crops

Samples of the main crops and root soil in the area were collected near Gongrong
Village, Xicheng Town, Keshan County, a high-incidence area. Samples of soybeans, rice,
and corn were collected. See the element table of crops in Gongrong Village, Keshan County
(Table 7) for details.

Table 7. Mean selenium content in crops in the high-incidence area of Keshan disease in Ke-
shan County.

Crop Zn (10−6) Ge (10−6) Se (10−6) Cd (109) Cr (10−6) Pb (10−6)

maize 15.07 1.10 0.02 2.94 0.20 0.08
rice 16.47 2.12 0.038 3.70 0.10 0.05

soybean 38.25 1.16 0.04 28.12 0.21 0.08

(5) Comparison of the variation in selenium with depth.

According to previous research [9], the selenium in the soil of Keshan County decreases
continuously with the increase in depth, and the lowest value appears around 2 m. After
2 m, there is a phenomenon of increasing content, which may be related to the deep
geological body, and the Se on the surface is relatively high. In contrast, in Xunyi County,
the selenium in the soil increases gradually from the surface to 0.8 m, and the maximum
value appears at 0.8 m, then decreases continuously„as shown in Figure 8.
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3. Discussion

The results of this study show that there are selenium-deficient and selenium-sufficient
environments in the Keshan disease high-incidence areas, which is similar to the previous
studies of scholars such as Wang Xiuhong, Fan Zhongxue, and Lei Yanxia [34–36], but
also with some differences. The similarity lies in the presence of selenium deficiency in
the Keshan disease areas, while the difference may be due to the existence of selenium-
sufficient environments in the Keshan disease areas. This finding is of great significance
for the prediction and prevention of Keshan disease, further enriching the research on
the mechanism of Keshan disease. However, this study also has certain limitations. At
the same time, we note that the distribution of elements in the soil is related to industrial
activities, traffic emissions, and agricultural activities [37]. Therefore, future studies should
further consider the secondary enrichment of environmental selenium to deeply explore the
characteristics of environmental selenium and the prevention and treatment of this disease.

4. Conclusions

With the improvement of people’s living standards, people are paying more and
more attention to health. Regarding Keshan disease, as an endemic disease that still exists
at present, its induction mechanism has always been unknown, and the research on the
environmental element selenium has been ongoing. This time, the environmental selenium
research is carried out in the high-incidence areas of Keshan disease in Chinese loess and
black soil, and the following preliminary conclusions are drawn:

(1) As a typical area of loess, Shaanxi Xunyi has alkaline soil and low organic matter, and
the soil selenium is in a state of selenium deficiency and low selenium. The selenium
in the soil and wheat in the high-incidence area are both poor, indicating that Keshan
disease is related to low selenium, which is consistent with the research results of
previous scholars. The proposal of deep cultivation in the loess area is put forward,
which can maximize the selenium content of crops and has a positive effect on the
prevention of Keshan disease.

(2) Compared with the loess area, Keshan County in Heilongjiang, as a typical area of
black soil, has the characteristics of a high soil organic matter, low selenium availability,
and relatively high selenium in crops. Therefore, a selenium-sufficient environment
can also induce Keshan disease, and selenium should be one of the factors inducing
Keshan disease, which is a new discovery of this research.

(3) This research provides a reference for predicting the geographical area of Keshan
disease onset and disease prevention, and it can also serve in local disease control
and prevention.
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Abstract: We perceived a trend in the study and practice of petroleum-contaminate sites. Monitored
natural attenuation (MNA) can reduce the contaminant concentrations in the soil and groundwater,
and it is a method that can remediate the petroleum-contaminated site effectively. MNA is becoming
a research focus. This study evaluated MNA using a series of lab-based bench-scale experiments
and a large amount of monitoring data from field samplings. Based on the in-site total petroleum
hydrocarbon (TPH) results, we used statistical methods, the Mann-Kendall test, and mass fluxes in
order to evaluate the MNA of petroleum-contaminated sites in groundwater. The results showed
that the TPH concentrations were decreasing, and the plume became smaller. The attenuation rate
was from 0.00876 mg/d to 0.10095 mg/d; remediating the petroleum contamination site would cost
1.3 years to 10.6 years. The plume reached a quasi-steady state, and mass flux declined. The most
essential process of MNA was biodegradation, and the second was sorption. During the monitoring
period, 393 g of TPH was attenuated, including 355 g of TPH gradated by microbes. Biodegradation
upstream of the plume was more serious. Iron(III) and manganese were the main electron acceptors
utilized by microbes during the monitored period. MNA was in progress, and it can be an effective
method to remediate the petroleum-contaminated site. Lab-based bench-scale experiments were
performed with much monitoring data from the field samplings in order to understand the fate and
transport mechanism of the petroleum contamination from the land surface to shallow groundwater
according to site conditions.

Keywords: monitored natural attenuation; mass fluxes; petroleum-contaminated site; groundwater;
Mann–Kendall test

1. Introduction

The dependence on petroleum as an indispensable resource for our today’s life is
increasing. During petroleum exploitation, transporting, and processing, spillage and
contamination of the groundwater and soil environment are hard to avoid. Petroleum hy-
drocarbons are very common contaminants in groundwater [1]. It is extremely important to
clean up the contaminated soil and subsurface environment in a cost-effective manner [2,3].
MNA has become a preferred choice for the remediation of petroleum-contaminated
groundwater for decades [4]. An increasing interest in implementing low-cost, environmen-
tally friendly, and nonintrusive solutions such as MNA has been observed in recent years
in many sites worldwide [5–8]. MNA involves low exposure risk for cleanup and requires
less equipment and labor involvement than most other methods [7]. Monitoring for many
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years can be costly but may cost less than other methods [9]. In China, the extensive study
of MNA at the laboratory scale is moving into the study of petroleum-contaminated sites
due to the great real-world demand [10–12].

MNA can be used as the sole remedial solution [13], or when other methods will
not work or are expected to take almost as long. Sometimes, MNA is used as a final
cleanup step after other methods for polishing purposes [14,15]. Some of these naturally
occurring physical, chemical, and biological processes can transform contaminants to less
harmful forms or immobilize them in the subsurface, therefore reducing contaminant
concentrations in groundwater [16–18]. Attenuation mechanisms encompass physical
dilution, physicochemical sorption, ion exchange, chemical dissolution/precipitation or
complexation, and microbial metabolic processes [19,20]. Many studies found that aerobic
and anaerobic biodegradation are the major processes for the reduction of contaminant
mass in the subsurface [21,22]. Biodegradation is generally considered the most important
process for contaminated site remediation because it is destructive, unlike sorption, dilution,
and volatilization [23]. Biodegradation would reduce the mass and toxicity of contaminants
in the groundwater and soils. The biodegradation of aerobic microbes is more efficient than
that of anaerobic microbes [24,25]. Once oxygen is completely used or becomes limiting,
microbes utilize nitrate, followed by manganese, iron, and sulfate [26]. However, if the rate
of biodegradation is not significant enough to contain the plume, MNA will not be sufficient
to protect aquifers and downgradient receptors [27]. So, ensuring the attenuation effect is
the first and foremost task by estimating the trend of a plume, monitoring the concentration,
and calculating the remediation period [28–31]. Theories, such as the Mann–Kendall test,
are often used to define the stability of a contaminant plume based on concentration trends
at individual wells [32–34]. It is widely used in hydrology.

There are multiple methods for estimating biodegradation. First-order kinetics may
be able to approximately reproduce the mass and dimensions of contaminant plumes that
follow from a far more complex degradation model but are often regarded as imprecise
or even conceptually incorrect [16,30,35]. One shortcoming, for example, is that their reso-
lution is not fine enough to reflect plume fringes of the intrinsic biodegradation and their
limiting factors of electron acceptors from the surrounding subsurface environment [36]. A
substantial problem is the negligence of various hydrogeological variables and attenuation
processes that may occur in subsurface environments (e.g., advection, dispersion, mixing).
The resulting first-order rate constants thus describe bulk attenuation rather than local in
situ biodegradation kinetics [37].

Another reactive model used for the in situ quantification of biodegradation is Michaelis–
Menten (MM) kinetics, also known as Monod, no-growth kinetics, which presents the sit-
uations that the initial cell number is much greater than that could be produced using the
substrate present at time zero [16,38]. The MM model originates from biochemistry and is
generally applied for enzyme kinetics in the quasi-stationary state. It relates the maximum
turnover rate of one specific enzyme to the present substrate concentration (single compound)
in the medium. The MM model requires that the amount of enzyme remains constant during
the experiment and is not particularly useful for in-site simulation.

Mass flux reflecting the contaminant mass loss through the control planes (CPs)
perpendicular to the groundwater flow direction is often calculated to quantify the natural
attenuation of petroleum hydrocarbons [39–41]. The 2D method and 3D mass balance
approach for determining plume mass loss [42] have been used to estimate the natural
attenuation. The 3D mass balance approach is more accurate but needs more monitoring
information. Due to aquifer heterogeneity, the resulting plume delineation is strongly
influenced by the positioning and number of monitoring wells [43–45]. In the application of
the method, a few issues need to be addressed. Firstly, it is important to choose appropriate
CPs and determine their lengths by the TPH concentration in groundwater, which can be
an easy way but is actually sometimes not accurate. When enough monitoring wells are not
available at the site, a pumping well is needed [41]. Secondly, the vertical distribution of
TPH is to be delineated, and the mass quantity of plume compounds transformed between
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synoptic sampling events is estimated on the basis of dissolved phase concentrations,
sorption characteristics, and groundwater flux [46,47]. Although the assumption of sorption
ideality is often applied, laboratory and field experiments can often provide evidence of the
solute behavior that deviates from ideality. Thirdly, it is hard to calculate the TPH fluxes
at each CP at various times under the presence of microbial degradation [48]. Therefore,
many assumptions are to be made generally during the assessment.

In this article, a study for the quantitative assessment of an organic contaminant
plume at the typical petroleum contaminated site in NE China under a framework of
the government core funding program (863) for clean and novel science and technology
in the resources and environment section is reported. Extensive field surveys focusing
on geology, hydrogeology, geochemistry, and fractions of the petroleum contaminants
were carried out systematically in order to understand the contaminant hydrogeological
processes and potential in situ remediation with enhanced monitored natural attenuation
(e-MNA), air/bio sparging (AS/BS), and/or permeable reactive barriers (PRB). With the
support of much monitoring data from the field samplings, a series of lab-based bench-
scale experiments were conducted to understand the fate and transport mechanism of the
petroleum contamination from land surface to shallow groundwater according to this site
condition. The mathematical, statistical model, Mann–Kendall test, and mass flux were
reported in this study. The major objectives of this study were to (1) evaluate the attenuation
process of petroleum hydrocarbons in the subsurface, (2) assess the contributions of intrinsic
biodegradation patterns and other processes by the mass flux approach, and (3) quantify
the organic contaminant plume by using the Mann–Kendall model. The effectiveness of
employing MNA as an in situ remedial strategy can then be achieved for this site.

2. Materials and Methods
2.1. Study Area

The study site is located in the east of Songnen fluvial plain, China. It is in the
temperate continental monsoon climate, with a dry and windy spring, hot and rainy
summer, cool fall, and cold winter. The average temperature over multiple years is 4.7 ◦C,
but it has had the extreme climate of 37.5 ◦C in summer and −37.8 ◦C in winter in recent
years. The average annual precipitation is 436 mm, and of that, over 70% occurs in summer
(i.e., June–August).

The elevation of the ground level of the site is between 130.7 and 139.4 m above sea
level. The aquifer layer is Holocene alluvium spread out over the valley of the first terrace.
The surface layer of the aquifer is drab silt (Figure 1). The lower layer is fine sand, sand, and
gravel, being 20–22 m thick. The groundwater table is from 3 to 4.5 m depth below ground
level. The groundwater flow direction generally is from the southeast to northwest. The
hydraulic gradient is from 0.002 to 0.008. According to slug tests, the hydraulic conductivity
is between 0.5 and 12.9 m/d at this site.

There are four oil production wells around the site, and one of the faulty production
wells in the upper gradient of the site has been leaking for some years, having also been
fixed for some time. This faulty oil well has also produced a petroleum spill pit on the
surface that was believed to be a main contamination source for this site (Figure 2). The
most recent cut off was in April 2009, which should have cured the leak completely.

2.2. Sample Collection and Analysis

There are twelve boreholes and one potable well at the site for groundwater mon-
itoring, all being located at the down gradient area of the petroleum spill (Figure 2).
Perpendicular to the groundwater flow, three CPs were assigned for the plume assess-
ment in this study, each of them containing two or three monitoring wells (Figure 2). All
of the CPs were ensured by Formula (6) below, which ignored the influence of depth.
The hydro-geochemical parameters were monitored from September 2009 to March 2010.
These included six campaigns of TPH concentration sampled monthly, except for February
2010 from 13 monitoring wells. Other major ions including calcium, magnesium, sodium,

101



Appl. Sci. 2023, 13, 12782

potassium, chloride, and bicarbonate/carbonate were sampled in September 2009, Jan-
uary 2010, and March 2010 so that a good trend of hydro-geochemistry could be obtained.
Electron acceptors and environment parameters including nitrate, nitrite, ammonium,
total iron, iron(III), manganese, sulphate, sulfide, pH, oxidation reduction potential (ORP),
conductivity, temperature, and salinity were also analyzed in September 2009, October
2009, November 2009, January 2010, and March 2010. The environment parameters were
tested in situ during field sampling using Hanna, and then the sample for TPH, major ions,
and electron acceptors were taken for further laboratory analysis. The TPH concentration
before the pumping test was higher than after, and it showed that petroleum hydrocarbon
concentration decreased with depth. To ensure the effect of MNA, the surface concentration
of TPH was used in the estimation.
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The sample for TPH analysis was taken with amber glass bottles. For data quality con-
trol, samples for Fe/Mn were added with hydrochloric acid, and samples for sulfide were
added with 1 mol/L sodium hydroxide and 1 mol/L zinc acetate as chemical stabilizers.
The sampling bottles were attempted with no head space and sealed with aluminum foil
paper, shipped avoiding sunlight, and kept at 4 ◦C for further lab analysis.

Total petroleum hydrocarbons were detected by infrared spectrophotometry (JDS-
108U+). K+ and Na+ were determined by flame atomic absorption spectrophotometry; Ca2+,
Mg2+, NO3

−, Cl−, and Fe(III) were determined by the titration method; and SO4
2− was

determined by the turbidity method. Analytical methods adopted the Quality Standards
for Groundwater (GB/T 14848-2017) [49] of China. The other main instruments used to
determine the groundwater properties included a multiparameter water quality analyzer
(Hach-HQ40).

3. Results
3.1. Contamination and Attenuation Processes
3.1.1. Spatial Distribution of TPH

The plume of TPH was at a downgradient of the waste petroleum pit (WPP) that was
based on the analysis of the flow direction and the distribution of the TPH concentration,
in addition to the fact that the TPH concentration of Z10 and Z19 was excessively high. The
TPH concentration of Z1-1 was 15.08 mg/L, which was highest in September 2009 because it
is the nearest monitoring well to the WPP. The TPH concentration in the plume ranged from
6.21 mg/L to 15.08 mg/L. At the edge of the plume, the TPH concentration was 2.99 mg/L.
The TPH concentration decreased, with distance ranging from 7.06 mg/L to 2.99 mg/L.
The TPH concentration of Z10 was influenced by both downstream producing wells and
upstream contamination, and it was the highest in October 2009. From November 2009 to
March 2010, the TPH concentration of Z10 was higher than Z6, Z7, and Z8. The spatial
distributing of TPH concentration was largely the same from September 2009 to March
2010. Contamination areas were at the downstream area of the WPP and Z10 (Figure 3).
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3.1.2. TPH along the Flowline

Figure 4 shows the TPH concentration along the flowline from the contaminating
source. Abscissa represents the distance from the source to monitoring, and the origin point
represents the edge of WPP (Figure 1, A-A’). The concentrations of TPH were reduced along
the groundwater flow from source zones to downstream areas. Investigating the results
revealed that the decreases of TPH concentrations were significant. The contamination,
which was far away from the contamination sources, usually had a longer role of natural
attenuation, including soil adsorption, dilution, mixture, and biodegradation. The trend
was more obvious in September and October 2009.
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3.1.3. Temporal Variation of TPH

The distribution of TPH changed during the monitoring period. These changes mainly
reflected that the TPH concentration was decreasing, and the plume was wilting. The
highest concentration was 15.08 mg/L in September 2009, dropping to 4.77 mg/L in March
2010. Approximately 78% of TPH was attenuated. On the edge of the plume, the attenuation
trend was smooth, and 45% of TPH was attenuated on average. The TPH concentrations
increased from September 2009 to October 2009 in Z6, Z7, Z9, Z10, Z16, and Z21. This
variation was due to the migration of contamination. The same trend occurred in Z11
from October 2009 to November 2009. In another period, the TPH concentration decreased.
Overall, in almost all of the monitoring wells, the TPH concentration decreased (Figure 5),
and 36.6% of TPH was attenuated on average in all of the monitoring wells. The final
concentration of TPH was decreased to 6 mg/L.
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3.1.4. Hydrogeochemistry and Biogeochemistry

Based on the investigation of groundwater level, the groundwater flow direction
was from the southeast to the northwest (Figure 1). The main anion in the site was
the bicarbonate ion, and the content was usually not less than 60%, except Z22. The
distributing of bicarbonate ions associated with the TPH concentration, which was high
at the downstream of WPP, reaching 2 mg/L, such as with Z6, Z7, Z8, and Z22. In
peripheral monitoring wells (Z10, Z11, Z19, Z20, and S1), bicarbonate ion concentrations
were lower than 1 mg/L (Figure 6). The evapotranspiration process reacted in the area
where the bicarbonate ion concentration was high, and the cations were either sodium ions
or sodium ions and calcium ions. Chloride ions were another major anion in the study
area, and they were widely distributed downstream of the WPP. After the cleanup the
source, the enrichment area of chloride ions became more significant. The main cations in
the groundwater were sodium ions and calcium ions. The sodium ions were distributed
in the west of the study area, and calcium ions were distributed in the east of the study
area (Figure 6). The enrichment of calcium ions and bicarbonate was the result of the
leaching process, and the enrichment of sodium ions and chloride ions was the result of
the evapotranspiration process. The distribution of the hydrochemical type was formed
by recharging not only from the upper gradient area but also from the second Songhua
River [50].
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During the monitoring period, the concentration of dissolved oxygen (DO) was very
low. DO concentrations in the high-TPH wells were lower than in the low-TPH wells,
and DO concentrations typically were less than 1 mg/L. In the heavily contaminated area,
especially near the WPP, the DO concentrations were less than 0.1 mg/L (Z1-1, Z6, Z7, and
Z8). These data fully prove that aerobic biodegradation was occurring at this site.

The decreasing trends of nitrate concentrations also can be observed. Nitrate con-
centrations in the contaminated areas ranged from 1.2 to 14.0 mg/L (Table 1). Higher
TPH and lower nitrate were detected near the source, and DO was depleted. The nitrate
concentrations decreased from September 2009 to January 2010, and they were stable from
January to March 2010 (1 mg/L). The ammonium concentrations increased from September
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to November 2009. The average ammonium concentrations ranged from 0.142 mg/L to
1.03 mg/L. This showed that denitrification was occurring on the site.

Table 1. Summary of water quality data intervals for monitoring wells in September 2009 to March 2010.

September 2009 October 2009 November 2009 January 2010 March 2010

TPH (mg/L) 3.7–15.1 2.8–12.0 4.3–6.6 3.4–6.8 3.2–5.6
pH 6.8–7.6 6.8–8.3 7.9–8.6 7.3–9.7 7.2–7.9

ORP −163.0–36.4 −137.6–45.7 −130.2–−45.4 −160.9–−77.4 −126.5–−21.5
NO3

− (mg/L) 1.2–14.0 1.2–3.0 - 0.6–2.0 0.6–4.0
NH4

+(mg/L) 0.1–0.3 0.2–1.3 0.56–1.86 - -
Mn2+ (mg/L) 0.68–2.98 0.05–2.27 0.90–4.89 0.85–5.23 0.36–3.52

Total Fe (mg/L) 1.7–27.8 0.3–20.9 0.1–10.9 2.0–13.3 0.8–47.1
Fe3+ (mg/L) 0.1–1.1 0.1–0.3 0.1–0.6 0.1–0.5 0.2–0.8

SO4
2− (mg/L) 0.2–142.7 0.2–104.7 0.3–70.8 4.8–48.0 7.9–42.5

Parallel results were measurable for the distribution of manganese in groundwater in
September 2009. Manganese is the production of manganese dioxide, which is a component
of soil. Mn(II) occurs because of the metabolism by microbes [51]. Downstream of WPP,
the average manganese concentrations increased (1.51 to 1.93 mg/L). The average iron(III)
concentrations were as high as 0.337 to 7.79 mg/L in wells, while background levels were
approximately 1.112 mg/L. Iron(III) concentrations can be used as an indicator of anaerobic
degradation of the petroleum hydrocarbons at the site.

Sulfate can be reduced to sulfide by microbes. The background level of sulfate was
143 mg/L. In wells downstream of WPP (Z1-1, Z6, Z7, Z8, Z11, and Z16), the sulfate
concentrations were less than 50 mg/L, lower than the farther wells.

Oxidation reduction potential (ORP) indicates that the groundwater environment was
weak oxidation to weak restoration (36.4–163.0) in September 2009. ORP was lower down-
stream of WPP, and the lowest was Z1-1. This illuminates that petroleum contaminated
Z1-1 first, and Z1-1 experienced natural attenuation for a long time. ORP decreased from
September 2009 to January 2010 (36.81 dropped average) and increased from January to
March 2010 (35.01 raised averagely) in some wells (Z1-1, Z6, Z7, Z8, etc.) downstream of
WPP. This showed that electron acceptors were depleted, and biodegradation was unable
to continue. Groundwater was in a neutral environment in September 2009 (the average
pH was 7.23). Compared with the ORP, higher ORP and lower pH were detected near the
source zones from September 2009 to January 2010. The pH decreased from January to
March 2010 (1.24 dropped average).

3.2. Quantitative Assessment of Biodegradation Processes
3.2.1. Statistical Methods

The evaluation of MNA based on statistical methods was calculated by the TPH
concentrations to confirm the flowline, the attenuation rate, and the half-life of petroleum
pollutants. It is defined as

C(t) = Ae
1
λ t, (1)

C(t) is the concentration function, λ is half-life, t is time, and A is the initial concentration.

3.2.2. Mann–Kendall Test

The zero hypothesis H0 to time series arrays (x1, . . ., xn) is n independent and the
random variable distribution of the same sample, and alternative hypothesis H1 is a bilateral
examination. For the related k, j ≤ n and k 6= j, and xk and xj distribution is not the same;
inspection of the statistical variable S is based on the following formula:

S =
n−1

∑
i=1

n

∑
k=i+1

sgn(xk − xi), (2)
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xk, xi are particular values in a sequence of data; n is the length of data; and

sgn(θ) =





1, θ > 0
0, θ = 0
−1, θ < 0

, (3)

sgn(θ) is the cumulative amount of time series. The Mann–Kendall test requires at
least four independent samples of the time [52]. The normal statistical distribution of S is

ZC =





S−1√
var(s)

, S > 0

0, S = 0
S+1√
var(s)

, S < 0
, (4)

Variance:

var[s] =
[n(n− 1)(2n + 5)−∑

t
t(t− 1)(2t + 5)]

18
, (5)

For the trend in the bilateral inspection, at a given confidence level α, if |Z| ≥ Z1−α/2,
then the original assumption is unacceptable. That means time-series data versus an
obvious is upward or downward trend at a confidence level. Statistical variables can
determine the trend of the plume, and based on the corresponding numerical credibility
trends, have complete the plume assessment. For statistical variables Z, if greater than 0, it
is and upward trend; if less than 0, it is a downward trend. The absolute values of Z were
greater than or equal to 1.28, 1.64, and 2.32 at the time, showing that Z passed the reliability
of the 90%, 95%, and 99% significance tests, respectively.

In this test, the plume stability is represented as decreasing, probably decreasing,
stable, no trend, probably increasing, and increasing at given confidence levels.

3.2.3. Mass Flux

This method is based on four assumptions: (1) the monitoring wells of each CP could
contain the plume, the diffusion effect in the longitudinal and vertical profile is negligible,
and the TPH distribution in the direction is linear; (2) verified by multiple pumping tests,
the TPH concentrations in groundwater and depth meet the power function; (3) adsorption
and desorption are instantaneous, and the aquifer is homogeneous and isotropic, with
the proportion of adsorption to desorption being 1:3; and (4) volatilization of TPH in
groundwater is negligible [39].

In this article, three transects were drawn at distances of 38 m, 58 m, and 66 m from
the main source location (Figure 1). The mass fluxes were calculated for the six different
sampling periods. The development of the well capture area with time can be described as

r(t) =

√
Qt

πHne
, (6)

r(t) is the radius (L) of the well capture zone at time t. Q is the pumping rate (L3 T1). T
is the time (T). H is the aquifer thickness (L), and ne is the effective porosity (–).

The Darcy law can be described as

Q = KAI, (7)

K is the hydraulic conductivity (L T−1), A is the area of the cross-section (L2), and I is
the hydraulic gradient (−).

The TPH concentration in groundwater and depth meet the power function:

C(h) = C0 × h−0.385, (8)
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C(h) is the concentration of TPH (mg/L) at depth (m), C0 is the concentration at the
surface of the aquifer(mg/L), and h is depth (m).

The mass flux of TPH Mdi (M T−1) related to an individual sampling port located
within each CP is then defined as

Mdi = Ciqi Ai, (9)

Ci is the concentration measured at the sampling location (M L−3), qi is the specific
discharge perpendicular to CP (L T−1), and Ai is the capture area (m2). The total mass
discharge Md (M T−1) crossing a groundwater fence with n sampling ports can subsequently
be calculated as

Md =
n

∑
i

Mdi=
n

∑
i

Ci(h)dh× Ki Ii × [2ri(t)]
2H, (10)

Ki is the coefficient of permeability (m/d), Ii is hydraulic slope (−), and H is the
thickness of the confined aquifer (m).

The mass flux between two CPs can be described by the following equality:

MdCP1–CP2
=

MdCP1
−MdCP2

2
× L

V
, (11)

MdCP1–CP2, MdCP1, and MdCP2 represent the measured compound-specific mass fluxes
between CP1 and CP2 (g/d); at CP1 and CP2 (g), L is the distance between CP1 and CP2
(m), and V is the average groundwater velocity (m/d). The adsorbance can be described by
the following equality:

Ma = k f ×Md, (12)

Ma is adsorbance, and kf is the absorption coefficient. The amount of microbial
degradation is the decrement of Ma and Md. Compound-specific total mass fluxes (M T−1)
are quantified at different distances from a contaminant source zone using either point
scale or integral investigation approaches. If the average travel time ∆t (T) between the two
existing control planes is known, it is possible to quantify the compound-specific effective
first-order natural attenuation rate constant (T−1) [40]:

λ = − ln(
MdCP2

+ MaCP2

MdCP1
+ MaCP1

)
1

∆t
, (13)

λ (T−1) is the effective natural attenuation rate constants.

4. Discussion
4.1. Statistical Methods

The results of statistical methods are shown in Table 2. Z1-1 is the nearest monitoring
well to the WPP. Its natural attenuation rate is 0.101 mg/d, and 68% of TPH attenuated in
105 days, with its half-life being 87 days. The natural attenuation rate of Z7 is 0.043 mg/d,
and 47% of TPH attenuated in 83 days; the natural attenuation rate of Z16 is 0.026 mg/d,
and 61% TPH attenuated in 162 days; the natural attenuation rate of Z16 is 0.012 mg/d,
and 31% of TPH attenuated in 162 days. The components of petroleum are complex. The
longer the distance to the 344 source, the harder the attenuation (Figure 7). Attenuation
rate curves followed the exponential distribution, y = 0.33911e−0.0522x, R2 = 0.9868. Without
human intervention, the remediation time of S1 will cost 10.6 years, which is the longest
time in the site. After 3 years, 53.8% of monitoring wells will achieve the remediate goals;
after 5 years, 76.9% will achieve the remediate goals; and after 7 years, 92% of monitoring
wells will achieve the remediate goals.
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Table 2. Estimation from point concentrations.

Location
Initial

Concentration
(mg/L)

Distance to the
Source

(m)

Attenuation Time
(d)

Attenuation Rate
(mg/d)

Half-Life
(d)

Remediation
Time

(a)

Z1-1 15.1 25.1 105 0.101 87 1.3
Z6 5.8 38.0 115 0.017 270 3.5
Z7 7.4 36.6 83 0.043 130 1.8
Z8 6.1 39.2 115 0.023 212 2.8
Z9 6.2 65.1 162 0.012 472 6.2

Z10 10.3 68.4 73 0.082 84 1.3
Z11 5.3 64.4 46 0.035 145 2.0
Z16 8.3 49.0 194 0.026 182 2.6
Z19 5.6 67.1 194 0.011 500 6.5
Z20 6.6 64.4 162 0.018 288 3.9
Z21 9.7 52.0 162 0.039 168 2.4
Z22 7.1 55.3 194 0.019 327 4.3
S1 7.3 8.8 194 0.009 775 10.6
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4.2. Trend Analysis Based on the Mann–Kendall Test

Table 3 shows that none of the wells were found to be increasing or probably increasing,
as well as showing eight decreasing or probably decreasing wells (69%). Only Z8 was
stable; Z7, Z10, and Z11 had no trend, and attenuation in these monitoring wells was not
apparent. Z10 and Z11 might have been contaminated, being near the producing well. The
initial concentrations of Z6, Z7, and Z8 were relatively lower than in other wells. There was
no decreasing trend downstream of WPP (Figure 8). These results support the conclusions
that the TPH plume was stable or declining. We can also detect that the attenuation trend in
the plume was more obvious than at the edge of the plume; for adsorption and dispersion,
it was more efficient in the initial condition.
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Table 3. Results of the Mann–Kendall trend analyses.

Concentration Trend Confidence Level (%)

Z1-1 Probably decreasing 93
Z6 Probably decreasing 97
Z7 No trend 69
Z8 Stable 83
Z9 Probably decreasing 97

Z10 No trend 79
Z11 No trend 56
Z16 Probably decreasing 97
Z19 Probably decreasing 93
Z20 Probably decreasing 96
Z21 Decreasing 99
Z22 Probably decreasing 97
S1 Probably decreasing 93
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4.3. The Analysis Based on Mass Flux

The TPH concentrations were given by the data of six monitoring periods. Aquifer
thickness was equal to the well depth minus the aeration zone depth. The hydraulic
gradient was calculated by the water level. Mass flux results are shown in Figure 9. The
mass flux of TPH generally reduced over time, only increasing slightly in January 2010.
The fluctuation occurred mainly when the TPH concentration was relatively small. Test
accuracy was impacted by the fluctuation. According to the changes of mass flux, it could
be seen that CP1 > CP2 > CP3. The mass flux of CP1 was 1415 mg/d in September 2009,
which reduced to 524 mg/d in January 2010, and then it rebounded slightly to 580 mg/d.
CP2 and CP3 had the same trend (Figure 9). This indicated that the TPH concentrations
through each section decreased. Natural attenuation was carried on in the contaminated
plume, and TPH in the site reached the half-steady state from time to time.
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The main attenuation processes were adsorption, volatilization, biodegradation, and
dispersion. Based on the research of Suarez (2002) [39], the volatilization of TPH in ground-
water is negligible. Once the medium and environment are fixed, adsorption and dispersion
are stable, so the decrement of mass flux can be considered as the approximate contribution
of biodegradation. We calculated the biodegradation using Formulas (9)–(11), and the
results are listed in Table 4. Based on the mass flux data in time and space, biodegradation
of TPH and natural attenuation were able to be analyzed. However, if the mass flux is
reduced, the soil particle will resolve part of the petroleum hydrocarbons, and then the
biodegradation of capacity will be the sum of reduction and desorption. We were able to
calculate desorption by using Formula (12). From September 2009 to March 2010, biodegra-
dation due to mass flux reduction between CP1 and CP2 was 215 g; total flux reduction
was 242 g through calculus, and biodegradation occupied 89% of the total attenuation.
This explained why microbial degradation was a major attenuation mechanism in the site.
Similarly, from September 2009 to March 2010, biodegradation calculated by mass flux
between CP2 and CP3 was 140 g; total mass reduction was 152 g, and biodegradation
occupied 92% of the total attenuation. During this process, the adsorption capacity be-
tween CP1 to CP2 was from 81 g down to 27 g, and adsorption shrank. In the monitoring
process, adsorption and biodegradation declined continuously, but the biodegradation
ratio increased. The biodegradation ratio at the upstream was 64–89%, and the biodegrada-
tion rate downstream was 70–92%. The average biodegradation rate in the upstream was
0.4911 mg/d/m3, and it was 0.338 mg/d/m3 downstream. The attenuation rate upstream
was higher than downstream.

In short, the following were found: (1) Calculations showed that attenuation stably
occurred in the plume, the mass flux of each CP was reducing, and there were more con-
taminants upstream than downstream. (2) Adsorption and biodegradation were the main
attenuation processes; biodegradation was more efficient. (3) Biodegradation increased,
and adsorption decreased with time. The biodegradation capacity was 383 g.

The three findings above were able to be used to estimate the natural attenuation of
petroleum-contaminated sites. Comprehensive results could reflect the intensity and trend
of natural attenuation. The distribution and concentrations were able to verify the trend
analysis results compared to the monitoring results. Natural attenuation occurred in the
groundwater of the petroleum-contaminated site, and the TPH concentrations decreased
continuously. Attenuation strength in the plume was higher than the edge, and attenuation
patterns were different.

4.4. The Division of Functional Areas and the Utilization of Electron Acceptor

OPR is the parameter that indicates redox conditions of groundwater in the site.
According to Norris and Drápela’s research [32,53], when microorganisms consume electron
acceptors, ORP indicates the utilization of an electron acceptor. If pH is known, ORP can be
determined, as shown in Figure 10. When pH = 7 and temperature is 25 ◦C, if Eh is more
than 740, it is an aerobic condition, and oxidation can occur in the area. If Eh is less than
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740, it is an anaerobic condition, and there is no oxygen available; thus, denitrification can
happen in the area [54]. However, biodegradation in the site is a complex process. pH and
temperature are changeable, so Fetter, C.W [55] studied the relationship between Eh and
various ions under different pH values, as shown in Figure 11. Thus, microbial functional
areas of the site can be speculated.

Table 4. The result of mass flux and the contribution of each attenuation.

Time (d) 0 32 69 105 115 194

CP1–CP2

Mass flux (mg) 243,868 168,081 108,778 95,533 80,997 82,453
Adsorbed mass (mg) 81,289 56,027 36,259 31,844 26,999 27,484

Total mass (mg) 325,157 224,108 145,037 127,377 107,996 109,937
Mass flux decreased (mg) 0 75,787 135,090 148,335 162,871 161,415

Adsorbed mass decreased (mg) 0 25,262 45,030 49,445 54,290 53,805
Biodegradation (mg) 0 101,049 180,120 197,780 217,161 215,220

Total attenuation (mg) 81,289 157,076 216,379 229,624 244,160 242,704
Biodegradation ratio (%) 0 64 83 86 89 89

Attenuation rate (%) 25 48 67 71 75 75

CP2–CP3

Mass flux (mg) 139,415 87,636 50,803 45,171 39,551 34,223
Adsorbed mass (mg) 46,472 29,212 16,934 15,057 13,184 11,408

Total mass (mg) 185,887 116,848 67,737 60,228 52,734 45,631
Mass flux decreased (mg) 0 51,780 88,613 94,244 99,865 105,192

Adsorbed mass decreased (mg) 0 17,260 29,538 31,415 33,288 35,064
Biodegradation (mg) 0 69,040 118,150 125,659 133,153 140,257

Total attenuation (mg) 46,472 98,251 135,084 140,716 146,336 151,664
Biodegradation ratio (%) 0 70 87 89 91 92

Attenuation rate (%) 25 53 73 76 79 82
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Furthermore, electron acceptor concentration is also an effective way to determine
the microbial functional areas. Electron acceptors of the site have background values, and
anomalies are usually caused by microorganisms. Therefore, concentrations of electron
acceptors can reflect the microbial functional areas, at least those existing or taking place.

Based on Norris and Drápela’s research, we can determine that the site was utterly
anaerobic. Denitrification and manganese reduction occurred in all monitoring wells of
the site. Until September 2009, iron reduction occurred in all of the wells except Z19 and
S1, and sulfate reduction and methanogenesis did not occur during the monitored period.
However, there was a zone whose sulfate concentration was lower than the background
value; ORP was unable to prove it, so we considered that sulfate reduction had occurred
before the monitored period.
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Figure 11. The relationship between Eh, pH, Fe, and S (based on Fetter) [55].

Suppose all electron acceptors in each monitoring well had an unchanged background
value. Within the monitoring period, all the monitoring wells’ concentrations were at a
lower level, except S1. Manganese had a similar trend with iron, so the main boundary
was unable to be distinguished, and manganese was assigned to the same boundary. An
apparent low value area was able to be obtained through sulfate concentrations change
analysis. This area is downstream of WPP and could maintain stability during the monitor-
ing period. It could also prove that sulfate reduction had taken place before the monitored
period. Through the analysis of electron acceptor concentrations, the boundaries of iron,
manganese, and sulfate in the site were able to be identified, as shown in Figure 12.
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By comparing the results, the boundary of the functional area remained unchanged.
Only the reduction area of manganese and iron expanded slightly.

5. Conclusions

Based on the results monitored from petroleum-contaminated sites, we estimated
MNA by statistical methods, the Mann–Kendall test, and mass flux, and thus we came to
the following conclusions:

The contamination in the site was severe and needed remediation.
The TPH concentrations were decreasing in the monitoring period but still seriously ex-

ceeded the standard (Quality Standards for Groundwater (GB/T 14848-2017) [49] of China).
The attenuation rate in the site was from 0.00876 mg/L to 0.10095 mg/L, and the

relationship between attenuation rate and distance met the exponential distribution. Re-
mediation time was from 1.3 years to 10.6 years. Analysis of the TPH trend indicated that
62% of wells had decreasing or probably decreasing trends: these support the conclusion
that the TPH plume is shrinking. Mass fluxes of the three CPs and changes in the plume
also indicated that the TPH plume had reached a quasi-steady state and that mass flux
was declining. The attenuation trend in the plume was more evident than the edge. The
most essential process of MNA is biodegradation, and the second important is sorption.
During the monitoring period, 393 g TPH attenuated, including 355 g TPH degraded by
microbe. Biodegradation in the upstream is stronger. Iron(III) and manganese were the
main electron acceptors utilized by microbes during the monitored period.

Based on the result of monitoring and estimation, we were able to come to the same re-
sult: MNA is in progress, and MNA can be an effective method to remediate the petroleum-
contaminated site.
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Abstract: The frequent occurrence of urban flood disasters is a major and persistent problem threat-
ening the safety of cities in China and elsewhere in the world. As this issue is so pervasive, exploring
new methods for more effective risk prevention and urban flood disaster control is now being priori-
tized. Taking the case of the city of Zhengzhou as an example, this paper proposes using geological,
hydrogeological, ecological, and environmental conditions together with appropriate engineering
designs to address the problem of urban flooding. The strategy includes integrating urban sponge–
hydrogeological conditions, ecological engineering, and the construction of deep underground water
storage facilities. Field investigations, data collection and analysis, in situ observations, testing, and
laboratory experiments, are analyzed to explain the formation mechanism and means to mitigate
flood disasters in Zhengzhou. Our results suggest that the appropriate use of geological, ecological,
and hydrogeological aspects, combined with effective engineering practices, can significantly improve
the city’s flood control capacity. These measures can solve the problem of the “once-in-a-millennium”
occurrence of torrential rain disasters such as the “720” torrential rainstorm that has affected the city
of Zhengzhou.

Keywords: flood disaster; Zhengzhou; sponge city; underground drainage; ecological engineering

1. Introduction

With the high pace of urban environment development, many cities worldwide face
risks from urban floods, which is evolving as a major threat to life and property. According
to the statistics of the World Meteorological Organization (WMO), around 7870 hydromete-
orological disasters occurred in the world from 1970 to 2016. These floods have resulted
in 1.86 million deaths and an economic loss of USD 1.9 trillion [1]. Chinese cities are no
exception in this regard. Based on the available statistics, more than 400 Chinese cities
with a wide geographical distribution were affected by floods from 2007 to 2018. These
flood-related disasters have claimed 21,720 lives and resulted in a staggering economic loss
of CNY 3163.9 billion [2,3] (p. 57; pp. 661–662). The problem of floods has greatly affected
safe operations in cities, disrupted normal life, and has become a matter of serious concern.
Flood-related disasters have become a severe impediment to the high-quality development
of cities in China [4].

Urban waterlogging disaster is an extremely complex engineering problem with many
dimensions [5–9] (pp. 1–2; pp. 661–662). The processes that lead to such urban disasters
are interactive and complicated, involving many natural and human-induced factors. They
can be understood only by understanding the state of natural systems, social conditions,
and developmental activities [10–15]. Experts and scholars worldwide have been exploring
ways to prevent and control flood disasters. They have put forward many suggestions
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based on ground conditions and theoretical methods that can be used effectively for flood
control. Researchers and engineers based in China are constantly engaged in developing
flood control strategies; they have also learned techniques practiced in foreign countries,
which they successfully adapt for effective flood control [16–22].

In the face of the rapid development of cities built on regions of diverse geological
environments, climatic zoning, and other conditions, preventing and controlling urban
floods are challenging. However, after decades of continuous exploration, China has
successfully developed a suitable strategy to manage and mitigate urban flood disasters.
It has been proposed that by 2025, China will build a “sixteen-character” urban flood
control and drainage system. This system works on a combination of parameters such as
source emission reduction, well-designed storage and drainage facilities, risk elimination,
and emergency response if stipulated standards are exceeded. Together, various elements
of this system significantly improve the urban drainage system and effectively prevent
waterlogging and flooding [23].

Fundamentally, the “sixteen-character” strategy aims at an efficient disposal capacity
by building artificial reservoirs and lakes to improve flood detention and storage. Laying
water pipelines, dredging rivers to improve flood discharge, and building sponge cities
to enhance urban rainwater flood infiltration and storage are the other steps suggested to
prevent flooding. On the mitigation front, steps are taken for emergency flood discharge,
evacuation of residents, providing emergency aid, transportation of materials and imple-
mentation of traffic control. Undoubtedly, these measures have played a vital role in urban
flood control in China. However, in the face of pervasive floods that are becoming more
and more severe and seriously restricting the high-quality development of its cities, there is
a need to develop innovative ideas and theoretical and practical methods for more effective
solutions.

So, in this study, we use the rainfall during the “720” torrential rainstorm (in three
days, from 17 to 20 July 2021, Zhengzhou received 617.1 mm of rainfall. On 19 July alone,
the rainfall was 552.5 mm. This torrential rain disaster flooded all the urban areas of
Zhengzhou and paralyzed the city’s traffic. More than 2000 roads were damaged, and
many infrastructure facilities were destroyed. The flood disaster killed 380 people and
caused direct economic losses as high as CNY 40.9 billion. The intense rainfall received in
this city during a short period broke the 70-year historical records of hourly and single-day
rainfall since 1951. The probability and return period of hourly and daily precipitation
rates leading to such events is estimated to be more than 1000 years.) as the upper limit
value [24,25], and we take the example of Zhengzhou city (also spelt as Chengchow), the
capital and largest city of Henan Province in the central part of the People’s Republic of
China (Figure 1), to discuss the role of geological methods in solving urban flood disasters,
from the aspects of integrating urban sponge engineering with hydrogeological conditions,
guiding engineering construction under the guidance of ecological geological theory, and
the use of underground space for water storage projects.

This study will analyze and explain the importance of geological methods for the
prevention and control of urban flood disasters according to the following logic, as shown
in Figure 2.
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2. Materials and Methods
2.1. Methods

We collected and analyzed a variety of data that form the basis for the development
of the city of Zhengzhou. The data included basic information on geography, geology,
hydrology, social-economic development, and the area of urban land space. On the planning
and administrative side, the data covered aspects of urban engineering, including sponge
city construction, ecological environment aspects, river system governance, urban flood
control etc. Many relevant kinds of literature based on in-depth studies at home and abroad
that have discussed the developmental status and layout of cities prone to such disasters
were consulted to develop the background of our study. These research papers have helped
gather the concepts of advanced flood control, technologies and methods practiced for
flood control at home and abroad.

Regional geology data were obtained from regional geological maps with accuracies of
200,000 and 50,000. In addition, the map with an accuracy of 50,000 was used to identify re-
gions prone to geological disasters. Hydrogeological data for farmland water conservation
and geotechnical data required for underground constructions were collected using maps
with an accuracy of 50,000. Evaluation of urban environmental and geological problems
and investigations of the section of the lower Yellow River in the city of Zhengzhou was con-
ducted to gather the background data. Geological and environmental investigations were
conducted in various mines in the area, and the data were analyzed in detail to evaluate the
Quaternary geological conditions in the area. The large amount of data collected is useful
for an integration of the regional geology, hydrogeology, environmental and engineering
geology and assessing how their characteristics influence urban flooding.

A comprehensive geological survey was carried out with an accuracy of 50,000 scale
to evaluate hydrogeology, engineering geology and environmental geology. The study area
also carried out geophysical exploration, engineering, geological drilling and in situ testing,
hydrogeological drilling, and pumping tests. The regional hydrologic environment, geolog-
ical conditions and their spatial distribution were documented by the above investigations.
Maps presenting the relevant parameters of hydrogeology, engineering and environmental
geology were compiled.

Further, maps of groundwater depth were prepared based on water level measure-
ments, water quality analysis, and tests conducted during high- and low-water periods.
Through in situ tests such as water seepage test and pumping test carried out on-site,
parameters such as soil seepage rate, rainfall infiltration replenishment coefficient, and
permeability coefficient were obtained. Water, rock, and soil samples were collected, water
quality and geotechnical characteristics were tested indoors, and the related parameters of
hydrogeology, engineering geology and environmental geology were also obtained. The
detailed work deployment is shown in Figure 3.

2.2. Materials
2.2.1. Geographical Setting

With a built-up area of 1181.61 km2, Zhengzhou is a megacity in the Henan Province
in the central region of China. By 2021, Zhengzhou registered a permanent population of
12.742 million, an urbanization rate of 79.1%, and a GDP of CNY 1269.1 billion, ranking
15th in China [26]. The city is located on the top of the fluvial alluvial plain of the Yellow
River, with well-developed alluvial terraces. It falls in the north temperate continental
monsoon climate zone and is also adjacent to the south subtropical monsoon climate zone,
sharing the climatic characteristics of both zones. Precipitation occurs mainly from June to
September, and the annual average rainfall is 542.15 mm [18].

2.2.2. Distribution of Watersheds and Water Systems

Zhengzhou city, with an area of 7446 km2, spans two major river basins: the Yellow
River and the Huaihe River. The city is built on the lower reaches of the Yellow River, the
upper reaches of the Huaihe River and the upper and middle reaches of the Jialu River. It
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is adjacent to the Yellow River in the north, the Songshan Mountain in the west, and the
Huang Huai plain in the east and south. The western part of the city, located in the Yellow
River Basin, accounts for 24.6% of the city’s total area. The remaining 75.40% of the city is
in the Huaihe River Basin. The part of the city located in the Jialu River Basin of the Huaihe
River covers 2750 km2, of which the urban planning and construction area is 1945 km2,
which is the key study area. Located in the upper and middle reaches of the tributary Jialu
River Basin, it also covers a small part of the Yellow River Basin, as shown in Figure 4. The
Jialu River in the urban area mainly has 11 tributaries, such as Suoxu, Jiayu, Jinshui and
Qili rivers. All tributaries flow into the Jialu River and flow southeast to Zhoukou outside
the city, through Zhongmou County. It can be seen from Figure 1 that the Jialu River plays
a critical role in flood control and drainage in the urban area of Zhengzhou [27].
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2.2.3. Geological and Engineering Geological Conditions

As discussed above, the study area is in the hinterland of China, bordering the Yellow
River in the north, Songshan Mountain in the west, and Huang Huai plain in the east and
south. The overall terrain is high in the southwest and low in the northeast, descending in
a ladder shape. From the low and medium mountains eroded by the structure in the west
and southwest, it gradually declines and transits to the structural denudation hills, loess
hills, inclined (hill) plains and alluvial plains.

The inclined (hill) plain is located in front of the hills and is distributed in the central
area in a strip form near the south and north. The terrain elevation is 100 to 150 m.
From the west to the east, it is inclined from the front of the hills to the downstream
longitudinally, with a gradient of 3 to 10 degrees. From south to north, it occurs in a wavy
undulating form of hillocks. The well-developed and distributed strata are composed
mainly of quaternary loess, loess-like soil, silt, and silty clay. The alluvial plains are widely
distributed in the eastern region, formed by the Yellow River alluvium. The terrain is flat,
the ground elevation is 80 to 100 m, and the slope is from the northwest to the southeast.
The quaternary loose silt, silty clay and sandy soil, which define the strata, have good
engineering properties and are suitable for construction, including underground water
storage facilities (Figure 5). There are few active faults in the study area, and the peak
ground-shaking acceleration is 0.10 to 0.15 g. There are no earthquakes of medium intensity
or above, and the region is considered to fall in the seismic zone of intensity VII, which
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is conducive to urban safety. In conclusion, the geological conditions of the study area
are generally suitable for urban engineering construction, including underground water
storage projects.
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2.2.4. Hydrogeological Conditions

There are four main types of groundwater in the study area: pore water, pore fissure
water, carbonate fissure karst water, and bedrock fissure water. However, the key study
area is mainly composed of loose rock pore water, which is widely stored in quaternary
loose sediments. Among them, the shallow water (buried water level depth less than 80 m)
with a single well inflow of 1000 to 5000 m3/d is a good water supply source. The medium
and deep water (buried water level depth is 80 to 400 m) is mainly distributed in the sand,
and silty fine sand aquifer in the plain area, with a single well inflow of 500 to 1000 m3/d.
This is currently the primary water supply source for the city. Low impermeable silty clay
layers with a thickness of 5 to 12 m widely distributed between the shallow, middle and
deep aquifers are very suitable for constructing the deep tunnel water storage projects.

As shown in Figure 6, the buried depth of the shallow groundwater level in the urban
area generally increases first and then decreases from the front of the mountain to the
middle. The buried depth increases from 15 to 20 m to more than 30 m, then gradually
decreases to 5–10 m eastward. The buried depth of 15–20 m has the largest regional
distribution area. The part with a buried depth of more than 6 m accounts for 97.68% of the
study area. The part with a buried depth of less than 6 m, with the smallest distribution
area, accounting for only 2.32% of the area of the study area. The vadose zone in most of
the urban area is composed of silt or fine sand, with good permeability, which is conducive
for infiltration. The shallow groundwater is buried deep (as shown in Figure 6), and the
soil layer in the vadose zone has enough space to store the rainwater. Building a sponge
city can make full use of this hydrogeological feature.
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3. Results and Discussions
3.1. Analysis on the Causes of Flood Disasters in the Study Area

Generally speaking, the urban rain-flood is caused mainly by the rainfall and the river
water flowing through the urban area from the upstream rivers. As shown in Figure 7,
the drainage paths of precipitation mainly include the surface runoff generated by the
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rainwater. After falling to the ground, the rainwater follows multiple paths. It flows
into the underground drainage pipe network, surface rivers, ditches, lakes, and wetlands.
The precipitation also infiltrates the vadose zone soil layer or the urban sponge. Some
rainwater will enter the sewage treatment plant designed for treatment and reuse. Thus,
the stormwater will eventually enter the rivers, except for the loss through evaporation
and ecological and human consumption.
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If the urban rainwater drainage is not smooth, the situation may lead to urban flood
disasters. For the study area, the mechanism of flood disasters is controlled by the following
aspects of the rainfall as well as the ground conditions:

(1) Because of the abnormal superposition of the temperate monsoon climate and global
climate change, the rainfall gets concentrated from June to September. During this
period, it is easy to form heavy or extremely heavy rainstorms, which is the direct
cause of flood disasters in the study area.

(2) The water and soil erosion in the upper reaches and source of the Jialu River Basin is
quite intense. By the end of 2015, there was still a total area of 881 km2 of soil erosion,
and the total annual soil loss was 2.16 million tons [28]. Soil erosion upstream leads to
siltation, and the flood interception capacity of the reservoirs is reduced substantially.
The sediment in the middle and lower reaches can easily cause silting, which greatly
reduces the flood-carrying capacity of the rivers.

(3) With rapid urbanization, the urban area has increased from 65 km2 in 1981 to 1181.51 km2

in 2019, an increase of 18 times. As a result, the impervious underlying layers are
being rapidly exposed, altering the original geological conditions. Subsequently, the
ability of the rainwater to penetrate the ground is reduced, and the surface runoff
coefficient is increased from 0.25–0.45 to 0.65–0.85 [29]. An increase in surface runoff
by about 60% results in poor drainage conditions, leading to flood disasters.

(4) During the construction of water ecological projects or the sponge city, the hydro-
geological conditions are not fully utilized. For example, during the construction
of projects such as wetlands, river treatment and other aquatic ecological projects,
anti-seepage treatment is implemented at the bottom, which reduces the infiltration
capacity. During the construction of sponge city, engineering measures such as pervi-
ous pavements are emphasized, but the natural rainwater absorption capacity of the
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aeration zone soil layer is not fully considered. This situation, which lacks integration
between the two important hydrologic parameters, reduces the sponge city’s rainwater
and flood absorption capacity.

(5) In the process of urban construction, the natural law of the urban hydrological cycle is
not fully understood or paid attention to. As the flood plains are blindly developed
and the river course is occupied, the drainage ditches are either buried or filled, and
the open spaces are channelized. Thus, during urban construction on both riverbanks,
the space for discharge space is not fully conserved. This misappropriation of the flood
plain discharge space results in a significant decline in the flood discharge capacity of
the river.

(6) The main rainwater drainage facilities, such as the underground drainage pipe net-
work, roads, and river systems, have not been considered as a whole, and some urban
areas have no drainage facilities, resulting in a substantial decline in urban drainage
capacity.

Among the causes of the above-mentioned flood disasters, Articles 2, 3, and 4 are
directly related to the underutilization of geological conditions.

3.2. Prevention and Control Strategies for Flood Disasters in Study Area

Urban waterlogging disasters mainly occur in highly developed urban areas. Although
Zhengzhou spans the two river basins of the Yellow River and the Huaihe River, the
waterlogging disasters mainly occur in the tributaries of the Jialu River in the Huaihe River
Basin. These disasters include the “720” torrential rainstorm. Therefore, the study area of
this paper is mainly 2750 km2 in Zhengzhou, of which the key area is the urban planning
and construction area of 1945 km2.

With the purpose of flood risk prevention and control, and based on a comprehensive
understanding of the actual geological, hydrological, and climatic conditions and the
current urban development situation, a general idea for flood risk prevention and control in
the study area is proposed as follows: taking the Jialu River basin where the city is located
as a complete system, following the idea of “combining ecological geological methods
with engineering construction to control flood risk; coordinating upstream, middle and
downstream, upstream conservation and storage, and developing both midstream (urban)
storage and drainage, with downstream emphasis on drainage and coordination above
ground and underground”, so the risk of flood disasters occurring in the study area can
be minimized.

It is evident that to fully implement a composite plan for flood control; it is necessary
to combine the geological and non-geological methods. Non-geological methods include
planning of the flood discharge, design and use of underground drainage pipe networks,
and storage of reservoirs, lakes, and wetlands. The geological method is based on the
geological conditions of the study area, fully following and applying hydrogeological laws
in sponge city engineering and water ecological engineering construction, fully utilizing the
ecological geological theory in upstream or source ecological restoration engineering, and
utilizing engineering geological conditions to build underground water storage engineering,
in order to improve the capacity of rainwater and flood absorption, and achieve the goal of
reducing the risk of urban flood disasters.

3.3. The Role of Geological Methods in Urban Flood Control
3.3.1. The Role of the Geological Method-Integrating Sponge City Construction with
Hydrogeology in the Prevention and Control of Urban Flood Disasters

The concept of “sponge city” refers to the method of “strengthening the management
of urban planning and construction, paying full attention to the absorption, storage, slow-
release and drainage of rainwater by ecosystems such as buildings, roads, green spaces,
and water systems, to effectively control rainwater runoff and realize natural accumulation,
penetration, and purification of the urban environment”. The concept regards cities as
living organisms and uses the local conditions to improve drainage and waterlogging,
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with the goal of controlling urban floods [30]. Obviously, the construction of “sponge city”
has become one of the important means of checking urban waterlogging in China. The
main purpose of a sponge city in solving urban flood disasters is to improve the function
of “water absorption, storage and seepage”. Its construction guide proposes more than
10 engineering measures for the development of the sponge city (see Figure 8 for details).
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However, it must be regarded that each city is built under specific geological condi-
tions and has its own unique physical and hydrogeological conditions, such as topography,
lithology, rock and soil thickness of vadose zone, rainfall infiltration capacity, underground
water storage performance, etc. (Figure 8). These hydrogeological conditions play an ex-
tremely important role in the “water absorption, storage and seepage” of urban rainwater.
In the planning and construction of a sponge city, the “engineering measures” are organi-
cally integrated with the natural “hydrogeological conditions”. The goal is to form a whole
“sponge” of the city, which can reduce the construction and make the city functionally more
efficient. This is the concept of the integration of engineering measures with hydrogeology,
as illustrated in Figure 8.

For urban flood control, the construction of sponge cities not only needs to consider
whether rainwater can infiltrate into the ground, but also whether there is space under-
ground to store rainwater, which means that both the infiltration capacity and water storage
capacity of the vadose zone should be considered.

(1) Rainfall infiltration capacity of the soil layer in the vadose zone

The infiltration capacity of the soil layer in the vadose zone in the absence of surface
runoff is an important parameter to be evaluated. This paper suggests several water
seepage, infiltration and geotechnical experiments to evaluate the infiltration capacity of
the vadose zone soil layers in response to different intensities of rainfall. These experiments
are based on previously collected hydrogeological data by water seepage, infiltration and
geotechnical experiments to obtain parameters such as the infiltration rate, the permeability
coefficient, and the void ratio of the soil layer in the vadose zone. Infiltration in the various
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soil layers of the vadose zone corresponding to the intensity of rainfall, calculated when
there is no surface runoff, is shown in Table 1.

Table 1. Permeability parameters and corresponding rainfall of different soil layers in the vadose
zone (not considering surface runoff).

Soil Mass Types Seepage Velocity
(mm/d)

Permeability
Coefficient (cm/s)

Rainfall
Intensity That

Can Be
Absorbed

Rainfall
(mm/d)

Silty clay 6.2 7.1 × 10−6–6.4 × 10−5 light rain <10
Silt 56.75 6.6 × 10−5–2.1 × 10−4 heavy rain 25–50

Loess-like soils 62.374 5.4 × 10−5–9.7 × 10−5 heavy rain 25–50
Silty sand or

silty-fine sand 122.60 1.8 × 10−4–7.2 × 10−4 rainstorm 50–100

Medium sand 2583.2 5.0 × 10−3–1.4×10−2 extremely heavy
rainstorm >250

Coarse sand 7251.2 1.8 × 10−2–6.8 × 10−2 extremely heavy
rainstorm >250

As shown in Table 1, the infiltration capacity of silty clay can meet the requirements
for most rainfalls of light rain intensity. The infiltration capacity of silt or loess can meet
the requirements for heavy rain intensity. The infiltration capacity of silty sand or silty
fine sand can meet the infiltration requirements for a rainstorm. The infiltration capacity
of medium sand and coarse sand can meet the infiltration requirements for an extremely
heavy rainstorm. Therefore, when the vadose zone is composed of fine-grained soils such
as silty clay, silt, and loess, its ability to infiltrate rainfall is low, and it is not an ideal
stratum for the construction of the sponge city. Coarse-grained soils such as medium sand
and coarse sand have a strong rainwater infiltration capacity. If there is enough storage
space—that is, if the thickness of the vadose zone soil layer is sufficient—it is an ideal
stratum for building a sponge city.

(2) Water storage capacity of the vadose zone

The water storage capacity of the vadose zone refers to the amount of rainwater that
can be stored in the effective pores of the soil layer. The porosity, natural saturation and
maximum saturation obtained by engineering geological drilling, geotechnical testing and
other methods, are used to calculate the effective influent porosity Ne of each soil layer
by Equation (1) (as shown in Table 2). And then, the thickness Ht of the vadose zone soil
layer required to store rainfall of different intensities was calculated by Equation (2) (as
shown in Table 3). The thickness of this soil layer is an indicator of underground water
storage capacity.

Ne = (Smax − S0) × n, (1)

where Smax is the maximum saturation, S0 is the natural saturation, and n is the porosity.

Ht = (q × St × Ne)/St = q × Ne (2)

where q is the upper limit value for different rainfall intensities, and St is both the rainfall
area and the infiltration area of the vadose zone.

Table 2. The effective influent porosity of different vadose zone soil.

Soil Mass Types Porosity (%) Natural
Saturation (%)

Maximum
Saturation (%)

The Effective
Influent

Porosity (%)

silty clay 44.32 76.36 92.34 7.08
silt or loess-like soils 40.76 59.51 91.73 13.13

silty-fine sand 42.23 62.11 90.03 11.79
medium sand 36.14 61.19 94.72 12.12
coarse sand 35.66 56.29 93.24 13.18
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Table 3. Thickness of vadose zone soil required by different strata for different rainfall intensity.

Soil Mass Types
Light
Rain

(10 mm/d)

Moderate
Rain

(25 mm/d)

Heavy
Rain

(50 mm/d)

Rainstorm
(100 mm/d)

Heavy
Rainstorm
(250 mm/d)

Extremely
Heavy

Rainstorm
(>250 mm/d)

silty clay 141 353 706 1412 3531 >3531
silt or loess-like soils 76 190 381 762 1904 >1904

silty-fine sand 85 212 424 848 2120 >2120
medium sand 83 206 412 825 2062 >2062
coarse sand 76 190 379 759 1879 >1879

The area of the key study area is 1945 km2, and its vadose zone is composed of mixed
sands and clay. Fine silt makes up 47.65%, and 18.72% is composed of medium-coarse sand.
Silt makes up 31.22%, and the rest, 2.41%, is silty clay. For the water storage capacity of a
heavy rainstorm, the required thickness of soil layers such as silt, silty sand and medium-
coarse sand is 1.88 to 2.12 m, while the required thickness of silty clay is 3.53 m. The rainfall
of the “720” torrential rain that lasted for three days in Zhengzhou was 617.1 mm. Based
on this calculation, the thickness of soil layers such as silt, silty sand, and medium-coarse
sand to accommodate the rainfall was no more than 5.23 m. The required thickness of the
clay is 8.72 m. Judging from the depth distribution of the groundwater level in study area,
if the rainwater can seep into the ground, most of the vadose soil layers within the study
area have the ability to store the “720” torrential rain.

(3) Assessment of rainwater infiltration and storage capacity in the study area based on
the geological method-integrating sponge city construction with hydrogeology

The rainwater storage capacity of the vadose zone soil layer is closely related to the
rainfall intensity, the permeability coefficient of the vadose zone soil layer, the thickness of
the vadose zone, the depth of rainfall infiltration, the effective water inflow rate, and the
distribution area of each soil layer. Among them, the permeability coefficient determines
whether rainwater under different intensities can infiltrate into the vadose zone, and the
thickness of the vadose zone determines whether there is enough space to accommodate
rainfall; the depth of rainfall infiltration, effective water inflow rate, and distribution area
of each soil layer determine whether the soil layer in the vadose zone can accommodate
rainfall of different intensities.

Based on the previous experimental data, we have obtained the permeability coeffi-
cient, vadose zone depth, effective water inflow rate and other parameters of soil layers
with different rock types in the study area. Through analysis, we have found that as long
as there is sufficient rainfall infiltration depth, the study area has extremely strong rainfall
storage capacity. Next, this article will evaluate the rainwater storage capacity of the study
area based on the concept of sponge city engineering and hydrogeological integration by
restoring the rainfall intensity and infiltration depth at different return periods.

1© Rain intensity and return periods
Since many aspects of urban waterlogging risk prevention and control involve param-

eters such as rainfall intensity and its return period, the methods used for their calculation
are very important. This paper uses the following formula selected by the “720” disaster
investigation group of the State Council:

R = ((2479.78 + 2388.2762 × lgp)/(t + 15.3)0.775) × 8.64 (3)

where R is the is the rainfall (mm/d) at different return periods (rainfall intensity), p is
the return period (year), and t is the rainfall duration (1440 min). The rain intensities of
different return periods calculated by the above formula are given in Table 4.
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Table 4. Geological methods for assessing the drainage capacity of rainwater and floods in the
study area.

Rainfall
Intensity/Return

Period

Rainfall
(mm/d)

Total
Rainfall

(106 m3/d)

Suburban
Storage

Capacity
(106 m3/d)

Storage
Capacity of

Urban
“Sponge”

Areas
(106 m3/d)

Bottom
Storage

Capacity of
Aquatic

Ecological
Engineering
(106 m3/d)

The Increased
Storage

Capacity of
the Ecological

Restoration
Reservoir at
the Source
(106 m3/d)

Total
(106 m3)

Light rain
(upper limit) 10 27.50 5.62 2.69 14.53 3.28 26.12

Moderate rain
(upper limit) 25 68.75 12.47 6.38 14.53 3.28 36.66

Heavy rain
(upper limit) 50 137.5 23.89 12.51 14.53 3.28 54.21

Once a year 76 209.00 35.77 18.90 14.53 3.28 72.48
Rainstorm

(upper limit) 100 275.00 46.74 24.79 14.53 3.28 89.34

Once in 3 years 111 305.25 51.77 27.49 14.53 3.28 97.07
Once in 5 years 127 349.25 59.07 31.42 14.53 3.28 108.30

Once in a decade 149 409.75 69.12 36.82 14.53 3.28 123.75
Once in 30 years 184 506.00 85.11 45.41 14.53 3.28 148.33
Once in 50 years 200 550.00 92.42 49.34 14.53 3.28 159.57

Once in a century 222 610.50 102.47 54.74 14.53 3.28 175.02
Once in 200 years 244 671.00 112.52 60.14 14.53 3.28 190.47
Heavy rainstorm

(upper limit) 250 687.50 115.26 61.61 14.53 3.28 194.68

Once in 500 years 273 750.75 125.77 67.26 14.53 3.28 210.84
Once in a millennium 295 811.25 135.82 72.66 14.53 3.28 226.29
The 3-day rainfall of

the “720” 617.1 1697.03 285.08 152.21 43.59 3.28 484.16

2© Infiltration depth of rainfall and rainfall storage capacity of soil layer in vadose zone
According to the existing research results [31], the formula for calculating the rainfall

infiltration depth (H) in the study area is as follows:

H = 0.8905R + 0.79 (medium − coarse sand) (4)

H = 0.4951R + 4.47 (silt, silty clay) (5)

H = 0.7647R + 0.74 (silty fine sand) (6)

The formula for calculating the rainwater infiltration and storage capacity Q of the
vadose zone soil layer is as follows:

Q = H × S × Ne (7)

where Q is the infiltration and storage capacity of the vadose zone soil layer (m3); H is the
rainfall infiltration depth (m), and S is the distribution area of soil layers with different
lithologies (m2). Ne is the effective porosity of the soil, which we define here as the
difference between porosity and soil saturation.

3© The rainwater storage capacity of the soil layer in the vadose zone of key study area
The area of the key study area is 1945 km2, of which 14% is green spaces and

squares [32], and the area that can be used to build a sponge city is 272.30 km2. According
to the concept of integrating sponge city engineering and hydrogeological conditions, the
soil layer in the aeration zone of green space and square land can be generalized as fine
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sand and silt layer, with an effective inflow porosity of 11.79%. Equation (7) is used to
estimate the rainwater seepage storage capacity of the vadose zone soil layer, as shown in
Table 4.

4© The rainwater storage capacity of the soil layer in the vadose zone of the suburban area
After investigation, it was found that the suburban area of the study area is 805 km2,

and rainfall cannot penetrate areas such as roads, urban buildings and factories, accounting
for 22.375% of the suburban area. The underlying surface of other areas in the suburb is
farmland, forest, and grasslands with good permeability. The area of vadose zone lithology
with silty fine sand accounts for 48.89%, medium-coarse sand accounts for 15.88%, and
silt and silty clay accounts for 35.23% (see Figure 9 for details). According to the method
discussed earlier, the rainwater infiltration and storage capacity of the soil layer in the
vadose zone in the suburbs were obtained (Table 4).
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3.3.2. The Role of the Geological Method-Integrating Water Ecological Engineering
Construction with Eco-Geological in the Prevention and Control of Urban Flood Disasters

It has been recognized that urban water ecological engineering construction can
greatly improve the city’s ability to prevent flood disasters. By controlling soil erosion, the
amount of sediment entering the reservoir or river can be substantially reduced, thereby
maintaining the capacity of these water bodies to intercept floods. The water and soil loss
in the upper reaches or source of the Jialu River Basin is quite significant. By the end of
2015, the total water and soil loss area was 881 km2, and the average annual total soil loss
was 2.16 million tons [28]. On the one hand, the loss of water and soil at the upstream or
the source will lead to sedimentation and weaken the flood interception capacity of the
reservoir, and on the other, sedimentation at the middle and lower reaches will lead to
the blockage of the river channel and will greatly reduce its flood discharge capacity. It is
estimated that the upstream siltation of the reservoir due to soil erosion has reduced the
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flood interception capacity of the reservoir from 260.91 million m3 to 195.68 million m3,
which is about 25.00%.

Developing green patches by giving due consideration to ecological geology can
address this issue quite successfully. Thus, areas suitable for planting trees or grass need
to be selected based on the local geological conditions. By following scientific practices in
ecological restoration and management, the sediment deposition in reservoirs and river
channels can be greatly reduced to maintain the capacity of the reservoir to intercept floods
and the river, and to discharge flood water. At present, the amount of annual soil erosion
is 3.281 million m3. After ecological management, the reservoir can reduce the sediment
deposition volume by 3.281 million m3 every year [28], and this number is temporarily
used as the standard for the improvement of the flood-holding capacity in this paper.

The goal of increasing infiltration storage and river discharge capacity are achieved
through the proper implementation of urban ecological engineering. Zhengzhou plans to
build 54 water ecological projects within the city. These projects are planned for various
areas, including the Jialu River, Lianhu Lake, Dongfeng Canal, Ruyi River, Xiushui River,
Xiliu Lake, Yuema Lake, and Yanming Lake. After the completion of these projects, the
water-covered area of Zhengzhou city will increase from 156.9 km2 to 211.66 km2. The
urban water surface area will increase from 0.93% to 3.9% by 2020 [33]. Concept-wise,
the construction of water ecological engineering is to follow “Tao follows nature” and not
artificially destroy the law of water cycle. Geologically speaking, it is necessary to follow
the laws of ecological hydrogeology. Thus, there should be no seepage prevention at the
bottom of lakes and rivers, so that water can naturally seep into the ground. The area of
the study area is 2750 km2, and the water surface area is 3.9% × 2750 = 107.25 km2. If
the bottom of the basin (area: 107.25 km2) is not treated with anti-seepage, the situation
would be drastically different. Considering the hydrogeological parameters such as the
permeability coefficient of the soil layer in the local vadose zone, the buried depth of the
groundwater level, and the water level of lakes and rivers, the amount of seepage water is
calculated to be 14.53 million m3/d. The results show that the water ecological engineering
based on this concept is very beneficial to the prevention and control of flood disasters.

3.4. The Importance of Non-Geological Methods in Urban Flood Control

In addition to the geological methods mentioned above, there are non-geological meth-
ods such as river drainage, reservoir and lake water storage and underground drainage pipe
network system storage to prevent and control flood disasters. These methods applicable
to the study area are discussed below.

(1) Flood discharge capacity of the river channel

The flood is mainly discharged in the Jialu River and its tributaries, which eventually
flow into its main stream and discharge outward in the downstream Zhongmu County.
The flood discharge capacity can be characterized by the overcurrent capacity of the
Zhongmu hydrological station. According to the calculation of the warning water level
of the Zhongmu Hydrological Station of the Jialu River at 77.5 m, the total drainage
capacity of the river channel for floods is 323 m3/s [34], and the flood drainage capacity is
27.91 million m3/d, as shown in Table 5.

(2) Water storage capacity of reservoirs, lakes, and wetlands

The water storage capacity includes the storage capacity of reservoirs and lakes after
the completion of the Jialu River source or upstream reservoir and the water ecological
projects. After the completion of the urban water ecological project, the area of lakes and
wetlands will increase to 107.25 km2. In addition to the storage by this increased area of
rivers, ditches, etc., and the ecological water demand for other lakes and wetlands under
normal circumstances, about 62.57 million m3 of flood control water storage can be reserved
(see Table 5 for details).

The total catchment area of the Jialu River source or upstream reservoir is 786 km2, and
the total storage capacity is about 260.9 million m3. But, after years of sediment deposition,
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the current storage capacity has been reduced to 195.68 million m3. In fact, the storage
capacity of the reservoir for rainwater is positively correlated with the rainfall and the
catchment area. Only when the rainfall intensity reaches a certain level will the reservoir
reach the maximum storage capacity, which is 195.68 million m3. The calculations for the
storage capacity of the reservoir for rainwater under different rainfall intensities are shown
in Table 5.

Table 5. Non geological methods for assessing the drainage capacity of rainwater and floods in the
study area.

Rainfall
Intensity/Return

Period

Rainfall
(mm/d)

Total
Rainfall

(106 m3/d)

Storage
Capacity of
Upstream
Reservoirs

(106 m3)

Flood
Discharge

Capacity of
Jialu River
(106 m3/d)

Reserved
Storage

Capacity for
Lakes,

Wetlands,
etc. (106 m3)

Storage
Capacity of

Underground
Pipeline
Network
(106 m3)

Total
(106 m3)

Light rain
(upper limit) 10 27.50 7.86 27.91 62.57 7.79 106.13

Moderate rain
(upper limit) 25 68.75 19.65 27.91 62.57 7.79 117.92

Heavy rain
(upper limit) 50 137.5 39.30 27.91 62.57 7.79 137.57

Once a year 76 209.00 59.74 27.91 62.57 7.79 158.01
Rainstorm

(upper limit) 100 275.00 78.60 27.91 62.57 7.79 176.87

Once in 3 years 111 305.25 87.25 27.91 62.57 7.79 185.52
Once in 5 years 127 349.25 99.82 27.91 62.57 7.79 198.09

Once in a decade 149 409.75 117.11 27.91 62.57 7.79 215.38
Once in 30 years 184 506.00 144.62 27.91 62.57 7.79 242.89
Once in 50 years 200 550.00 157.20 27.91 62.57 7.79 255.47

Once in a century 222 610.50 174.49 27.91 62.57 7.79 272.76
Once in 200 years 244 671.00 191.78 27.91 62.57 7.79 290.05
Heavy rainstorm

(upper limit) 250 687.50 195.68 27.91 62.57 7.79 293.95

Once in 500 years 273 750.75 195.68 27.91 62.57 7.79 293.95
Once in a millennium 295 811.25 195.68 27.91 62.57 7.79 293.95
The 3-day rainfall of

the “720” 617.1 1697.03 195.68 83.73 62.57 7.79 349.77

(3) Storage capacity of underground drainage network system

The study area plans to build a new underground pipe network of 2576 km. With the
completion of this project, the total length of the pipe network will increase from 1831 km
to 4407 km. With that, the water storage capacity of the underground pipe network will
increase from 3.24 million m3 to 7.79 million m3, as shown in Table 5.

The flood control capacity of Zhengzhou using geological and non-geological methods
shown in Tables 4 and 5 are estimations based on the results obtained after the completion
of the various projects for the Jialu River. These include the comprehensive treatment
project, construction of the sponge city, and implementation of various projects that employ
the concepts of ecological and geological aspects. It is to be noted that the geological
method does not include the flood control capacity obtained by using underground space
to build water storage projects. Based on the relevant data in Tables 4 and 5, the proportion
of the geological method’s ability in flood control was calculated. The calculation was
based on the formula expressed as the proportion of the ability of geological methods to
remove floods = (the amount of flood water removed by geological methods)/(the amount
of flood water removed by geological methods + the amount of flood water removed by
non-geological methods) ×100%. The results of the calculations are shown in Table 6.
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Table 6. The important role of geological prevention and control methods of flood and waterlogging
disasters in the study area.

Rainfall
Intensity/Return

Period

Rainfall
(mm/d)

Combining Two
Methods Can

Solve the
Proportion of
Rainfall (%)

The Proportion of
Geological

Methods Solved
(%)

Geological Conditions Not
Fully Utilized

Reduced
Rainwater

Storage Capacity
(106 m3)

Combining Two
Methods Can

Solve the
Proportion of
Rainfall (%)

Light rain
(upper limit) 10 480.91 19.75 20.50 406.36

Moderate rain
(upper limit) 25 224.84 23.72 24.19 189.66

Heavy rain
(upper limit) 50 139.48 28.27 30.32 117.43

Once a year 76 110.28 31.45 36.71 92.72
Rainstorm

(upper limit) 100 96.80 33.56 42.60 81.31

Once in 3 years 111 92.57 34.35 45.30 77.74
Once in 5 years 127 87.73 35.35 49.23 73.63

Once in a decade 149 82.77 36.49 54.63 69.43
Once in 30 years 184 77.32 37.91 63.22 64.82
Once in 50 years 200 73.35 38.47 67.15 63.25

Once in a century 222 73.35 39.09 72.55 61.46
Once in 200 years 244 71.61 39.64 77.95 59.99
Heavy rainstorm

(upper limit) 250 71.07 39.84 79.42 59.52

Once in 500 years 273 67.24 41.77 85.07 55.90
Once in a millennium 295 64.13 43.50 90.47 52.98
The 3-day rainfall of

the “720” 617.1 49.14 58.06 199.08 37.40

Table 6 shows that the combined action of geological and non-geological methods can
almost solve the rain and flood-related problems caused by rainstorms in the study area,
and geological methods can take a 33.56% share of the prevention and control of floods.
However, these methods are insufficient to meet the requirements if the rainstorms are
larger. In the case of preventing floods caused by heavy rainstorms, geological methods
account for more than 30%, and the greater the rainfall intensity, the greater the proportion
of drainage capacity of geological methods. For the “720” torrential rainstorm in the study
area, the two methods taken together account for only a combined share of 49.14% in
controlling the flood disasters.

If the geological, ecological, and hydrogeological conditions are not fully utilized,
and if the engineering aspects of sponge city construction are not followed, the situation
could be different for the study area. If so, the impounding capacity at the source of the
Jialu River will be reduced by 3.28 million m3, and the seepage volume will be reduced
by 14.53 million m3 per day. This will lead to a sharp decline in the amount of rainwater
and flood infiltration in the sponge construction area of the city, reducing its flood control
capacity. As shown in Table 6, the flood control capacity achievable through a combination
of geological and non-geological methods will be reduced from rainstorm to heavy rain.
For example, for the urban flood disaster caused by the “720” rainstorm in study area, the
combined efforts of the two methods can only remove 49.14% of the rain and flood. This
is the reason behind the extremely serious consequences caused by the “720” torrential
rainstorm in Zhengzhou.
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4. Conclusions and Suggestions
4.1. Prevention and Control Strategies for Flood Disasters in Study Area

Our analysis shows that, by making full use of Zhengzhou’s geological conditions
and by considering the ecological and hydrogeological conditions, the city’s flood control
capacity can be greatly improved. Proper engineering measures such as drainage and the
development of sponge cities would further facilitate flood control.

By taking advantage of the favorable engineering geological conditions of the city, the
construction of deep underground water storage projects can almost solve the problem of
floods, including those caused by the extremely heavy rainstorm that occurred once in a
millennium. The ability to store the excess water and use it as a resource to alleviate the
problem of water shortage in the city is an added advantage.

Construction of pipelines connecting deep underground storage tunnels, using the
space available below the basements of subways, shopping malls, and parking lots, as well
as those beneath the low-lying areas of high flood risk, is effective in controlling the flood
situation. The pipeline network will divert the flood waters that enter the subway or other
high-risk areas into the deep-water storage tunnel. This can eliminate the risk of flood
disasters and greatly improve the emergency response capability of urban flood disasters.

4.2. Suggestion

Conduct targeted hydrogeological, ecological, engineering, and environmental geo-
logical surveys in the flood-prone areas, including the city of Zhengzhou, from the point of
urban flood control. Based on the survey results, make full use of geological conditions to
address the problem of urban flood disasters. The specific suggestions are as follows:

In the urban area, the sponge city engineering construction needs to be closely com-
bined with the urban hydrogeological conditions, giving full attention to the water seepage
and storage performance of the vadose zone strata. This would improve the urban sponge’s
storage capacity for rainwater.

Consider the laws of hydrogeology while constructing water ecological projects such
as lakes, wetlands, or other ecological management projects. Through the proper use of a
hydrological system, the infiltration capacity of water bodies to penetrate deeper into the
strata can be improved.

In accordance with the laws of engineering geology and urban construction, the deep
underground space or underground goaf can be used to build deep water storage projects.
This would help to improve flood absorption and emergency response capabilities.

It is necessary to execute steps for the control of soil erosion and improve the soil and
water conservation capacity while considering the ecological and geological conditions.
This would reduce the accumulation of sediments in the reservoirs and rivers and maintain
their flood retention capacity.

In summary, through a studied application of geological, ecological, and hydrological
conditions and by the proper design and implementation of engineering practices, the
flood situation in Zhengzhou can be controlled. The potential for recycling the flood water
for the city’s consumption is a positive fallout of the city’s flood disaster management.
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Abstract: Groundwater vulnerability reflects the risk level of groundwater contamination and its
self-repairing ability, as well as its sustainability for use. Therefore, it provides significant scientific
support for implementing measures to prevent groundwater contamination, especially in coastal
areas. In this study, considering the lithology of vadose in valley plains and the extent of karst
subsidence areas, a GIS-based DRASTIC model was employed to assess groundwater vulnerability in
Tangshan City, a coastal area in China. The assessment results were presented and mapped using GIS,
based on a comprehensive evaluation of seven parameters, including “Depth of groundwater, Vertical
net recharge, Aquifer thickness, Soil media, Topography, Impact of vadose zone, and Hydraulic
conductivity”. The identified groundwater vulnerability zones included the highest, higher, moderate,
low vulnerability those four zones, which accounted for 4%, 53%, 25%, and 18%, respectively. In
addition, according to the results of field investigation, the karst subsidence area and the mined-out
coastal area were directly classified as the highest vulnerable areas and covered 1.463 km2; more
attention is required here in subsequent groundwater protection processes and strategies. Finally, the
groundwater pollution index was used to validate the groundwater vulnerability distribution results,
and these two were in high agreement, with an R2 coefficient of 0.961. The study is crucial for the
rational utilization and protection of water resources in Tangshan City.

Keywords: groundwater; vulnerability assessment; GIS-based DRASTIC model; protection strategy;
coastal areas

1. Introduction

Water resources are a vital and irreplaceable natural asset for human survival and
development. With the rapid progress of national economic construction and the improve-
ment of living standards, the demand for groundwater resources continues to increase,
leading to an increasingly prominent imbalance between supply and demand. Simultane-
ously, the issue of water pollution has become more pronounced due to the continuous
development of industry and agriculture, posing a serious threat to human development.
Shallow groundwater systems are highly susceptible to changes in precipitation levels since
their recharge primarily comes from surface sources [1]. Groundwater, as a crucial water
source, has garnered significant attention.

Under recent climate change, groundwater resources have been increasingly exploited
and utilized worldwide, resulting in pollutant issues, particularly in highly vulnerable
areas [2]. Groundwater extraction, which serves as a widespread and accessible method
for obtaining high-quality freshwater, accounts for up to 30% of total global freshwater
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utilization [3,4]. However, excessive groundwater exploitation often leads to a continuous
decline in the water table [5–7], posing risks of land subsidence and collapse, especially in
densely populated urban areas such as Tianjin, Jakarta, Konya, Mashhad, and Hanoi [8–12].
Moreover, groundwater exploitation significantly contributes to vulnerability associated
with high levels of human activity [13,14]. The exploitation of groundwater and its impact
on ecological systems pose challenges to global economic and social development [15,16].

Groundwater vulnerability reflects both the extent of contamination and the ability
of groundwater to self-repair and maintain sustainability. As a complex black box system,
groundwater vulnerability factors are diverse, and various research methods are avail-
able. For example, Chaves et al. [17], Van Dijck et al. [18], and Cui et al. [19] employed
Mann–Kendall’s Test, Poisson Distribution, End-member mixing analysis, and other rel-
evant models based on land use change and soil infiltration. These studies revealed that
groundwater responses to precipitation weaken or even disappear due to the thickened
vadose zone and reduced permeability caused by declining groundwater levels and the
conversion of natural grasslands to artificial farmland [20]. In a recent study in Nigeria,
GLSI and LC models were used to conduct a case study of the Ijero mining site, examining
the comparative effect of lateritic shield on groundwater vulnerability [21,22]. Groundwater
vulnerability assessment provides significant scientific support for implementing measures
to prevent groundwater pollution [23,24]. Vaezihir and Tabarmayeh [25] and Wen et al. [26]
selected environmental parameters such as vadose zone impact, hydraulic conductivity,
population density, and river recharge, utilizing the DRASTIC model to evaluate aquifer
vulnerability.

The DRASTIC model aims to use seven factors such as “Depth to water, Net recharge,
Aquifer media, Soil media, Topography, Impact of vadose zone, and Hydraulic Conductiv-
ity”, and allocates the ratings to all factors according to the range of factors [27], which is
simple and widely used in evaluating groundwater contamination vulnerability. However,
previous studies tend to assess groundwater vulnerability subjectively and refer only to a
small number of factors, or have reported only a weak correlation between water pollutant
concentrations (commonly nitrate) and the calculated DRASTIC index [28,29], which pro-
vided difficulties in obtaining conclusion accurately. This research integrated DRASTIC
with additional methods like the GIS techniques, PCA (Principal Component Analysis), and
other statistical approaches, which improve the evaluation systems to be modified to obtain
more accurate results based on local hydrogeological conditions [30–32]. Furthermore,
regression analysis is also applied in the DRASTIC model which has developed a new
system for evaluating groundwater vulnerability, thereby enhancing scientific rigor and
accuracy in utilization.

Groundwater vulnerability studies are crucial foundational work for the rational de-
velopment, utilization, and protection of groundwater resources. To establish timely zoning
systems for groundwater pollution prevention and control, it is necessary to evaluate the
pollution resistance of groundwater systems. In this study, a GIS-based DRASTIC model
was employed to assess groundwater vulnerability, with emphasis on the lithology of the
vadose in the valley plain and the extent of karst subsidence areas. Comprehensive evalua-
tion results based on seven parameters were presented and mapped using GIS to reflect
the typical characteristics of coastal areas, enabling the efficient formulation of protection
strategies. The aim of this study is to construct a set of groundwater vulnerability evalua-
tion index systems and methods in the coastal area, to characterize the spatial distribution
of vulnerability, and to propose corresponding protection measures and environmental
protection strategies for highly vulnerable areas.

2. Study Area and Data
2.1. Location and Meteorology

Tangshan City is situated in the northeast of Hebei Province, with geographical
coordinates ranging from 117◦31′ to 119◦19′ east longitude and 38◦55′ to 40◦28′ north
latitude. The total land area of Tangshan City is 13,472 km2, comprising 5131 km2 (38.09%)
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of mountainous terrain and 8341 km2 (61.91%) of plains. Additionally, it has a sea area
spanning 4472 km2, with a coastline stretching 229.72 km in length. Tangshan experiences
a typical warm temperate sub-humid continental monsoon climate characterized by cold
and dry winters with northerly winds, and hot and rainy summers with southerly winds.
The annual average temperature is 10.6 ◦C, while the average precipitation from 1956 to
2020 amounts to 608.7 mm.

2.2. Hydrogeology

Based on the occurrence conditions of groundwater and the characteristics of aqueous
media in Tangshan, three types of groundwater can be identified: pore water in loose
rocks, carbonate karst water, and bedrock rock fissure water. Pore water is primarily
found in the piedmont plain, coastal plain, inter-mountain basin, and valley zones of the
Yan Mountain region (Figure 1). The main source of recharge for this groundwater type
is atmospheric precipitation, and its dynamics closely follow the annual distribution of
rainfall. Karst water is predominantly present in the southern foothills of the Yan Mountain,
concealed within sloping plains, piedmont areas, and intermountain basins. The degree
of karst development varies and is closely associated with the local geological structure
and geomorphology. Individual well yields typically range from 40 to 25 m3/h·m, while
spring water flow rates vary between 0.3 and 3.0 L/s. Fissure water is located in the
northern hilly area, characterized by a recorded fracture rate of 1.3%. The weathered zone
has an approximate depth of 50 m, with some localized fractures exceeding 100 m due to
significant geological influences [33].
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2.3. Data Availability

This study is a significant component of the zoning and technical research for ground-
water pollution prevention and control in Tangshan City, encompassing two main aspects:
the analysis of groundwater dynamics and the evaluation of groundwater vulnerability.

In the investigation of groundwater dynamics, a total of 75 government-monitored
wells with long-term observation data were carefully selected to ensure completeness,
control, and representativeness. For each district or county level, 1–2 monitoring wells were
chosen for analysis, ensuring a uniform distribution across the study area. Specifically, this
study focused on analyzing the response of unconfined groundwater, directly recharged by
precipitation. Based on these principles, data from 24 monitoring wells were ultimately
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determined. To complement this analysis, three precipitation stations in Zunhua, Tangshan,
and Leting were selected to match similar monitoring wells based on their proximity.

In the evaluation of groundwater vulnerability, data acquisition was conducted
through indoor data collection and gathering relevant information about the study area’s
geology, hydrogeology, and drilling. This included parameters such as groundwater depth,
vertical net recharge, aquifer thickness, soil medium, terrain slope, vadose medium type,
and permeability coefficient. A total of 1599 boreholes and associated information were
gathered from various sources, including survey reports on land pollution from key indus-
tries in Hebei Province, China (974 cases), hydrogeology and engineering geology borehole
construction and in-situ tests (28 cases), comprehensive geological surveys of major cities
and towns (19 cases), the national important geological borehole database service platform
(55 cases, https://zk.cgsi.cn/ (accessed on 28 August 2023)), groundwater level surveys
(164 cases), and geotechnical investigation reports (359 cases). Aquifer permeability data
were obtained by combining the aquifer media type with empirical values from the Hydro-
geological Manual [34]. All data collected are accurate, providing strong support for the
reliability of this study.

3. Methodology
3.1. Description of the GIS-Based DRASTIC Model Framework

In this study, a GIS-based DRASTIC model was employed to assess the vulnerability
of groundwater in Tangshan City, a coastal area in China. The DRASTIC model, initially
developed by the US Environmental Protection Agency (EPA) to evaluate groundwater
pollution potential across the United States [35], considers intrinsic vulnerability based on
hydrogeological characteristics while disregarding the specific contaminants. The use of a
GIS-model interface facilitates data input, and the GIS can also serve as a common platform
for transferring information between different examples of software. By combining various
data sets within the GIS framework, thematic maps can be generated for utilization by the
DRASTIC model. Furthermore, the GIS enables the conversion of these maps into raster
mode, dividing them into pixels with dimensions of 300 m × 300 m. Each pixel is assigned
a numerical value corresponding to the resulting grid, which serves as a basis for the seven
parameters of the DRASTIC model, as detailed in the following equation:

DRASTICindex = WDRD + WRRR + WARA + WSRS + WT RT + WI RI + WCRC (1)

where, the parameters in Equation (1) include the following: depth of groundwater (D),
vertical net recharge of groundwater (R), aquifer thickness of media (A), soil media (S),
topography (T), impact of vadose zone (I), and hydraulic conductivity (C).

Consequently, vulnerability is calculated at a high resolution for each individual
pixel. The GIS is further utilized to overlay the seven thematic maps, thereby generating
a groundwater vulnerability map. The DRASTIC index computation involves assigning
weights (W) to each parameter and using the assigned values (R).

3.2. Description of the GIS-Based DRASTIC Model Parameters

The seven parameters in Equation (1) that affect and control groundwater flow and
pollutant transport are adopted in DRASTIC to constitute the factor system for vulnera-
bility assessment. Based on the “Delineation of Priority Areas for Groundwater Pollution
Prevention and Control Technical Guideline” published by the China Geological Survey
in 2022 [36], different parameter weights have been assigned by investigation experience
and field experiment. According to the influence of each parameter on groundwater
vulnerability, different weight values are assigned to them in Table 1.

140



Appl. Sci. 2023, 13, 10781

Table 1. Description of DRASTIC model parameters and its weights.

Parameter Description Relative Weight

Depth of groundwater
(D)

Depth to groundwater table is the distance from the surface to the submerged
surface; unit is m. 5

Vertical net recharge
(R)

Approximate using precipitation infiltration recharge instead of vertical net
recharge; unit is mm/a. 4

Aquifer thickness
(A)

Aquifer thickness can be analyzed from borehole data; refers to the saturated
zone material properties, which

controls the pollutant attenuation processes; unit is m.
3

Soil media
(S)

The soil media is a weathered layer with a thickness of 2 m or less at the surface,
which controls the amount of recharge that can infiltrate downward. 2

Topography
(T)

Slope values can be automatically generated in GIS after DEM extraction from
1:50,000 or 1:10,000 topographic maps. 1

Impact of Vadose Zone
(I)

The unsaturated zone material: it controls the passage and attenuation of the
contaminated material to the saturated zone. 5

Hydraulic conductivity
(C)

Indicates the ability of the aquifer to transmit water, and hence determines the
rate of flow of contaminant material within the groundwater system. 3

Based on the aforementioned seven parameters, an evaluation level is assigned to
each parameter. As the local groundwater depth increases, vertical net recharge decreases,
aquifer thickness increases, soil and vadose zone cutoff particles become finer, topographic
slope increases, and aquifer permeability coefficient decreases, the scores for each param-
eter will decrease. A lower score indicates a smaller contribution of that parameter to
the groundwater vulnerability assessment index, suggesting a reduced susceptibility to
pollution. Conversely, higher scores indicate a greater contribution of the parameter to the
groundwater vulnerability assessment index, indicating a higher vulnerability to pollution.
The scores for each indicator range from 1 to 10, with specific classifications provided
in Table 2.

Table 2. The parameter Ranking and Assignment in DRASTIC.

Parameter
Grade

1 2 3 4 5 6 7 8 9 10

D (m) >30 (25, 30] (20, 25] (15, 20] (10, 15] (8, 10] (6, 8] (4, 6] (2, 4] ≤2
R (mm/a) 0 (0, 51] (51, 71] (71, 92] (92, 117] (117, 147] (147, 178] (178, 216] (216, 235] >235

A (m) >50 (45, 50] (40, 45] (35, 40] (30, 35] (25, 30] (20, 25] (15, 20] (10, 15] ≤10

S rock
clay
loam

silt loam loam
sandy
loam

swelling or
condensing

clay

silt-sand/
fine sand

medium
sand/coarse

sand

gravel-
cobble

thin layer or
missing

T(%) >10 (9, 10] (8, 9] (7, 8] (6, 7] (5, 6] (4, 5] (3, 4] (2, 3] ≤2

I clay loam
sandy

loam soil
silt-

sand
silty, fine

sand
fine sand

medium
sand

coarse sand
sand

gravel
gravel-
cobble

C (m/d) [0, ≤4] (4, 12] (12, 20] (20, 30] (30, 35] (35, 40] (40, 60] (60, 80] (80, 100] >100

A step wise flow diagram representing the data processing, preparations of layers,
and assigning of weights has been demonstrated below in Figure 2.
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Figure 2. Flowchart of groundwater vulnerability assessment.

4. Results and Discussion
4.1. Results of Single Parameter Evaluation
4.1.1. Depth of Groundwater

A total of 1867 data points were collected for groundwater depth. The depth at
which groundwater is located primarily determines the depth of the transmission medium
through which pollutants migrate to the aquifer [37]. Generally, a greater groundwater
depth requires more time for pollution to reach the aquifer. This results in a smaller amount
of pollution entering the aquifer and weaker levels of contamination within the aquifer,
with the opposite being true as well.

The method for analyzing the zoning map of buried depths differs between moun-
tainous and plain areas. In the plain and valley regions, water level data collected and
supplementary surveys are interpolated and adjusted based on hydrogeological and river
conditions. In mountainous areas, characterized by significant topographic variations and
complex geological conditions, underground water depths are mainly classified according
to aquifer types. The same type of water-bearing medium within an area is assigned an
average value based on measured groundwater levels. Additionally, for valleys within
mountainous regions where groundwater exists within loose rock formations, score values
are determined by interpolating the buried depths observed in plain areas.
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Once the above analysis is completed, the mountainous and plain areas are superim-
posed using GIS, ensuring uniform layer attributes. Gradation mapping (Figure 3a) is then
assigned based on Table 2.
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4.1.2. Vertical Net Recharge

Net recharge refers to the amount of water per unit area that infiltrates the surface and
reaches the aquifer. Contaminants can enter the aquifer vertically through this recharge
water [38]. In the DRASTIC model, net recharge represents the total amount of water
applied to the surface and infiltrated into the aquifer. In Tangshan City, atmospheric
precipitation serves as the primary source of regional recharge, and therefore, the vertical
net recharge can be estimated using precipitation infiltration [39]. Generally, the equation
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R = P × α is used, where R denotes the vertical net recharge, P represents the precipitation
infiltration coefficient, and α represents the annual precipitation.

The annual precipitation data for the region were obtained from the 2020 precipitation
records of four gauging stations. In 2020, Tangshan City experienced rainfall ranging
from 480–720 mm, with higher precipitation observed in the northern mountainous area
compared to the southern plain area. Notably, Luannan County in the southern plain
area received relatively higher precipitation. In the study area, the values of α range from
0.15–0.2 in the plain area, 0.09 in the igneous and metamorphic rock area, and 0.08 in the
carbonate rock area. The empirical values of the precipitation infiltration coefficient were
adjusted based on field seepage test results (30 groups) to ensure accuracy. The resulting
vertical net recharge is illustrated in Figure 3b.

4.1.3. Aquifer Thickness

Aquifer thickness (Figure 3c) is determined by combining groundwater depth mea-
surements with borehole data [40]. The data sources include the national important geo-
logical borehole database service platform (55 points), Geo-technical Investigation Reports
(359 points), and borehole data collected during field investigations (30 holes), totaling
444 points.

In the bedrock mountain areas, the thickness of the weathered fissure layer is primarily
considered, and it is obtained by subtracting the groundwater depth. The average value is
then calculated for different regions. In the metamorphic rock and igneous rock mountain
areas of Tangshan City, the thickness of the weathering layer ranges from 40–50 m, with
some areas reaching up to 60 m. For the bare leaky karst mountains, the thickness of the
strong water-bearing zone identified through borehole data is used to determine the aquifer
thickness. Again, the average value is calculated for different regions. For example, in
the northern part of Yutian County, Tangshan City, the thickness of the Jixian dolomite
strong water-bearing zone is 40–45 m. In the plain area, the shallow aquifer thickness in
the coastal region is relatively thin, mostly less than 10 m. This is determined based on
calculations using borehole data and groundwater depth measurements.

4.1.4. Soil Media

Soil refers to the biologically active upper layer of the seepage zone. The influence of
soil on groundwater vulnerability primarily relies on the physicochemical properties of
different soil types [41]. In the study area, there are various soil media, with sandy loam
and swelling or condensing clay being widely distributed. In the northern mountainous
area of Tangshan City, the surface soil layer is very thin in some areas, while the lower part
consists of weathered bedrock crust. This results in predominantly thin or deficient soil
media. In the middle region, sandy loam, silty sand, and fine sand are widely distributed.
In the coastal area, clay loam (clay), and silty loam are prevalent. The soil media were
classified into different grades as shown in Figure 3d.

4.1.5. Topography

Topographic slope plays a significant role in groundwater migration and subsequently
affects groundwater vulnerability [42]. In this study, a digital elevation model (DEM) of
the research area was acquired through a measurement system. The DEM had an accuracy
of 12.5 m, which met the guidelines’ requirements. Using the GIS’s slope tool, the slope
was calculated based on the projected DEM map. Then, according to the scoring standard,
each zone’s attributes were determined through reclassification (Figure 3e). Due to the high
resolution of the data, fragmentation zones were formed considering the impact of rivers
and dams in the plain area on slope classification. This evaluation utilized the geomorphic
zones of the study area as a reference, and the average terrain slope within each zone was
considered the representative slope value.

The study area exhibits significant variations in topographic slope, generally decreas-
ing from north to south. High topographic slope values are concentrated in the northern
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mountainous area, while the intermountain basin, piedmont plain, and coastal plain exhibit
relatively low slopes. The highest topographic slope values are found along the northern
edge of Yutian County, the southern part of Zunhua City, the northern part of Fengrun
District, the southern part of Qianxi County, the western part of Qian’an City, and the
northwestern part of Luanzhou City. Conversely, the lowest slope values are primarily
distributed in Caofeidian District along the southern coast.

4.1.6. Impact of Vadose Zone

The unsaturated zone, also known as the vadose zone, refers to the area between the
Earth’s surface and the water table. The type of vadose zone medium plays a crucial role
in controlling water exchange between the soil layer and aquifer, the migration and trans-
formation of pollutants, as well as various physicochemical and biological processes [43].
Additionally, the vadose zone medium determines the length and path of percolation.
Therefore, it serves as an important indicator for evaluating groundwater vulnerability.

In the plain area of the study region, the vadose zone mainly consists of Quaternary
sediments, which can be categorized into nine types. When assessing the self-purification
capacity of the vadose zone, factors such as particle size and permeability of the Quaternary
sediments are primarily considered. The assigned values range from 1 to 10. In the moun-
tain aquifers, the vadose zone comprises regolith with varying degrees of metamorphic
rocks and igneous rocks, as well as dissolution layers of dolomites and limestone in karst
areas. Based on vulnerability assessments conducted in different mountainous regions
in China, the medium score for the vadose zone in bedrock regolith is determined to
be 4 points.

This determination takes into account the extent of fracturing and dissolution observed
in the surface regolith of the Tangshan mountain area, finally showed in Figure 3f. For
dolomite or limestone vadose zones, the medium score is set at 8 points.

4.1.7. Hydraulic Conductivity

The permeability of an aquifer is influenced by the type of aquifer medium, and the
permeability coefficient partially reflects the lithological composition of the aquifer [44].
Generally, larger particle sizes or more voids in the aquifer medium indicate greater
permeability, lower dilution capacity, and higher potential for pollution [45]. The aquifer’s
permeability coefficient is determined based on the type of aquifer medium, combined with
empirical values, and adjusted using data obtained from field exploration and pumping
tests (30 groups). The classification of aquifer medium types refers to the data source of
aquifer thickness.

In the plain area, the permeability coefficient was obtained by interpolating the col-
lected drilling data using Kriging interpolation with software such as Golden Surfer. For
mountain aquifers, the permeability coefficient is classified based on weathered fissure
aquifers in metamorphic rocks, weathered fissure aquifers in igneous rocks, and karst
fissure aquifers. The assignment of permeability coefficients is performed according to the
aquifer types derived from pumping test results from hydrologic boreholes. GIS technology
is utilized to overlay the mountain and plain areas, harmonize layer attributes, and assign
values to each partition following evaluation guidelines.

In the northern mountainous area of Tangshan City, the permeability coefficient mostly
ranges from 0.5–5 m/d, with some areas reaching up to 10 m/d. In the southern coastal area,
where silt is the predominant aquifer type, the permeability coefficient is relatively low,
mostly below 12 m/d. The Shanqian area in central Tangshan exhibits higher permeability
coefficients, with the lowest values observed in the north of Zunhua City, Qianxi County,
and the northwest of Qian’an City. Conversely, the highest values are found in the east
of Fengrun District, the south of Kaiping District, the south of Guye District, and the
south of Luanzhou City. The assignment result for hydraulic conductivity in the DRASTIC
parameter is presented in Figure 3g.
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4.2. Results of Comprehensive Vulnerability Assessment and Its Validation
4.2.1. Results of Groundwater Vulnerability

Vulnerability mapping was conducted using the Geographic Information System (GIS)
based on hydrogeological data of the study area and with reference to the DRASTIC model,
as shown in Figure 4. The groundwater vulnerability index values for Tangshan City
range from 85 to 173, classified into four levels according to the DRASTIC classification
principle (refer to Table 3). Higher vulnerability assessment index values indicate a higher
susceptibility to pollution, while lower values suggest a lower vulnerability and reduced
susceptibility to pollution. Additionally, karst collapse areas and regions affected by mining
subsidence are directly classified as the highest vulnerability areas.
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Figure 4. Comprehensive evaluation of vulnerability of groundwater in Tangshan.

Table 3. Classification of vulnerability of shallow groundwater in Tangshan City.

Groundwater Vulnerability
Composite Index Value Vulnerability Level

(70, 100] Potentially contaminated Low
(100, 120] Easily contaminated Moderate
(120, 150] highly prone to be contaminated Higher

>150 Particularly vulnerable to be contaminated Highest

The vulnerability assessment map of shallow groundwater in Tangshan City reveals
the following distribution results. Firstly, the shallow groundwater in Tangshan City
exhibits high vulnerability, with the highest vulnerability area accounting for 4% of the total
study area, the higher vulnerability area accounting for 53%, and the moderate vulnerability
area accounting for 25%. Together, these three categories account for 82% of the area, while
the low vulnerability area only accounts for 18%. This highlights the weak protection
performance of shallow groundwater in the region, making it susceptible to pollution.
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Secondly, the spatial variability and causes of groundwater vulnerability in the study
area are complex. The area around Luannan County has relatively shallow groundwa-
ter depth, significant vertical recharge, and a thick aquifer, leading to its classification
as an area with high underground vulnerability. The valley area in the study region is
also classified as a high vulnerability area due to its homogeneous lithology, simple rock
structure, and strong permeability. These areas experience frequent agricultural activities
and have well-developed aquaculture, resulting in a high pollution load and easy pollution
of groundwater [46]. Similarly, highly vulnerable areas are also found in the central and
southeastern regions of Tangshan, characterized by high vertical net recharge, relatively
high permeability coefficients, good water permeability, and limited self-purification ca-
pacity. In addition, the karst subsidence area and the mined-out coastal area were directly
classified as the highest vulnerable areas, covering 1.463 km2. These factors contribute to
weak anti-pollution capabilities of groundwater, making it prone to pollution. Additionally,
these areas are marked by intense human activities, including urban industrial and do-
mestic sewage discharge from Tangshan City, as well as excessive fertilization and sewage
irrigation in agricultural regions. Therefore, they should be prioritized as key areas for
groundwater protection.

Thirdly, low-vulnerability areas are scarce and mainly concentrated in the northern
part of Tangshan, such as the northern edge of Zunhua City, Qianxi County, and the
northwest of Qian’an City. In these areas, groundwater depth is significant, the vadose
zone exhibits fine lithology, and recharge amounts are limited, reducing vulnerability to
external pollutants.

4.2.2. Validation for the Mapping of Groundwater Vulnerability

Groundwater with high vulnerability is more easily contaminated and thus more likely
to have poorer water quality conditions. Currently, there are fewer methods to validate
the vulnerability of groundwater, and the pollution distribution of “NO3

−, NO2
−, NH4

+”
is generally used to compare with the vulnerability distribution of groundwater [47,48].
Xu et al. utilized single and combined factors to evaluate the water quality of groundwater,
and then examined the correlation between the evaluation level and the vulnerability
index [49]. Chao et al. chose typical water quality indicators characterizing groundwater
taste, color, and scaling, which were selected to calculate the value of the groundwater
pollution index according to the “Groundwater Quality Evaluation Standards” [50], and
then compared them with the spatial distribution of groundwater vulnerability. Since this
study also addresses the vulnerability of shallow groundwater, and there are similarities
with the above studies, similar validation methods were selected.

We selected 11 water quality indicators (in Table 4) from nearly 30 well sites to calculate
the Groundwater Pollution Index (GPI), which summed every index up after assigned
number based on different categorization criteria in Table 4. The GPIs, ranging from 26 to
72, were used to validate the groundwater vulnerability and mapped in Figure 5, which
demonstrates that high groundwater vulnerability corresponded to a high groundwater
pollution index. These two were in high agreement, with a R2 coefficient of 0.961, as
shown in Figure 6. This certificated that the GIS-based DRASTIC model for groundwater
vulnerability assessment was scientific and reliable, and could provide reliable experience
for groundwater pollution prevention and management.
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Table 4. Assignment criteria of groundwater pollution index.

Assigned
Index pH TH

mg/L
TDS
mg/L

F−
mg/L

Cl−
mg/L

SO4
2−

mg/L
NO3

−
mg/L

NO2
−

mg/L
Fe

mg/L
Cu

mg/L
Mn

mg/L

1 6.5–8 150 300 0.2 50 50 2 0.005 0.1 0.01 0.01
3 6–6.5; 8–8.5 300 500 0.5 150 150 5 0.01 0.2 0.05 0.05
5 5.5–6.0; 8.5–9 450 1000 1 250 250 20 1 0.3 1 0.1
7 1–5.5; 9–13 650 2000 2 350 350 30 4.8 2 1.5 1.5

10 0–1; 13–14 >650 >2000 >2 >350 >350 >30 >4.8 >2 >1.5 >1.5
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Figure 6. Groundwater vulnerability assessment and verification index correlation.
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4.3. Groundwater Protection Strategy in Coastal Area
4.3.1. Groundwater Protection Objectives Based on Groundwater Vulnerability

According to the results of the vulnerability assessment of shallow groundwater in
Tangshan City, the following medium- and long-term objectives for groundwater protection
have been formulated in view of the current water quality and water environment.

1. To guarantee water safety and prevent groundwater pollution. Groundwater is
one of the important sources of drinking water, and protecting groundwater means
guaranteeing people’s drinking water safety and basic usage of water.

2. To maintain ecological balance on this basis. Protecting groundwater can maintain
the water supply of wetlands, keep the stability of the ecological environment, and
promote the maintenance of species diversity and the balance of the natural ecosystem.

3. To pay attention to the protection of water sources for agricultural irrigation to ensure
the sustainability of agricultural irrigation and maintain the normal growth of crops,
paying particular attention to reducing the adverse effects on soil salinization in the
coastal area.

4. To prevent the decline in groundwater level and ground subsidence. Over-exploitation
of groundwater will lead to the decline in groundwater level and ground subsidence,
which will in turn lead to geological disasters and ground subsidence. One of the
objectives of groundwater protection is to avoid these problems and maintain the
stability of the groundwater system.

To realize the sustainable management and utilization of groundwater and to sup-
port the sound economic development of Tangshan City, groundwater resources are non-
renewable resources, and the protection and rational utilization of groundwater is an
important part of realizing the sustainable development of the region, which is also an
important goal of this study.

4.3.2. Groundwater Protect Measures in Study Area

Based on the results of vulnerability assessment of groundwater in Tangshan City and
the above protection objectives, we have clarified that the protection performance of shallow
groundwater is weak, and the current status of shallow groundwater pollution is serious,
so we propose the following protection measures for the current situation characteristics.

1. Reasonable land use and control of new highly polluting enterprises to reduce ground-
water pollution: Urban planning, especially industrial zoning, should consider vul-
nerable areas and restrict the establishment of industrial zones in areas vulnerable to
groundwater pollution, such as the center of Tangshan City, Kaiping District, Guye
District, and Luannan County. In addition, wastewater discharge from industrial
zones must be strictly managed to ensure that standards are met and groundwater
pollution is controlled [51]. By controlling the sources of pollution, restricting the
discharge of hazardous substances, and rationally managing groundwater extraction,
it is possible to ensure that the quality of groundwater meets safety standards.

2. Balanced control of groundwater exploitation: Over-exploitation of groundwater
will lead to increased water hardness, groundwater pollution, and even ground
subsidence. At this stage, deep wells with serious over-exploitation should be closed,
the amount of groundwater extraction should be limited, and the number of new
wells should be controlled.

3. Regulate sewage irrigation and fertilizer use: It is important to control the amount
of fertilizers used in agricultural areas and promote their effective use in order to
minimize the amount that enters groundwater. Additionally, effluent used for irriga-
tion should be analyzed and tested to ensure that it does not adversely affect soil and
groundwater quality [52].

4. The establishment of a comprehensive groundwater monitoring network and early
warning system throughout the region is essential. Regular water quality monitoring
should be carried out to detect early warning signs in time for timely interventions
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to mitigate serious consequences and to report data to ecological and environmental
authorities.

4.3.3. Rigorous Implementation Plans for Groundwater Exploitation in High Vulnerability Area

Based on the above groundwater protection objectives and implementation methods,
this study suggests that the Tangshan area should follow the following most stringent
groundwater exploitation plan to ensure the sustainable development of groundwater
resources.

(1). Key groundwater pollution sources such as chemical and metal products industrial
clusters, landfills, hazardous waste disposal sites, and other key groundwater pollu-
tion sources should be investigated and evaluated as soon as possible to map out the
status of groundwater pollution, establish a system of seepage and leakage prevention
for key groundwater pollution sources, carry out seepage and leakage prevention
inspections every year, formulate seepage prevention and renovation plans for seep-
age prevention measures that do not satisfy the corresponding seepage prevention
specification requirements, and take technical and management measures in a timely
manner to eliminate hidden dangers.

(2). For areas where groundwater pollution exists, detailed investigation and assessment
of groundwater shall be further carried out, and where groundwater treatment and
remediation or risk control is required after detailed investigation and assessment,
control shall be strengthened and appropriate management shall be carried out in a
timely manner. In areas where the health risk of groundwater pollution is unaccept-
able, the use of groundwater should be prohibited, and drainage methods such as
pits and ponds should be restricted to reduce the disturbance of the polluted area; if
drainage is really needed, it should be discharged in compliance with the standard
after treatment.

(3). Penalties should be established for enterprises and individuals who do not comply
with the rules on groundwater protection, and they should be ordered to rectify the
situation thoroughly before continuing production.

(4). In areas where karst is strongly developed and where there are many fallout holes
and karst funnels, construction projects that may cause groundwater pollution shall
not be newly built, altered, or expanded.

5. Conclusions

Being a typical coastal city, Tangshan City exhibits a high level of vulnerability in its
shallow groundwater system. The highly vulnerable area accounts for 4% of the total study
area, while the areas classified as moderately and highly vulnerable account for 25% and
53%, respectively. Collectively, these three categories encompass 82% of the study area,
leaving only 18% categorized as having low or minimal vulnerability. The groundwater
pollution index was used to validate the groundwater vulnerability distribution results,
and these two were in high agreement, with an R2 coefficient of 0.961.

The study area, characterized by complex hydrogeological conditions and high vul-
nerability, is situated along the coast. The valley regions, with their homogeneous lithology,
simple rock structure, and high permeability, are particularly vulnerable according to the
assessment results. Additionally, the karst subsidence area and the mined-out coastal area
were directly classified as the highest vulnerable areas, covering 1.463 km2, where more
attention is required in subsequent groundwater protection processes and strategies.

Based on the vulnerability assessment outcomes for shallow groundwater in Tangshan
City, it is evident that the current state of shallow groundwater pollution is severe, indi-
cating a weak performance in safeguarding the quality of shallow groundwater resources.
Therefore, it is recommended that relevant departments address these concerns by taking
appropriate actions informed by the evaluation results. These actions should focus on
improving and developing groundwater resources in a rational manner, implementing
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effective measures to control groundwater pollution, and undertaking remediation efforts
to restore polluted groundwater.
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Abstract: The development of Xiongan New Area in Hebei Province, China, as a significant national
choice, has considerable strategic significance for the integrated growth of Beijing, Tianjin, and Hebei.
This paper proposes a cloud model for the suitability evaluation of the construction of Xiongan New
Area based on entropy weight analysis, taking into account the geological conditions, groundwater
environment, environmental geological problems, and other factors of the suitability of image city
development. According to the research, the suitability evaluation findings for the project building
employing the cloud model are in strong accord with those of the traditional model and have some
application potential. The evaluation’s findings indicate that the project construction in Xiongan New
Area is acceptable, with suitable and relatively suitable sites making up 81.4% of the total area and
excellent circumstances for project development, construction, and usage. This study offers helpful
direction for Xiongan New Area’s urban land-space design and serves as a useful point of comparison
for studies looking at the viability of other deep Quaternary Plain region engineering buildings.

Keywords: Xiongan New Area; entropy weight–analytic hierarchy process; cloud model; suitability
evaluation

1. Introduction

Urban environmental geological issues have gradually garnered attention as China’s
urbanization process has accelerated in recent years. Urban development is reliant on
the geological environment, which has a direct impact on city planning and development.
At the same time, urban development responds to the geological environment. Numer-
ous engineering, geological, and environmental issues with urban development include
surface deformation, groundwater contamination, the instability of the rock surrounding
subsurface caves, harm to neighboring structures, and the degradation of the ecological
environment. Therefore, it is crucial to use the geological environment in urban design and
construction in a scientifically sound manner in order to change it and make it compatible
with the geological environment [1]. The development and construction of Xiongan New
Area as a new ecological metropolis will inevitably face constraints from engineering geol-
ogy and environmental geology. The suitability study of urban construction can mitigate or
even prevent various geological problems caused by engineering construction. It can also
facilitate and maintain the coordination between the urban environment and development
to the greatest extent possible, based on a comprehensive understanding of the engineering
geology and environmental geological conditions in the new area [2–7].

Although there is currently no scientifically unified understanding of the application
of engineering construction suitability evaluation methods among academics at home and
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abroad, the mathematical models and analytical theories of various widely used meth-
ods can be roughly categorized into five main categories. Through the use of the spatial
data superposition analysis method in geographic information systems (GIS), the artificial
neural network method, and the analytic hierarchy process, Sterling [8] developed an
assessment system to evaluate the suitability of engineering construction in Minneapolis,
Minnesota based on topography, engineering geological circumstances, hydrogeological
conditions, and other indicators. He then utilized a complete index model for evaluation
purposes. Professor Mario Mejia-Navarro [9,10] devised a geological disaster risk assess-
ment system for the Glenwood Springs area on a GIS platform. The system evaluated the
region’s geological disaster risk and provided a framework for regional urban planning
and construction. Based on the fuzzy comprehensive assessment approach, Gan Xin and
coworkers [11] conducted a zoning evaluation study on the acceptability of site engineer-
ing construction of various building kinds in a plain area. A waste treatment plant in
Israel’s Kurdistan Province is used by Mozafar [12] as the research object. He employs
the analytic hierarchy approach to systematically analyze and assess the site suitability
of the plant. German academic Youssef Ahmed and others [13] included elements like
topography, geological conditions, and environmental geological issues into their analytic
hierarchy approach to thoroughly assess the viability of future urban development re-
gions. Liu Hanqiang et al. [14] conducted a systematic and comprehensive evaluation of
the suitability of the composite foundation of construction land in their study area through
in-depth analysis and research on the engineering geological conditions of the construction
land in a certain city. With the aid of the MapGIS spatial analysis function and the unit
multi-factor grading weighted index method, Wang Wentao [15] and others investigated
the suitability of urban construction land in the Yellow River alluvial plain. They used the
geological environment and other elements to evaluate the suitability of construction land
development in the plain area.

Due to differences in their mathematical models and analytical logic, each of these
traditional methods has its own advantages and limitations (Table 1). However, the
factors affecting the suitability of engineering construction are often complex, fuzzy, and
random. Despite this complexity, most of these methods still rely on qualitative analysis
and subjective evaluation to determine factor weights or membership functions. The
evaluation of the adequacy of an engineering construction must consider its inherent
imprecision and unpredictability. Academician Lee Deyi [16] made the cloud model his
own towards the end of the 1990s. This model, which is based on fuzzy set theory and
probability theory, fulfills the natural conversion between quantitative language values and
quantitative values through consistently describing the randomness and fuzziness between
uncertain linguistic values and exact values. It can explain uncertain issues and has greater
universality than traditional fuzzy membership functions [17].

Little research has been done so far on the applicability of cloud-based urban engineer-
ing construction. Based on this, this paper uses Xiongan New Area as an example, attempts
to apply the cloud model to the suitability evaluation of urban engineering construction in a
plain area, resolves the uneven subjective and objective weights of conventional evaluation
models, reflects some fuzziness and randomness, provides a new idea for the suitability
evaluation of urban engineering construction, and serves as a foundation for Xiongan New
Area’s overall planning.
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Table 1. Comparison of advantages and disadvantages of suitability evaluation methods.

Evaluation Methodology Advantages Disadvantages

Spatial data superposition analysis of GIS The operation is simple and the
portability is strong

The research of secondary development
of software is insufficient, and the

analysis of complex geological
environment is still lacking

Artificial neural network method

Nonlinear correlation function, intelligent
processing ability for wrong results; It has

the ability to react quickly to different
indicators

For local minimization problem, the
convergence speed of the algorithm is

slow; the choice of network structure is
different, and there is no unified and

perfect theoretical guidance

Analytic hierarchy process (AHP)

Simple application, hierarchical division
system, few quantitative parameters; It is

suitable for complex problems with
multiple indicators

Less quantitative data, more qualitative
components, and more subjective factors;

when there are too many evaluation
factors, the weight is difficult to

determine

Fuzzy comprehensive evaluation method

The combination of qualitative and
quantitative analysis of the selected index
system; the evaluation accuracy is more

accurate, and the evaluation result is
close to the reality

The calculation is complicated and it is
difficult to collect each factor

quantitatively. There are subjective
factors in determining the index weight

Composite index method
The method is simple, easy to understand
and easy to calculate; reliable, practical,

clear economic meaning

When selecting indicators, we should pay
attention to select the same direction

indicators; difficult to quantify accurately

2. Materials and Methods

The cloud model is utilized for the appropriateness evaluation of urban engineering
construction, which establishes a grade standard for suitability evaluation using the cloud
model. The digital features of the second-level index cloud are generated through utilizing
the reverse cloud generator, and then obtaining the digital feat. Firstly, the suitability
evaluation system for engineering construction is established through identifying single
influencing factors. Then, the index weight is determined through a combination of the
analytic hierarchy process and entropy weight method. Subsequently, the complete cloud
map is generated using a forward cloud generator and compared with a standard cloud
map to obtain the results of the suitability evaluation. The overall method flow is shown in
Figure 1.
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2.1. Entropy Weight Hierarchy Combination Weight
2.1.1. Entropy Weight Method Weight Calculation

A material system’s degree of disorder can be quantified according to its entropy,
which objectively measures the amount of information contained in known data without
subjective bias. This method is based on a solid mathematical foundation and involves
several stages for calculating weight using the entropy weight method.

(1) Setting up the initial data matrix An original data matrix is created, presuming an
evaluation index system has n evaluation indexes and m evaluated items:

A =
(
aij
)

m×n =




a11 · · · ain
...

. . .
...

am1 · · · amn


 (1)

(2) The original data is dimensionlessly processed:

rij =
aij −min

{
aij
}

max
{

aij
}
−min

{
aij
} (2)

After dimensionless processing, S =
(
sij
)

m×n. Then, S is normalized:

s′ij =
sij

∑j ∑i sij
(3)

(3) Calculate the characteristic proportion fij of the characteristic object of the i-th evalua-
tion object under the j-th index:

fij =
s′ij

∑m
i=1 s′ij

(4)

(4) Calculate the entropy value Hj of the j-th index:

Hj = k
m

∑
i=1

fijln fij (5)

Among them, k = 1
ln(m)

.

(5) Introduce the difference coefficient aj and calculate the difference coefficient of the j-th
index:

aj = 1− Hj, j = (1, 2, . . . , n) (6)

(6) Determine the entropy weight of the j-th index, that is, the weight of the j-th index:

xj =
aj

∑n
j=1 aj

, xj ∈ [0, 1],
n

∑
j=1

xi = 1 (7)

(7) Calculate the weight of each index.

W =




w1
...

wm


 = S·X =




s11 · · · s1n
...

. . .
...

sm1 · · · smn







x1
...

xn


. (8)

2.1.2. Weight Calculation of Analytic Hierarchy Process

The complete evaluation technique known as the analytic hierarchy process, developed
by Saaty in the 1970s, combines qualitative and quantitative methodologies. It is frequently
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employed to find solutions to intricate issues with many goals. The basic idea is that after
thoroughly examining the problem’s nature and the overall goal that must be achieved,
the problem is broken down into its component parts. The parts are then grouped and
combined into a multi-level structural hierarchy model based on how closely they are
related to one another and how much of a member they are. Finally, the weight of the
decision-making scheme in relation to the overall goal is determined. The calculation
stages will not be repeated in this study because the analytic hierarchy process is frequently
utilized in the suitability assessment of engineering projects.

2.1.3. Combination Weight Calculation

The entropy weight method uses objective weighing, whereas the analytical hierarchy
process uses subjective weighting. Both processes obtain the weight first, then mix it with
the assessed object’s original index data to produce the evaluation result. Based on the
strengths of the two ways, the entropy weight–analytic hierarchy process weights and fuses
the weights from the two methods to produce the combined weight.

The precise procedure is as follows:
Assume that the analytical hierarchy procedure gave the following weights to n

evaluation indicators:
W1 = [w1, w2, . . . , wn]

T (9)

The following weights were given to n evaluation indicators using the entropy weight
method:

W2 =
[
w′1, w′2, . . . , w′n

]T (10)

The i-th assessment indicator’s total weight is:

W =
W1iW2i

∑n
i=1 W1iW2i

(11)

2.2. Cloud Model
2.2.1. Cloud Model Definition

The cloud model is a mathematical way to express the mutual conversion between
qualitative and quantitative information, reflecting the randomness and ambiguity of
things. It is defined as follows: Let X be a set of exact values, X = {x}. X is called the universe
of discourse, C is a qualitative concept on the set of X, and x is a random realization of
the qualitative concept C. The membership degree µ(x) of x to C~[0, 1] and is a random
number with a stable tendency. If x ∼ N

(
Ex, E′2n

)
, where E′n ∼ N

(
En, H2

e

)
, and the degree

of membership of C satisfies µ(x) = exp
{
−(x− En)

2/
(

2E′2n
)}

, then the distribution of x
on the universe X is called a cloud or a normal cloud. Each x is called a cloud drop (x,µ(x)).

In the above, µ(x) is the degree of membership, x is the original variable, Ex is the
expectation of x, En is the entropy, and He is the hyper-entropy.

Expectation, entropy, and hyper-entropy He (Figure 2) are used to explain the numeri-
cal features of the cloud. The point that best embodies a qualitative concept is expectation,
which also serves as the universe’s focal point. Entropy is used to reflect the likelihood and
ambiguity of qualitative concepts; the higher the entropy, the wider the range of qualitative
concepts that can be accepted. Hyper-entropy He is the entropy of entropy, which symbol-
izes the thickness of the cloud. The degree of membership dispersion increases as the cloud
drop thickness increases. The value is often based on empirical data; there is no precise
guideline for choosing hyper-entropy.
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2.2.2. Cloud Model Generator

The cloud model implements the reciprocal conversion between qualitative and the
quantitative values using a cloud generator. The forward cloud generator (CG) and reverse
cloud generator (CG-1) are two categories of cloud generator.

The forward cloud generator, which creates cloud droplets from the cloud digital
feature (Ex, En, He), is a conversion model that translates the qualitative notion to the
quantitative value (Figure 3).
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Figure 4 shows a conversion model called the reverse cloud generator that may
transform a given quantity of precise data into a qualitative idea symbolized by the digital
feature (Ex, En, He). It realizes the quantitative value to the qualitative concept.
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2.2.3. Constructing the Comprehensive Evaluation Cloud of Suitability

We first split the assessment area into t evaluation units, choose the comment set based
on each secondary index system in Table 2, and then obtain the evaluation matrix in order
to build a thorough evaluation cloud. The cloud generator calculates the secondary index
cloud feature digital matrix, which is then combined with the secondary index weight
matrix to produce the corresponding first-level evaluation index cloud feature digital
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matrix. The combined first-level evaluation index cloud feature digital matrix and weight
matrix then produce the comprehensive cloud digital feature of the t-th evaluation. The
suitability level of the t-th unit is then determined via comparing the complete cloud map
of the t-th unit’s suitability that is produced by the forward cloud generator (CG) with the
standard assessment cloud map. Mapping software (https://www.esri.com/en-us/arcgis/
products/mapping/overview, accessed on 2 August 2023) is used to create the complete
suitability assessment zoning map of Xiongan New Area after repeating this procedure to
collect the suitability evaluation grades of all t units.

Ct =




W1
...

Wt




T


Ex1 En1 He1
...

...
...

Ext Ent Het


 = (E∗xt, E∗nt, H∗et) (12)

E∗xt =
Ex1En1W1 + · · ·+ ExtEntWt

En1W1 + · · ·+ EntWt
(13)

E∗nt = En1W1 + · · ·+ EntWt (14)

H∗et =
He1En1W1 + · · ·+ HetEntWt

En1W1 + · · ·+ EntWt
(15)

Table 2. System of engineering construction suitability integrated evaluation indexes in Xiongan
New Area.

First-Order
Factor

Second-Order
Factor

Evaluation Index Grading Standard

Unsuited Less Suitable Relatively Suitable Suitability

I II III IV

Foundation soil
condition

0–5 m foundation
bearing capacity fa

fa < 80 kPa 80 kPa ≤ fa < 100 kPa 100 kPa ≤ fa < 130 kPa fa ≥ 130 kPa

5–10 m foundation
bearing capacity fa

fa < 100 kPa 100 kPa ≤ fa < 130 kPa 130 kPa ≤ fa < 160 kPa fa ≥ 160 kPa

10–15 m foundation
bearing capacity fa

fa < 110 kPa 110 kPa ≤ fa < 130 kPa 130 kPa ≤ fa < 170 kPa fa ≥ 170 kPa

15–30 m foundation
bearing capacity fa

fa < 130 kPa 130 kPa ≤ fa < 160 kPa 160 kPa ≤ fa < 200 kPa fa ≥ 200 kPa

30–50 m foundation
bearing capacity fa

fa < 130 kPa 130 kPa ≤ fa < 160 kPa 160 kPa ≤ fa < 200 kPa fa ≥ 200 kPa

Soil comprehensibility Es > 15 MPa 11 MPa ≤ Es < 15 MPa 4 MPa ≤ Es < 11 MPa Es < 4 MPa

Hydrogeology
condition

Shallow groundwater
depth <1 m 1–3 m 3–6 m >6 m

Corrosion of soil and
water

High
corrosion Medium corrosion Low corrosion Micro-

corrosion

Environmental
geological
problem

Land subsidence(rate) >50 mm/a 30–50 mm/a <30 mm/a

Sand liquefaction Severe sand
liquefaction

Medium sand
liquefaction

Weak sand
liquefaction

No sand
liquefaction

Flood inundation
potential (the flood
inundation depth or

land elevation is lower
than the flood

prevention level)

>1.0 m 0.5–1.0 m <0.5 m

No flood or
land elevation

higher than
fortification

height

Field
stabilization

Seismic fortification
intensity ≥IX VIII, VII ≤VI
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Among them, Ct is the comprehensive suitability cloud digital feature, for which
E∗xt, E∗nt, H∗et is the expectation, entropy, and super entropy of the higher-level index of the
t-th unit, and Wt is the weight of the t-th index.

3. Engineering Example
3.1. Single-Factor Analysis
3.1.1. Foundation Soil Conditions

With the exception of Beiwangkou Town near Baiyangdian Duancun Town–Tongkou
Town, Xiong County, the foundation soil conditions in Xiongan New Area are generally
good, the soil mass is relatively uniform [18], there is only a small range of soft soil devel-
oped (Figure 5a), and the thickness is small (generally no more than 2 m). The stratum has
a limited bearing capacity (95–115 kPa) in the 0–5 m depth range, making it unsuitable as
the natural foundation–bearing layer for multi-story buildings. In most other places, the
stratum below 100 m has a bearing capability of more than 120 kPa. It is appropriate for
all types of engineering construction after treatment and may satisfy the criteria of pile
foundation or pile end–bearing layer of multi-story structures (Figure 5b–f). The compress-
ibility of soil in most areas of the new area is in the medium–low compression zone, and
the soil is in the medium–high compression zone in the depth range of 0–5 m east of the
first line of Zhanggang Township–Xiong County–Zhaobeikou Township–Yucun Township
and west of the first line of Zhaili Township–Anzhou Township–Laohetou Township, as
well as in the depth range of 30–50 m east of the first line of Nangzhang Township, south-
west of Xiaoli Township, and Qiaogang Township–Zhugezhuang Township–Xiongzhou
Township–Xinglonggong Township. The maximum weighted average compressive modu-
lus is 27.17 MPa and 16.37 MPa, respectively (Figure 5g–k).

3.1.2. Hydrogeological Conditions

Only the surrounding region of Baiyangdian District has a shallow groundwater level
below 5 m in most of Xiongan New Area (Figure 5l). The construction components of
a foundation or pile foundation will corrode due to groundwater and soil, which will
reduce the material’s strength and influence the stability of engineering structures. The
Liuli Zhuang Town–Tongkou Town region is where most of the places with moderate to
severe groundwater corrosion are found. The main ions affecting groundwater erosion are
SO4

2- and Cl-, and their concentrations range from 1290 to 4345 mg/L and 33 to 1727 mg/L,
respectively (Figure 5m). The moderate and severe soil erosion areas are primarily located
near the Baiyangdian area, which is impacted by evaporation and concentration and where
salt is enriched, forming a salt accumulation zone (Figure 5n).

3.1.3. Environmental Geological Problems

According to Xie et al. [19], the yearly land subsidence rate of Xiongan New Area
ranges from 0 to 90 mm. As of 2020, the area of the new district with an annual settlement
rate greater than 50 mm accounts for about 12% of the total area of the new district. The
new district is primarily located in Nanzhang Town, Luzhuang Township, Longhua Town-
ship, Laohetou Township, some areas of Anzhou Town, the junction of Santai Town and
Xiaoli Town, the junction of Pingwang Township in Rongcheng County and Zhugezhuang
Township in Xi. Urban subterranean pipes or piling foundations may be damaged by land
subsidence, which might seriously jeopardize the security of project development and op-
eration. The Xiongan New Area’s central and southern regions are particularly susceptible
to sand liquefaction, which is primarily dispersed 20 m below the surface. A tiny portion of
Mozhou, Liuli Village, Anxin County, and other regions are dominated by medium–severe
liquefaction, whereas the Anxin–Zhaobeikou area and the Anzhou–Qijianfang area in the
south are dominated by minor liquefaction (Figure 5q).
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Figure 5. Evaluation results of single-factor analysis. (a) Soft soil distribution map in Xiongan New
Area; (b) zoning map of 0–5 m foundation bearing capacity in Xiongan New Area; (c) zoning map of
5–10 m foundation bearing capacity in Xiongan New Area; (d) zoning map of 10–15 m foundation
bearing capacity in Xiongan New Area; (e) zoning map of 15–30 m foundation bearing capacity in
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Xiongan New Area; (f) zoning map of 30–50 m foundation bearing capacity in Xiongan New Area;
(g) 0–5 m compressibility zoning diagram of soil in Xiongan New Area; (h) 5–10 m compressibility
zoning diagram of soil in Xiongan New Area; (i) 10–15 m compressibility zoning diagram of soil
in Xiongan New Area; (j) 15–30 m compressibility zoning diagram of soil in Xiongan New Area;
(k) 30–50 m compressibility zoning diagram of soil in Xiongan New Area; (l) classification chart of
shallow groundwater depth in Xiongan New Area; (m) zoning map of soil corrosion in Xiongan
New Area; (n) zoning map of groundwater corrosion in Xiongan New Area; (o) gradation map of
land subsidence rate in Xiongan New Area (2016); (p) zoning map of flood inundation potential in
Xiongan New Area; (q) classification chart of the sand liquefaction in Xiongan New Area; (r) hidden
fault structure distribution map in Xiongan New Area.

3.1.4. Dynamic Geological Action

The stability of the site is unaffected by any of the six developed faults in and around
the Xiongan New Area, all of which are non-new active fault zones (Figure 5r). Earthquakes
have extremely low magnitudes and frequency; their seismic fortification intensity is
VIII degrees.

3.2. Index System and Weight Determination

This time, a number of second-level evaluation indicators are chosen underneath the
first-level indicators to construct the evaluation index system. The foundation soil condi-
tions, hydrogeological conditions, environmental geological problems, site stability, and
underground space availability resources are chosen as the first-level evaluation indicators
this time. This article divides the suitability of the environment and engineering construc-
tion and utilization in the new area into four grades, from poor suitability (a) to suitability
(b), and analyzes the distribution characteristics of hydrogeological conditions, engineering
geological conditions, and environmental geological problems in the study area and their
impact on the development and utilization of above-ground and underground engineering
in Xiongan New Area. Referring to pertinent data [2,20] and experts’ recommendations
that empirical values establish grading standards, there are two ways to determine the
extent to which various types of geological environmental impact factors will have an
impact on project construction. Table 2 displays the quantitative grading standards for the
evaluation factors.

In this study, the subjective and objective integrated weighing approach and the
entropy weight–analytic hierarchy process are used, which can effectively eliminate the
drawbacks of employing the two methods independently. Through questionnaire surveys,
in-person discussions, and other methods for weight evaluation and index assignment, as
well as through the pertinent calculations to obtain the judgment matrix and the consis-
tency test of the results, this evaluation arranges three groups of engineering construction
suitability evaluation consultants, with each group consisting of ten people who are experi-
enced engineering geology scholars. The evaluation index is weighted using the entropy
approach. Five relevant experts from the consulting group create the initial matrix based
on the scores of each index, and then the appropriate weighting computation is done. A
calculation is made to determine the aggregate weight of each indicator, which displays
how much of an impact each index has on the suitability of a project’s construction (Table 3).
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Table 3. Comprehensive weight table of engineering construction suitability evaluation index.

First-Order Factor Weight Second-Order Factor Weight

Foundation soil condition 0.432
Foundation bearing capacity 0.242

Soil comprehensibility 0.190

Hydrogeology condition 0.152
Shallow groundwater depth 0.120
Corrosion of soil and water 0.032

Environmental geological problem 0.3
Land subsidence 0.159
Sand liquefaction 0.113

Flood inundation potential 0.028
Field stabilization 0.116 Seismic fortification intensity 0.116

3.3. Evaluation Cloud Construction
3.3.1. Standard Evaluation Cloud Construction

We initially develop a common assessment cloud before performing engineering,
geological environment, and construction suitability evaluation. In accordance with the
Xiongan New Area’s established engineering, geological, and construction suitability
evaluation system (Table 2), the new area’s suitability evaluation grades are separated into
four categories: suitable, more suitable, generally appropriate, and poorly suitable. The
equivalent value range is set to [0, 100], with [0, 25) denoting the area that is most suitable,
[25, 50) the area that is more suitable, [50, 75) the area that is generally suitable, and [75, 100]
the area that is least suitable. Higher scores indicate a worse fit, whereas lower scores
indicate greater suitability. The standard evaluation cloud model is then produced using
the cloud model’s inverse cloud generator (Figure 6). To ascertain the level of construction
suitability for the project, the final results of the construction suitability evaluation are
compared and examined. Table 4 displays the numerical properties of the derived standard
cloud model.
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Figure 6. Cloud map of suitability evaluation standard for Xiongan New Area engineering construction.
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Table 4. Engineering construction suitability classification and digital characteristics of standard
cloud model.

Classification of
Suitability Degree of Suitability Range Digital Characteristics of

Standard Cloud Model

I Unsuited [100, 75] (87.5, 15.0, 0.5)
II Less suitable (75, 50] (62.5, 15.0, 0.5)
III Relatively suitable (50, 25] (37.5, 15.0, 0.5)
IV Suitable (25, 0] (12.5, 15.0, 0.5)

3.3.2. Comprehensive Evaluation Cloud Construction

According to the construction suitability evaluation system in Table 2, Formulas (13)–(15)
are used to determine the numerical characteristic values of each evaluation index (Tables 5
and 6). Since there is no exact guidance method for the selection of super entropy, this time,
after consulting a large number of relevant materials, the value of super entropy He is set to
0.5. When generating random cloud drops, considering the computer operation ability and
accuracy needs, the calculation is repeated 5000 times, that is, each normal cloud model
generates 5000 cloud drops. The normal cloud model is generated for the selected 12 s level
evaluation indicators (Figure 7) and 4 first level evaluation indicators (Figure 8) according
to the four evaluation levels.

Table 5. Numerical characteristics of cloud model for suitability evaluation index of engineering
construction in Xiongan New Area.

Assessment Index Suitability Relatively Suitable Less Suitable Unsuited
Ex En He Ex En He Ex En He Ex En He

Foundation soil
condition

0–5 m
foundation

bearing
capacity fa

155.000 131.644 0.500 115.000 97.672 0.500 90.000 76.439 0.500 40.000 33.972 0.500

5–10 m
foundation

bearing
capacity fa

170.000 144.385 0.500 145.000 123.152 0.500 115.000 97.672 0.500 50.000 42.466 0.500

10–15 m
foundation

bearing
capacity fa

310.000 263.290 0.500 150.000 127.399 0.500 115.000 97.670 0.500 55.000 46.713 0.500

15–30 m
foundation

bearing
capacity fa

325.000 279.030 0.500 180.000 152.878 0.500 145.000 123.152 0.500 65.000 55.026 0.500

30–50 m
foundation

bearing
capacity fa

325.000 276.030 0.500 180.000 152.878 0.500 145.000 123.152 0.500 65.000 55.206 0.500

Soil compre-
hensibility 2.000 1.698 0.500 7.500 6.369 0.500 13.000 11.041 0.500 17.500 14.863 0.500

Hydrogeology
condition

Shallow
groundwater

depth
8.000 6.794 0.500 4.500 3.821 0.500 2.000 1.698 0.500 0.500 0.424 0.500

Corrosion of
soil and
water

150.000 1.274 0.500 900.00 1.274 0.500 2250.0 5.095 0.500 4000.0 8.917 0.500

Environmental
geological
problem

Land
subsidence 15.000 12.739 0.500 40.000 33.972 0.500 70.000 9.452 0.500 70.000 59.452 0.500

Sand
liquefaction 0.050 0.042 0.500 3.050 2.590 0.500 12.000 10.191 0.500 21.500 18.260 0.500

Flood
inundation
potential

0.050 0.042 0.500 0.300 0.254 0.500 0.750 0.637 0.500 1.500 1.274 0.500

Field
stabilization

Seismic
fortification

intensity
3.000 2.548 0.500 7.500 6.370 0.500 7.500 6.370 0.500 10.500 8.9180 0.500

167



Appl. Sci. 2023, 13, 10655

Table 6. Construction suitability of integrated cloud digital characteristics.

Assessment
Index

Suitability Relatively Suitable Less Suitable Unsuited

Ex En He Ex En He Ex En He Ex En He

Foundation
soil condition 293.584 56.286 0.500 156.478 33.732 0.500 120.529 27.950 0.500 50.246 14.476 0.500

Hydrogeology
condition 126.300 4.892 0.500 883.500 24.919 0.500 2242.50 61.355 0.500 3998.1 108.764 0.500

Environmental
geological
problem

253.924 55.465 0.500 149.001 33.064 0.500 116.961 25.776 0.500 52.962 11.797 0.500

Field
stabilization 3.000 2.548 0.500 7.500 6.369 0.500 7.500 6.369 0.500 10.5 8.917 0.500

The whole area of Xiongan New Area is divided into 100 × 150 evaluation units. The
construction suitability cloud model is used to evaluate them. The digital characteristics of
each respective evaluation unit are obtained and compared with the digital characteristics of
the standard cloud. The engineering, geological environment, and construction suitability
grid of Xiongan New Area is obtained (Figure 9).
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Figure 7. Cloud model of second-level index of suitability evaluation of engineering construction.
(a) Cloud model of 0–5 m foundation bearing capacity; (b) cloud model of 5–10 m foundation bearing
capacity; (c) cloud model of 10–15 m foundation bearing capacity; (d) cloud model of 15–30 m
foundation bearing capacity; (e) cloud model of 30–50 m foundation bearing capacity; (f) cloud
model of soil comprehensibility; (g) cloud model of shallow groundwater depth; (h) cloud model of
corrosion of soil and water; (i) cloud model of land subsidence; (j) cloud model of sand liquefaction;
(k) cloud model of flood inundation potential; (l) cloud model of seismic fortification intensity.

3.4. Results and Analysis

A partition diagram illustrating the applicability of cloud theory to building of the
Xiongan New Area is shown in Figure 10. The chart shows that the majority of the
above-ground regions in Xiongan New Area are appropriate and more suitable places
for engineering building, with the suitable area accounting for 417.50 km2, or 23.6% of
the total area. This area has an excellent engineering geological environment that is
suited for all types of engineering development and building, as well as general seismic
fortification. 1022.89 km2, or 57.8% of the total, is the area that is more appropriate. This
region has better engineering geological conditions that are better suited for different
engineering development and construction. Measures for liquefiable strata should be
taken in accordance with standard seismic fortification. Only 8.9% of the available space, or
157.74 km2, is generally appropriate. It is mostly dispersed in the areas around Baiyangdian.
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Flooding is the main possibility. In addition, there are issues with sand liquefaction and
land subsidence. To lessen or eliminate the risks of flooding, land subsidence, and sand
liquefaction, appropriate precautions must be taken. Finally, 171.87 km2—or 9.7% of the
total area—is considered to be unsuitable. It is primarily found in the north of Xiong
County, in the western parts of the towns of Duancun, Longhua, and Luzhuang. The area
has substantial liquefaction of sandy soil and a ground settlement rate of more than 50 mm
per year.
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(a) Foundation soil condition; (b) hydrogeology condition; (c) environmental geological problem;
(d) field stabilization.

This research also utilizes the average comprehensive index approach as a comparison
reference to confirm the viability of the cloud model in the appropriateness evaluation of
engineering construction (Figure 11). According to the results of the average comprehensive
index method’s suitability evaluation, the suitable area is 818.65 km2, or 46.3% of the total
area; the more suitable area is 673.87 km2, or 38.1%; the generally suitable area is 163.18 km2,
or 9.2%; and the area of poor suitability is 114.30 km2, or 6.4%. Comparing the two
methods reveals that while the assessment outcomes of the two approaches are somewhat
dissimilar, the overall outcomes are rather comparable (Table 7). The main distinction is
that the comprehensive index method overemphasizes the importance of a single factor’s
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maximum value in the evaluation process and ignores the weight of the evaluation index,
whereas the cloud model overcomes these drawbacks and more accurately quantifies the
weight of all evaluation factors’ effects on the suitability of engineering construction. It
is clear that the cloud model may provide a more accurate and thorough reflection of the
evaluation outcomes.
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Table 7. Comparison list of evaluation results of suitability of project development and construction
in Xiongan New Area.

Cloud Theory Average Composite Index Method
Zoning of
Suitability

Area
Km2

Proportion
% Distribution Zoning of

Suitability
Area
Km2

Proportion
% Distribution

Unsuited 171.87 9.7

Between
Beishakou, Daying

and Mijiawu;
Duancun west

side; Longhua and
luzhuang

Unsuited 114.30 6.4

East of Beishakou
and Daying;

Duancun west
side; Longhua and

Luzhuang

Less suitable 157.74 8.9 Around
Baiyangdian area Less suitable 163.18 9.2

Around
Baiyangdian area;

Northwest of
Nanzhang

Relatively
suitable 1022.89 57.8

South of Santai,
Dawang,

Pingwang and
Mijiawu

Relatively
suitable 673.87 38.1

South of Zhaili,
Anxin and

Zhaobeikou

suitability 417.50 23.6
Areas other than
those mentioned

above
suitability 818.65 46.3

Areas other than
those mentioned

above

4. Conclusions

(1) We created a thorough evaluation mechanism for the viability of project construction
in Xiongan New Area. Eight second-level evaluation indices of foundation bearing
capacity at different depths, soil compressibility, groundwater depth, water and
soil corrosivity, and land stability are screened out after the engineering geological
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conditions and environmental geological conditions affecting the urban construction
of the new district are taken into consideration.

(2) A thorough assessment of the appropriateness of engineering construction in Xiongan
New Area was carried out. The suitability assessment grade standard was developed
using a cloud model to assess the appropriateness of Xiongan New Area, and the
index weight was determined using the analytical hierarchy process and the entropy
weight technique. This study’s findings indicate that Xiongan New Area’s engineering
construction conditions are generally good, that the suitable and more suitable areas
make up more than 80% of the new area’s total area, and that both the generally
suitable area and the poorly suitable area have significant environmental geological
problems like land subsidence, sand liquefaction, and flood inundation.

(3) Comparisons were made between the outcomes of the cloud model’s evaluation and
those of the conventional suitability evaluation model. Despite some discrepancies be-
tween the two, the general conclusions are the same, proving the viability and efficacy
of the cloud model in the evaluation of engineering construction’s appropriateness.

(4) The conceptual model of the evaluation index system must be established before the
evaluation method based on cloud theory can be implemented. Through the cloud
generator, this method realizes the organic combination of uncertainty and ambiguity
among the multi-factor indicators of the suitability evaluation of urban engineering
construction in comparison to the conventional assessment technique. The assessment
index system is a crucial element in engineering practice that influences site selection
for engineering projects as well as disaster prevention and mitigation. The choice
of assessment indices in this work is mostly based on the most recent technical
requirements of engineering and geological exploration. The consideration is not
thorough enough, and the actual problems outside the framework are less complicated.
It must be reinforced in a follow-up study to increase the research findings’ maturity
and applicability.

(5) This research was conducted for the Xiongan New Area’s general planning, and as
such, its evaluation accuracy does not satisfy the standards of regulatory detailed
planning. The following phase is conducting a “targeted” project construction suitabil-
ity review in accordance with the particular planning framework, taking into account
the requirements of various project construction layouts, and undertaking various
kinds of projects.
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Abstract: Suitability assessment is an essential initial step in the scientific utilization of underground
space. It plays a significant role in providing valuable insights for optimizing planning and utilization
strategies. Utilizing urban underground space has the potential to enhance the capacity of urban
infrastructure and public service facilities, as well as mitigate issues such as traffic congestion and
land scarcity. To effectively plan and utilize urban underground space, it is crucial to conduct a
suitability assessment. This assessment helps identify the factors that influence the utilization of
underground space and their impacts, offering guidance on avoiding unfavorable conditions and
ensuring the safety of planned underground facilities. To achieve objective and reasonable evaluation
results, this paper proposed an assessment method that combines entropy and CRITIC (CRiteria
Importance Through Intercriteria Correlation) weighting. Taking Xiong’an New Area as a study
area, a suitability assessment indicator system for underground space was established. The system
included criteria indicators and sub-criteria indicators. By analyzing the weights, the study identified
the difference of suitability and critical affecting factors for shallow, sub-shallow, sub-deep, and
deep underground space. The results showed that deep layers had better suitability than shallow
layers in the study area. The regions with inferior and worse suitability were mostly located around
Baiyangdian Lake, with proportions of acreage at 54.69% for shallow layer, 42.06% for sub-shallow
layer, 41.69% for sub-deep layer, and 42.03% for deep layer. Additionally, the dominant affecting
factors of suitability varied in different layers of underground space. These findings provide valuable
evidence for the scientific planning and disaster prevention of underground space in Xiong’an New
Area, and also serve as references for studying suitability in other areas.

Keywords: multilayer underground space; suitability assessment; entropy; CRITIC; Xiong’an
New Area

1. Introduction

Due to rapid urbanization, many cities are facing saturation in the utilization of above-
ground land, leading to problems such as traffic congestion and land resource shortage [1,2].
To accommodate urban sustainable development, the utilization of underground space
has emerged as an efficient means to expand urban space [3–5]. Therefore, integrated
planning that includes both aboveground and underground space is considered an opti-
mal approach [6,7]. Unlike aboveground space, underground space is a non-renewable
resource that is difficult to transform once built into some kind of infrastructure. As a result,
conducting suitability assessment of underground space before urban planning becomes
particularly significant.

Existing research shows that, as the carrier of underground space, the geological
environment plays a crucial role in the utilization of underground space [8]. Understanding
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how the geological environment constrains the use of underground space and identifying
the geological factors that affect it can help in avoiding or transforming unfavorable
geological conditions. In particular, in newly building cities, the utilization of underground
space is primarily influenced by geological factors rather than existing surface buildings and
underground infrastructure, unlike in already built-up cities [9]. Assessing suitability can
provide valuable insights for optimizing planning and utilization strategies of underground
space. Therefore, studying the geological suitability of underground space holds significant
theoretical and practical importance.

Existing studies on the suitability of underground space primarily rely on geological
analysis, which is an essential and valid method [10,11]. The assessment system for the
suitability of urban underground space (UUS) incorporates various geological factors,
which differ depending on the region’s geological characteristics [12–14]. These factors
typically include active faults, land subsidence, groundwater level, bearing capacity of soils,
compression of soils, ground elevation, sands liquefaction, soft soils [15–18]. However,
while researchers generally agree on the geological factors that affect the suitability of
underground space in the same study area, they may differ in the weights assigned to
these factors. Therefore, the critical issue lies in selecting an assessment method that incor-
porates reasonable indicator weights. Various methods have been developed to analyze
the suitability of underground space, including AHP (analytic hierarchy process) [19–21],
entropy [22–24], neural network [25,26], fuzzy mathematics [27–29], TOPSIS (Technique for
Order Preference by Similarity to Ideal Solution) [16,30], etc. The combined application of
different methods has been shown to be more reasonable [31–33], considering that each
method has its own advantages and disadvantages [34,35]. The critical issues in the selec-
tion of an assessment method are the objectivity of weights, correlation, discreteness, and
comparative intensity of affecting factors. In this paper, an entropy and CRITIC (Criteria
Importance Through Intercriteria Correlation) combined weighting method was applied to
obtain reasonable weights. The entropy method, derived from information theory [36], was
used to derive objective weights but focused on discreteness while ignoring correlation
and comparative intensity of data [11,37]. However, the CRITIC method can effectively
compensate for this deficiency [38–40]. Therefore, the combination of these two methods
ensures the rationality of the objective weight of the selected indicators.

Consequently, taking Xiong’an New Area, a newly planned city, as a case study, this
research established a multilayer assessment indicator system for the underground space.
The study also identified the suitability and critical affecting factors of underground space.
It is important to note that this paper specifically focused on the geological characteristics
that affect the utilization of urban underground space (UUS), while other socioeconomic
factors were not considered.

2. Study Area

The Xiong’an New Area, established as a national new district in 2017, is located
in the eastern alluvial plain of the Taihang Mountains, at the central part of the North
China Plain. It covers an area of 1770 km2 and mainly consists of Rongcheng County,
Anxin County, and Xiongxian County (Figure 1) [41]. Geographically, these counties are
located within Hebei Province. The ground elevation in the area is less than 26 m, and the
terrain is relatively flat. The study area is characterized by Quaternary deposits with a
depth of over 100 m [42]. It is situated in the Jizhong platform depression, where buried
faults are relatively well-developed, but modern activities are very weak [43]. The climate
of the study area falls under the warm temperate continental monsoon zone, with an
average annual temperature of 12.1 ◦C, average precipitation of 478 mm, and a maximum
evaporation of 1762 mm [44,45]. Additionally, the area is home to Baiyangdian Lake, the
largest freshwater wetland in the North China Plain [46].
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Furthermore, in accordance with the Planning Outline of Xiong’an New Area, the
urban underground space will be utilized in an orderly manner based on different depth
levels. These depth levels include the shallow layer (L1: 0~−15 m), sub-shallow layer (L2:
−15~−30 m), sub-deep layer (L3: −30~−50 m), and deep layer (L4: −50~−100 m). The
shallow and sub-shallow layers will be actively exploited, while the sub-deep and deep
layers will be appropriately utilized.

3. Materials and Methods
3.1. Establishment of Suitability Assessment Frame

During the initial phase of assessing the suitability of urban underground spaces, a
system of assessment indicators was developed by analyzing geological factors. Figure 2
illustrates four types of criteria indicators: topography, geotechnical characteristics, hydro-
geological conditions, and adverse geological phenomena. These criteria indicators include
various sub-criteria indicators and were considered in the suitability assessment. Some of
these indicators are positive, such as geotechnical characteristics, where a larger value indi-
cates better suitability of urban underground spaces. On the other hand, some indicators
are negative, such as adverse geological phenomena, which indicate the opposite. To obtain
comprehensive evaluation results, data on sub-criteria indicators from multiple layers
should be obtained beforehand. Topography indicators, including ground elevation, were
obtained from DEM (Digital Elevation Model) measurements. Geotechnical characteristics,
such as bearing capacity and compression modulus of soils, were determined through
standard penetration tests, shear tests, and geotechnical tests conducted in engineering
geological boreholes. Hydrogeological conditions, such as groundwater buried depth, were
measured in the field through groundwater level measurements, while aquifer thickness
was inferred from lithology data obtained from geological boreholes. Adverse geological
phenomena, such as land subsidence rate, were measured using InSAR (Interferometric
Synthetic Aperture Radar) remote sensing. Sands liquefaction index was determined
through standard penetration tests conducted in the engineering geological boreholes, and
chemical corrosion of groundwater and soils was assessed through chemical experiments.
All the aforementioned work was carried out by the China Geological Survey project.
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The relationships among various indicators were analyzed using entropy and CRITIC
methods to determine the combined weights that represent the significance of different
indicators. These indicator weights were then input into the evaluation model, which was
the weighted average comprehensive index model, to calculate the comprehensive indexes
of geological suitability. The final maps of grading evaluation for the multilayer UUS were
generated using ArcGIS 10.8 software.

3.2. Establishment of Assessment Model

The suitability of underground space in Xiong’an New Area is evaluated using the
weighted average comprehensive index model. The comprehensive index, CI, is obtained
through the assignment of scores to indicators and calculation of indicator weights. The
assessment model is as follows:

CI =
n

∑
j=1

k j·wj, j = 1, 2, · · · , n

where CI is the comprehensive index, wj is the indicator weight, kj is the score assignment
of the indicator, and n is the number of indicators.

3.3. Calculation of the Entropy-CRITIC Combined Weights
3.3.1. Entropy Weighting

(1) Establish an initial assessment indicators matrix, X.

X = (Xij)m×n (1)

where m is the number of evaluating objects, n is the number of indicators, i is the i-th
object, and j is the j-th indicator.

(2) Construct a normalization matrix, Y.

Y = (Yij)m×n (2)
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where Yij satisfies the following Equations (3) or (4):

Yij =
Xij − minXj

maxXj − minXj
. (3)

Here, j is a positive indicator.

Yij =
maxXj − Xij

maxXj − minXj
. (4)

Here, j is a negative indicator.

(3) Calculate the contribution of the i-th object to the j-th indicator, Pij.

Pij =
Yij

∑m
i=1 Yij

(5)

(4) Calculate the entropy value of the j-th indicator, Ej.

Ej = −k∑m
i=1 Pij lnPij (6)

where k = 1/lnm.
(5) Calculate the otherness coefficient of the j-th indicator, Gj.

Gj = 1 − Ej (7)

(6) Calculate the entropy weight coefficient of the j-th indicator, vj.

vj =
Gj

∑n
j=1 Gj

(8)

3.3.2. CRITIC Weighting

(1) Based on Equation (2), the standard deviation of the j-th indicator, Sj, is calculated.

Sj =

√
∑m

i=1 (Yij − Y j)
2

n − 1
(9)

(2) Based on Equation (2), the correlation coefficient between the b-th and j-th indicators,
rbj, is calculated.

rbj =
∑n

b,j=1 (Yib − Yb)(Yij − Y j)√
∑n

b=1 (Yib − Yb)
2
∑n

j=1 (Yij − Y j)
2

(10)

(3) Calculate the conflicting characteristic between the b-th and j-th indicators, Aj.

Aj = ∑n
b=1 (1 − rbj) (11)

(4) Calculate the quantity of information contained in j-th indicator, Cj.

Cj = Sj Aj (12)

(5) Calculate the weight coefficient of the j-th indicator, uj.

uj =
Cj

∑n
j=1 Cj

(13)
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3.3.3. Combined Weighting

Based on vj and uj, the combination weight of j-th indicator, wj, is calculated.

wj =
vjuj

∑n
j=1 vjuj

(14)

4. Results
4.1. Assessment Indicator System

Based on the actual geological conditions of the study area, an assessment indica-
tor system was established, comprising four kinds of criteria indicators: topography,
geotechnical characteristics, hydrogeological conditions, and adverse geological phenom-
ena (Table 1). Additionally, the assessment of four application layers of UUS (L1: 0~−15 m,
L2: −15~−30 m, L3: −30~−50 m, L4: −50~−100 m) involved the evaluation of different
combinations of sub-criteria indicators. These sub-criteria indicators included ground
elevation, bearing capacity of soils, compression modulus of soils, groundwater buried
depth, aquifer thickness, land subsidence rate, sands liquefaction index, chemical corrosion
of groundwater, and chemical corrosion of soils (Table 1).

Table 1. Assessment indicators of suitability to multilayer UUS in the study area.

Criteria
Indicators

Sub-Criteria
Indicators (Unit)

Grading Criteria of Suitability Application
LayerGrade I Grade II Grade III Grade IV

Topography Ground elevation (m) <8 8~8.5 8.5~9 >9 L1~L4

Geotechnical
characteristics

Bearing capacity of soils
(0~−5 m) (kPa) <80 80~100 100~130 >130 L1

Bearing capacity of soils
(−5~−10 m) (kPa) <100 100~130 130~160 >160 L1

Bearing capacity of soils
(−10~−15 m) (kPa) <110 110~130 130~170 >170 L1

Bearing capacity of soils
(−15~−30 m) (kPa) <130 130~160 160~200 >200 L2

Bearing capacity of soils
(−30~−50 m) (kPa) <130 130~160 160~200 >200 L3

Bearing capacity of soils
(−50~−100 m) (kPa) <130 130~160 160~200 >200 L4

Compression modulus of
soils (0~−5 m) (MPa) <4 4~11 11~15 >15 L1

Compression modulus of
soils (−5~−10 m) (MPa) <4 4~11 11~15 >15 L1

Compression modulus of
soils (−10~−15 m) (MPa) <4 4~11 11~15 >15 L1

Compression modulus of
soils (−15~−30 m) (MPa) <4 4~11 11~15 >15 L2

Compression modulus of
soils (−30~−50 m) (MPa) <4 4~11 11~15 >15 L3

Compression modulus of
soils (−50~−100 m) (MPa) <4 4~11 11~15 >15 L4
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Table 1. Cont.

Criteria
Indicators

Sub-Criteria
Indicators (Unit)

Grading Criteria of Suitability Application
LayerGrade I Grade II Grade III Grade IV

Hydrogeological
conditions

Groundwater buried
depth (m) <5 5~10 10~15 >15 L1~L4

Aquifer thickness
(0~−15 m) (m) >7.5 5~7.5 2.5~5 <2.5 L1

Aquifer thickness
(−15~−30 m) (m) >7.5 5~7.5 2.5~5 <2.5 L2

Aquifer thickness
(−30~−50 m) (m) >7.5 5~7.5 2.5~5 <2.5 L3

Aquifer thickness
(−50~−65 m) (m) >7.5 5~7.5 2.5~5 <2.5 L4

Aquifer thickness
(−65~−80 m) (m) >7.5 5~7.5 2.5~5 <2.5 L4

Aquifer thickness
(−80~−100 m) (m) >7.5 5~7.5 2.5~5 <2.5 L4

Adverse geological
phenomena

Land subsidence rate
(mm/a) >50 30~50 10~30 <10 L1~L4

Sands liquefaction index >18 6~18 <6 0 L1
Chemical corrosion of

groundwater Strong Medium Weak Micro L1~L4

Chemical corrosion of soils Strong Medium Weak Micro L1~L4

The suitability of underground space in the study area was categorized into four
grades: grade I (Worse suitability), grade II (Inferior suitability), grade III (Moderate suit-
ability), and grade IV (Good suitability) [15,18]. The classification of ground elevation,
chemical corrosion of groundwater, and chemical corrosion of soils was based on the
grading criteria outlined in the ‘Code for geo-engineering site investigation and evalua-
tion of urban and rural planning (CJJ57-2012)’. The classification of bearing capacity of
soils and compression modulus of soils was referenced from Gao’s grading criteria [47].
The land subsidence rate was classified according to the grading criteria specified in the
‘Specifications for risk assessment of geological hazard (GB/T 40112-2021)’, while the sands
liquefaction index was classified based on the grading criteria provided in the ‘Code for
seismic design of buildings (GB 50011-2010)’. The classification of groundwater buried
depth and aquifer thickness was determined in accordance with the recommendations of
local geological experts.

4.2. Characteristics of Geological Indicators
4.2.1. Topography

The study area exhibited distinct sedimentary facies characteristics, with an alluvial-
proluvial facies observed in the northwestern region and an alluvial-lacustrine facies ob-
served in the southeastern region. This differentiation in sedimentary facies was roughly de-
lineated by the connection line between Rongcheng urban districts and northern Anxin [48].

Based on the DEM elevation measuring data in 2021 (Figures 3 and 4), the study area
exhibited a relatively flat topography with a gradual decrease in elevation from northwest
to southeast, characterized by a gradient of less than 2‰. The ground elevation mostly
ranged between 6 m and 10 m, with the highest point reaching 26 m in Jiaguang town,
Rongcheng County. However, around Baiyangdian Lake, the ground elevation was less
than 5 m. It is important to note that when the ground elevation drops below 9 m, there is
a potential risk of inundation for underground space, as indicated by the warning water
level of Baiyangdian Lake.
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4.2.2. Geotechnical Characteristics

The planning areas of underground space were found to be deposited with Quaternary
soils, which consisted of sands, clays, and silts. Additionally, the main soil layers were
evenly distributed to a certain extent, and their sedimentary rhythm was relatively stable.
The geotechnical test data, including natural void ratio, liquidity index, and organic matter
content, did not indicate the presence of soft soils.
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The bearing capacity and compression modulus of the soils varied with depth. Based
on data from standard penetration tests, shear tests, and geotechnical tests conducted in
engineering geological boreholes, the bearing capacity of each individual soil layer was
determined. The bearing capacity of the foundation soils at different depths was then
calculated by integrating the data of the individual soil layers using the weighted average
method. The bearing capacity ranges for depths of 0~−5 m, −5~−10 m, −10~−15 m,
−15~−30 m, −30~50 m, and −50~−100 m were found to be 95~130 kPa, 100~180 kPa,
110~250 kPa, 145~240 kPa, 180~280 kPa, and 180~280 kPa, respectively (Figure 5). Addi-
tionally, the compression modulus of the soils at different depths was determined based
on lateral confined test data. The majority of the compression modulus values for depths
of 0~−5 m, −5~−10 m, −10~−15 m, −15~−30 m, −30~−50 m, and −50~−100 m ranged
from 4 MPa to 15 MPa (Figure 6).
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4.2.3. Hydrogeological Conditions

The regional aquifer structure was determined by generalizing the lithology data
obtained from geological boreholes in the Quaternary strata. Within a depth of 100 m, there
were six relatively continuous aquifers located at different intervals: 0~−15 m, −15~−30 m,
−30~−50 m, −50~−65 m, −65~−80 m, and −80~−100 m. Although the thickness of each
aquifer varied regionally, the average thickness in most areas was less than 2.5 m (Figure 7).

Based on the measurement data of groundwater level in 2021, it was observed that
the predominant buried depth of mixed groundwater in six aquifers was between 5 m and
20 m (Figure 8). However, the surrounding zone of Baiyangdian Lake exhibited a lesser
depth of less than 5 m. In general, the groundwater flow direction under current conditions
was observed to be from northwest to southeast [49].
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4.2.4. Adverse Geological Phenomena

Based on the comprehensive geophysical prospecting and borehole stratigraphic dis-
location records, multiple faults were detected in Xiong’an New Area, such as the Niudong
fault, Rongdong fault [50]. However, these faults have shown inactive features since the
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Late Pleistocene, suggesting a relatively stable geological structure [43,51]. Nonetheless,
there have been some adverse geological phenomena observed [52], including land subsi-
dence, liquefaction of sands, chemical corrosion of groundwater, and chemical corrosion
of soils.

According to the PS-InSAR (Persistent Scatterer Interferometric Synthetic Aperture
Radar) remote sensing data during 2021, the land subsidence rate exhibited spatial variation
(Figure 9). Most regions showed a rate lower than 10 mm/a, while several northern sites
displayed higher rates of more than 30 mm/a. The sands liquefaction index was calculated
based on the data of standard penetration tests conducted in the engineering geological
boreholes. According to the index, potential sands liquefaction would primarily occur
in the central and southern parts of the study area (Figure 10), considering the current
groundwater buried depth. The corrosion intensity of both groundwater and soils, as
observed from the data of groundwater chemical and soil chemical experiments, showed
distribution characteristics of being higher in the southeast and lower in the northwest
(Figures 11 and 12).
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4.3. Weights of Indicators

In this study, the study area was divided into multiple cells using a grid of 500 m by
500 m. These cells were selected as assessment samples for four layers of UUS, namely,
L1, L2, L3, and L4. An initial assessment indicator matrix was created using Equation (1).
Entropy and CRITIC weights were then calculated based on Equations (2)–(13). Using
Equation (14), combined weights were calculated based on entropy and CRITIC weighting
methods (Figure 13). The L1 layer of UUS was taken as an example to illustrate the
calculating processes and outcomes; the information is presented in Tables 2 and 3.
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Table 2. Processes and outcomes information with entropy weighting method for L1 layer.

Criteria Indicators Sub-Criteria Indicators Entropy Values,
E

Otherness
Coefficients,

G

Entropy Weights,
v

Topography Ground elevation, I1 0.9281 0.0719 5.61%

Geotechnical
characteristics

Bearing capacity of soils
(0~−5 m), I2

0.9710 0.0290 2.26%

Bearing capacity of soils
(−5~−10 m), I3

0.7707 0.2293 17.90%

Bearing capacity of soils
(−10~−15 m), I4

0.9759 0.0241 1.88%

Compression modulus of soils
(0~−5 m), I5

0.9660 0.0340 2.65%

Compression modulus of soils
(−5~−10 m), I6

0.5948 0.4052 31.62%

Compression modulus of soils
(−10~−15 m), I7

0.6823 0.3177 24.80%

Hydrogeological
conditions

Groundwater buried depth, I8 0.9330 0.0670 5.23%
Aquifer thickness

(0~−15 m), I9
0.9788 0.0212 1.65%

Adverse geological
phenomena

Land subsidence rate, I10 0.9903 0.0097 0.76%
Sands liquefaction index, I11 0.9671 0.0329 2.57%

Chemical corrosion of
groundwater, I12

0.9913 0.0087 0.68%

Chemical corrosion of soils, I13 0.9694 0.0306 2.39%

Table 3. Processes and outcomes information with CRITIC weighting method for L1 layer.

Criteria Indicators Sub-Criteria Indicators Deviation
Values, S

Conflicting
Values, A

Quantity of
Information, C

CRITIC Weights,
u

Topography Ground elevation, I1 0.439 9.508 4.173 11.45%

Geotechnical
characteristics

Bearing capacity of soils
(0~−5 m), I2

0.345 10.747 3.711 10.18%

Bearing capacity of soils
(−5~−10 m), I3

0.255 9.640 2.459 6.75%

Bearing capacity of soils
(−10~−15 m), I4

0.191 10.258 1.963 5.39%

Compression modulus of
soils (0~−5 m), I5

0.192 10.464 2.013 5.52%

Compression modulus of
soils (−5~−10 m), I6

0.129 11.674 1.507 4.14%

Compression modulus of
soils (−10~−15 m), I7

0.092 13.087 1.200 3.29%

Hydrogeological
conditions

Groundwater buried
depth, I8

0.415 9.535 3.957 10.86%

Aquifer thickness
(0~−15 m), I9

0.304 12.356 3.761 10.32%

Adverse geological
phenomena

Land subsidence rate, I10 0.228 13.771 3.145 8.63%
Sands liquefaction index,

I11
0.350 9.728 3.403 9.34%

Chemical corrosion of
groundwater, I12

0.225 10.259 2.305 6.32%

Chemical corrosion of
soils, I13

0.298 9.557 2.846 7.81%
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4.4. Assessment Results

The suitability of urban underground space at different depths was evaluated based
on the distribution of geological indicators in the study area, as shown in Figures 14–17.
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For the shallow layer (L1) within a depth of 0~−15 m, grade I, grade II, grade III, and
grade IV accounted for 28.87%, 25.82%, 37.59%, and 7.72% of the study area, respectively
(Figure 14). It was important to note that the Baiyangdian Lake region occupied 34.72% of
the space classified as grade I and 0.81% of the space classified as grade II. Some scholars
have suggested that larger lakes could have an impact on the use of shallow underground
space [17]. In order to account for this, Baiyangdian Lake, including its wetland area, was
used as a sensitive indicator to adjust the assessment result. Accordingly, all regions of
Baiyangdian Lake were adjusted to grade I. The revised acreages with grade I, grade II,
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grade III, and grade IV accounted for 29.08%, 25.61%, 37.59%, and 7.72%, respectively.
Based on the evaluation result, it was found that most of Rongcheng and Xiongxian,
particularly the Rongcheng regions, were considered good or moderately suitable for
underground space utilization. On the other hand, the regions around the central-eastern
areas of Anxin were found to be less suitable due to issues with the bearing capacity and
compression modulus of soils. As a result, the compression modulus of soils (−5~−10 m),
bearing capacity of soils (−5~−10 m), and compression modulus of soils (−10~−15 m)
were given higher weights in assessing underground space suitability compared to other
sub-indicators.

For the deep layer (L2) within a depth of −15~−30 m, grade I accounted for about
28.27% of the total acreage, grade II accounted for 13.79%, grade III accounted for 29.91%,
and grade IV accounted for 28.03% (Figure 15). The analysis showed that the most suitable
regions were mainly located near the west of Rongcheng and the central-north of Xiongxian.
On the other hand, the regions around Baiyangdian Lake were found to be less suitable
due to factors such as soil bearing capacity, ground elevation, and groundwater buried
depth. Among these factors, the weights assigned to bearing capacity of soils (−15~−30 m),
ground elevation, and groundwater buried depth were relatively high, indicating their
significant influence on the suitability of underground space, accounting for 28.89%, 26.22%,
and 25.60%, respectively, compared to other sub-indicators.

For the sub-deep layer (L3), which was within a depth of −30~−50 m, the area occu-
pied by grade I, grade II, grade III, and grade IV was 29.32%, 12.37%, 20.64%, and 37.67%,
respectively. This indicated that the majority of the central-eastern regions of Rongcheng
and Xiongxian were highly suitable for underground space utilization due to factors such as
soil bearing capacity, groundwater buried depth, and ground elevation (Figure 16). Among
these factors, the weights assigned to soil bearing capacity (−30~−50 m), groundwater
buried depth, and ground elevation were relatively higher at 28.62%, 23.57%, and 23.55%,
respectively, compared to other sub-indicators.

For the deep layer (L4) within a depth of −50~−100 m, approximately 28.46% of the
total area was classified as grade I, 13.57% as grade II, 29.52% as grade III, and 28.45% as
grade IV (Figure 17). The assessment result revealed that the regions with good suitability
were primarily located near the west of Rongcheng and the central-north of Xiongxian. On
the other hand, the regions with poorer suitability were found around the central-east of
Anxin, mainly due to factors such as groundwater buried depth, ground elevation, and
compression modulus of soils. These factors, groundwater buried depth, ground elevation,
and compression modulus of soils (−50~−100 m), were assigned higher weights, indicating
their significance in determining underground space suitability, accounting for 31.02%,
30.66%, and 15.09%, respectively, compared to other sub-indicators.

5. Discussion

Firstly, in the suitability assessment of UUS, faults are typically an important geo-
logical factor to consider [53]. However, in this case study, faults were not included in
the assessment indicator system due to their weak activity and minimal impact on the
planning and construction of Xiong’an New Area [43,51]. The study area did not show
other adverse geological phenomena, such as collapsible loess and gravel. However, it is
important to note that the river flow in the study area is generally small and seasonal. Since
these rivers have limited impact, they have not been included in the assessment indicator
system. Additionally, based on the evaluation results of the four layers, the areas that were
deemed good and moderate in suitability were mainly located in the north, south, and
southwest of the study area. On the other hand, the inferior and worse suitable regions
were mostly found around Baiyangdian Lake (Figure 18). This finding aligns well with the
characteristics of stratigraphic sedimentary facies.
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Secondly, when the study area is divided into smaller evaluation units, such as smaller
grids and more cells, the calculated weights are theoretically more accurate. However, in
this paper, the grid size of 500 m by 500 m was temporarily set without further subdivision,
in order to focus on the research method and reduce the amount of calculation. Subsequent
researchers can refine the segmentation based on the acreage of the selected study area.

Thirdly, the planning and construction period of a city, especially for newly building
cities such as Xiong’an New Area with a ‘millennium plan’ [54], is generally long. The
utilization of urban underground space is a gradual process that may be also influenced by
various socioeconomic conditions. In this study, we focused on examining the geological
factors that affect the suitability of multilayer underground urban spaces (UUS), without
considering socioeconomic factors and excavation types of underground facilities. However,
it is important to note that future research should also investigate these aspects. This is also
the limitation in this paper. If data on socioeconomic factors and excavation types could be
obtained, they would provide more valuable insights for planning managers in optimizing
planning and utilization strategies of underground space.

Finally, up to now, there have been limited studies on the suitability of underground
space in Xiong’an New Area, as revealed by the literature review. Only Gao [47] has
conducted a study on this topic. In contrast to this paper, Gao classified the underground
space of Xiong’an New Area into three layers: shallow layer (0~−30 m), sub-deep layer
(−30~−50 m), and deep layer (−50~−70 m). The evaluation indicators used in Gao’s
study included compression modulus of soils, groundwater depth, land subsidence rate,
and aquifer thickness. However, the bearing capacity of soils was not considered. The

195



Appl. Sci. 2023, 13, 10231

evaluation method employed was the entropy-cloud model. The evaluation results differed
from those of this paper. The areas with the worst grades were primarily located in the
northern part of Xiongxian County. Similar to the findings of this paper, the Baiyangdian
area generally exhibited a lower grade compared to its surrounding areas. After consulting
the opinions of local geological experts, it is believed that the weights of indicators deter-
mined in this paper are more reasonable. This is because the evaluation takes into account
the correlation, discreteness, and comparative intensity of the affecting indicators, making
the results more valuable for reference.

6. Conclusions

(1) A process was proposed to assess the suitability of multilayer UUS based on the
impacts of geological environments. The case study of Xiong’an New Area was
used to establish an assessment indicator system, including four types of criteria
indicators: topography, geotechnical characteristics, hydrogeological conditions, and
adverse geological phenomena. The suitability of four vertical layers within a depth
of 100 m was identified, providing guidance for urban planners and constructors.
To ensure an objective and rational assessment, the entropy and CRITIC combined
method was employed to determine the weights of sub-criteria indicators, considering
the discreteness, correlation, and comparative intensity of data. Compared with
previously used combination by other researcher, this paper demonstrated a better
method. This combined weighting method can be applied to similar regions for the
suitability assessment of UUS.

(2) The evaluation results indicated that the suitability of UUS in Xiong’an New Area
varied depending on the depth of strata. Deeper layers showed better suitability,
while shallower layers showed relatively worse suitability. The proportions of acreage
with good and moderate suitability were as follows: 45.31% for shallow layer, 57.94%
for sub-shallow layer, 58.31% for sub-deep layer, and 57.97% for deep layer. When
considering the plane distribution state, the good and moderate suitable zones were
predominantly located in the north, south, and southwest of the study area. Con-
versely, the inferior and worse suitable zones were mainly found around Baiyangdian
Lake. Although the factors influencing the suitability of the four layers differed, the
main indicators were the bearing capacity of soils, compression modulus of soils,
groundwater buried depth, and ground elevation, which carried higher weights.
Groundwater buried depth was significantly affected by artificial exploitation of
groundwater, while the other three indicators are primarily influenced by the sedi-
mentary process of strata.

(3) The paper focused on the geological indicators affecting the utilization of UUS in
Xiong’an New Area. However, it did not include socioeconomic factors and excavation
types of underground facilities. Although the UUS utilization in Xiong’an New Area
is still in the initial stage, future studies should consider socioeconomic progress,
existing underground infrastructures, and the difficulty of excavation based on the
evaluation results.
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Abstract: Xiong’an New Area is a national event and a project planned for a millennium of China.
Its high-quality construction is of great significance to easing the noncapital functions of Beijing
and the coordinated development of the Beijing-Tianjin-Hebei region. As an emerging city, the
development and construction of Xiong’an New Area is bound to be restricted by geological and
resource conditions. Therefore, geo-environment suitability analysis is the necessary basis of urban
development and construction. Geo-environment suitability analysis of urban construction is a
complex process that requires various geological indicator information, and relevant expertise
to analyze their relevance. This paper focuses on the analytic hierarchy process (AHP) for the
assessment of geo-environment suitability for urban construction in Rongcheng district, which is
a Start Construction Region in Xiong’an New Area. Multiple factors, including the characteristic
value of bearing capacity of foundation soil, land subsidence rate, geological faults, ground fissures,
potential liquefied sands, quality of groundwater chemistry, quality of soil chemistry, chemical
corrosion of concrete by groundwater, chemical corrosion of steel by groundwater, and enrichment
of deep groundwater and geothermal resource, were used for the suitability assessments. From
the evaluation achievements, the high and very high suitable lands for urban construction, with an
acreage percentage of 89.2%, were located in most parts of the study area. Meanwhile, for another
9.1% of the land, the impacts of geological faults, land subsidence, and potential liquefied sands
needed to be noted preferentially for urban construction.

Keywords: suitability; urban construction; geo-environment; Rongcheng; Xiong’an new area

1. Introduction

With the acceleration of urban construction, the increasing demand for construc-
tion lands has become the key factor restricting planning development. At the same
time, inappropriate utilization of the geo-environment and irrational development of
geological resources were becoming increasingly significant, directly restricting urban
construction [1–3]. Therefore, how to maximize the optimal allocation of urban construc-
tion and geological environment, and explore the evaluation method to effectively solve
the practical dilemma, is particularly important [4–6].

Multicriteria analysis was a common tool used for complicated decision-making
questions [7–11]. A pivotal step of geo-environment suitability analysis of urban con-
struction was used to confirm the weight of each criterion or indicator [12]. For the
application of weight confirming methods, scholars had not formed a unified scientific
understanding. Generally speaking, various means widely used at present could be
roughly divided into the following five categories: geographic information system (GIS)
spatial data superposition analysis method [13], artificial neural network method [14],
analytic hierarchy process (AHP) [15], grey comprehensive evaluation method [16], and
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fuzzy comprehensive evaluation method [17]. For examples, based on the GIS platform,
Mario Mejia-Navarro et al. [18,19] established a geological disaster risk assessment system
for Glenwood Springs, Colorado, evaluated the risk of geological disasters, and provided
a basis for regional urban planning and construction. Mozafar et al. [20] took a waste
treatment plant in Kurdistan Province of Iran as the research object, and systematically
analyzed its location suitability by AHP. Liu et al. [21] evaluated the suitability of com-
posite foundation for construction land through a fuzzy synthetic evaluation model in a
city. Wang et al. [22] evaluated the suitability of urban construction land using multifactor
grading weighted index in the alluvial plain of the Yellow River. Hu et al. [23] carried out
land use zoning based on the principle of ecological priority and geo-environmental suit-
ability using the AHP method in Weifang North Plain. Das et al. [24] finished the landslide
susceptibility zonation mapping in and around the Kalimpong region by applying AHP
method integrated with fifteen factors such as slope, lithology, elevation, thrust, and faults.
Wang et al. [25] carried out the geological and ecological bearing capacity evaluation from
three aspects of geological, ecological, and social attributes based on the GIS platform and
evaluation index system, and determined the factor weights by using the AHP method.

In spite of the existence of various methods to identify weights of the selected cri-
teria [26–29], the analytic hierarchy process (AHP) integrated GIS overlay analysis was
regarded as one of the excellent multicriteria decision-making means [30–32]. Before that,
Saaty [33] introduced AHP and how to use it, and provided many study examples.

Consequently, the objectives of this paper were (1) to establish a comprehensive evalu-
ation frame for evaluating the geo-environmental suitability for urban construction land
based on geo-environmental factors in Rongcheng district of Xiong’an New Area; (2) to
identify the relationship and its contribution of geological indicators, including the charac-
teristic value of the bearing capacity of foundation soil, land subsidence rate, geological
faults, ground fissures, potential liquefied sands, quality of groundwater chemistry, quality
of soil chemistry, chemical corrosion of concrete by groundwater, chemical corrosion of steel
by groundwater, and enrichment of deep groundwater and geothermal resource, to urban
construction land with the AHP method; and (3) to provide some significant information
to improve decision-making for urban land planning according to the assessment results.

2. Study Area

The Rongcheng district, with an acreage of 314 km2, is located northwest of Xiong’an
New Area in North China [34], which is part of the alluvial plain of the Taihang Moun-
tains [35] (Figure 1). The surface ground elevation displays a characteristic of decreasing
from the northwest to the southeast, and varies from 5 m to 26 m with a gradient lower than
2‰ [36]. The research district belongs to the warm temperate zone with a semiarid climate,
and the average annual precipitation is 482.7 mm. Meanwhile, it is close to the North China
Plain’s largest freshwater wetland, named Baiyangdian Lake [37]. Quaternary sediments
are widely distributed in the surface ground, where rich geothermal and groundwater
resources occur underground [38].

The recharging sources of shallow Quaternary groundwater are from precipitation,
river and lake infiltration, farmland irrigation and underground lateral runoff, while the
main discharging modes are artificial abstraction and underground flow. Furthermore, the
deep groundwater in Quaternary and bedrock stratum has a certain hydraulic connection
with shallow groundwater. Moreover, there are different geological problems, such as land
subsidence, geological faults, ground fissures, potential liquefied sands, and so on.
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3. Methods
3.1. Field Survey and Data Collection

Geological factors play a significant role in urban construction. One such example is
the bearing capacity of foundation soils, which determines the natural load-bearing capacity
for buildings. Other factors such as land subsidence, geological faults, ground fissures,
potential liquefaction of sands, and chemical corrosion of concrete and steel by groundwater
can increase the risk of building deformation. On the other hand, the enrichment of deep
groundwater and geothermal resources can provide residents in buildings with drinking
water and heating. According to the data of the standard penetration test, shear test,
and geotechnical test from engineering geological boreholes, the characteristic value of
the bearing capacity of a single soil layer was determined. Characteristic values of the
bearing capacity of foundation soils at different depths were calculated, including 0–5 m
(meter), 5–10 m, 10–15 m, 15–30 m, and 30–50 m, through the data integration of single
soil layers by the weighted average method. At the same time, the land subsidence rate
was measured with the PS-InSAR remote sensing method, while ground fissures were
investigated by high-density resistivity prospecting to depth, manual measurement to
length, and compass measurement to direction. Enrichment of deep groundwater and
geothermal resource distribution was analyzed by using the collected data. Meanwhile,
geological faults were measured by multigeophysical exploration with controlled source
audio-frequency magnetotelluric and resistivity tomography methods. Potential liquefied
sands were identified on the basis of the sand liquefaction index calculated from the
standard penetration test. Based on groundwater chemical and soil chemical experiments,
the quality of groundwater chemistry, quality of soil chemistry, chemical corrosion of
concrete by groundwater and chemical corrosion of steel by groundwater were evaluated.

3.2. Comprehensive Evaluation Frame

In view of the characteristics of the geological environment in Rongcheng district,
based on suggestions from local geologists, the indicators closely related to geo-environment
suitability for urban construction were chosen, and a comprehensive evaluation index
system was established. As exhibited in Figure 2, two criteria, consisting of geological con-
ditions and resource conditions, were taken into consideration for the suitability evaluation,
including four subcriteria, i.e., engineering geological status, environmental geological
status, hydrogeological status, and resource guarantee status. A total of 15 indicators were
involved in the system. The engineering geological status included five indicators, such as
the bearing capacity of the foundation soils at depths of 0~5 m, 5~10 m, 10~15 m, 15~30 m,
and 30~50 m. The environmental geological status included six indicators, such as land
subsidence rate, geological faults, ground fissures, potential liquefied sands, quality of
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groundwater chemistry, and quality of soil chemistry. The hydrogeological status included
two indicators, such as chemical corrosion of concrete by groundwater and chemical cor-
rosion of steel by groundwater. The resource guarantee status included two indicators,
such as enrichment of deep groundwater and geothermal resource/geothermal gradient.
Furthermore, the analytic hierarchy process (AHP), which was a decision-making method
combining qualitative and quantitative analysis, was employed to identify the relations
among various indicators or criteria, and to obtain final evaluation results. Obviously, the
grading and weights of the abovementioned 15 indicators should be defined before evalu-
ation, where the weights displayed the importance of different indicators. Furthermore,
the comprehensive suitability index was calculated. Afterwards, final grading evalua-
tion of geo-environment suitability for urban construction was achieved with ArcGIS
10.8 software.
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3.3. Evaluation Method

By constructing the hierarchical structure model and its importance judgment matrix,
the weight value of each evaluation indicator was obtained with the modified scaling
method, and then the comprehensive index was calculated.

(1) Establish an importance matrix, A.

A =




C11 · · · C1n
...

. . .
...

Cn1 · · · Cnn




where n is the number of indicators, and the relative importance is checked from Table 1.
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Table 1. Scale of relative importance between different indicators.

Scale Meaning of the Scale

Scale = 1 Equal importance, two indicators contribute equally to the object

Scale = 1/9 Extreme unimportance, the evidence favoring one indicator over
another is of the lowest possible order of affirmation

1/9 < Scale < 1,
1 < Scale < 9

More and more importance, judgment more and more strongly
favors one indicator over another

Scale = 9 Extreme importance, the evidence favoring one indicator over
another is of the highest possible order of affirmation

Annotation: the relative importance of the indicators being compared is closer together when the scale is equal
to 1 [33].

(2) Identify the weights

Based on the importance judgment matrix, the maximum eigenvalue and eigenvector
were obtained [39], and then the eigenvector was normalized to calculate the weight value
of different indicators [40,41]. Moreover, a consistency test of the judgment matrix should
be carried out.

The calculation equation of the product of each row element (Mi) is:

Mi = Πn
j=1Cij

The calculation equation of normalized eigenvector (Wi) is:

Wi =
n
√

Mi

∑n
i=1

n
√

Mi

The calculation equation of eigenvalue (λi) is:

λi = ∑n
j=1 CijWj

The calculation equation of maximum eigenvalue (λmax) is:

λmax = ∑n
i=1

λi
nWi

The calculation equation of consistency ratio (CR) is:

CR =
(λ max − n)/(n− 1)

RI
(1)

where RI is the mean random consistency index, which can be checked from Table 2.
Meanwhile, CR needs to be less than 0.1.

Table 2. Mean random consistency index (RI) values of 11–15 order judgment matrix.

Order-Number 11 12 13 14 15

RI value 1.51 1.48 1.56 1.57 1.59

(3) Calculate the suitability comprehensive index, SI.

SI =
n

∑
i=1

ui·wi, i = 1, 2, . . . , n (2)

where ui is the score value of each indicator, wi is the weight of each indicator, n is total
number of indicators.
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4. Results and Discussion
4.1. Results and Discussion of Geo-Environment Indicator Distribution
4.1.1. Bearing Capacity of Foundation Soils

The bearing capacity of foundation soils in different depths showed dissimilar charac-
teristic values, varying from 105 kpa to 280 kpa, with an increasing trend from lower to
deeper layers in Rongcheng County (Figure 3).

The bearing capacity of foundation soils for suitability for urban construction between
0–5 m, making 115 kpa and 125 kpa as the grading standards, could be divided into three
grades, corresponding to very high (125–130 kpa), high (115–125 kpa), and moderate
(105–115 kpa) (Table 3). The bearing capacity of foundation soils between 5–10 m, making
120 kpa, 130 kpa, and 140 kpa as the grading standards, could be divided into four grades,
corresponding to very high (140–180 kpa), high (130–140 kpa), moderate (120–130 kpa),
and low (110–120 kpa) (Table 3). The bearing capacity of foundation soils between 10–15 m,
making 150 kpa, 170 kpa, and 190 kpa as the grading standards, could be divided into
four grades, corresponding to very high (190–250 kpa), high (170–190 kpa), moderate
(150–170 kpa), and low (110–150 kpa) (Table 3). The bearing capacity of foundation soils
between 15–30 m, making 165 kpa, 175 kpa, and 185 kpa as the grading standards, could
be divided into four grades, corresponding to very high (185–240 kpa), high (175–185 kpa),
moderate (165–175 kpa), and low (155–165 kpa) (Table 3). The bearing capacity of foun-
dation soils between 30–50 m, making 200 kpa, 210 kpa, and 220 kpa as the grading
standards, could be divided into four grades, corresponding to very high (220–280 kpa),
high (210–220 kpa), moderate (200–210 kpa), and low (190–200 kpa) (Table 3).
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Table 3. The evaluation criteria for geo-environment suitability for urban construction.

Criteria
Layer

Subcriteria
Layer

Indicator Layer
Grading Criteria of Suitability

Very High High Moderate Low

Geological
conditions

Engineering
geological status

Bearing
capacity of
foundation

soils

0~5 m (C1) 125~130 kpa 115~125 kpa 105~115 kpa /

5~10 m (C2) 140~180 kpa 130~140 kpa 120~130 kpa 110~120 kpa

10~15 m (C3) 190~250 kpa 170~190 kpa 150~170 kpa 110~150 kpa

15~30 m (C4) 185~240 kpa 175~185 kpa 165~175 kpa 155~165 kpa

30~50 m (C5) 220~280 kpa 210~220 kpa 200~210 kpa 190~200 kpa

Environmental
geological status

Land subsidence rate (C6) <0 mm/a 0~10 mm/a 10~30 mm/a >30 mm/a

Geological faults (C7) None Away Near Existing

Ground fissures (C8) None Away Near Existing

Potential liquefied sands (C9) None Slight Moderate

Quality of groundwater
chemistry (C10)

Can be used as a source of
drinking water

Can be used as
drinking water

after proper
treatment

Not suitable to
be a source of

drinking water

Quality of soil chemistry (C11) Very clean Clean Mildly polluted Serious polluted

Resource
conditions

Hydrogeological
status

Chemical corrosion of concrete
by groundwater (C12) Slight

Chemical corrosion of steel by
groundwater (C13) Slight A little

Resource
Guarantee status

Enrichment of deep
groundwater (C14) >5000 m3/d 3000–5000 m3/d 1000–3000 m3/d <1000 m3/d

Geothermal
resource/Geothermal

gradient (C15)
≥6 ◦C/100 m ≥5 ◦C/100 m ≥3 ◦C/100 m <3 ◦C/100 m

4.1.2. Land Subsidence

According to the statistics data with PS-InSAR measurements from January to Decem-
ber in 2016, the land subsidence rate in most areas was between 30 mm/a and 10 mm/a,
except the urban district and the northern area of Rongcheng County, Jiaguang, Bayu, and
the western area of Dahe, with a rate of 30–40 mm/a, and the southern area of Pingwang,
with a rate of less than 10 mm/a (Figure 4). The land subsidence rate for suitability for ur-
ban construction, making 0 mm/a, 10mm/a, and 30 mm/a as grading standards [42], could
be divided into four grades, corresponding to very high (<0 mm/a), high (0–10 mm/a),
moderate (10–30 mm/a), and low (>30 mm/a) (Table 3).
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4.1.3. Geological Faults

On the basis of geophysical exploration data, there were four geological faults, mainly
distributed in Rongcheng, named Rongdong (RD) fault, Shunyi-Gaobeidian (SG) fault,
Xushui-Anxin (XA) fault, and Qianxi-Jixian-Baoding-Shijiazhuang (QJBS) fault, which
are inactive faults (Figure 5). It is worth noting that although the geological faults are
currently inactive, they would lose stability with the reinjection of groundwater during
deep geothermal resource exploitation in Rongcheng district of Xiong’an New Area [43].
Therefore, geological faults were also selected as an evaluation indicator for suitability
evaluation. Based on the influence degree of distance to faults [44], geological faults for
suitability for urban construction could be divided into four grades, corresponding to very
high (none), high (away), moderate (near), and low (existing) (Table 3).
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4.1.4. Ground Fissures

There were about 20 discovered ground fissures, with a general distribution along
the NW–SE direction. Most of the fissures appeared in forests and farmland, without
endangering or damaging lives or property. Moreover, these fissures appeared in short
lengths, most of which were less than 1000 m. The buried depth of the surface cracks were
shallow, with depths of less than 20 m (Figure 6). Depending on the influence degree of
distance to fissures [45], ground fissures for suitability for urban construction could be
divided into four grades, corresponding to very high (none), high (away), moderate (near),
and low (existing) (Table 3).

4.1.5. Potential Liquefied Sands

There were silty and fine sand layers distributed within 20 m of depth underground,
which might result in liquefaction of seismic sands. According to the relevant provisions of
the Code for Seismic Design of Buildings, the seismic intensity in this area was 7 degrees,
the basic seismic acceleration was 0.10 g, and belonged to the second seismic group.
According to the requirements of the general planning of this region, this evaluation of
sand liquefaction was made according to the seismic intensity of 7.5 degrees, the designed
basic seismic acceleration of 0.15 g, and 2 m of groundwater level, within a depth of 20 m.

Depending on the risk of liquefaction, potential liquefied sands for suitability for
urban construction could be divided into four grades, corresponding to very high and high
(none), moderate (slight liquefied), and low (moderate liquefied) (Figure 6, Table 3).
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4.1.6. Qualities of Groundwater and Soil Chemistry

Based on the qualities of groundwater and soil chemistry in 2017, groundwater in most
areas could be used as a source of drinking water directly or after proper treatment, except the
area of northeast Liangmatai (Figure 7). In addition, soils in most districts were clean and very
clean, except areas such as Dongniubei, Xujiayuan, Wufangdong, Dongli, and Zanzhuang.
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Depending on the difference of categories, the quality of groundwater chemistry for
suitability for urban construction could be divided into four grades, corresponding to very
high, high, moderate, and low (Table 3). Meanwhile, the quality of soil chemistry could be
divided into four grades, corresponding to very high (very clean), high (clean), moderate
(mildly polluted), and low (serious polluted) [46] (Table 3).

4.1.7. Chemical Corrosion of Concrete and Steel by Groundwater

The chemical corrosion of concrete by groundwater in Rongcheng all belonged to a
slight grade, and the chemical corrosion of steel by groundwater in most areas was in the
slight category, except northeastern Xiaoli and southern Pingwang (Figure 8).
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According to the difference of categories, the chemical corrosion of concrete by ground-
water was suitable for urban construction (Table 1). Simultaneously, chemical corrosion of
steel by groundwater could be divided into four grades, corresponding to very high and
high (slight corrosion), moderate, and low (a little corrosion) (Table 3).

4.1.8. Enrichment of Deep Groundwater and Geothermal Resource

Based on the available data, groundwater and geothermal resources were relatively
abundant in Rongcheng, and showed certain zonation characteristics (Figures 9 and 10).

The enrichment of deep groundwater for suitability for urban construction, making
1000 m3/d, 3000 m3/d, and 5000 m3/d as grading standards [47], could be divided into
four grades, corresponding to very high (>5000 m3/d), high (3000–5000 m3/d), moder-
ate (1000–3000 m3/d), and low (<1000 m3/d) (Figure 9) (Table 3). Meanwhile, geother-
mal resources, according to the difference of geothermal gradient, could be divided into
four grades, corresponding to very high (≥6 ◦C/100 m), high (≥5 ◦C/100 m), moderate
(≥3 ◦C/100 m), and low (<3 ◦C/100 m) (Figure 10) (Table 3).
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4.2. Results and Discussion of Geo-Environment Suitability for Urban Construction

According to the judgment matrix and weights of geo-environment indicators
(Tables 3 and 4), the comprehensive evaluation indexes were calculated. The evaluation
results showed that geo-environment suitability for urban construction in most areas of
Rongcheng were in the high and very high grades, of which the very high zone covered an
area of about 98 km2, and the high zone was nearly 182 km2 (Figure 11). The acreage of
the moderate grade was approximately 5.5 km2, and the low grade was close to 28.5 km2.
Meanwhile, the main affecting factors were dissimilar (Table 5); the impacts of geological
faults, land subsidence rate, and potential liquefied sands should be noted preferentially
for urban construction.
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Table 4. Index judgment matrix and weights of geo-environment indicators.

C1 C2 C3 C4 C5 C6 C7 C8 C9 C10 C11 C12 C13 C14 C15 Weights

C1 1 1 1 5/4 5/4 5/8 5/9 5/4 5/7 5/3 5/1 5/4 5/4 6/5 5/4 0.07
C2 1 1 5/4 5/4 5/8 5/9 5/4 5/7 5/3 5/1 5/4 5/4 6/5 5/4 0.07
C3 1 5/4 5/4 5/8 5/9 5/4 5/7 5/3 5/1 5/4 5/4 6/5 5/4 0.07
C4 1 1 1/2 4/9 6/5 2/3 3/2 4/1 6/5 6/5 7/6 6/5 0.06
C5 1 1/2 4/9 6/5 2/3 3/2 4/1 6/5 6/5 7/6 6/5 0.06
C6 1 7/9 2/1 8/7 4/1 5/1 8/3 8/3 8/3 4/1 0.12
C7 1 9/4 9/7 9/4 6/1 3/1 8/3 9/4 3/1 0.13
C8 1 4/7 2/1 2/1 4/5 4/5 5/2 5/3 0.06
C9 1 7/3 7/3 7/4 7/4 2/1 7/3 0.09

C10 1 8/7 1/2 1/2 7/9 7/8 0.04
C11 1 1/4 1/4 1/3 1/2 0.02
C12 1 1 5/4 5/3 0.06
C13 1 5/4 5/3 0.06
C14 1 4/3 0.05
C15 1 0.04

Annotation: the consistency ratio is 0.02.
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Generally, it is a gradual process for the planning and construction of Rongcheng as a
Start Construction Region in Xiong’an New Area; however, the geo-environment suitability
evaluation for urban construction should be regarded as preliminary work. This paper
selected as many geological indicators as possible to analyze the geo-environment suitability
for urban construction. Nevertheless, it focused on geo-environment characteristics, and
other socioeconomic features were not included. In future studies, population quantity and
industrial structure should be considered, in order to improve decision-making for precise
urban land planning.
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Table 5. The evaluation results for geo-environment suitability for urban construction in Rongcheng.

Grade Acreage
(sq.km.) Percentage Main Affecting Factors

Very high 98 31.2%

Geothermal resource

Enrichment of deep groundwater

Characteristic value of bearing capacity of foundation soil

High 182 58%
Characteristic value of bearing capacity of foundation soil

Quality of groundwater chemistry

Moderate 5.5 1.7%

Ground fissures

Chemical corrosion of concrete by groundwater

Chemical corrosion of steel by groundwater

Quality of soil chemistry

Low 28.5 9.1%

Geological faults

Land subsidence rate

Potential liquefied sands

5. Conclusions

(1) In order to evaluate the geo-environment suitability for urban construction in Rongcheng
district of Xiong’an New Area, the analytic hierarchy process (AHP) integrated GIS
overlay analysis was used, based on the construction of a comprehensive evalua-
tion frame. Moreover, two criteria, consisting of geological conditions and resource
conditions, were taken into consideration for suitability evaluation, including four
subcriteria, i.e., engineering geological status, environmental geological status, hy-
drogeological status, and resource guarantee status, which involved 15 indicators.
Regrettably, the evaluation did not include the compressibility indicator of foundation
soils due to a lack of data. When evaluating the suitability of the geo-environment
for urban construction in other areas with the AHP method, more indicators of foun-
dation soils could be taken into consideration. Furthermore, the analytic hierarchy
process has certain advantages compared to other methods, such as the artificial neu-
ral network method and grey comprehensive evaluation method. It not only provides
a quantitative mathematical calculation, but also incorporates the comparative judg-
ment of geological experts regarding the importance of different geological indicators.

(2) The evaluation results showed that the geo-environment suitability for urban con-
struction in most areas was in high and very high grades, of which, the very high
zone covered an area of about 98 km2, and the high zone was nearly 182 km2. The
acreage of the moderate grade was approximately 5.5 km2, and the low grade was
close to 28.5 km2. The most suitable areas for urban construction, with an acreage
percentage of 31.2%, were mainly located in the central parts of the study area. In the
meantime, the least suitable areas, with an acreage percentage of 9.1%, were situated
in the southeast corner and three linear belts.

(3) It is crucial to emphasize that faults, land subsidence rate, and potential liquefied sands
are the primary factors that influence decision-making regarding future construction
activities. When urban construction takes place in areas close to faults, buildings
should maintain a certain distance from them, and these areas should be designated
as green spaces. In regions experiencing a land subsidence rate of more than 30 mm/a,
it is advisable to reduce groundwater extraction and lower the height of planned
buildings. Additionally, engineering protection measures should be implemented in
areas with potential liquefied sands. By addressing these issues, the study area can
reduce infrastructure construction costs, and minimize the risk of geological disasters.
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