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to human health and ecological environments, making the remediation of } ‘J
contaminated sites a pressing and sustained challenge. It is significant to I P

identify key performance indicators and advance environmental manage- STANDARDS 7
ment standards of contaminated sites. The traditional study currently

ABSTRACT: Contaminated soil and groundwater can pose significant risks |
| I I

TATISTI ANALYSI
focuses on the inflexible collection of related files and displays configurable e o
limitations regarding integrated assessment and in-depth analysis of S
published standards. In addition, there is a relative lack of research focusing O-O ,,an LOCAL
on the analysis of different types of standard documents. Herein, we : ERGUHD
introduce a cross-systematic retrospective and review for the development of -5] /'
standards of the contaminated sites, including the comprehensive frame- Q0@ ./ \\.
work, multifaceted analysis, and improved suggestion of soil and

FRAMEWORK DEVELOPMENT

groundwater standards related to the environment. The classification and
structural characteristics of different types of files are systematically analyzed of over 300 national, trade, local, and group standards
for the contaminated sites. It exhibits that trade standards are the main types and testing methods are the important format within
numerical considerations of soil standards. The guide standard serves as a crucial component in environmental management for
investigating, assessing, and remediating of contaminated sites. Future improvement plans and development directions are proposed
for advancing robust technical support for effective soil contamination prevention and control. This multidimensional analysis and
the accompanying suggestions can provide improved guidance for Chinese environmental management of contaminated sites and
sparkle the application of standards in a wide range of countries.

1. INTRODUCTION Effective environmental management necessitates the
1.1. The Generation of the Contaminated Sites. With targeted risk control and remediation of contaminated sites,
the continuous demand for urban development and the guided by robust scientific principles and efficient governance
demolition of buildings, a large number of contaminated sites mechanisms, including laws, regulations, and standards.”
have been created causing serious environmental problems in However, the risks of soil and groundwater contamination are
China, due to the waste gas, wastewater, and waste residue remaining in key industrial sites with in-depth characteristics
emitted from the activities of industrial and mining production such as concealment, complexity, and durability.”*® Con-
and also high regional background level.' > These sites would sequently, the standardization of management practices and
pose a potential risk to human health and the ecological the scientific development of relevant documents have
environment through the contamination of soil, sediment, emerged as crucial research areas and focal points for ensuring

surface water, groundwater, and air migration by hazardous 27-29
chemicals,*~® such as heavy metals (e.g,, Pb,” Cd,* Cr,” Hg'"),
metalloid (e.g., As''), volatile organic compounds
(VOCs),'>"* semivolatile organic compounds (SVOCs),"*
and pesticides.'>'® It resulted in different exposure routes such
as soil inhalation, surface and groundwater drinking, plant
uptake, and accumulation in the food chain for different
harmful contaminants.'”"® Additionally, some chemicals in the
contaminated soil can leach or enter the groundwater with
seepage water, resulting in deterioration of groundwater quality
over time and eventually leading to pollution.'”™*!

effective environmental management.
1.2. Environmental Management of the Contami-
nated Sites. In the past decade, it has consistently issued
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Figure 1. Important environmental management and statistics of different typed standards of contaminated sites in China about two decades. The
colored histograms meant the counts of the different types of standards (yellow for soil and blue for groundwater). The historical developments of
important laws, regulations, standards, and major accidents were also illustrated.

many policy documents and significant planning proposals to
address the prevention and control of contaminated sites
(Figure 1). These documents have established a comprehen-
sive system of laws and regulations for soil and groundwater
environmental management enhancing the legal framework for
ecological environmental protection.’”*' For example, it
provided for the management of groundwater in terms of
investigation and planning, conservation and protection,
management of overexploitation, pollution prevention and
control, and supervision and management (Regulations on
Groundwater Management, 2021), and it has achieved certain
results in the prevention and control of soil contamination with
a sound system of policies and regulations for soil environ-
mental protection (the Soil Pollution Prevention and Control
Action Plan, 2016; Administrative Measures for the Soil
Environment of the Contaminated Land Parcel, 2016; and the
Soil Pollution Prevention and Control Law of the People’s
Republic of China, 2019).>*~**

Among the various documents categorizing management
practices, environmental standards play a fundamental role as
indispensable devices for supervising contaminated sites.”> ™’
These standards can be classified into different types including
national, trade, local, group standards, and other relevant
aspects. A national standard is a standard that has been
adopted by a state agency and publicly released. Trade
standards are complementary to national standards and are
harmonized across the country within a particular industry.
Local standards are those adopted and publicly released in a
region of the country. Group standards are standards
independently formulated and released by groups in
accordance with the standard-setting procedures established
by the groups and voluntarily adopted by society to fill the gaps

. .0 17,3
in existing standards.>'”%°
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Most studies have been reported regarding the environ-
mental influence of contaminated sites, such as detailed
investigation,38 risk assessment,'”?°™*" and remediation
technologies,””** both domestically and internationally,*~**
drawing proposed improvements to relevant policies and
standard systems.*”** However, many previous studies have
primarily concentrated on elaborating macroscopic data within
the standard documents, such as quantitative profiling, surface
type classification, and information description, often without
establishing effective interaction between statistical informa-
tion and content characterization.”*" There
considerable demand for an in-depth policy analysis of the
standard system, including multifaceted discussions on the
historical development differences, key standards assessment,
and structural frameworks.”” Furthermore, with the detailed
introduction of previous findings, regular updates and
systematic studies of the latest policies and standards
documents are necessary to meet the future demands of
environmental management.s"’_55

Hence, we introduced a multidimensional perspective to
review the current development of environmental standards for
contaminated sites in China. This assessment involved a
comprehensive review of soil and groundwater environmental
standards developed and published in China, primarily
between 2001 and 2022. The historical development, system-
atical frameworks, key standards, related environmental
influence, and content analysis were in-depth discussed.
Additionally, the study provided a suggested supplement on
the future direction and plan for potential standards develop-
ment. Furthermore, advanced applications and multifaceted
assessment can highlight environmental management with
scientific methodologies in China and internationally.

is also a
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2. DATA COLLECTION DETAILS

All standard information was systematically gathered from
publicly available Web sites in China, ensuring comprehensive

Table 1. Detailed Information of Related Standards

Web sites for the environmental standards

1 https://www.nssi. National Library of Standards

org.cn
2 https://www. Ministry of Ecology and Environment of the
mee.gov.cn People’s Republic of China
3 https://std.samr.  National Public Service Platform for Standards
gov.cn/ Information
Abbreviations of provincial regions
1 Beijing BJ 18 Hunan HN
2 Tianjin TJ 19 Guangdong GD
3 Hebei HE 20 Guangxi GX
4 Shanxi SX 21 Hainan HI
S Inner Mongolia M 22 Chongqing cQ
6 Liaoning LN 23 Sichuan SC
7 Jilin JL 24 Guizhou GZ
8 Heilongjiang HL 25 Yunnan YN
9 Shanghai SH 26 Tibet TB
10 Jiangsu JS 27 Shan’xi SN
11 Zhejiang Z] 28 Gansu GS
12 Anhui AH 29 Qinghai QH
13 Fujian EJ 30 Ningxia NX
14 Jiangxi JX 31 Xinjiang X]
1S Shandong SD 32 Hong Kong HK
16 Henan HA 33 Macao MO
17 Hubei HB 34 Taiwan ™
National organizations and government
1 Ministry of Ecology MEE 4 Ministry of MNR
and Environment Natural
Resources
2 Ministry of Industry MIIT S Ministry of MARA
and Information Agriculture and
Technology Rural Affairs
3 Ministry of Water MWR
Resources
Analytical methods
1 Inductively coupled ICP- 4 High performance =~ HPLC
plasma mass MS liquid
spectrometry chromatography
Gaschromatography GC S Elemental analysis ~ EA
3 Gaschromatography— GC- 6  Liquid LC-MS
mass spectrometry MS chromatography
mass
spectrometry
Detection chemicals
1 Volatile organic VOCs 3 Polychlorinated PCBs
compounds biphenyls
2 Semivolatile organic =~ SVOCs 4  Polycyclic aromatic PAHs

compounds hydrocarbons

coverage. Detailed data sets corresponding to each standard
were provided in Tables S1 and S2 (see Supporting
Information). Related abbreviations were shown in Table 1.

3. HISTORICAL DEVELOPMENT OF THE STANDARDS

Figure 1 exhibited the historical development of environmental
standards and related management for the contaminated sites
with distinct periodic characteristics in China. It mainly
focused on the health standards for soil contaminants,
particularly toxic chemicals, with emphasis on advanced
instrumental testing methods employed during the 1990s.

3080

The initial regulatory document aimed to safeguard the health
of individuals working or residing near industrial production
activities. This pivotal reference document, titled “Environ-
mental Quality Risk Assessment Criteria for Soil at
Manufacturing Facilities” (HJ/T 25-1999), provided crucial
guidance. It outlined two distinct categories for soil environ-
mental quality criteria, encompassing direct contact and
migration to groundwater, while also establishing threshold
values for 89 commonly found chemicals in soil and
groundwater.””*’

In the 21st century, driven by the relocation of
manufacturing facilities and urban expansion, there has been
a notable increase in the introduction of influential standards,
particularly following major incidents such as the BJ
Songjiazhuang subway station poisoning (2004) and the
commencement of the SH World Expo (2010).°*7° One
such milestone standard was “Soil Quality Assessment for
Exhibition Sites” (HJ/T 350-2007), which played a crucial role
in managing soil contamination on construction land utilized
for various purposes. Since 2009, BJ has consistently
introduced a comprehensive suite of standards that not only
possessed a strong theoretical foundation but also provided
valuable technical expertise for managing contaminated
sites.”% Examples of these standards included “Environ-
mental Site Assessment Guideline” (DB11/T 656-2009),
“Technical Guideline for Contaminated Sites Remediation
Validation” (DB11/T 783-2011), and “Screening Levels for
Soil Environmental Risk Assessment of Sites” (DB11/T 811-
2011). Notably, the local standard DB11/T 811-2011
represented the first set of screening values for soil
contamination risks in China with three land utilization
types: residential land, parks and green areas, and industrial/
commercial land.

To regulate and supervise environmental management at
contaminated sites, four prominent technical guide standards
for soil contamination were issued in 2014, encompassing
investigation, monitoring, risk assessment, and remediation
technology requirements. Subsequently, these standards under-
went updates and revisions, with additional standards
introduced in 2018 and 2019, focusing on enrichment in risk
control and remediation effect assessment, groundwater
remediation, and risk control measures.®> A significant
standard, titled “Soil Environmental Quality Risk Control
Standard for Soil Contamination of Development Land” (GB
36600-2018), was published by the Ministry of Ecology and
Environment (MEE) in 2018.°* This standard aimed to
protect the soil environment of construction land, mitigate soil
contamination risks, and ensure the safety of the human living
environment. It provided specific screening and control values
for soil contamination risks on construction land, encompass-
ing 45 basic indicators and 40 other indicators along with
additional requirements for monitoring, implementation, and
supervision. The current sustainable management approach
effectively addressed prevention, control, and supervision
aspects in contaminated sites through the implementation of
necessary laws, regulations, and standards. This approach
emphasized the improvement of ecological environment
quality and signified significant progress in integrated risk-
based management performance.

Compared with soil management, groundwater contami-
nation exhibited many serious challenges in terms of table
depth, migration of contaminants, and structural complexity.
The development of groundwater contamination management
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Figure 2. Detailed frameworks of the environmental standards system for contaminated sites. Guide standards for soil environmental management
mainly encompassed technical guidelines for investigation (geological survey, survey guide, and information collection), monitoring, risk
assessment (for the protection of human health and ecology), risk control, remediation (normal plan, eco-way, microremedy, and supervision),
effect assessment, and redevelopment. Investigation and remediation related standards were the main categories and classification within guides.
Testing methods primarily consisted of laboratory testing method standard requirements that covered the conventional contaminants (inorganics,
heavy metals, VOCs, SVOCs, petroleum, and pesticides), as well as specific chemicals (antibiotics and emerging pollutants). Environmental
standards for groundwater at contaminated sites primarily include types of pollution prevention, investigation, assessment, quality standards (GB/T
14848), monitoring, remediation, and risk control. It was worth noting that while groundwater and soil guides shared similar types, differently
groundwater focused on toxicological quality standards conformation, whereas soil performed a risk-based management approach.®™

started relatively later at the site scale, with a focus on issuing
documents and regulations rather than published standards.
Diverse standards both prompted significant performance with
increasing attention to groundwater environmental manage-
ment. Additionally, it also showed the sustainable risk control
concept of soil and groundwater comanagement throughout
the designed guidelines.

Furthermore, it was worth noting that group standards have
emerged as a commendable strategy to effectively tackle
specific challenges and intricate circumstances encountered at
contaminated sites, given their adaptable and viable character-
istics. Notably, there was a remarkable advancement in both
the quantity and quality of group standards in recent years
(2021-2022), providing essential technical assistance and
scientific direction for comprehensive environmental manage-
ment of contaminated sites.

120

4. SYSTEMATIC ANALYSIS AND FRAMEWORKS OF
STANDARDS

4.1. Standards System Framework. Based on the
current state of environmental management on contaminated
sites, a comprehensive environmental standards framework has
been established (Figure 2). This framework architecture was
organized into a series of standards based on their content,
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TESTING
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Figure 3. Related relationships between types and formats of different
standards files.

https://doi.org/10.1021/acsomega.3c05187
ACS Omega 2024, 9, 3078—3091


https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c05187?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c05187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

HJIT 166—2004.
DB11/T 6562009
DBA11/T 783—2011

HJ25.1—2014
HJ252—2014
HJ25.3-2014
HJ25.4—2014
DB21/T 2273—2014
DB11/T 1278—2015
DB11/T 1278—2015
DB11/T 1280—2015
DB11/T 12812015
DB11/T 1311—2015
GBIT 32722—2016
DBSO/T 722—2016
DBSO/T 724—2016
DBSO/T 725—2016
HJ 875—2017
HJ 876—2017
HJ B77—2017
DB35/T 1728—2017
GBIT 36197—2018
GBIT 361982018
GBIT 36199—2018
GBIT 36200—2018
DB33/T 2128—2018
HJ 9642018
TICAEPI 14—2018
HJ 25.5—2018
DB42/T 1514—2019
HJ 968—2019

HJ 10192019
DB11/T 656—2019
DB36/T 1176—2019
T/DYZL 018—2019
TICAEPI 22—2019

HJ 25.1—2019
HJ 25.2—2019
HJ 25.3—2019
HJ 2542019
TICAEPI 26—2020
T/APEP 1010—2020
DB4401/T 102.1—2020
DB4401/T 102.3—2020
DB4401/T 102.4—2020
DBAS/T 2144—2020
SYIT 7465—2020
TIAPEP 1012—2020
DB32/T 3943—2020
GB/T 39792.1—2020
DB32/T 4003—2021

HJ 1164—2021

HJ 11652021
DB4S/T 2317—2021
HGIT 20719—2021
TICAEPI 37—2021

DB4401/T 102.2—2021
DB11/T 1280—2021
TISDEPI 022—2021

TIGIA 007—2021

HJ 12092021
TIACEF 027—2021
DB4S/T 2426—2021

DB4401/T 102.5—2021
DB4401/T 102.6—2021
DB11/T 1967—2022
T/SXCAA 016—2022
DB41/T 22652022
TICPCIF 0197—2022
T/CPCIF 0198—2022
T/ACEF 032—2022
T/SDEPI 025—2022
T/HAEPCI 43—2022
DB23/T 3307—2022
DB23/T 3308—2022
DB23/T 3311—2023
TIHAEPCI 42—2022
TIGIA 009—2022
T/GIA 102022
T/IQGCML 316—2022
TICSES 54—2022

National

DB32/T 43452022
DB32/T 43482022
TIGDAEPI 09—2022
T/WXAEPI0001—2022
T/LNSES 004—2022
T/LNSES 002—2022
TIAPEP 1027—2022
TISSESB 32022
TISEESA 017—2022
TIQGCML 474—2022
T/ACEF 046—2022
DB51/T 29832022
DB32/T 4425—2022
DB32/T 4426—2022
DBJ/T 44242022

Figure 4. Development and analysis of different typed standards of guides.

Monitor

SO=mQ =N D<=

Risk
~ control

including value limits, technical guidelines, test methods, and
groundwater-related standards.*”*"*® It demonstrated that the
current framework had undergone initial establishment and
essential development with the functional areas of regulatory
management for each environmental factor. The value
standards encompassed various types: the background value
standards and national risk control screening standards (GB
36600), along with local screening standards with regional
characteristics such as HB (DB 13/T 5216), JX (DB 36/T
1282), and GX (DB 45/T 2556). Some published value
standards, such as health standards, content standards, and
evaluation standards, have been replaced by risk-based
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standards, which showed remarkable performance throughout
history and exploration periods.

Normative documents serve as guidelines to guide the
management process, while trade standards provided technical
guidelines and methods to regulate work procedures and
requirements (Figure 3). Among the different types of
standards, national standards possessed low quantitative
proportions and primarily focused on value standards and
testing methods. Trade standards played a crucial role in
establishing testing standards, whereas local standards mainly
covered both testing methods and guide standards. Different
regions, characterized by diverse natural conditions, hydro-
geology, and economic development, exhibited the distinct
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Figure S. Development of different typed standards of testing method.

leadership in promoting the development and publication of
local standards due to their regional environments and other
characteristics. Group standards primarily focused on provid-
ing guide standards with obvious limitations of value standards.

4.2. The Progression of Guide and Testing Method
Standards. Most guide standards were local and group types
with a concentration of releases from 2016 to 2022 (Figure 4).
During the early 21st century period (2001—2010), the focus
primarily revolved around assessment and monitoring stand-
ards, subsequently transitioning to encompass remediation and
investigation standards in the intermediate phase spanning
2016 to 2020. Notably, it witnessed a substantial increase in
the development of group standards from the years 2021 to
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2022. In recent years, there was a shift toward the standards of
site reuse and redevelopment, sample collection, and other
aspects, aiming to enhance the integrity and hierarchical
structure of the whole guide standards process.

In terms of testing method standards, trade standards
exhibited a distinct advantage in both quantity and coverage in
comparison with that the guide standards (Figure S). The
testing method standards has a long historical development
before the 21st century, initially attributed to the national and
trade standards that predominantly addressed heavy metals
measurements. Over the past decade (2011—2022), there was
a continuous expansion and update of detection instruments
and techniques, particularly in the organic and pesticide
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Figure 6. Analysis of different standards files according to classification methods.

categories, resulting in an advancing number of testing method
standards. Nevertheless, the current repertoire of group
standards and testing methods for emerging pollutants
remained related to limitations with low proportions. The
ongoing enrichment of comprehensive soil contaminants,
testing methods, and associated standards has significantly
improved the accuracy of chemicals detection outcomes. This
progress sustained remarkable importance for the formulation
of highly effective and scientifically informed measures to
address soil contamination.’”

4.3. Categorization and Analysis of Documents. Based
on more than 300 standards, as national, trade, local, and
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group types related to the soil and groundwater environment
of contaminated sites, a comparative analysis was assessed
across 12 classifications with multifaceted scopes and
applications (Figure 6). The statistics indicated that trade
standards had the highest proportion, accounting for 38.4% of
the total standards, followed by local standards (34.9%), group
standards (15.5%), and national standards (11.2%) on soil
environment standards. Among the various format of stand-
ards, the testing method exhibited the best level (49.6%),
followed by guide format (39.1%), and value standards (8.9%).
The time interval between the release and implementation
dates of soil environmental standards is primarily concentrated
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Figure 7. Main environmental management process with key technical guidelines. Third, for contaminated sites requiring risk control, specific
programs were developed and targeted to control the identified risks and prevent the spread of contaminants in the soil or groundwater reducing
potential harm. The key standard for risk control and monitoring was “Technical guidelines for monitoring during risk control and remediation of

soil contamination of land for construction” (HJ 25.2-2019).7*

in two time periods: within one month (29.5%) or between 60
and 180 days (36.0%). Spectrophotometry analytical methods
constitute the largest proportion (19.2%) among soil
contamination testing standards, with gas chromatography
(GC)-related standards also being prominent (16.2%).
Pesticide chemicals, characterized by high toxicity and a wide
variety of species, represented a significant proportion (26.9%)
of organics, followed by VOCs (18.8%), SVOCs (17.5%), and
inorganics and metals (12.1%).°%%°

Among the site guidance standards, remediation and
investigation categories comprised a significant proportion,
representing 23.0% and 25.0%, respectively. The most
significant guide standard within the general remediation
technology category accounted for 41.2%, followed by eco-
green (17.6%) and microbial (17.6%) remediation, also hold
substantial proportions. Research institutes, universities, and
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enterprises in BJ emerged as the primary drafting units
(37.9%) of national and trade standards, and the development
of local standards was particularly notable in SD (14.4%), BJ
(13.3%), GD (11.1%), and JS (8.9%). Regarding site-scale
groundwater, it showed that MNR and MEE ranked first and
second at 38.7% and 29.0%, respectively. Monitoring standards
took different precedence in the guide format (37.2%) of
groundwater compared to soil environmental standards. It
mainly exhibited that the value standard attributed to the
quality assessment of the groundwater (GB/T 14848-2017),
including 39 regular indicators and 54 nonregular indicators
with organic compounds (36.6%) and metals (19.4%) being

the predominant chemical constituents.
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5. KEY STANDARDS AND ENVIRONMENTAL
MANAGEMENT

5.1. Key Standards of the Guides. Risk management-
based technical guidance a crucial tool conducted principles
and Figure 7 provided an illustrative depiction of the core
process and key standards involving the environmental
management of contaminated sites. The system prompted
risk control standards, such as soil screening values, with the
purpose of the management process around the protection of
human health. This approach assumed a central role across the
entire life cycle of site management, encompassing activities,
such as investigation, risk assessment, risk control or treatment,
remediation, and evaluation of efficacy.”””"

The specific management advancements can be categorized
into the following five dimensions. First, the environmental
investigation was conducted to assess the contamination
condition of soil and groundwater on potentially contaminated
sites by employing the key standard like “Technical guidelines
for investigation on soil contamination of land for
construction” (HJ 25.1-2019).”> A preliminary survey was
performed to determine the presence of soil and groundwater
contamination. A detailed survey was carried out on
contaminated land to identify the categories of contaminants
with the assessment of the range, dimension, and depth of
contamination.

Second, following the identification of high-risk levels during
the investigation, the next assessment should be conducted
with the structural characterization for determining the level of
soil contamination due to the detailed survey results and
specific land use. Key standards involved “Technical guidelines
for risk assessment of soil contamination of land for
construction” (HJ 25.3-2019).7

Fourthly, remediation activities can be employed for the
removal and degradation of harmful chemicals. It should be
closely supervised to ensure that secondary pollution was
effectively controlled during the remedial project process. The
key standards were different for soil “Technical guidelines for
soil remediation of land for construction” (HJ 25.4-2019)”°
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and for groundwater “Technical guideline for groundwater
remediation and risk control of contaminated sites” (HJ 25.6-
2019).7¢

Lastly, the effectiveness of risk control treatment and
remediation efforts was verified after the finished works.
Users or responsible persons would be required to engage a
third-party institution to assess the effectiveness of the
verification of risk control and soil remediation of contami-
nated sites. The relevant standard for this assessment was
“Technical guideline for verification of risk control and soil
remediation of the contaminated site” (HJ 25.5-2018).”

5.2. Key Standards of the Values. It can be classified
into two primary categories of construction land due to
exposure scenarios for protecting individuals (GB 36600-
2018),%* where both children and adults may face long-term
exposure hazards (class I sites), such as residence, and
primarily associated with adult exposure assessment (class II
sites) such as industrial land (Figure 8a).

The conceptual scenario models can be classified into
mining production, normal contaminated sites, residential
regions, and in-production zones exhibiting variations in
contaminated groundwater and soil, according to the different
management as well as sensitive receptors (Figure 8b). Current
environmental management and scientific guidelines focused
on the investigation and remediation of normal contaminated
sites and source control and impermeability treatment for
industrial in-production zone. Various 9-typed exposure
pathways can enable contaminants from soil and groundwater
at contaminated sites to reach and impact humans for routes
such as oral ingestion, inhalation, contact with skin, inhalation,
drink (groundwater), and vapor inhalations throughout
different routes: outdoor (topsoil), indoor (below soil),
outdoor (below soil), outdoor (groundwater), and indoor
(groundwater).73 Additionally, existing soil environmental
standards predominantly emphasized transition heavy metals
and certain toxic metalloids in terms of element coverage
according to the different standards of screening risk level,
including 21 categories, such as Be, F, Al, V, Cr, Mn, Co, Nj,
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Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Ba, Hg, T1, and Pb (Figure
8c).

To clarify the perspective and strategies of risk management
in different regions by employing various screening value
standards through the comparison and calculation of the ratio
percentage of chemicals types in different standards (Figure 9).
It showed that some contaminant types were relative majorities
of different standards, such as SVOCs, VOCs, and metals,
nevertheless, metalloid and petroleum types exhibited
relatively low proportions. It mainly emphasized a balanced
representation of different chemicals, covering 85 types of the
national standard (GB36600-2018), 88 indicators of the BJ
local standard (DB11/T 811-2011), and CQ local standard
(DBSO/T 723-2016) encompassed a more comprehensive
range, involving 107 types. The local standards that were born
after 2018, such as DB 23/T 3314-2022, largely derived from
or referenced the national screening standard with regional
characteristics, focused on the effective development of specific
chemicals, such as Zn, Ag, Mo, acetone, formaldehyde, and
phenanthrene. These supporting chemicals can promise the
potential to facilitate advanced hazard identification and

scientifically expand the coverage of certain contaminants
catalogs.

6. CONCLUSIONS AND PERSPECTIVE

6.1. Conclusions and Outlook. Over the past two
decades, significant progress and rapid growth have been
witnessed in the development of environmental standards for
contaminated sites, supported by robust scientific foundations
and extensive practical experience. To date, over 300 types of
national (11.2%), trade (38.4%), local (34.9%), and group
(15.5%) standards had been published with different ratio
proportions, focusing on the abundant number of testing
methods (49.6%) and technical guide (39.1%). Centered on
risk-based management, the systematic framework of standards
China has established for construction land to protect human
health and the ecological environment with four categories for
testing method, guide, value, and groundwater related
standards. Different types displayed remarkable behaviors,
such as the national and trade standards maintained the top-
level design and authoritative performance, local standards
showed the obvious characteristics of environmental manage-
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Table 2. Potential Fabricated Documents: Suggested Types, Features, and Production

Potential documents Standard Files Necessity Urgency Difficulty Duration
Screening risk level . W C€CC
(Protect ecology)
Screening risk level
(Protect groundwater) ¢ A <<
Testing method
(Emerging pollutants) * AR <<
Testing method
(Available contents) ¢ AR ccc
Testing method
(Isotopes) ¢ W <
Testing method
(Unconventional elements) * AR <
Technical guideline
(Sampling, point & preservation) * * AR <«
Fast on-site testing . A Y C
Technical guideline
(Quality control) ¢ ¢ AR <
Bioavailability analysis . Wit CCC
Ecological risk assessment . AR % Y CCC
Exposure parameter selection . AR C
Uncertainty analysis . W1 C
Barrier risk control guideline . WL C
Site post management . ARG C
Risk control guideline
(Monitoring natural attenuation) ¢ A <
Remediation guideline
nociafion SUICE e . 1 <
(Chemical oxidation-reduction)
l}iefmedl‘atlon guld‘el‘me. . " <
(Solidification & stabilization)
Remediation guideline
(Electrochemistry) ¢ AR <«
Remediation guldelme . 1 <
(Extraction)
Reuse & redevelopment . WL C
Verification of risk control
C
(Groundwater) ¢ AR
In-production management
(Classical industries) ¢ AR <
In—préduglion managerr}ent . . 1R Y <
(Monitoring & prevention)
Toxicological database . W\ CCC
ment, and group standards primarily focused on providing development task of improving the enrichment of current
uides with excellent technical guidelines and scientific environmental standards for contaminated sites, supplying the
8 g pplymng
support. designed optimization and favorable suggestion for the
Most guides can be attributed to local and group standards standard system.”*®’® The following key areas are outlined:
types which were published during the periods of 2016—2022 (a) Advancing the system of identification and risk-based
and testing method standards explored a continuous growth in standards for contaminated sites by developing technical
the organic and pesticide chemicals particularly. Spectropho- guidelines for ecological soil contamination and expanding
tometry was the main analytical method (19.2%) among soil the assessment of various receptors (screening risk levels to
contamination testing standards and investigation led to a protect ecology and groundwater). (b) Expanding the range of
relatively high proportion (25%) among the contaminated site standards for emerging pollutants and nonconventional
ide standards. Different screening values of chemicals can chemicals with soil contaminant testing methods and
gu g g
improve hazard identification and enlarge the categories of appropriate indicators.”” Quantitative and qualitative measure-
certain contaminants. ments should be enriched to accurately measure classical
6.2. Suggestions and Perspectives. The current stand- harmful substances, toxic pesticides, and odorous compounds,
ard system still possessed some limitations, including the utilizing highly sensitive equipment and refined testing
diversity in risk management for protected eco-receptors, the protocols. (c) Improving the effectiveness and comprehensive-
inflexible utilization of exposure parameters in risk assessment ness of environmental management for contaminated sites
models, insufficient guidance on remediation technologies, and through the design and implementation of detailed technical
covering the shortage of comprehensive test methods of guides. This includes on-site testing, quality control,
chemicals. Table 2 outlined the proposed and potential bioavailability analysis, ecological risk assessment, uncertainty
3088 https://doi.org/10.1021/acsomega.3c05187
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analysis, and selection of exposure parameters. (d) Develop-
ment of technical guidelines for risk control and remediation
technologies based on sustainable approaches and progressive
strategies. This encompasses monitoring natural attenuation,
chemical oxidation/reduction, solidification and stabilization,
and electrochemistry. (e) Enhancing in-production manage-
ment and prevention of contamination sources by implement-
ing targeted standards that focus on content-based regions and
key industries. Effective control and monitoring of soil and
groundwater risks should be prioritized.

These proposed tasks aim to improve the enrichment and
effectiveness of environmental standards for contaminated
sites, providing a robust framework for managing and
remediating such sites while mitigating potential risks.
Hence, the current and supplementary standards can present
a sustainable concept while promoting the protection progress
of contaminated sites for the advanced environmental
management of soil and groundwater and highlight scientific
guidance for global experience.
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