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In recent decades, more and more studies have been conducted on source
appointment of heavy metals, since they can accumulate in the food chain and
have a negative impact on the ecological environment and human health.
However, almost never before had scholars tried to make a comprehensive
and methodical review in this field from the scientometric and bibliometric
perspective. The purpose of this review is to offer insights into the research
topics and trend evaluation in terms of source appointment of heavy metals over
time using the visualization and analysis software, CiteSpace. We retrieved a total
of 2,533 articles from the Web of Science Core Collection (WoSCC) dated
between 1994 and 2022, and analysed the progress, hotspots, and trends in
this field by synthesized networks of cooperation analysis, co-citation analysis,
keyword co-occurrence and cluster analysis, and keywords burst analysis. The
overall development of the topic can be divided into four periods, and the rapid
development began from 2010. Environmental Sciences was the leading subject
category, and the journal Science of the Total Environment had the highest
number of publications (9.51%), which wasmost cited as well (2,390 times). China
published the most articles in this field, in which Chinese Academy of Sciences
was the leading institution. SaidMuhammad and Xinwei Luwere the top twomost
productive authors. According to citation frequency, Hakanson L was the movers
and shakers. Keyword co-occurrence and cluster analysis results showed that
“the health risk assessment,” “lake sediments”, “trace elements,” “positive matrix
factorization,” “air pollution,” “road dust,” and “megacity” are likely to be hotspots.
The “particulate matter,” “China,” “sediments” and “road dust” demonstrated the
research tendencies of this domain by keyword burst analysis.
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1 Introduction

With the rapid development of industrialization and urbanization in the world, heavy
metals pollution in the environment has become common on a global scale, and it interferes
with the natural geochemical cycle of the ecosystem. The sources of heavy metals in the
environment can be divided into natural sources and man-made sources. The natural
source is influenced by geological background and weathering of parent rock. Man-made
sources are affected by human activities, including mining, smelting, transportation, the
improper discharge and use of industrial wastewater and domestic sewage, and the overuse
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of pesticides and fertilizers (De Temmerman et al., 2003; Chary et al.,
2008; Cai et al., 2009; Lu et al., 2012). Heavy metals are relatively
stable once entering the environment and difficult to be degraded,
hence heavy metal pollution has concealment, lag and stability
(Jacob et al., 2018). In addition, heavy metals can also enter the
human body through a variety of ways, thereby endangering human
health (Zhang et al., 2018; Duan et al., 2020; Wang X. et al., 2023;
Zhou et al., 2023). The source apportionment of heavy metals can
effectively identify the main sources of heavy metals, which makes it
possible to control the environmental pollution from the source and
to make better prevention and control measures (Dong et al., 2019;
Banerjee et al., 2023; Sun et al., 2023; Zhang et al., 2023; Zou et al.,
2023). Therefore, source apportionment is very important for
effectively alleviating pollution of heavy metals.

In recent years, the field of source apportionment of heavy
metals has attracted more and more scholars’ attention, and many
articles on source apportionment of heavy metals have been
published, including review articles (Cheema et al., 2020; Sun
et al., 2020; Chu et al., 2023). With the involvement of scholars
in various fields, the source analysis techniques have become more
diversified. Existing source apportionment can be classified into
source identification and source quantification. Source identification
defines the types of pollution sources, while source quantification
determines their contribution (Xue et al., 2023). So far, there are a
tremendous number of methods for the source apportionment of
heavy metals. Multivariate statistical analysis is the traditional
source apportionment method (Simeonov et al., 2005), which
includes Diffusion Model and Receptor Model (Henry et al.,
1984). The diffusion model is based on the emission intensity of
pollution sources, combined with the geographical location, climate
and other factors, to simulate the process of pollutant transmission
and transformation, and then quantify the contribution of pollution
sources. Diffusion Model includes geostatistics and mixed
distribution model method, etc. (Xu and Tao, 2004; Lee et al.,
2006). The receptor model takes the polluted area as the research
object, carries out the qualitative and quantitative analysis for the
pollutants in the samples of the studied area, and combines the
model algorithm to identify the kind of pollution sources, which is
the most widely used model in the field of the source apportionment
of heavy metals. The enrichment factors (EFs), factor analysis (FA),
cluster analysis (CA), principal component analysis (PCA), absolute
principal component analysis (APCS), chemical mass balance
(CMB), positive matrix factorization (PMF), empirical orthogonal
functions (EOF), multiple linear regression (MLR), UNMIX, and
other multivariate data analysis methods are the commonly used
receptor models (Watson et al., 2002; Xue et al., 2014; Wang et al.,
2015; Huang et al., 2018; Xu et al., 2023a; Khan et al., 2023). In
addition to the above, the isotope tracer technique has also been
widely used recently (Chen et al., 2022; Shen et al., 2023). The
Diffusion Model and Receptor Model both possess advantages,
uncertainty and other inevitable disadvantages. Therefore, most
researchers often combine multiple models to carry out source
apportionment of heavy metals, making the results more accurate
and reliable (Liu et al., 2018; Men et al., 2019; Wang Y. et al., 2021).
These published literatures focus on how to use source
apportionment methods, which indicates that the research
progress of source apportionment of heavy metals has been
neglected to a certain extent. We think it is necessary to

summarize the development of this field and predict the future
trend. By conducting a systematic scientometrics review of the field,
it is possible to explore the scope of research, quantify research
models, clarify knowledge structures, predict emerging trends, and
fill gaps in the existing published literature. In addition, mapping
and visualizing the structure and dynamics of a research field helps
to quickly organize a large number of published articles and
efficiently grasp the progress and frontiers of the research field.

Bibliometrics analysis is a discipline that performs qualitative
and quantitative analysis of all publications included in a database,
based on statistics and computational techniques (Aleixandre-
Benavent et al., 2017; Liu et al., 2019). Through bibliometrics, the
development process, characteristics and future trends of a certain
field can be clearly and succinctly summarized (Batagelj and
Cerinšek, 2013; Martínez et al., 2015; Gutiérrez-Salcedo et al.,
2018). To date, bibliometrics has been widely used in different
studies by scholars in various fields (Ekundayo and Okoh, 2018;
Wang et al., 2018). Based on co-occurrence, clustering and emergent
analysis of literature information and other bibliometrics methods,
the science knowledge map in a certain research field can be
visualized in the form of graphs and tables (Fu et al., 2022; Liu
M. et al., 2023), by which researchers can get a more intuitive
understanding of this research field (Osinska and Bala, 2015).

It is difficult to obtain valuable information directly from a large
number of literatures, which requires the assistance of computers.
Since the introduction of visualization in bibliometrics, there are
many scientific knowledge mapping tools available today. Citation
Space (CiteSpace), VOSviewer, CitNetExplorer, SCI2, and Gephi are
the commonly used scientometrics softwares (Light et al., 2014; Van
Eck and Waltman, 2014; 2017; Donthu et al., 2020; Ding and Yang,
2022). Among them, CiteSpace has some advantages. CiteSpace is a
visual analysis software developed by Dr. Chaowei Chen on the basis
of bibliometrics and data visualization, and the analysis is based on
the premise of cited literature information (Chen, 2004), and carried
out frommultiple dimensions when figuring out the development of
a certain field. And it is capable of conducting time domain analysis
and burst detection to more accurately show the dynamic change of
information in the research field (Meerow et al., 2016; Yang et al.,
2017; Chen and Song, 2019). Compared to other software, it can be
run without a complex java environment, and updated easily. In
addition, its results are presented visually. When the citation data is
large or involves a long period of time, CiteSpace provides some
network pruning algorithms, such as MST or Pathfinder, to
highlight the main body by reducing unnecessary weak branches.

CiteSpace has been successfully used in many cases. For
example, using CiteSpace software, a bibliometrics analysis was
conducted on the development of PAHs bioremediation in water
environment from 1990 to 2022, and the basic characteristics,
hotspots and prospects of the research field from the perspective
of time and space were discussed (Xia et al., 2023). Nearly 25 years of
data in China’s climate resilient infrastructure were analyzed by
Yijun Liu et al. using CiteSpace to provide guidance for urban
planning and construction (Liu Y. et al., 2023). Based on CiteSpace, a
comprehensive understanding of sediment and nutrient
interception in river DAMS was obtained (Shi and Qin, 2023).
This software is also gradually applied in the source apportionment
of heavy metals (Wang J. et al., 2021), the relevant literature is
however very scarce, and up to now, no scholars have conducted a
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complete, intuitive and reliable analysis in the research progress of
source apportionment of heavy metals in various environmental
media. Review articles in this field generally focused on introducing
the source appointment methods, or used summary language to
quickly bring readers up to speed on the latest developments in the
field. While this kind of landscape fails to present the whole picture
of the research field and its dynamics, and the identified emerging
trends by which has certain limitations (Wu et al., 2021).
Specifically, at present, there is a lack of systematic review of the
research field of source apportionment of heavy metals, hindering
the sufficient understanding of the characteristics and emerging
trends of existing research as well as the development of research.
Consequently, it is very necessary to summarize the development
process of this research field, point out the shortcomings of the
present study, and predict the future development trend.

This review aims to comprehensively get the whole picture of the
research field of source apportionment of heavy metals by answering
the following questions: 1) What is the change trend of the number
of papers published in this field? What is the overall development
process of this field?What are the characteristics of the development
of this field? Is this field gaining more scholars attention now? 2) In
the development process of this field, what are the important subject
categories, journals, countries, institutions, scholars, and literatures?
How is the cooperation between countries, institutions and scholars?
3) Do the research hotspots in this field change significantly with
years? How has it changed? 4) How will this field develop in the
future? The visual analysis work using CiteSpace (6.2.R2) in this
review was carried out to summarize the overall development
process in this field from 1994 to 2022.

2 Data acquisition and methods

2.1 Data collection

Web of Science (WoS) is the worldwide premier scientific index
website developed by the Institute for Scientific Information (ISI) and
currently operated by Clarivate Analytics (Chi and Glänzel, 2017; Bao
et al., 2023). In order to select high-quality articles in the field of source
apportionment of heavy metals, this paper selects representative
literatures from the Web of Science Core Collection (WoSCC), so
that the subsequent visualization results can be more convincing. In
this paper, the search scope of WoS was set as “topic” and the search
terms were set as “source apportionment” and “heavy metals”. A total
of 2,553 articles were retrieved, and the earliest literature was
published in 1988, so the time span was set as 1988–2022. The
literature selection type is “Article” and “Review Article”. In
addition, in order to ensure the relevance of the data, the contents
of the retrieved literature are scanned and checked according to title,
abstract and keywords, and the irrelevant and duplicated literatures
were removed (Zhang et al., 2021). Accordingly, 2,533 relevant
publications, ranged from 1994 to 2022, were obtained and
analyzed. Then, the content and the file format were set to “Full
Records and Cited References” and “Pure Text” to export WoS
information, respectively. All files were exported in batches in
sequence and their formats were converted to a download_.txt
format that CiteSpace can identify. Finally, the sorted literature
records were imported into CiteSpace (6.2.R2) for visual analysis.

2.2 CiteSpace parameters setting

CiteSpace (6.2.R2) was used to visually analyze the annual
number of publications, category, journal, country, institution,
author, number of co-citations and keywords of the literature
data, and the time threshold was selected from 1994 to 2022. The
parameters used in the construction of these above graphics varied
depending on the presentation effect. For the visual analysis of co-
citation of keywords and journals, the top 20 papers cited in each
time slice (1 year) were selected, and the node type was selected as
Keyword or Cited Journal according to the analysis purpose. In the
visual analysis of Country cooperation, the top 50 papers in a 1-year
time slice were selected, and the node type was selected as Country.
In the visual analysis of institutional cooperation, the time slice was
set as 1 year, during which the top 10 papers cited were analysed, and
the node type was selected as Institution. For the visual analysis of
Author cooperation and co-citation, the top 10 papers cited in each
2 years were selected, and the Author or Cited Author was chosen
for the node type. Network Pruning modes employed are Pathfinder
and Pruning the merged network. Other parameters are the
default ones.

3 Results

3.1 Basic characteristics of published articles

3.1.1 The number of published articles
By analyzing the annual and accumulated number of publication

output in a certain field, we can grasp the overall development level
and speed, and predict the future trend. In addition, the degree of
attention paid by scholars to the topic in different time stages can
also be presented (Geng et al., 2023; Song et al., 2023). From 1994 to
2022, the total number of publications was 2,533, with an increasing
trend year by year in general, as shown in Figure 1.

According to the change of annual publication number in
Figure 1, the research progress can be divided into four stages,
with the annual publication number of less than 10, 10–20, 20–200,
and more than 200 in the first, second, third, and fourth stage. In the
initial stage from 1994 to 2002, only 19 papers were published,
accounting for 0.75% of the total number of papers, and scholars
lacked enough experience in exploring knowledge and conducting
experiments in this field. Most literatures in this period were
focusing on the source apportionment of heavy metals in the
atmospheric environment, during which a study was conducted
on heavy metals in indoor dust in 1998 (Adgate et al., 1998). The first
paper on the source apportionment of heavy metals in the soil of
industrial zones and in river basins was published in 1997 and in
1999, respectively (Davies, 1997; Vink et al., 1999). In stage 2 (a
slowly developing stage) from 2003 to 2009, the number of
published papers and associated scholars increased slightly, and
totally 81 papers were published during this period, accounting for
3.2% of the total. The period from 2010 to 2017 (a rapidly developing
stage) is the third stage, in which increasing scholars paid attention
to this field, and the research system was gradually maturing. During
this period, a total of 524 papers were published, accounting for
20.69% of the total number of papers. Lastly, the number of
literatures publications grew exponentially from 2018 to 2022 in
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the fourth stage, and during which 1909 papers were published,
comprising 75.37% of the total.

The research content and methods in this field are becoming
more and more diversified, and the research areas involved are also
increasingly extensive. According to WoS statistics, only 33 research
areas were involved in the first stage, and 53, 92, and 101 areas in the
second, the third, and the fourth stage, respectively. This
demonstrates that the source apportionment of heavy metals is
being paid more and more attention by scholars in various fields. In
summary, the study of source apportionment of heavy metals is
gradually becoming common, and this trend will continue in the
future as the government and the public are progressively concerned
about environmental pollution.

3.1.2 Category analysis
The category analysis can reveal the breadth of the types of

subject categories involved in the field of source apportionment of
heavy metals, and help researchers grasp the scope of categories, so
as to judge whether the field tends to be specialized or
comprehensive. According to the statistics of WoS database, the
top ten subject categories of this field are obtained, which are listed
in Table 1.

Changes in the number of publications in each category reflects
the development tendency of source apportionment of heavy metals
research in each different research area. As shown in Table 1, the
categories to which these articles belong are intersected, and most of
the literatures are closely related to the category of Environmental

FIGURE 1
Annual and accumulated number of publication output.

TABLE 1 The articles output of the top ten subject categories.

Category Stage 1
(1994–2002)

Stage 2
(2003–2009)

Stage 3
(2010–2017)

Stage 4
(2018–2022)

Article
number

Environmental Sciences 10 61 425 1,591 2087

Environmental Engineering 1 11 44 228 284

Water Resources 4 7 52 191 254

Meteorology Atmospheric
Sciences

5 22 70 134 231

Public Environmental
Occupational Health

0 4 30 193 227

Toxicology 2 0 27 120 149

Geosciences Multidisciplinary 2 1 21 68 92

Green Sustainable Science
Technology

0 0 6 67 73

Marine Freshwater Biology 1 1 22 46 70

Biodiversity Conservation 0 1 14 50 65
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Sciences. In addition, the number of publications in stage 4 in the
Environmental Sciences, Environmental Engineering and Public
Environmental Occupational Health categories increased
significantly by more than 158 times comparing stage 1, while
the growth trend of publications in other categories was much
more moderate. Compared with stage 1, only no more than three
published articles were increased in stage 2 in most categories
(Water Resources, Public Environmental Occupational Health,
Biodiversity Conservation, Green Sustainable Science Technology,
Marine Freshwater Biology, and Toxicology and Geosciences
Multidisciplinary). From 1994 to 2009 (stage 1 and stage 2), the
related papers were mainly published in the categories of
Environmental Sciences, Environmental Engineering, and
Meteorology Atmospheric Sciences, and most papers only
concentrated on atmospheric environment. In contrast, compared
with stage 2, the article number of all categories in stage 3 mounted
markedly, with six in the category of Green Sustainable Science
Technology, more than 20 in the category of Toxicology,
Geosciences Multidisciplinary and Marine Freshwater Biology,
and the maximum 364 in the category of Environmental
Sciences. Excitedly, compared with the third stage, the article
number augment in each category in the fourth stage is between
24 and 1,166, showing an obvious increasing trend. The field of
source apportionment of heavy metals is developing in the direction
of diversification, and has received more and more attention. The
range of categories in this field is very extensive, indicating
researchers can communicate and collaborate across categories,
which is conducive to promote the rapid development of this field.

3.1.3 Journal analysis
Number of publications in a journal can reflect its influence in a

certain field, which can help scholars to effectively get an overview of
leading journals in this field, lock the key learning scope, and grasp

the latest research development status. According to the statistics of
WoS database, the 2,533 literatures selected in this study come from
200 journals. Table 2 shows the top 10 journals with the highest
number of publications, totally accounting for 44.91% of all
literatures. All the 10 journals are related to the category
Environmental Sciences. Additionally, both “International Journal
of Environmental Research and Public Health” and “Environmental
Geochemistry and Health” belong to the category Public
Environmental Occupational Health; both “Environmental
Geochemistry and Health” and “Journal of Hazardous Materials”,
“Atmospheric Environment”, and “are also involved in the category
Environmental Engineering; “Environmental Geochemistry and
Health”, and “Ecotoxicology and Environmental Safety” are also
associated with emerging fields Water Resources, Meteorology
Atmospheric Sciences, and Toxicology, respectively.

“Total citations” (TC) refers to the total number of citations of
articles in a journal. Generally speaking, the more TC is, the more
influence is reflected in the research field. Total citations per
publication (TC/P) represents the average number of citations
per article in the journal. The influence of a journal may vary in
different research fields, so the combination of TC and TC/P can be a
relatively good measure of the relative importance of a journal in a
specific field (Ji et al., 2014; Huang et al., 2020). The h-index is “high
citations”, which means that h articles in a journal are cited at least h
times per article. The higher the h-index, the more influential the
articles published in the journal (Hirsch, 2005). The impact factor
(IF) data (2021–2022) are obtained from Web of Science. IF is
generally used to measure the value and position of a journal in
science communication. Based on the Web of Science database,
Clarivate Analytics ranks journals in each discipline according to the
IF numerical ranking, forming the Journal Citation Reports (JCR),
the official internationally recognized zoning method of SCI. Both
the IF and the Quartile in JCR represent the quality of the journal.

TABLE 2 Top 10 journals in terms of number of articles.

Rank Journal Number of
publications

Total
citations

Total citations
per publication

h-index Impact factor
(2021–2022)

Quartile
in JCR

1 Science of The Total
Environment

241 328,230 1,362.0 205 10.753 Q1

2 Environmental Science and
Pollution Research

177 110,000 621.5 82 5.190 Q1

3 Environmental Pollution 130 119,445 918.8 194 9.988 Q1

4 Chemosphere 125 172,919 1,383.4 212 8.943 Q1

5 International Journal of
Environmental Research and

Public Health

91 123,105 1,352.8 78 4.614 Q2

6 Environmental
Geochemistry and Health

81 8,659 106.9 60 4.898 Q2

7 Atmospheric Environment 80 77,550 969.4 211 5.755 Q2

8 Ecotoxicology and
Environmental Safety

72 56,014 778.0 110 7.129 Q1

9 Journal of Hazardous
Materials

72 187,102 2,598.6 235 14.224 Q1

10 Environmental Monitoring
and Assessment

69 32,152 466.0 91 3.307 Q3
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All the values for these above parameters are shown in Table 2.
Science of The Total Environment is the top journal in terms of
publication quantity, followed by Environmental Science and
Pollution Research, Environmental Pollution and Chemosphere.
Except for the Q1 journals, there is no significant difference in
the number of publications of the remaining journals. The journal
with the highest TC/P is Journal of Hazardous Materials (JHM),
followed by Chemosphere and Science of The Total Environment.
JHM also possesses the topmost h-index, followed by Chemosphere,
Atmospheric Environment, and Science of The Total Environment.
The journals with high IF are JHM, Science of The Total
Environment, and Environmental Pollution, in that order. It can
be seen that the three parameters TC/P, h-index and IF of the
journals have a certain consistency. However, there is no positive
relationship between the number of publications and them. For
example, Environmental Science and Pollution Research has the
second maximum number of publications, but it does not have a
high TC/P, h-index or IF. Therefore, the publication of high-quality
literatures is more conducive to improving the influence of journals
in the field. And scholars should not blindly pursue the quantity of

published papers, but rather improve the quality of published
papers, so as to bring leading value to the research field.
Collectively, JHM, Science of The Total Environment,
Environmental Pollution, Chemosphere, and Atmospheric
Environment have both a high number of publications and a
high influence in the field of source apportionment of heavy
metals. The top ten journals in Table 2 cover publications related
to a wide range of research fields, which indicates that the researches
on source appointment of heavy metals are intersectional
and diverse.

The number of co-citation frequency is positively correlated
with the influence of journals. Figure 2 shows the cooperation
relation graph of cited journals, containing 466 nodes and
1,665 links. The co-citation frequency of each journal can be
intuitively sensed, and the nodes are proportional to the co-
citation frequency of the journal (Xu et al., 2023b). In addition,
in order to further analyze the co-citation of journals in detail, the
top 10 journals in the field of source appointment of heavy metals
were counted, as shown in Table 3. Number of co-citation frequency,
centrality, and Year are all exported by CiteSpace, in which the

FIGURE 2
The cooperation relation graph of cited journals.
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higher the centrality, the greater the influence of the journal, and the
“Year” refers to the earliest co-cited year of the journal.

As shown in Table 3, Science of The Total Environment has the
highest co-citation frequency (2,390 times), followed by
Environmental Pollution (2,123 times), Chemosphere
(2,110 times), Atmospheric Environment (1729 times), Journal of
HazardousMaterials (1,660 times). However, there is no consistency
between the results of co-citation frequency and centrality. The two
journals with higher centrality are Environmental Pollution (0.17)
and Atmospheric Environment (0.12) in order. The rest have very
low centrality, in particular the centrality of Chemosphere and
Journal of Hazardous Materials is 0. In other words, the more
co-citation do not necessarily mean the higher influence. The same
conclusion can be obtained by comparing the number of co-citation
frequency and the IF. Therefore, scholars should consider multiple
factors such as number of co-citation frequency, centrality, and IF
simultaneously when exploring high-impact journals in the field. In
general, high impact analysis results of journals are highly consistent
with the results of number of publications analysis. Almost all
journals in Table 3 have low centrality. And no journal has both
high centrality and high IF. This indicates that no journal has a very
prominent performance and also plays a very important role in this
research field so far, and the journals still need to further improve
the quality of their papers and enhance their influence in the future,
so as to obtain more citations from scholars. The earliest co-cited
year is mainly between 1994 and 2008, indicating that in this initial
stage, scholars begun to pay attention to the source apportionment
of heavy metals, which provided the necessary foundation for the
subsequent exponential growth in this field. Atmospheric
Environment, Environmental Science and Technology, Science of
the Total Environment and Environmental Pollution are the first
batch of co-citations, indicating they are undoubtedly veteran
journals in this field.

In summary, both journal number of publications analysis and
journal co-citation analysis show that Science of The Total
Environment, Environmental Pollution, Chemosphere,
Atmospheric Environment and Journal of Hazardous Materials
are leading journals in the field of source apportionment of

heavy metals. Besides, Environmental Science and Technology is
a veteran journal, and deserve scholars’ attention. And the above
analysis results can provide researchers some insights: If researchers
are looking for authoritative journals in a research field in order to
grasp the research frontiers, they should take into account the
number of co-citation, centrality, impact factor, and Quartile in
JCR of the journal synthetically. And they should consult a variety of
journals instead of a single one, ensuring the comprehensiveness of
the study.

3.2 Research power analysis

3.2.1 The major countries and institutions
The countries cooperation network can directly reflect the

number of papers issued by each country and the international
cooperation situation, and indirectly reveal the influence of each
country in the field of source apportionment of heavy metals.
Figure 3 shows the visualization network map of countries
cooperation derived by CiteSpace, which contains 104 nodes and
204 links. Each node represents the published papers by one country
in this field. The larger the node, the more the published papers. And
the number of links is directly proportional to the frequency of
cooperation between countries. In addition, in order to show more
detailed information, Table 4 shows the top 15 countries in this field,
which includes 10 developed countries and five developing
countries. The higher the centrality, the greater the influence of
the country in the research field. The “Year” refers to the time of the
first publication of a country.

As shown in Table 4, it can be seen that the development degree
of a country has a certain relationship with its influence in the field
of source appointment of heavy metals. The more advanced the
development degree of a country is, the greater its influence in this
field is, and the more it cooperates with other countries. For
example, the countries with a high centrality include Japan
(0.25), Spain (0.22), Germany (0.15) and America (0.11),
indicating that they have a greater influence and a leading role in
this field, and at the same time they are all developed countries. The

TABLE 3 Top 10 co-citation by journals.

Rank Cited journals Number of co-citation
Frequency

Centrality Year If (2021–2022) Quartile in JCR

1 Science of The Total Environment 2,390 0.03 1996 10.753 Q1

2 Environmental Pollution 2,123 0.17 1997 9.988 Q1

3 Chemosphere 2,110 0 2002 8.943 Q1

4 Atmospheric Environment 1729 0.12 1994 5.755 Q2

5 Journal of Hazardous Materials 1,660 0 2008 14.224 Q1

6 Environmental Science & Technology 1,619 0.07 1994 11.357 Q1

7 Environmental Science and Pollution
Research

1,557 0.03 2002 5.190 Q1

8 Environmental Monitoring and Assessment 1,554 0.03 2002 3.307 Q3

9 Ecotoxicology and Environmental Safety 1,328 0 2005 7.129 Q1

10 Environment International 1,322 0 2002 13.352 Q1
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reason for this may be that the higher a country’s level of
development is, the stronger people’s awareness of environmental
protection tends to be. In addition, the comprehensive
environment-related policies and highly developed research
technologies also underpin the research in the developed
countries, which always cooperate frequently to jointly promote
development. Countries with a large number of publications include
China, India, America, Iran and Pakistan. China takes the leading
position with 1,389 published papers. However, the centrality of
China is only 0.04, indicating that despite the high volume of
Chinese publications, it lacks cooperation and communication
with other countries, and its influence in this field is still
insufficient. Therefore, Chinese scholars need to seek innovation
and breakthrough. Similar to China are countries like India, Iran,
Pakistan, and so on, whose partnerships and influence will have
greater room for progress in the future. The earliest articles were
published before the 20th century in Canada, Germany and

America. It shows that they started to pay attention to
environmental pollution earlier. In conclusion, Japan, Spain,
Germany, America and China are the countries that have made
major contributions to the field of source apportionment of heavy
metals. Researchers should comprehensively consider the
development degree, publications and influence of a country
when choosing partners. In addition, researchers should select
more international scholars who are cooperative to promote
research progress.

The analysis of cooperation network of institutions can reveal
the contribution degree of each institution in the field of source
apportionment of heavy metals, and can also reflect the cooperation
situation among institutions. To better understand the recent
research situation and analyze the potential development trend in
the future, Figure 4 shows the visual network diagram of
institutional cooperation exported by CiteSpace, which contains
338 nodes and 475 links. The size of the node is proportional to

FIGURE 3
The cooperation network of countries.
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the institutional number of publications. And the more links, the
more inter-institutional cooperation.

As shown in Figure 4, compared to the number of nodes, the
number of links is relatively small, indicating that inter-institutional
cooperation is lacking. In addition, there are obvious four
cooperative groups, and there are no links among these groups,
so institutions in this field tend to have fixed partners and form
groups, and communication between groups is very poor. This
phenomenon may be related to different laws and policies in
different countries (Zhang et al., 2017). Such solidified
partnerships are not conducive to research breakthroughs. For
further precise analysis, Table 5 lists the top 15 institutions in
this field by number of publications.

As shown in Table 5, most of the institutions are from China
(12/15), and the other three institutions are from Pakistan and India.
The top five institutions with the largest number of publications are
the Chinese Academy of Sciences, the University of Chinese
Academy of Sciences, Beijing Normal University, China
University of Geosciences and the Chinese Academy of
Environmental Sciences. They are major contributors to the
literatures in the field of source apportionment of heavy metals,
and have played an important role in the progress of this research.
Besides, institutions with a high number of publications are all from
China, meaning China takes the important position, which is
consistent with the analysis conclusion of the country
cooperation network map above. Centrality is one of the main
factors that can reflect the influence of an institution in the
research field (Geng and Maimaituerxun, 2022). The institution
with higher centrality is Chinese Academy of Sciences (CAS) (0.11),
while the centrality of others is low. As one of the key institutions in
the field of source apportionment of heavy metals, CAS has
significant academic influence and has frequent exchanges and
cooperation with many other institutions. Institutions that have

played a leading role in the early development of this field include
the CAS (2004), the Council of Scientific and Industrial Research
(2005), Quaid I Azam University (2006) and the Chinese Research
Academy of Environmental Sciences (2009).

CAS has both the highest number of publications and the
highest centrality, and it is also the first institution to publish
relevant literature. And as shown in Figure 4, the main body of
the institutional cooperation network is the group centered on the
CAS, which means that it is undoubtedly the leading institution in
this field. Therefore, scholars should keep an eye on the latest
relevant literature published by CAS to better follow the latest
developments in this field, and accurately predict the future
development trend. The above analysis results show that inter-
agency cooperation still needs to be further strengthened.
Scholars in different institutions should communicate more to
push the development of this field.

3.2.2 Author analysis
The author cooperation network can directly reflect the

publication and cooperation of authors in a field, and suggest the
most influential authors in the field. The cooperation between the
authors who have never cooperated with each other might be the
innovation and development direction of source apportionment of
heavy metals research. Figure 5 shows a visual network diagram of
author cooperation derived from CiteSpace, which contains
450 nodes and 967 links. The larger the nodes, the more papers
published by the author; and the more links, the more frequent
cooperation between authors (Rorissa and Yuan, 2012).

There is no significant difference in the size of nodes in Figure 5,
indicating the number of publications by different authors is in a
similar level. In addition, there are many collaborative groups
among authors in this field, the largest of which are groups
centered on X Querol and A Alastuey, and the number of

TABLE 4 Top 15 contributing countries.

Rank Country Development situation Number of publications Centrality Year

1 China Developing 1,389 0.04 2004

2 India Developing 201 0 2004

3 United States Developed 189 0.11 1999

4 Iran Developing 127 0.04 2014

5 Pakistan Developing 119 0.04 2006

6 England Developed 79 0.01 2003

7 Australia Developed 75 0.1 2002

8 Italy Developed 72 0 2006

9 Spain Developed 69 0.22 2002

10 South Korea Developed 64 0.04 2011

11 Germany Developed 62 0.15 1999

12 Canada Developed 58 0.04 1998

13 Japan Developed 55 0.25 2004

14 Bangladesh Developing 50 0.03 2008

15 Saudi Arabia Developed 49 0.07 2012
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collaborators in the remaining groups is relatively small. Also, there
is a lack of communication between groups, similar to the
institutional collaboration described above. As such, scholars
should strengthen exchanges and try interdisciplinary
cooperation, in order to make greater breakthroughs in the
analysis methods of source apportionment of heavy metals and
their application. The top 10 authors in this field are listed in Table 6.

Among the top 10 authors, seven are from China, and the other
three are from Pakistan and Saudi Arabia (Table 6). This is
consistent with the above results of the country cooperation
analysis. There is no significant gap in the number of
publications between these authors. Authors with the maximum
published literatures are Said Muhammad and Xinwei Lu. In the
second tier are Idris Abubakr M, Junji Cao, and Yan Li. They are the
major contributors to the publications in the field of source
apportionment of heavy metals and have applied a number of
representative methods for source apportionment study in soil,
atmosphere and water environment, including PCA, PMF,
isotopic tracer, among others (Du and Lu, 2022; Muhammad and
Usman, 2022; Li N. et al., 2023; Liu S. et al., 2023; Proshad et al.,
2023). For example, Said Muhammad et al. applied CA, PCI and
PCA to analyze the pollution sources in the lake ecosystem (Tokatlı
et al., 2024). Xinwei Lu et al. obtained the distribution of heavy

metals sources in urban road dust using the PMF model (Hao
et al., 2023).

The centrality values are all 0, which means that there is a lack of
scholars with high influence in this field, and the cooperative
relationship between scholars especially from different groups
should be strengthened. In addition, the reason why most
authors cooperate with fixed teams is also largely ascribed to
regions, institutions, and research fields. For example, Said
Muhammad mainly works in drinking water environment in
Pakistan in source appointment of heavy metals research
(Muhammad et al., 2011; Khan et al., 2015; Khan et al., 2016;
Rehman et al., 2018; Jehan et al., 2019; Abeer et al., 2020). Xinwei
Lu’s collaboration focuses on source apportionment of heavy metals
in Xi’an (Pan et al., 2017; Chen and Lu, 2018; Fan et al., 2021; Yu
et al., 2021; Yu et al., 2023). Scholars can make use of the
international exchange platform to promote more academic
exchanges and cooperation.

During the top authors in Table 6, Said Muhammad and Sardar
Khan are the scholars to publish the earliest relevant articles.
However, the literature publication years by all the top authors
are relatively late. Since 2010, the study of source apportionment of
heavy metals has entered a stage of rapid development, so they did
not make contributions to the initial research exploration of this

FIGURE 4
The cooperation network of institutions.
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TABLE 5 Top 15 contributing institutions.

Rank Institution Country Number of publications Centrality Year

1 Chinese Academy of Sciences China 377 0.11 2004

2 University of Chinese Academy of Sciences China 148 0.07 2011

3 Beijing Normal University China 78 0.01 2010

4 China University of Geosciences China 72 0.02 2011

5 Chinese Research Academy of Environmental Sciences China 65 0.08 2009

6 Zhejiang University China 43 0 2011

7 Institute of Geographic Sciences & Natural Resources Research China 39 0 2021

8 Institute of Earth Environment China 31 0 2019

9 Guangzhou Institute of Geochemistry China 30 0.04 2010

10 Nanjing University of Information Science & Technology China 28 0.01 2015

11 Nanjing University China 26 0 2010

12 Ministry of Agriculture & Rural Affairs China 22 0 2011

13 University of Peshawar Pakistan 22 0.01 2011

14 Quaid I Azam University Pakistan 21 0 2006

15 Council of Scientific & Industrial Research (CSIR) - India India 20 0 2005

FIGURE 5
Author cooperation network.
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field. The above analysis shows that authors need to promote
cooperation with other teams, participate more in international
exchanges, and communicate with scholars in different
disciplines to contribute to new breakthroughs in research.

The author co-citation network reflects the influence of each
author and help scholars quickly learn about the leading figure in a
field. Figure 6 shows the author co-citation network derived from
CiteSpace, which contains 323 nodes and 924 links. Nodes with

TABLE 6 Top 10 authors in terms of number of publications.

Rank Authors Number of publications Centrality Year Country

1 Muhammad, Said 21 0 2011 Pakistan

2 Lu, Xinwei 21 0 2018 China

3 Idris, Abubakr M 16 0 2020 Saudi Arabia

4 Cao, Junji 16 0 2018 China

5 Li, Yan 16 0 2020 China

6 Shen, Zhenyao 16 0 2015 China

7 Liu, Ruimin 15 0 2015 China

8 Lv, Jianshu 13 0 2018 China

9 Khan, Sardar 12 0 2011 Pakistan

10 Keshavarzi, Behnam 11 0 2018 Iran

FIGURE 6
Author co-citation network.
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purple outer rings have higher centrality. Table 7 shows the top
10 authors ranked according to the number of co-citations,
including one organization (USEPA) and the rest individual
authors. The highest co-citation frequency is the United States
Environmental Protection Agency (USEPA), which is directly
related to its concern about environmental pollution by heavy
metals. The top individual authors who ranked behind USEPA
are HAKANSON L (460), PAATERO P (345), CHEN HY (308),
and MULLER G (303), indicating that the literature published by
these authors has been recognized by many scholars. All the ten
authors listed in Table 7 have a low centrality, and the highest
centrality value is only 0.09. In addition, as shown in Figure 6,
authors with high centrality do not have high co-citation frequency.
Scholars should consider these two factors comprehensively when
judging the influence of authors. As shown in Table 7, authors’ co-
citation time is generally concentrated from 2012 to 2020, which
indicates that this research field is in a rapid development stage in
this time. Moreover, most of the authors in the table are from China,
which is consistent with the analysis results of the national
cooperation and author cooperation mentioned above.

3.2.3 Reference Co-citation
The importance of a paper can usually be measured by two

metrics: citation frequency and centrality. The more frequently an
article is cited, the higher its recognition in the research field and the
greater its contribution to promoting research progress is (Ale
Ebrahim et al., 2013; Yoshikane, 2013). Centrality, the ratio of
the shortest path between two nodes to the sum of all shortest
paths, can identify potential key nodes quantifiably (Freeman, 2002;
Chen, 2006). There is no linear relationship between the above two
indicators, that is, an article with high citation frequency does not
necessarily have high centrality, and vice versa. Only when an article
has high values of both indicators at the same time, it has a greater
influence in the research field.

Through the analysis of co-cited literature, the research
knowledge base of source apportionment of heavy metals can be
obtained, to more effectively discover the hot topics and
development trends in this field (Persson, 1994; Musa et al.,
2018; Shi and Liu, 2019). CiteSpace can show the literature co-
citation network of a certain research field, and has been used by

many scholars for literature co-citation analysis (Birmili et al., 2006;
Thorpe and Harrison, 2008; Viana et al., 2008). In order to get a
more detailed understanding of the literature citation situation,
Table 8 lists the relevant data of the top 15 literatures with high
citation frequency derived from CiteSpace. As shown in Table 8, the
top 15 literatures contain five reviews, and the rest are case studies.
The paper published by Yanxue Jiang has the highest cited frequency
(182 times), followed by Qingyu Guan (133 times), both of which are
cited more than 100 times. However, the centrality of these
15 literatures is generally low.

Many methods of the source apportionment of heavy metals
have been applied in the top 15most-cited literatures, which can also
reflect the development of this field. At the beginning of the study,
multivariate statistical analysis was the primary method for
determining the sources of heavy metals (Birmili et al., 2006;
Thorpe and Harrison, 2008; Viana et al., 2008). With the
deepening of research, geostatistical analysis and receptor model
analysis methods have been recognized by more and more scholars
and widely used in this field so far (Mijić et al., 2010; Pekey and
Doğan, 2013; Guan et al., 2018). In addition, in order to
comprehensively elaborate heavy metal pollution, scholars often
incorporate environmental and health risk assessment while
conducting source apportionment (Hu et al., 2012; Li Z. et al.,
2014; Jiang et al., 2017; Men et al., 2018).

3.3 Research hotspots and emerging trends

3.3.1 Keyword co-occurrence
The keywords of a literature highly summarize the key content

of the literature, and reflect a lot of information including methods,
purposes, views, and so on. Therefore, keyword co-occurrence
analysis is of great significance to investigate hot topics and set
development direction of the field. Figure 7 is a visual network
diagram of keyword co-occurrence analysis in the field of source
appointment of heavy metals exported by CiteSpace, which contains
400 nodes and 1,591 links. Each node represents a keyword, and the
size of the node is proportional to the frequency of the keyword. In
addition, a node with a purple outer ring represents a higher
centrality of the keyword and a higher level of attention in this field.

TABLE 7 Top 10 authors in terms of citations.

Rank Cited authors Number of co-citation frequency Centrality Year Country

1 USEPA 635 0.03 2014 United States

2 HAKANSON L 460 0.01 2016 Sweden

3 PAATERO P 345 0.09 2012 Finland

4 CHEN HY 308 0.01 2018 China

5 MULLER G 303 0 2018 United States

6 HUANG Y 285 0 2018 China

7 MEN C 241 0 2020 China

8 GUAN QY 222 0.05 2020 China

9 JIANG YX 186 0.02 2018 China

10 LV JS 178 0 2020 China
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The top 30 keywords by frequency exported by CiteSpace are
listed in Table 9, in which “source apportionment”, “heavy metals”,
“source identification” and “pollution” are the four keywords with
the high frequency. This is related to the fact that “heavy metals” and
“source appointment” were used as search keywords in literature
screening. In addition, keywords with high frequency include spatial
distribution (538 times), particulate matter (466 times), health risk
assessment (368 times), agricultural soils (271 times), and positive
matrix factorization (253 times). This indicates that while studying
the source appointment of heavy metals, the spatial distribution of
heavy metals in the environment and the health risk assessment of
heavy metal pollutants are also generally investigated. As the source
appointment of heavy metals is mostly related to environmental
media such as atmospheric particulate matters and agricultural soils,
PMF model is one of the widely used research methods.

The centrality is related to the number of articles linked by a
keyword, and it represents the academic influence of a keyword to a
certain extent. As shown in Table 9, the keywords with high
centrality are heavy metals (0.33), trace elements (0.12), and air
pollution (0.12). Through the above analysis results, we also
conclude that the keyword with high frequency does not

inevitably have high centrality. Early (pre-21st century) keywords
are “source apportionment”, “heavy metals”, “trace elements”,
“particulate matter”, “risk assessment”, “air” “pollution”,
indicating that the source appointment of heavy metals in
atmospheric environmental media appeared earlier. Keywords
with high frequency in the past decade include “spatial
distribution”, “health risk”, “agricultural soils”, “ecological risk”,
“surface sediments”, “spatial distribution”, “agricultural soils”, and
“street dust”, suggesting that the source appointment of heavy
metals in soil, sediment and street dust environmental media has
been the research focus in the past decade. With the progress of
society and the enhancement of people’s environmental awareness,
more and more researchers have paid attention to the health risks
caused by heavy metal pollution to human beings and the ecological
risks caused to the environment on which human beings depend
for survival.

3.3.2 Keyword clustering analysis
Keyword cluster analysis is based on keyword co-occurrence

analysis, using cluster statistical algorithm to simplify complex co-
occurrence network into relatively simple inter-group relations,

TABLE 8 Key papers about source appointment of heavy metals.

Rank Cited references Number of cited frequency Centrality Year

1 Jiang et al., 2017, CHEMOSPHERE, V168, P1658, DOI 10.1016/
j.chemosphere.2016.11.088

182 0 2017

2 Guan et al., 2018, CHEMOSPHERE, V193, P189, DOI 10.1016/
j.chemosphere.2017.10.151

133 0 2018

3 Men et al., 2018, SCI TOTAL ENVIRON, V612, P138, DOI 10.1016/
j.scitotenv.2017.08.123

98 0 2018

4 Duan et al., 2013, ATMOS ENVIRON, V74, P93, DOI 10.1016/
j.atmosenv.2013.03.031

40 0 2013

5 Li et al., 2020b, SCI TOTAL ENVIRON, V468, P843, DOI 10.1016/
j.scitotenv.2013.08.090

40 0 2014

6 Viana et al., 2008, J AEROSOL SCI, V39, P827, DOI 10.1016/
j.jaerosci.2008.05.007

12 0 2008

7 Hu et al., 2012, ATMOS ENVIRON, V57, P146, DOI 10.1016/
j.atmosenv.2012.04.056

11 0 2012

8 Muhammad et al., 2011, MICROCHEM J, V98, P334, DOI 10.1016/
j.microc.2011.03.003

9 0 2011

9 Pant and Harrison 2013, ATMOS ENVIRON, V77, P78, DOI 10.1016/
j.atmosenv.2013.04.028

8 0 2013

10 Birmili et al., 2006, ENVIRON SCI TECHNOL, V40, P1144, DOI 10.1021/
es0486925

7 0.01 2006

11 Thorpe and Harrison, 2008, SCI TOTAL ENVIRON, V400, P270, DOI
10.1016/j.scitotenv.2008.06.007

6 0 2008

12 Iqbal and Shah, 2011, J HAZARD MATER, V192, P887, DOI 10.1016/
j.jhazmat.2011.05.105

6 0 2011

13 Mijić et al., 2010, ATMOS ENVIRON, V44, P3630, DOI 10.1016/
j.atmosenv.2010.06.045

6 0 2010

14 Manoli et al., 2002, ATMOS ENVIRON, V36, P949, DOI 10.1016/S1352-
2310 (01)00486-1

6 0.02 2002

15 Pekey and Doğan, 2013, MICROCHEM J, V106, P233, DOI 10.1016/
j.microc.2012.07.007

6 0 2013
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FIGURE 7
Keyword co-occurring network.

TABLE 9 Top 30 frequency keywords.

Rank Keywords Count Centrality Year Rank Keywords Count Centrality Year

1 source apportionment 2007 0.01 1994 16 ecological risk 231 0 2018

2 heavy metals 1,461 0.33 1994 17 road dust 228 0.01 2003

3 source identification 576 0.03 2007 18 surface sediments 180 0 2015

4 pollution 558 0.09 2000 19 street dust 177 0 2016

5 spatial distribution 538 0.01 2014 20 heavy metal 172 0.01 2004

6 contamination 522 0.01 2000 21 air pollution 172 0.12 1996

7 trace elements 506 0.12 1997 22 sediments 117 0.03 2004

8 particulate matter 466 0.06 1999 23 urban 101 0.01 2005

9 health risk assessment 368 0 2011 24 urban soils 81 0.01 2004

10 polycyclic aromatic hydrocarbons 360 0.02 2002 25 chemical composition 72 0.09 2003

11 risk assessment 336 0.01 1998 26 PM2.5 70 0 2006

12 health risk 329 0 2015 27 city 54 0.03 2004

13 trace metals 314 0.05 2004 28 PM10 52 0.01 2002

14 agricultural soils 271 0 2018 29 heavy metal pollution 46 0.04 2004

15 positive matrix factorization 253 0 2008 30 china 44 0 2009
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which can more comprehensively describe the research hot spots of
source appointment of heavy metals. Figure 8 is the keyword cluster
analysis map derived from CiteSpace, including 16 different clusters
(#0 ~ #15). We need to combine the cluster names in Figure 8 with
the main keywords contained in the clusters to analyze the network.
Table 10 lists the details of the clusters, in order of ID from 0 to 15.
The parameter Silhouette in the table is used to evaluate the
clustering effect and was originally proposed by Rousseeuw
(Rousseeuw, 1987). The closer the Silhouette value is to 1, the
better the clustering effect will be. It is generally believed that
when the value is greater than 0.7, the clustering results will be
highly reliable (Sun et al., 2019).

The Cluster 0 and Cluster 1 are related to health risk assessment,
and consist of air, aerosol, water, sediments, agricultural soils, urban
soils and other keywords. The occurrence of heavy metals pollution
in the atmosphere, water and soil environment may have adverse
effects on the human body, so health risk assessment has been widely
concerned by scholars all over the world in the research field of
source apportionment of heavy metals (Li Y. et al., 2020; Wu et al.,
2020; Wang J. et al., 2023; Zhu et al., 2023). The Cluster two and
Cluster 13 are about pollution source apportionment, involving
PM10, airborne particulate matter, principal component analysis,
atmospheric aerosol, area, urban soil, power station, and so on.
Particulate matter in the atmosphere includes PM10, PM2.5, etc.,

which often carry heavy metal pollutants. And atmospheric
environment is the early main research content of the field of
source appointment of heavy metals, and till now, it is also one
of the research hot spots (Vassilakos et al., 2007; Liu et al., 2021;
Zhou et al., 2021). Principal component analysis (PCA) is one of the
typical methods used in this field (Nguyen et al., 2020), which can
transform a set of variables into unrelated components to represent
system information (Borůvka et al., 2005; Shan et al., 2013). In
addition, the flue gas and wastewater discharged by power stations
usually contain heavy metals, which directly pollute the atmosphere
and water, and can also migrate to the soil environment and cause
soil pollution, among which the urban soil is greatly affected due to
the close distance. These may seriously endanger the health of
citizens. Therefore, the source apportionment of heavy metals in
power station and urban soil has become the focus of many scholars
(Li D. et al., 2023; Wang Y. et al., 2023; Khan and Shah, 2023; Ma
et al., 2023; Zheng et al., 2023).

Cluster three and Cluster eight are about lake sediments and
water quality assessment, containing multivariate analysis, river,
enrichment factors, deposition, pollution, water quality, surface
waters, and so on. The sediments in the surface waters play a
role of storing, transporting and transporting heavy metals (Kipp
et al., 2009; Li et al., 2017; Liang et al., 2019), and serve as both the
sink and the source of heavy metals in aquatic ecosystem (Xu et al.,

FIGURE 8
Main clusters labeled by keyword.
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2019). The source appointment of heavy metals in sediments has
become the research objects of many scholars (Li N. et al., 2020;
Emenike et al., 2020; Pastorino et al., 2020). Multivariate analysis
and enrichment factor analysis are important methods for the
source apportionment of heavy metals (Huang C.-C. et al., 2023;
Jiang et al., 2023b;Wang P. et al., 2023; Fu et al., 2023; Saraswat et al.,
2023; Xie et al., 2023). Water quality assessment is closely linked to
the source appointment of heavy metals in water environment, as a
result the matter of water quality assessment often appears in
this field.

Cluster six focus on positive matrix factorization (PMF),
including health risk, trace metals, size distribution,
identification, among others. The PMF method was first
proposed by Paatero (Paatero and Tapper, 1994), which is
recommended by USEPA, and is a typical method in the field of
source apportionment of heavy metals (Jiang et al., 2023a; Jung et al.,
2023; Shiyi et al., 2023; Yang et al., 2023). The PMFmethod relies on
iterative least squares to minimize the complex matrix and
covariance matrix of multiple samples and associated heavy
metal elements into a number of composite factors, accordingly
the main pollution sources and their contribution ratios are
determined. Moreover, this method can estimate the uncertainty
by non-negative constraint factor load and score, reduce the data
omission and error, and make the analysis results more reliable. In
addition, when dealing with heavy metal pollution, researchers also
assess the health risks caused by pollutants to humans, so health risk
assessment appears frequently in this research field.

Cluster 7 focuses on air pollution, bringing in the keywords such
as metals, atmospheric deposition, chemical composition, and
pollution source. In this cluster, the researchers are motivated by
atmospheric source apportionment of heavy metals, atmospheric
dust fall, chemical composition, and heavy metal concentration.
Atmospheric dust fall is the main way that heavy metals migrate
from the atmosphere to water and soil, and atmospheric
environment is also one of the main sources of heavy metal
pollution (Bermudez et al., 2012), which has been widely
concerned by many scholars (Samara and Voutsa, 2005; Bai
et al., 2019; Li et al., 2022; Rabha et al., 2022; Wang et al., 2022).

Cluster 4 and Cluster 10 are about trace elements and particulate
matter, absorbing city, particles, ambient air, chemical composition,
elements, receptor models, and so on. In fact, particulate matter is a
carrier of heavy metal pollutants in the atmosphere (Lee and Park,
2010; Li X. et al., 2014). Heavy metals can be attached to its surface,
endangering the environment and human health (Li et al., 2015; Liu
et al., 2015). And the receptor model is a commonmethod employed
in the study of source apportionment of heavy metals.

Cluster five and Cluster 11 are about heavy metals, regarding
source identification, spatial distribution, ecological risk, factor
analysis, contamination, and so on. The spatial distribution of
heavy metal pollutants is an important prerequisite for source
apportionment research (Xie et al., 2011). Factor analysis (FA) is
one of the traditional methods (Meng et al., 2018; Ustaoğlu and
Islam, 2020; Wang Z. et al., 2021; Jandacka et al., 2022). In addition,
it is inevitable to carry out ecological risk assessment on

TABLE 10 Top 15 clusters and the main keywords within the clusters.

Cluster ID Silhouette
value

Cluster name Main keyword

0 1 health risk assessment health risk assessment; aerosol; drinking water; water; air

1 0.952 risk assessment risk assessment; agricultural soils; surface sediments; sediments; urban soils

2 0.791 source apportionment source apportionment; PM10; airborne particulate matter; principal component analysis;
atmospheric aerosol

3 0.938 lake sediments multivariate analysis; river; enrichment factors; deposition; lake sediments

4 0.813 trace elements trace elements; polycyclic aromatic hydrocarbons; city; particles; ambient air

5 0.927 heavy metal source identification; spatial distribution; ecological risk; heavy metal; factor analysis

6 0.884 positive matrix factorization health risk; trace metals; positive matrix factorization; size distribution; identification

7 0.901 air pollution air pollution; metals; atmospheric deposition; chemical composition; pollution source

8 0.931 water quality assessment pollution; water quality; enrichment factor; basin; surface waters

9 0.905 road dust road dust; street dust; urban; emissions; dust

10 0.919 particulate matter particulate matter; chemical composition; fine; elements; receptor models

11 0.96 heavy metals heavymetals; contamination; aerosol source apportionment; atmospheric mercury; balance source
apportionment

12 0.934 rhine point and diffuse sources; heavy metal emissions; nutrients; heavy metal load; diffuse sources

13 0.991 pollution source
apportionment

area; urban soil; information; power station; source origin

14 0.918 megacity pm2.5; elemental composition; speciation; outdoor air; indoor fine particles

15 0.953 nottingham soils; urban geochemistry; C13; natural environments; vegetation
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environmental pollution caused by heavy metals, thereafter the
related research on risk assessment appears frequently in this field.

Cluster 9 is about road dust, concerning street dust, urban,
emissions, and so on. One of the main sources of heavy metals in
road dust is the emission of traffic exhaust gas. With the
development of society, the problem of urban road pollution is
becoming growingly serious. Recently, the source apportionment of
heavy metals in road dust has attracted more and more scholars’
attention (Wang Q. et al., 2023; Haghnazar et al., 2023; Shojaee
Barjoee et al., 2023).

Cluster 12 and Cluster 15 are about Rhine and Nottingham, in
relation to point and diffuse sources, heavy metal emissions, heavy
metal load, diffuse sources, soils, urban geochemistry, natural
environments, vegetation and other keywords. Rising from the
foothills of the Alps in southeastern Switzerland, the Rhine River is
1,320 km long and is the longest river in Western Europe. The
Rhine River flows through Liechtenstein, Austria, France,
Germany, the Netherlands, and into the North Sea near
Rotterdam. As it is one of the most important industrial
transport arteries and one of the busiest rivers for shipping in
the world, its ecological environment pollution is very serious.
Because of the increasing pollution of the Rhine River,
international attention is focused on its ecological protection
(Wagenaar-Hart, 1994; Van Dijk et al., 1995), and scholars are
no exception (Schebek et al., 1991; Leuven et al., 2009; Klaver et al.,
2014; Li R. et al., 2020; Li et al., 2021). Nottingham is a city in
Nottinghamshire, about 200 km north of London, and has a
population of approximate 320,000. Environmental pollution
there is very serious because of coal mining and smelting
activities, which attracts great public concern (Hajat et al., 2007;
Wang et al., 2020).

Cluster 14 is about megacity, including PM2.5, elemental
composition, outdoor air, indoor fine particles, and so on. Thus
it can be seen that many scholars pay more attention to the analysis
of source apportionment of heavy metals in the air environment of
megacity in this cluster (Huang W. et al., 2023; Chen et al., 2023;
Hernández-López et al., 2023; Ke et al., 2023; Khobragade and
Vikram Ahirwar, 2023).

3.3.3 Keyword bursts analysis
Keywords whose frequency increases sharply at a certain

point in time are keywords with bursts, which can show
research hotspots in different periods (Zhou et al., 2018).
Analyzing its development trend can help predict the future
direction (Li and Chen, 2016; He et al., 2022). Figure 9
presents the top 34 keywords in burst strength through the
last nearly 30 years (1994–2022) by using CiteSpace, along
with the strength and occurrence timespan. When the dark
blue or red line begins to appear, the keyword begins to
appear. The whole red line represents the burst period of the
keyword (Zhou and Zhao, 2015). In addition, the light blue line
represents the keyword with bursts has not shown up yet. It is
clear that the research hot spot of the field has changed over time.
The earliest keyword with bursts is “airborne particulate matter”,
“aerosol” and “principal component analysis”, indicating that
researchers have paid attention to the source apportionment of
heavy metals in the atmospheric environment earlier, and PCA is
a widely used source apportionment method model in the early

stage of research. In terms of burst strength, PM2.5 had the
highest burst strength (32.89), followed by chemical composition
(31.98), PM10 (22.73), China (22.63), street dust (20.57), air
pollution (18.23), urban (14.89), airborne particulate matter
(14.72), and so on. In terms of burst time, the study in
atmospheric environment appeared earliest in 1994 and lasted
the longest (until about 2018). People’s attention to heavy metals
still mainly fell on the atmospheric environment, including
inhalable particles, aerosols, among others until the beginning
of the 21st century, during which the attention to aerosols began
rather earlier, indicating that researchers’ analysis of heavy metal
sources in gaseous media remained at a relatively broad level.
With the progress of traffic pollution and other pollution after
2000, we have gradually paid attention to the harm of heavy
metals in inhalable particles to the human body, so PM10 has
become a research hotspot. From 2003 to 2015, the research of
water environment was a hot spot, early attention was paid to
heavy metal pollution in rivers (2007–2015), followed by a
greater focus on drinking water safety (2011–2015). From
2004 to 2013, the research of heavy metals in soil
environment has been a hot spot. It shows that people’s
awareness of environmental protection is gradually increasing.
The keywords with bursts in recent years are “particulate matter”,
“sediments”, “China”, “street dust”, “heavy metal”, and “road
dust”. Therefore, the future source apportionment of heavy
metals research may continue pay attention to environmental
media such as atmospheric particles, surface water sediments,
and urban road dust. In conclusion, above analysis results help
scholars quickly grab current frontiers, predict future research
directions, avoid detours, and conduct research more efficiently.

4 Conclusion and perspective

This study presents a systematic bibliometric review of the field
of source appointment of heavy metals, providing an overview and
detailed insights into past, current, and future research trends in the
field. This field has been developing for nearly 30 years, with a
growing number of publications especially in recent years, and will
continue develop in the future. The main categories have gradually
changed, and become multifaceted and multidisciplinary due to the
accelerated modernization and the emergence of new pollutants.
The keywords have changed from “airborne particulate
matteraeroso,” “aerosol,” “PCA,” “air quality,” and “water
quality” during the early days to “soils,” “urban,” “multivariate
analysis,” “sediments,” and “road dust” recently. The top journals
in this field are Science of the Total Environment, Environmental
Pollution, Journal of Hazardous Materials, Atmospheric
Environment, and Chemosphere. In the last century,
United States, Germany, and Canada have maintained the
leading position in this field. While China’s research is also
playing an increasingly important role, during which Chinese
Academy of Sciences is the leading institution in this field.

The reference co-citation analysis and keyword analysis reveal
that there are three major points in this field so far: 1) the
development of source appointment of heavy metals technology;
2) environmental and health risk assessment of heavy metal
pollution; 3) environmental pollution prevention policies.
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Combined with the results of literature metrology analysis and the
overall development trend of research in the field of source
apportionment of heavy metals, this field may show the following
characteristics in the future: 1) More extensive application. The
number of scholars who pay attention to this research field is still
showing a rising trend, which signifies this field covers more and
more disciplines, and the scope is becoming more and more
widespread. In the future, the methods utilized in this field will
be more diverse to solve more comprehensive and complex
problems. 2) More advanced technologies. As artificial
intelligence (AI) is developing rapidly, machine learning,

computer vision, deep learning, natural language processing,
Internet of Things, and other future research technologies in AI
will continue to innovate the source apportionment of heavy metals
research to promote new breakthroughs in this field. In the future,
the more extensive application covering growing disciplines, the
more advanced technologies such as artificial intelligence, the more
comprehensive environmental and health risk assessment, as well as
the more strengthened cooperation between various countries,
institutions and authors continue to innovate the source
apportionment of heavy metals research to promote new
breakthroughs.

FIGURE 9
Keywords with bursts.
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