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ABSTRACT
In order to study the geochemical characteristics and sources of rare earth elements (REEs) in the PM2.5 in Quanzhou
City, 116 PM2.5 samples were collected from three functional areas in the city during each season. The REE compositions
and distribution patterns were then analyzed, together with ternary diagrams, to investigate the main provenance of these
elements. Additionally, the sources of PM2.5 were traced using a diagram of the Nd isotope ratio versus REE characteristics.
The concentrations of the total rare earth elements (ΣREE), total light rare earth elements (ΣLREE) and total heavy rare
earth elements (ΣHREE) in the PM2.5 vary across both the four seasons (summer > spring > winter > autumn) and different
functional areas (residential and industrial area > residential and commercial area > scenic area). There are significant
correlations between ΣREE in the PM2.5 and the PM2.5 mass concentration in spring, summer and winter but none in
autumn. The chondrite-normalized REE patterns in the PM2.5 and potential-source samples are all rightward inclined, with
the enrichment of LREE relative to HREE, and display obvious negative Eu anomalies. Results of the La-Ce-Sm diagram
demonstrate that the REEs in the PM2.5 of all functional areas are mainly derived from sources other than soil dust. The
sources of REEs in the PM2.5 across the four seasons and the reasons for spatial differences in the REEs across various
functional areas can be determined via the La-Ce-V ternary diagram. The diagram of 143Nd/144Nd versus LREE/HREE
suggests that the levels of REEs in the PM2.5 in Quanzhou City are mainly affected by vehicle exhaust, followed by coal
combustion and construction dust, and less influenced by soil dust and steelworks emissions.
Keywords: PM2.5; Rare earth elements; Nd isotope; Geochemical characteristics; Source analysis.

INTRODUCTION
Fine particulate matter (particulate with the aerodynamic
diameter no larger than 2.5 µm, designated as PM2.5) has
drawn worldwide attention for its adverse impact on air
quality and human health. A growing number of evidence
from epidemiologic studies has indicated that there is a
strong link between elevated ambient concentrations of
PM2.5 and increased mortality and morbidity (Schwartz et
al., 1996; Peters et al., 1997; Chen et al., 2008; Chen et
al., 2013).
Many elements in PM2.5, including toxic elements, such
as As, Cd, Cr, Pb and Hg, have been reported (Pastuszka et
al., 2010; Tan et al., 2014; Zhai et al., 2014). In addition,
platinum-group elements (PGEs), such as Pt, Pd and Rh, were
also focused in PM2.5 on concerning anthropogenic emission
from automobiles (Bozlaker et al., 2014). However, reports
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on rare- earth elements (REEs) in PM2.5 are relatively few.
REEs are usually divided into light rare earth elements
(LREEs, including La, Ce, Pr, Nd, Pm, Sm and Eu) and
heavy rare earth elements (HREEs, including Gd, Tb, Dy,
Ho, Er, Tm, Yb, Lu, Y and Sc). REEs are widely used for
industrial and medical materials, such as ceramics as
superconductors, catalysts for automobiles (Ce), lasers (Nd),
permanent magnets (Sm, Nd), fluorescent for color TVs
(Eu, Y), fluorescent lamps (Eu), contrast medium for MRI
(Gd), and so on, thus it can be considered that large amounts
of REEs have been consumed and emitted into environment
including the atmosphere (Krachler et al., 2003). Although
the concentrations of REEs in PM2.5 are relatively low,
they may pose a potential threat to human health (Zhang et
al., 2000).
REEs have similar chemical properties and they are
generally considered to be resistant to fractionation in
supracrustal environments (Nesbitt, 1979). The composition
and distribution pattern of REEs are hardly influenced by
the processes of weathering, transportation, sedimentation
and diagenesis, hence the provenance information carried
by REEs remains essentially unchanged, consequently
REEs have been widely used to trace the provenance of
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sediment (Mclennan, 1989; Nesbitt et al., 1990; Murray et
al., 1991; Jiang et al., 2009; Xu et al., 2012; Zhang et al.,
2018) and atmospheric particulates (Yang et al., 2007;
Moreno et al., 2008; Bozlaker et al., 2013; Zhao et al.,
2017). The characteristic parameters of REEs are strongly
related to the constituent sources.
Similar to Pb and Sr isotopes, Nd isotope composition
can also be used as an effective environmental indicator
(Liu et al., 1994; Nakano et al., 2004; Geagea et al., 2007;
Geagea et al., 2008; Awasthi et al., 2018). It was reported
that Nd isotope composition such as 143Nd/144Nd of desert
dust and blown dust substance presented tiny fractionation
during the weathering, transportation and sedimentation
process (Chen et al., 2007; Rao et al., 2008).
In this study, 116 PM2.5 samples were collected from
different functional areas of Quanzhou City in four seasons,
then the compositions and distribution patterns of REEs
were analyzed, combined with La-Ce-Sm and La-Ce-V
ternary diagrams to investigate the main provenance of
REEs in PM2.5. PM2.5 sources in Quanzhou City were traced
as well through the combination of Nd isotope with REE
characteristic parameters in PM2.5 samples and potentialsource samples.
METHODS
Study Area
Quanzhou City (24°22′–25°56′N, 117°34′–119°05′E), with
the total area of 11,015 km2, is located in the southeast coast
of Fujian Province, China. There is a typical subtropical
maritime monsoon climate, and the weather is warm and
humid with long-time sunshine and abundant rainfall. The
mean annual temperature is 21°C. The prevailing wind
direction is south wind from April to September, while
northeast wind from October to March. As one of the
economic development zones on the west side of Taiwan
Strait, Quanzhou City has got a rapid increase in population,
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transportation, industrial and agricultural development over
the past few decades, followed by an increasing pressure
of air pollution. Petrochemical, electronic information and
tourism services are the three major emerging industries in
this city. By the end of 2016, the total population is about
8.5 million, and the number of motor vehicles is more than
2.2 million in Quanzhou City.
Sampling
Five sampling sites, located in Qingyuan Mountain Scenic
Area (BG), residential and commercial area (RD1–RD2),
residential and industrial area (ID), were set according to
the distribution of different functional areas in Quanzhou
City. The specific information about the sampling sites is
shown in Table 1, and the distribution of sampling sites is
presented in Fig. 1.
PM2.5 samples were synchronously collected at each
sampling site in four seasons. The specific sampling periods
for spring, summer, autumn and winter are as follows:
March 30, 2014, to April 1, 2014; July 17, 2014, to July
27, 2014; October 1, 2014, to October 7, 2014; January 8,
2015, to January 14, 2015. Meteorological conditions like
barometric pressure, average temperature, and weather
were recorded during the sampling period. Every sample
was taken for 23 h continuously (8:00 a.m. to 7:00 a.m. in
the next day), and total 116 PM2.5 samples were collected
(four samples were missed due to the fault of sampling
apparatus).
TH-150C III samplers (Wuhan Tianhong Ltd., China)
were employed to collect PM2.5 samples. Before sampling,
the PM2.5 cutters were cleaned and the samplers were
calibrated with a sampling flow rate of 100 L min–1.
Polypropylene filters were used for PM2.5 sampling. Before
and after sampling, the filters were kept in a clean
environment with constant temperature (20 ± 1°C) and
humidity (50 ± 2%) for 24 hours to get the constant weights.
A electronic analysis balance (Sartorius t-114) was used to

Table 1. Specific description of PM2.5 sampling sites.
Site
BG

Functional area
Scenic area

Longitude
118°35′E

Latitude
24°56′N

Height (m)
7

RD1

Residential and
commercial
area

118°35′E

24°54′N

9

RD2

Residential and
commercial
area

118°36′E

24°54′N

24

RD3

Residential and
commercial
area
Residential and
industrial area

118°39′E

24°55′N

10

118°33′E

24°52′N

12

ID

Detail description
Located in a private house roof in Qingyuan.
Street ring village, an urban-rural fringe.
There is no construction around 200 m sphere.
Located in the building roof of Bank of China,
Jiuyi Street in Licheng District, central urban
area. There are some construction sites within
the perimeter of 200 m.
Located in a residential building roof of New
Fengze village in Fengze District, center of the
city. There are some construction sites within
the perimeter of 200 m.
Located in a private house roof in Dongfu Road,
Chengdong Street in Fengze District, suburb.
There are some construction sites around 200 m.
Located in an office building roof in Qingmeng.
Industrial Park, the Economic and Technological.
Development Zone of Quanzhou city. There are
several construction sites within 200 m.
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Fig. 1. Map of sampling sites of atmospheric PM2.5 in Quanzhou City.
weigh the quality of filter membrane, the accuracy was
0.01 mg. The net weight of a PM2.5 sample was calculated by
the mass difference of the filter before and after sampling.
Based on the detailed investigation of traffic, industry
and construction distribution in Quanzhou City, combined
with industrial layout, energy consumption and other
potential pollution sources, five potential sources of PM2.5
including the vehicle emission, coal-fired power plant dust,
cement plant dust, steelworks emission and soil dust, were
collected during the PM2.5 sampling period. Two sampling
sites were set for each potential source. The vehicle emission
dusts were collected with a brush at the traffic roadsides of
Pingshan tunnel and Donghai tunnel. The potential source
samples of coal-fired power plant dust, cement plant fly ash,
iron and steel plant sintered fly ash were collected from
Shishi coal-fired power plant, Anxi Hutou cement plant and
the steel plant, respectively. Two soil dust samples were
collected as natural sources according to the distribution of
soil types within the urban built area and surrounding 10 km.
Determination of REEs and Quality Assurance
A quarter of each PM2.5 sampling filter was cut into pieces
and put into a tetrafluoroethylene crucible, then 0.8 mL
HNO3 and 1–2 drops HF were added. The mixture was
heated in a 130°C dryer for 5 h. Then, the cap was unscrewed
to remove volatile organic compounds (VOCs) and the
mixture was heated in a 180°C dryer for 12 h again. Then,
the mixture was heated on an electro-thermal board till
dryness. Then, 0.5 mL HNO3 was added, and the mixture
was heated again continuously to completely dry. Then,
0.2 mL (50 µg mL–1) Rh as internal standard solution,
0.3 mL HNO3 and 0.1 mL ultrapure water were added into
the tetrafluoroethylene crucible and heated in a 140°C dryer
for another 5 h. After cooled, the solution was diluted with
ultrapure water to 2 mL for further analysis.
For every 10 PM2.5 samples, one sample was randomly

selected for triplicate experiments. A blank filter was
processed using the same digestion procedure for each
batch of samples. Each potential-source sample was digested
according to the procedure described by Zhao et al. (2017).
Concentrations of REEs in the digestion solutions were
determined by inductively coupled plasma mass
spectrometry (ICP-MS, Elan DRC-e, PerkinElmer). Blanks
were subtracted from the samples. A soil reference
material (GSS-7) was used to ensure the accuracy and
precision of the analysis method. The detection limits for
REEs were 0.002 µg g–1 to 0.006 µg g–1. The relative
standard deviation was less than 5.0%. And the recoveries
were within 91.3% to 106.7%.
Determination of Nd Isotope Ratio and Quality Assurance
The separation and purification for Nd isotope was
processed according to the national analytical procedure of
GB/T 17672-1999. The ratio of 143Nd/144Nd was determined
using VG354 thermal ionization mass spectrometry (TI-MS).
A solution of Nd isotope reference material (JMC) was
employed to check the reproducibility and accuracy of the
analysis of Nd isotope ratio, and the measured 143Nd/144Nd of
JMC was 0.511986 ± 0.000022.
RESULTS AND DISCUSSION
Characteristics of REE Concentrations in PM2.5
The mean concentrations of total rare earth elements
(ΣREE), light rare earth elements (ΣLREE) and heavy rare
earth elements (ΣHREE) in atmospheric PM2.5 in Quanzhou
City are shown in Fig. 2(a). The mean values of ΣREE,
ΣLREE and ΣHREE are 3.32 ng m–3, 3.03 ng m–3 and
0.29 ng m–3, respectively. Light rare earths account for
91% of the total rare earth content, which is similar to the
distribution characteristics of rare earth elements in
atmospheric particulates in some cities (Tang et al., 2013),
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Fig. 2. (a) Mean concentrations of ΣREE, ΣLREE and ΣHREE in atmospheric PM2.5 and (b) Mean concentrations of rare
earth elements in atmospheric PM2.5.
manifesting that atmospheric particulates in these cities are
characterized by enrichment of light rare earth elements.
As demonstrated in Fig. 2(b), the mean concentrations
of 14 rare earth elements (arranged in a descending order,
including standard deviation) in PM2.5 in Quanzhou City
show the sequence of Ce > La > Nd > Pr > Sm > Gd > Dy
> Yb > Er > Eu > Tb > Ho > Tm > Lu, basically consistent
with the abundance rank of rare earth elements in the
upper crust, indicating that the distribution of rare earth
elements in PM2.5 in Quanzhou City is controlled by the
crustal abundance of elements.
Seasonal Variation of REE Concentrations
The distributions of PM2.5, ΣLREE, ΣHREE and ΣREE
in PM2.5 in Quanzhou City in different seasons are listed in
Table 2. ΣLREE, ΣHREE and ΣREE in PM2.5 in summer
are obviously higher than those in other seasons, which might
be related to the higher wind speed during the summer
sampling period. The higher wind speed can increase the
ground floating dust, and then increase the proportion of
dust in PM2.5, resulting in the rise of the contents of rare
earth elements in PM2.5.
As shown in Table 2, the minimum values of PM2.5,
ΣREE, ΣLREE and ΣHREE appear in winter samples.
According to the observation of all samples in winter, the
minimum value of ΣREE in each functional area appears in
the PM2.5 samples collected on January 13, 2015. Combining
with the seasonal distribution of PM2.5 mass concentration,
it is discovered that other sampling sites, except sites BG
and RD1, also show an extremely low concentration of
PM2.5 on this day. Meanwhile, the seasonal distribution of
ΣREE in PM2.5 is similar to the seasonal distribution of
PM2.5 mass concentration (spring, summer > autumn, winter),
which suggests that the REE concentration in PM2.5 is
correlated to the concentration of PM2.5 to some extent.
The mean concentrations of 14 rare earth elements
(arranged in a descending order, including standard deviation)
in PM2.5 in different seasons of Quanzhou City are shown
in Fig. 3. It is found that the mean concentration sequences of
REEs in PM2.5 in various seasons basically meet the even
number rule (Oddo–Harkins law). The standard deviation

values of La, Ce and Nd in PM2.5 in four seasons are
relatively large, which reflects the concentration instability
of these elements, i.e., other sources besides soil dust
might also have an influence on the REE concentration.
Distribution Characteristics of REEs in Different
Functional Areas
Distribution characteristics of ΣLREE, ΣHREE and ΣREE
in PM2.5 in different functional areas are listed in Table 3.
The values of ΣLREE, ΣHREE and ΣREE are obviously
different in different functional areas with the order of
residential and industrial area > residential and commercial
area > scenic area, which is consistent with the distribution
of PM2.5 mass concentration in different functional areas. As
shown in Fig. 4, the mean concentrations of REEs (arranged
in a descending order, including standard deviation) in
PM2.5 in different functional areas of Quanzhou City also
basically meet the Oddo–Harkins law. The standard deviation
values of La, Ce and Nd in residential and industrial area
are greater than those in other functional areas, implying
the instability of sources.
Correlation between ΣREE and PM2.5 Concentrations in
Different Seasons
Linear regression fitting was conducted for PM2.5 mass
concentration and ΣREE in PM2.5 samples in the four
seasons of Quanzhou City, as shown in Fig. 5. The results
demonstrate that there is a significant correlation between
ΣREE in PM2.5 and PM2.5 mass concentration in spring,
summer and winter. Nevertheless, there is no correlation
between ΣREE in PM2.5 and PM2.5 mass concentration in
autumn. Hence, the ΣREE in PM2.5 is not only associated
with PM2.5 mass concentration, but also influenced by
other factors in autumn, such as the difference of dilution
intensity caused by gale weather or injection of exogenous
rare earths.
Distribution Patterns of REEs in PM2.5 in Different
Seasons
In order to comprehend whether REEs in PM2.5 undergo
exogenous influences, REEs in PM2.5 and potential-source
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Table 2. Seasonal distribution of ΣLREE, ΣHREE and ΣREE in PM2.5.
Spring (n = 15)
Summer (n = 34)
Autumn (n = 34)
Winter (n = 33)

PM2.5 (µg m–3)
60.00 (35.21–103.37)
41.41 (16.00–83.50)
30.26 (15.89–54.52)
30.53 (7.19–60.38)

ΣLREE (ng m–3)
2.93 (1.04–7.82)
4.82 (1.65–10.28)
2.36 (0.56–6.78)
2.46 (0.12–11.17)

ΣHREE (ng m–3)
0.21 (0.05–0.70)
0.48 (0.09–1.43)
0.22 (0.04–0.75)
0.24 (0.01–1.15)

ΣREE (ng m–3)
3.14 (1.09–8.51)
5.29 (1.74–11.70)
2.58 (0.60–7.53)
2.70 (0.13–12.32)

Fig. 3. Mean concentrations of REEs in PM2.5 in four seasons.
Table 3. Summary of ΣLREE, ΣHREE and ΣREE in PM2.5 in different functional areas (ng m–3).
Scenic area (n = 24)
Residential and commercial area (n = 70)
Residential and industrial area (n = 22)

ΣLREE
1.79 (0.12–4.48)
3.29 (0.13–8.10)
3.59 (0.36–11.17)

samples collected from different functional areas in
Quanzhou City in four seasons were normalized using the
average REE values of 6 Leedy chondrites. As shown in
Fig. 6, 6(a), 6(b), 6(c), and 6(d) are the distribution
patterns of REEs in spring, summer, autumn and winter,
respectively. The geometric shape of REE distribution pattern
has a significant denotative meaning. On the whole, all the
REE distribution patterns lean rightward with the La-Eu
part relatively steep while the Gd-Lu part comparatively
gentle. For all the REE distribution patterns, LREEs show
more enrichment than HREEs, and obvious Eu negative
anomaly exists. In spring, the shapes of La-Er in PM2.5
samples from all functional areas are similar with those of
all investigated potential sources, but the shapes of Tm-Lu
in PM2.5 samples from all functional areas (especially

ΣHREE
0.15 (0.01–0.42)
0.30 (0.02–0.75)
0.38 (0.04–1.43)

ΣREE
1.94 (0.13–4.91)
3.59 (0.15–8.79)
3.96 (0.40–12.32)

residential and industrial area) are obviously different with
those of all investigated potential sources, demonstrating
that not only all the investigated potential sources but also
other uninvestigated sources have an impact on the REEs
in PM2.5. In summer, the REE curve of PM2.5 in scenic area
is similar with those of all investigated potential sources,
suggesting that the REEs in PM2.5 of scenic area mainly
derive from all investigated potential sources. The shapes
of La-Er in PM2.5 samples from the other functional areas
are similar with those of all investigated potential sources,
but the shapes of Tm-Lu in PM2.5 samples are different
with those of all investigated potential sources, demonstrating
that not only all the investigated potential sources but also
other uninvestigated sources have an impact on the REEs
in PM2.5 in the other functional areas in summer. In autumn,
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Fig. 4. Mean concentrations of REEs in PM2.5 in different functional areas.

Fig. 5. Correlation between ΣREE and PM2.5 concentration in different seasons.
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Fig. 6. Chondrite-normalized REE patterns in PM2.5 samples and potential sources in different functional areas in four
seasons (a: spring, b: summer, c: autumn, and d: winter).
the shapes of La-Gd in PM2.5 samples from all functional
areas are similar with those of all investigated potential
sources, but the shapes of Tb-Lu in PM2.5 samples from all
functional areas are different with those of all investigated
potential sources, implying that not only all the investigated
potential sources but also other uninvestigated sources
have an impact on the REEs in PM2.5 from all functional
areas in autumn. It is worth noting that the REE curve of
PM2.5 in residential and industrial area almost overlaps
with that in scenic area in autumn, indicating that the
sources of REEs in PM2.5 from these two functional areas
are almost the same in autumn. The REE curves of PM2.5
in residential and commercial area and residential and
industrial area in summer and the REE curves of PM2.5 in
residential and commercial area in autumn are between the
REE curves of all five investigated potential sources,
implying that the REEs in PM2.5 might come from the
highly mixed substances in different source regions in the
process of wind-force transportation in summer and autumn.
In winter, the REE curves in PM2.5 from three functional
areas are very similar and close to each other, and are all
close to those of cement plant dust and steelworks emissions,
demonstrating that the above two sources might have a
significant influence on the REEs in PM2.5 from all
functional areas in winter. The REE distribution curves of
PM2.5 samples from residential and industrial area in spring

and summer show a great difference from those of other
PM2.5 samples and the investigated potential sources in the
aspect of HREE. Such difference might be caused by the
fact that a special pollution source entered the atmospheric
environment during the sampling period. It should be also
noticed that the REE distribution patterns of the five
investigated potential-source samples do not present an
obvious difference, i.e., the specific sources of REEs in
PM2.5 samples in various functional areas cannot be clearly
judged only through the REE distribution patterns.
Qualitative Identification on Sources of LREEs in PM2.5
in Different Seasons Using Ternary Diagrams
La-Ce-Sm Ternary Diagram
The degree of exogenous influence on REEs in PM2.5
can be judged using La-Ce-Sm ternary diagram, in which
La and Sm are usually multiplied by 2 and 10 respectively
since the abundance of Ce is about 2 and 10 times of those
of La and Sm, respectively (Moreno et al., 2008). In
Figs. 7(a), 7(b), 7(c), and, 7(d) are the ternary diagrams of
La-Ce-Sm in PM2.5 in spring, summer, autumn and winter
in Quanzhou City. Commonly, contamination-free REEs
from the earth crust will be distributed in the central
position of La-Ce-Sm ternary diagram. In this study, soil
dust samples collected in Quanzhou City are almost
distributed in the center of La-Ce-Sm ternary diagram. All
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Fig. 7. La-Ce-Sm ternary diagrams in PM2.5 of different functional areas in four seasons (a: spring, b: summer, c: autumn,
and d: winter).
PM2.5 samples collected in spring are beyond the scope of
soil dust, which means that soil dust is not the main source
of REEs in PM2.5 in spring. Additionally, the scatters of
PM2.5 samples in the other seasons partially superpose soil
dust samples, but are roughly distributed to the upper right
of soil dust, manifesting that the REEs in PM2.5 in
Quanzhou City is influenced by other sources besides soil
dust. Except several special samples, the relative percentage
change scopes of La, Ce and Sm in most PM2.5 samples are
insignificant, and no obvious difference is observed among
PM2.5 samples in three functional areas.
La-Ce-V Ternary Diagram
La-Ce-V ternary diagram was introduced for further
analysis, so as to confirm the sources of PM2.5 in different
seasons in Quanzhou City, and to discuss the reasons for
the spatial difference of REEs in various functional areas.
La-Ce-V ternary diagrams of PM2.5 and potential-source
samples in spring, summer, autumn and winter in Quanzhou
City are shown in (a), (b), (c) and (d) in Fig. 8, respectively.
In spring, the percentage scopes of La, Ce and V in

PM2.5 samples are 0.6%–4%, 0.9%–7%, and 88%–98%,
respectively, approaching cement plant dust samples,
implying a direct influence by the construction dust.
In summer, PM2.5 samples from residential and commercial
area are in the linearity region formed by five potential
sources, suggesting that the five investigated potential
sources all contribute a part. The PM2.5 samples of scenic
area are more easily influenced by steelworks emissions,
coal-fired power plant dust and construction dust. The
PM2.5 samples of residential and industrial area are mainly
under the influence of coal combustion, steelworks emissions,
soil dust and vehicle emission.
In autumn and winter, the PM2.5 samples from scenic
area are close to the scope of cement plant dust, so these
PM2.5 samples are directly influenced by construction dust.
In autumn, PM2.5 samples from residential and commercial
area and residential and industrial area are within the scope
constituted by cement plant dust and steelworks emissions,
implying direct impacts of above two potential sources. In
winter, PM2.5 samples from residential and commercial
area and residential and industrial area are in the linearity
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Fig. 8. Triangle diagram of La-Ce-V in PM2.5 of different functional areas in four seasons and potential sources (a: spring,
b: summer, c: autumn, and d: winter).
scope formed by five investigated potential sources,
suggesting the joint influence by the five potential sources.

in PM2.5 were influenced by other industrial sources such
as coal combustion and cement plant in Quanzhou.

Tracing PM2.5 Sources by Combining Nd Isotope with
LREE/HREE
In order to explore the main sources of PM2.5 in Quanzhou
City, the diagram of 143Nd/144Nd versus LREE/HREE for
some PM2.5 and potential-source samples is plotted in Fig. 9.
It is found that the scope of PM2.5 samples are closer to the
samples of vehicle emission, coal-fired power plant dust
and cement plant dust, but a bit far from the samples of
soil dust and steelworks emissions, implying that the REEs
in PM2.5 in Quanzhou City undergoes the largest influence
from vehicle emission, followed by coal combustion and
construction dust, while the influence of soil dust and
steelworks emissions is relatively insignificant. REEs in
PM2.5 in another southeast Chinese city, Xiamen, were
mainly originated from vehicle exhaust and not dominated
by local natural soil (Wang et al., 2017), which is similar
to the conclusion of the present study. However, there are
more industrial activities in Quanzhou City, causing REEs

CONCLUSIONS
(1) ΣREE, ΣLREE and ΣHREE in the PM2.5 in Quanzhou
City range 0.13–12.32 ng m–3, 0.12–11.17 ng m–3 and
0.01–1.43 ng m–3, respectively. There are obvious
differences in the ΣLREE, ΣHREE and ΣREE values
among the PM2.5 samples taken from different functional
areas in different seasons. In terms of the area, the
values for ΣREE, ΣLREE and ΣHREE exhibit the
sequence: residential and industrial area > residential
and commercial area > scenic area. In terms of the
season, ΣREE, ΣLREE and ΣHREE are obviously
higher during summer.
(2) There are significant correlations between ΣREE in the
PM2.5 and the PM2.5 mass concentration in spring,
summer and winter but none in autumn. All the chondritenormalized REE patterns in the PM2.5 samples and
potential sources lean rightward with LREE enrichment
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Fig. 9. Plot of 143Nd/144Nd versus LREE/HREE for some PM2.5 and potential- source samples in Quanzhou City.
and an obvious Eu negative anomaly. There are no
significant differences between the REE distribution
curves for the investigated potential sources, i.e., specific
sources of REEs in the PM2.5 in various functional
areas cannot be determined only by the REE distribution
patterns.
(3) REEs in the PM2.5 in Quanzhou City are influenced by
sources other than soil dust, and soil dust is not a
significant factor in spring, according to the LaCeSm
ternary diagram. No obvious differences are exhibited
by the PM2.5 samples from the three functional areas.
The sources of REEs in the PM2.5 across the four
seasons and the reasons for spatial differences in the
REEs across various functional areas can be determined
via the La-Ce-V ternary diagram.
(4) According to the diagram of 143Nd/144Nd versus
LREE/HREE for some PM2.5 and potential-source
samples, the REEs in the PM2.5 in Quanzhou City
receive their largest contribution from traffic sources,
followed by coal combustion and construction dust,
while the influence of soil dust and steelworks
emissions is insignificant.
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