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Abstract: The source apportionment of fine particulate matters, especially PM; 5, has drawn great
attention worldwide. Since rare earth elements (REEs) and Nd isotopes can serve as source tracers,
in this study, the characteristics and provenance implications of REEs and Nd isotopes in PM; 5 of
four seasons in Xiamen city, China, were investigated. The range of the ratios of *REE to PM; 5
was 1.04 x 1075 t0 8.06 x 10~%, and the mean concentration of REEs in PM, 5 were in the order
of spring > autumn > winter > summer. According to the geoaccumulation index (Igeo), spring
was the season in which anthropogenic sources had the greatest impact on the REEs in PM; 5. The
chondrite-normalized REE distribution patterns exhibited light rare earth elements (LREEs, including
La, Ce, Pr, Nd, Pm, Sm and Eu) enrichment and a flat heavy rare earth elements (HREEs, including
Gd, Tb, Dy, Ho, Er, Tm, Yb and Lu) pattern. Significant negative Eu anomalies and no significant Ce
anomalies were observed in the PM, 5. The results of La-Ce-Sm ternary plots indicated that the REEs
in the PM; 5 might be related to both natural and anthropogenic sources. Combined with the Nd
isotope, the 143N d /144Nd versus Ce/Ce* plot further illustrated that the REEs in the PM; 5 seemed to
mostly originate from multiple potential sources, in which vehicle exhaust emissions, coal burning
and cement dust made a great contribution to REEs in PM; 5.

Keywords: PM; 5; rare earth elements; Nd isotope; source analysis

1. Introduction

Hazy weather has occurred frequently in recent years and aroused great concern
across the world [1-5]. Haze is generally caused by fine atmospheric particulate matter
(PM), especially particulates with the aerodynamic diameters of less than 2.5 pm (PM; 5) [6].
PM; 5 can not only cause environmental problems but also enter the alveoli directly and
harm human health [7,8]. PM;5 stays in the atmosphere for a long time and can be
transported over long distances, leading to widespread pollution events [9,10]. PM, 5 in
cities is not only complex in composition but also comes from various sources, such as coal
burning, vehicle exhaust, road dust, industrial emissions, construction activities, waste
incineration and soil dust [11,12]. The sources of PM need to be identified for the control
and prevention of atmospheric PM pollution.

Rare earth elements (REEs), which are also known as lanthanoid elements, generally
could be 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
and Lu). REEs with special physical and chemical characteristics are often used as tracer
elements in source apportionment because REEs are not easily affected by weathering,
migration, transformation and sedimentation [13,14]. Furthermore, previous studies have
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shown that REEs can accumulate in the hair, blood, brain, bone, liver and lung and
other human tissues, causing irreversible harm to the human nervous system, respiratory
system, digestive system, liver function, renal function, and so on [15-19]. Although
the concentrations of REEs in PMj; 5 may only account for a low proportion, REEs still
pose a potential threat to human health [20]. Therefore, the REEs in PM; 5 should be
more effectively controlled by understanding the characteristics and provenances of REEs
in PM2.5.

Neodymium (Nd) isotope composition has also proved to be a powerful and sen-
sitive tracer [21] and is used for source apportionment due to its stable existence in the
atmosphere and difficulty in fractionation [22-24]. As one of the REEs, Nd is found in
nature in two major isotopes, namely *4Nd and *3Nd. The ratio of *3Nd/!#*Nd has been
usually measured to more accurately explain the source, migration and transformation of
REEs [25-27]. In particular, the combination of 143N d /144Nd and REE characteristics was
successfully used to determine the sources of REEs in atmospheric particulates [28-30].
For example, our previous study investigated the provenance implications of REEs and
Sr-Nd isotopes in PMj 5 aerosols and PMj 5 fugitive dusts from Nanchang city, China [29].
However, there are still few studies that have systematically analyzed the temporal sources
of PM, 5 using the combination of REE characteristics and Nd isotope.

China has relatively abundant REE reserves and is a major producer of REEs [31,32].
REEs are widely used in some high-tech industries such as electronics, pharmaceuticals,
petrochemical, metallurgy, glass and ceramics, machinery, energy, photoelectric industry,
environmental protection, agriculture and other fields and widely exist in the environ-
ment [33,34]. Xiamen city (24°23'-24°54’ N, 117°53'-118°26' E) is a typical coastal city in
southeastern China. Some high-tech industries that consume REESs, such as electronics and
biopharmaceuticals, are well developed in Xiamen city [35]. Although the atmospheric
environmental quality in Xiamen is among the best in China when compared with other
cities with serious air pollution, there is still a huge gap compared with other countries,
such as Japan, the United States and most European countries [36,37]. Previously, many ex-
perts and scholars mainly focused on the atmospheric PM; 5 pollution in China’s northern
regions with severe smog and rare earth mining areas. To date, there have also been some
studies on atmospheric PM; 5 in Xiamen [38-44]. However, the use of the characteristics
and provenances of REEs and Nd isotope to determine the origins of PM; 5 in this coastal
city is quite limited. Therefore, this study aims to analyze the characteristics and prove-
nance implications of REEs and Nd isotope in PM; 5 throughout the year in Xiamen city, in
order to provide reliable data support and a scientific basis for the prevention and control
of atmospheric PMj; 5 pollution.

2. Materials and Methods
2.1. Study Area

Xiamen city covers a land area of 1699 km? and a sea area of 390 km?, and it is an
important marine port city located in the southeast of China. Xiamen has a monsoonal
humid subtropical climate, with hot and humid summer and mild and dry winter. The
dominant wind direction is southeast in spring and summer, and northeast in autumn and
winter. Xiamen can be divided into two parts: urban areas including Siming and Huli
districts, and suburban areas consisting of Haicang, Jimei, Tong’an and Xiang’an districts.
Urban areas are mostly residential and commercial areas with large population density and
vehicle flow, while industries are mostly distributed in suburban areas.

As described in our previous study in detail, sampling sites of PM; 5 were set up in
both urban and suburban areas of Xiamen city, with the urban and suburban sampling sites
located in Siming and Jimei districts, respectively [45]. Both urban and suburban sampling
sites were located on the building roof and about 20 m above ground. The seasonal PM; 5
samples were collected in spring (8 April-1 May 2017), summer (8 August-26 August 2017),
autumn (10 October 10-27 October 2018) and winter (27 December 2018-13 January 2019)
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except on bad weather days. For each season, 17 samples were collected in urban and
suburban areas, respectively.

2.2. Sampling and Preparation

The PMj; 5 samples were collected by using TH-150A intelligent volumetric samplers
(Wuhan Tianhong Intelligent Instruments, Inc., Wuhan, China) with a sampling flow of
100 L min~!. Sampling was conducted for a total of 22 h from 8:00 a.m. to 6:00 a.m. of
the next day. Polytetrafluoroethylene membranes with a diameter of 90 mm (Whatman)
were used for PM, 5 sampling. Prior to sampling, the membranes were placed in a clean
chamber at constant temperature (25 + 1 °C) and relative humidity (52 £ 2%) for at least
48 h to attain constant weight before and after sampling. The membranes were weighed
using an electronic scale with an accuracy of 0.01 mg (Sartorius T-114). The concentrations
of PM; 5 were determined by the ratio of the weight difference before and after sampling to
the total sampling volume. All PM, 5 samples were wrapped in aluminum foil, placed in
sealed bags, and stored in a refrigerator at —20 °C for testing.

Meanwhile, in order to investigate the provenances of REEs in PM; 5, the main po-
tential source materials, including gasoline and diesel vehicle exhaust dust, coal burning
dust, cement dust, road dust, steel dust, waste incineration dust, firework and firecracker
dust and background soil, were also collected. Vehicle exhaust dust was collected from
the exhaust pipes of gasoline vehicles and diesel vehicles, and a total of six samples were
collected. A total of seven samples were collected for electrostatic dust removal in Xiamen
raw coal fly ash furnace bottom slag coal-fired power plant. Five samples of the waste
incineration dust were collected from the dust falling around the waste incineration plant.
Cement dust was collected at the construction site near the sampling point; samples of
fireworks and firecrackers were taken at the place after discharge; and six samples of ce-
ment dust and firework dust were collected, respectively. Road dust was collected from the
roadside, and dust was collected from leaves, wooden doors, windows and glass surfaces,
and six samples were collected. All the potential source samples were brushed into sealed
bags with clean brushes, labeled and stored in a refrigerator at —20 °C for testing.

2.3. Analysis Method and Quality Assurance

The HNOs3-HF method was employed for digestion [30], and a mass spectrometer with
inductively coupled plasma was used to measure the REE concentrations (ICP-MS; ELAN
9000, PerkinElmer, Waltham, MA, USA). Reagent blanks and blank filters using the same
digestion were also processed, and both had a minimal impact on the REE determination.
For quality assurance, the Institute of Geophysical and Geochemical Exploration (China)
accredited soil reference material GSS-5 was employed. The recovery rate of the determined
elements was in the range of 80-120%, and the relative standard deviation (RSD) was less
than 5%. Fourteen rare earth elements were detected, the detection limits for REEs were
0.002 pg/g to 0.006 ug/g. The relative standard deviation was less than 5.0%, and the
recoveries were within 91.3% to 106.7%.

The samples were additionally digested as described for the determination of REEs
in order to analyze the Nd isotopic compositions. When the digestion solution was dried,
1.5 mL of 7.2 mol L~! excellent-grade pure hydrochloric acid was added. Then, the solution
was evaporated, and 1.5 mL of 0.5 mol L~! hydrochloric acid was added again. After
centrifuging, the elution was transferred into CL-P507 resin, and 3 mL of 0.1 mol L~!
hydrochloric acid was utilized once more for the separation and purification of Nd. The
Nd isotopes were measured using a thermal ionization mass spectrometer (TI-MS). The
Nd isotopic compositions of reference materials (JNdi-1) were examined to verify the
repeatability and precision of Nd isotope determination. The measured **Nd /#4Nd value
for the JNdi-1 standard was 0.512118 + 0.000020, which was coincident with the referenced
value of 0.512148 £ 0.000029 (n = 6) [30].
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3. Results and Discussion
3.1. REE Concentrations in PM> 5

The concentrations of REEs in PM; 5 in Xiamen are shown in Figure 1 and Table 1.
The range of the ratios of 2REE to PM; 5 was 1.04 x 1072 t0 8.06 x 10~4, with the mean
concentrations following the order of spring > autumn > winter > summer. The mean
concentrations of XREE were suburban > urban in spring and summer, whereas they were
urban > suburban in autumn and winter. This result indicated that the REEs in PM; 5 might
be affected by different potential sources in different seasons. The mean concentrations of
YLREE and THREE ranged from 0.35 to 42.83 ng/m? and 0.03 to 3.56 ng/m?3, respectively.
The spatial and temporal distribution characteristics of XLREE and XHREE in different
seasons were consistent with those of ZREE. Furthermore, the XREE of PM; 5 in Xiamen in
this study were obviously lower than those collected in Nanchang [29,46] and Dagqing [47]
but similar to those in Quanzhou [48].

Table 1. Mean concentrations (ng/ m?) of ZLREE, “HREE and ZREE in PM, 5 and the ratios of ZREE
to PM; 5 in Xiamen city.

Spring Summer Autumn Winter
Urban Suburban Urban Suburban Urban Suburban Urban Suburban
YLREE 20.38 42.83 1.13 2.12 2.31 1.64 2.1 0.59
>HREE 1.92 3.56 0.12 0.2 0.19 0.19 0.2 0.07
2REE 22.3 46.4 1.25 2.33 2.5 1.83 2.29 0.65
YREE/PM,5 x 1075 36.31 80.58 4.07 6.33 5.68 3.76 5.37 1.92

The mean concentrations (ng/m?) of each REE in PM; 5 in Xiamen city showed an
enrichment of the LREEs in the order of Ce > La > Nd > Pr > Sm > Gd > Dy > Yb > Er > Eu >
Tb > Ho > Tm > Lu. The order of REEs in the PM; 5 samples mostly complied with the
Oddo-Harkins rule but did not exactly match that in the local background soil (Ce > La >
Nd > Pr > Sm > Gd > Dy > Yb > Er > Eu > Ho > Tb > Lu > Tm), suggesting that anthro-
pogenic activities had some influence on the REEs in the PM; 5 samples. In order to assess
the anthropogenic impact, the geoaccumulation index (Igeo) was further applied.

3.2. REEs’ Geoaccumulation Indices in the PM; 5

Igeo, which was originally introduced by Miiller [49], was calculated as Igeo =10ga[Cn /(1.5By)],
where C,, denotes the concentrations of REEs in the sample, and B, is the background
value. Igeo < 0 is regarded as primarily affected by natural sources. Otherwise, the Igeo > 0
indicates to a certain extent of the impact of anthropogenic activities. Igeo > 0 could be
divided into different levels of impact: No influence/moderate influence (0 < Igeo < 1).
Moderate influence (1 < Igeo < 2). Moderate influence/strong influence (2 < Igeo < 3).
Strong influence (3 < Igeo < 4). Strong influence/extreme influence (4 < Igeo < 5). Extreme
influence (Igeo > 5). The Igeo values of the REEs are illustrated in Figure 2. With the ex-
ception of spring, the median Ige, values of REEs in the PM; 5 samples were almost less
than 0 in most seasons, demonstrating that anthropogenic sources primarily impacted
the REEs in PM; 5 in the spring. The g, assessment showed that the fourteen rare earth
elements were moderately or strongly influential in spring in urban and suburban areas,
while the other seasons had no influence or moderate influence. This might be because
of higher wind speed, which can increase the ground floating dust and then result in the
accumulation of REEs in PM; 5 in spring. Furthermore, when analyzing the g, values of
PM; 5 for each season in detail, the median Ige, values were higher in suburban than in
urban areas in spring and summer, while opposite was true in autumn and winter, which
suggested different sources in different seasons.
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Figure 1. The concentrations of REEs in PM; 5 in Xiamen.
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Figure 2. The Ige, values of REEs in PM; 5 in Xiamen.

3.3. Distribution Patterns and Characteristic Parameters of REEs in PM; 5

The REE distribution patterns in PM; 5 were further used to investigate the sources of
the REEs. Six Leddy chondrites [50] were used to normalize the REEs (mg/kg) in PM; 5
samples and their potential sources in Xiamen. The enrichment of LREEs in relation to
HREEs was visible in the chondrite-normalized REE patterns of all PM; 5 samples and
potential source materials (Figure 3). The distribution patterns of soil background value,
coal fired dust, cement dust, waste incineration dust and road dust were similar, showing
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negative Eu anomalies and a flat HREE pattern. The distribution pattern of vehicle exhaust
showed positive Ce and Er anomalies and negative Eu anomalies, and the HREEs still
showed a downward trend after Er. The distribution pattern of steel dust showed positive
Ce and Tb anomalies, and the HREE pattern was flat as well. The firework dust showed
obvious positive Eu anomalies, and firecracker dust had no obvious anomalies. In spring
and summer, the REE curve of PMj; 5 in urban and suburban areas was similar to those of
the investigated potential sources, suggesting that the REEs in PMj 5 of urban and suburban
areas mainly derive from those investigated potential sources. It was also found that PM; 5
samples in the autumn and winter may have been influenced by other potential non-local
sources. In spring and summer, the distribution patterns of REEs in PM; 5 samples were
similar to those of coal fired dust, background soil, cement dust and road dust. In autumn,
REEs showed obviously negative Eu anomalies, and the HREE distribution showed a
‘sawtooth’” pattern, which was exactly complementary to that in Xiamen rainwater [51],
this might be because typhoons were frequent in the autumn of 2018 in Xiamen and might
have resulted in the soluble REEs in PM; 5 being washed into the biogeochemical cycle by
rain [52]. In winter, the positive anomalies of Tb and the negative anomalies of Eu and Er
might be influenced by vehicle exhaust and metallurgical industry in winter.

Spring-urban Spring-suburban background soil —® — gasoline exhaust dust
—&— Summer-urban—®— Summer-suburban 4 diesel exhaust dust—w— coal burning dust
—@— Autumn-urban—8— Autumn-suburban 4 cement dust < waste incineration dust »  road dust
—@— Winter-urban—®— Winter-suburban steel dust—*— firework dust @ firecracker dust
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) * 2 ) z M
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sl e o\ / ! -9 pr |
1L g4 > g
| A )
La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu La Ce Pr Nd Sm Eu Gd Tb Dy Ho Er Tm Yb Lu

Figure 3. Chondrite-normalized REE distribution patterns in PM, 5 (left) and potential sources (right)

in Xiamen.

The distinctive REE parameters including Ce/Ce* Eu/Eu*, XLREE/ZHREE and
(La/YDb)n were calculated to offer significant information about provenance composi-
tion (Table 2). Generally, when Ce/Ce* (Eu/Eu*) < 0.95, it is a negative anomaly; when
Ce/Ce* (Eu/Eu*) > 1.05, it is a positive anomaly; and when the value ~ 1, there is no
anomaly. ZLREE/>XHREE and (La/Yb)y can also provide significant information about
provenance composition [30]. In spring and summer, the Ce/Ce* values showed no obvious
Ce anomalies in PM; 5, while Eu/Eu* values in PM, 5 samples in both spring (0.65) and
summer clearly demonstrated negative Eu anomalies (0.58), which was close to that of
the background soil (0.54) and cement dust (0.68). In autumn, the Ce/Ce* values showed
positive anomalies, while the Eu/Eu* values showed negative anomalies, which were
similar to the case for motor vehicle exhaust dust and road dust. In winter, Ce and Eu in
PMj; 5 showed negative anomalies, which were close to those for coal burning dust and
garbage incineration dust. Both XLREE/X~HREE and (La/Yb)y values could represent the
fractionation degree between LREEs and HREEs. According to LREE/HREE and (La/Yb)y,
the LREEs in both PM; 5 and potential sources were enriched in Xiamen.
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Table 2. Characteristic parameters of REEs in PM; 5 and potential sources in Xiamen city.
Ce/Ce* 2 Euw/Eu* P ZLREE/ZHREE ¢ (La/Yb)y
Spring 1.05 0.65 11.24 14.85
Summer 1.01 0.58 9.80 11.81
PM3 5
Autumn 1.19 0.33 10.74 19.29
Winter 0.93 0.69 9.65 13.36
Background soil 0.96 0.54 11.60 13.79
Automotive 121 0.78 11.96 19.65
gasoline dust

Automotive diesel dust 1.19 0.85 9.91 14.62
Potentialsources Coal combustion dust 0.89 0.63 10.97 12.92
Cement dust 0.98 0.68 7.76 7.89
Road dust 1.07 0.82 10.14 10.95
Waste incineration dust 0.88 0.88 9.88 13.72
Steel dust 1.11 1.07 9.30 8.80
Firework dust 1.06 10.33 13.98 16.98

a Ce/Ce* = Cen/(Lay x Pry)?5. P Eu/Eu* = Euy/(Smy x Gdy)?5. € The ratio of LREEs to HREEs.

3.4. Source Analysis of REEs by Ternary Plots

Since ternary plots could be used for the source analysis [17,53,54], the ternary La-
Ce-Sm plot of PM;5 and potential pollution sources in Xiamen is shown in Figure 4.
Concentrations of La, Ce and Sm were adjusted to place crustal abundances of these
elements in the center of the triangle. The points of the PM; 5 and potential source samples
were all distributed near the soil background value except for firework dust, which was
slightly offset to the upper right of the plot. It is noteworthy that, the distribution of
PM, 5 was relatively concentrated in spring and summer, while it was relatively scattered in
autumn and winter, indicating that the sources of PM, 5 samples in autumn and winter were
more complex, which was consistent with the results for the distribution patterns of REEs.
Additionally, the scatters of PM, 5 samples in the four seasons partially superposed those of
the investigated potential sources samples but were not a close match, manifesting that the
REEs in PM, 5 were influenced by other sources besides the investigated potential sources.

3.5. Nd Isotope Tracing of Rare Earth Elements in PM; 5

Since Nd isotopic composition hardly changes with geochemical processes such as
weathering, transportation and deposition, Nd isotopes, usually denoted by 43Nd/#4Nd,
have a ‘fingerprint effect’ and can be used to trace the origin of rare earth elements [55-59].
Considering that Nd isotope composition might be affected by both natural and anthro-
pogenic sources, the relationship between Nd isotope and the characteristic parameters
of REEs (Ce/Ce* and LLREE/>~HREE) were analyzed to learn more about their source.
The “3Nd/*Nd versus Ce/Ce* for PM, 5 and potential source samples are plotted in
Figure 5. PM; 5 samples mostly fall within the ranges of cement dust, coal dust and vehicle
exhaust dust in summer. The significant contribution of vehicle exhaust emissions to REEs
in PM; 5 was also reported in Quanzhou city, which is also located in southeast China [39].
However, in autumn and winter, the points were more dispersed. The samples shifted
toward the soil parent material in autumn, and most of the samples were located near the
steel dust, firework dust and garbage incineration dust in winter. However, some samples
were located near garbage incineration dust and road dust, indicating that the samples
were affected by complex sources.
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4. Conclusions

The concentrations of REEs in the PMj; 5 in Xiamen city had the order spring > au-
tumn > winter > summer, with the LREEs ranging from 0.35 ng/m? to 42.83 ng/m? and
the HREEs ranging from 0.03 ng/ m?3 to 3.56 ng/ m?3. In the spring and summer, the mean
REE concentrations were suburban > urban, whereas in the fall and winter, they were
urban > suburban. The Ige, values of REEs suggested possible anthropogenic effects in
spring. The chondrite-normalized REE distribution patterns of the PM, 5 samples showed
negative Eu anomalies. In the La-Ce-Sm ternary plots, the distribution of PM, 5 points
was relatively concentrated in spring and summer, which was near the potential sources
represented by soil background values, while the distribution of PM; 5 points was relatively
scattered in autumn and winter, which shows that it was influenced by more complex
factors. Furthermore, according to the 143N d /144N d versus Ce/Ce* plot, REEs in PMj; 5 of
Xiamen city in four seasons were affected by a variety of potential sources; vehicle exhaust
emissions, coal burning dust and cement dust have a greater impact on REEs in PM; 5, and
the REEs sources in autumn and winter were further confirmed to be more complex than
in spring and summer.
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