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Abstract: Ninety-six particulate matter (PM10) chemical source profiles for geological sources
in typical cities of southwest China were acquired from Source Profile Shared Service in China.
Twenty-six elements (Na, Mg, Al, Si, K, Ca, Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, Ga, As, Se, Sr, Cd,
Sn, Sb, Ba, Be, Tl and Pb), nine ions (F−, Cl−, SO4

2−, NO3
−, Na+, NH4

+, K+, Mg2+ and Ca2+), and
carbon-containing species (organic carbon and elemental carbon) were determined to construct
these profiles. Individual source profiles were averaged and compared to quantify similarities
and differences in chemical abundances using the profile-compositing method. Overall, the major
components of PM10 in geological sources were crustal minerals and undefined fraction. Different
chemical species could be used as tracers for various types of geological dust in the region that
resulted from different anthropogenic influence. For example, elemental carbon, V and Zn could be
used as tracers for urban paved road dust; Al, Si, K+ and NH4

+ for agricultural soil; Al and Si for
natural soil; and SO4

2− for urban resuspended dust. The enrichment factor analysis showed that Cu,
Se, Sr and Ba were highly enriched by human activities in geological dust samples from south-west
China. Elemental ratios were taken to highlight the features of geological dust from south-west China
by comparing with northern urban fugitive dust, loess and desert samples. Low Si/Al and Fe/Al
ratios can be used as markers to trace geological sources from southwestern China. High Pb/Al
and Zn/Al ratios observed in urban areas demonstrated that urban geological dust was influenced
seriously by non-crustal sources.
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1. Introduction

Air pollution is of great concern in China, especially the high levels of particulate matter (PM) that
occurred in the extremely heavy haze pollution of 2013 [1–4]. The challenges related to cleaning China’s
air were extensively discussed by Zhang et al. [5]. The central government released the Atmospheric
Pollution Prevention and Control Action Plan in September 2013, which aims to reduce PM2.5 levels
by 25% relative to 2012 levels by 2017, and is backed by US $277 billion in investments from the
government. Controlling emission sources is of particular importance in air pollution control [6].

One of the major contributors to urban PM is fugitive dust, which contributes 17%~32% of summer
PM2.5 mass and 12%~34% of winter PM2.5 mass in 14 Chinese cities [7,8]. Geological dust is also a
great concern in other parts of the world. For example, at an urban site in California, Chow et al. [9]
found that 40%~60% of the ambient PM10 originated from geological sources. In Birmingham of UK
and Delhi of India, as described by Pant et al. [10], elements of Ba, Si and Zn were used as markers to
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estimate the contributions of non-exhaust sources in road dust of PM10 to characterize the road dust
emission. Alam et al. [11] in northern Pakistan observed that resuspended road/soil dust accounted
for 35.9% of the total PM10 mass using positive matrix factorization (PMF) model.

Local and regional source profiles are essential for PM source-apportionment studies, and are
used as input to receptor models [12], such as the chemical mass balance model (CMB), to quantify the
correspondent source contributions. The SPECIATE database is currently the most comprehensive
collection of source profiles available, containing over 3000 PM profiles from the literature [13]. Related
source types include fugitive dust, motor vehicle exhaust, biomass burning, industrial boilers and
residential coal burning. Detailed information, such as source categories, sampling and analytical
methods and data quality assessment, is also recorded in the SPECIATE database. The SPECIEUROPE
database of PM emission source profiles collected in Europe became accessible in 2015 [12]; in that
paper, the authors explored the relationships between profiles from different sources using cluster
analysis. Chemical profiles of geological sources were also reported in studies of cities in China
and other countries [14–21]. However, the knowledge of geological dust source profiles is limited,
especially at regional scales. Trace elements, such as Al, Si, Ca and Fe, have been used as markers for
geological sources in many studies [14,22–24]. However, these commonly quantified compositions are
often insufficient to distinguish between different geological dust profiles for its strong collinearity.
Detailed regional and local source profiles are needed to better understand PM pollution and obtain
reliable source-apportionment results.

China’s landcover categories may differ from other parts of the world in terms of chemical surface
fluxes. As a result, imported source profiles from available overseas agencies may not represent the full
emission profiles found in China. In the absence of national source profiles for emissions, researchers
from the Chinese Research Academy of Environmental Science (CRAES) have been developing a Source
Profile Shared Service in China (CSPSS, www.speciate.org.cn). CSPSS has collected comprehensive
data from Chinese cities that reveal the profiles of different regions across the country. In southwest
China, high dust loading attributed to local human activities was found but less aerosol researches have
been done in this region [4,25,26]. In addition, the Asian dust events (ADEs) observed on 5~6 May 2005
and 9~14 March 2013 demonstrated that desert dust can be transported to this region, which had been
considered to be nearly free of Asian dust incursions based on historical assumption [27,28]. In this
study, we chose a range of PM10 source profiles of geological dust in cities of southwest China from
CSPSS. Several performance measures were examined to evaluate similarities and differences among
source profiles by grouping them in various ways to make composite profiles. The profile-compositing
method, applied in geological dust analysis from San Joaquin Valley [9], can screen representative
profiles of source categories.

Our research aims to: (1) document geological dust source profiles in southwestern cities of
China acquired on the CSPSS; (2) examine similarities and differences among dust samples within
and between different source types; (3) characterize the chemical composition; and (4) prepare source
profiles for receptor modeling and to guide the pollution control efforts. These source profiles
composites are intended to represent mass fractional abundances with their uncertainties as geological
dust collected from southwest China.

2. Methods

Ninety-six geological dust profiles from four cities of southwest China were downloaded from
CSPSS. Source types included: (1) paved road dust from urban areas; (2) agricultural soil from
five different croplands—potato, corn, walnut, grape and orange; (3) natural soil from wetlands
and mountains with little anthropogenic influences; and (4) urban resuspended dust from building
platforms (roofs and windowsills) (see Table 1).

www.speciate.org.cn
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Table 1. Summary of source types of geological dust samples.

Source Type Source Subtype Total Number
of Samples

Number of Different Depths

Surface 20 cm Depth

Urban paved road
Urban main street 5 5 -
Highway road 3 3 -
Bridge 4 4 -

Agricultural soil

Potato field 2 1 1
Corn field 2 1 1
Walnut field 2 1 1
Grape 2 1 1
Orange 2 1 1

Natural soil
Wetland soil 2 1 1
Mountain soil 2 1 1

Resuspended dust roof of buildings 3 3 -
Window sills 3 3 -

Total 32 25 7

Totally, 32 dust samples were collected from 25 sites in June 2012, as shown in Table 1. The samples
had been resuspended by filters, with three parallels for each. The filters were then chemically
analyzed to obtain the 96 PM10 source profiles. For the analytical methods used in this study, refer
to Ren et al. [29]. These data were uploaded to CSPSS for further research. Averages and standard
deviations of the chemical abundances from subsets of the individual profile are intended to represent
a larger source profile categories. The compositing approach is described in Figure 1.

Each successive level in Figure 1 represents a larger number of profiles in the group, but a lower
commonality among the sampling locations and source categories. Level I showed similarities between
surface and 20-cm-depth of soil profiles at the same location, while Level II tests for profile differences
from different locations within subtypes. Level III compares profiles derived from different activities
regardless of location among subtypes, and Level IV groups specific activities into four generalized
emission inventory categories.

Statistical measures used in this study were described as follows: (1) the t-test determines whether
the chemical abundances are distinct, with the p value threshold of 0.05; (2) the Pearson’s correlation
coefficient (r) quantifies the strength of statistical relationship between profiles and we chose r > 0.8 as a
good correlation according to previous studies [9,30,31]; and (3) the distribution of weighted differences
[residual (R)/uncertainty (U) = (Fi1 − Fi2)/(σi1

2 + σi2
2)0.5] quantifies the differences between certain

species from different profiles where Fij is fractions of total mass for species i from source j and σij is
uncertainties of Fij. The normal probability function is used to evaluate the R/U ratios (68%, 95.5%
and 99.7% for ±1σ, ±2σ and ±3σ, respectively). The number of species abundances within each range
and >3σ is listed. When r > 0.8, p > 0.05 and 80% of the R/U ratios are within ±3σ, the two profiles
are considered to be similar, as described by Chow et al. [9]. It is worth noting that artifacts such as
sampling and analysis process may also give rise to large R/U ratio.
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Figure 1. Source profile-compositing scheme for testing within-source and between-source variability.
Source profile abbreviations for each level are given in parentheses.

3. Results and Discussion

3.1. Features of Chemical Composition

3.1.1. Similarities and Differences

The profile-compositing scheme illustrated in Figure 1 is summarized in Table S1. Surface and
20-cm-depth soil samples were collected from the same location (Level I). All performance measures
were applied to check the similarity of the profiles. This was the case for agricultural and natural
fields. Correlation coefficients were exceeded 0.92 and p > 0.05. More than 95% of the R/U ratios
showed differences between paired abundances within ±3σ. Soil samples collected from surface or
20-cm depth would have been sufficient to represent most chemical abundances from different soil
crops. For comparison of paired orange soil profiles, R/U ratios exceeding 3 were Cl−, organic carbon
(OC) and NH4

+. For Cl−, the abundances were 0.37% ± 0.04% for surface soil and 0.21% ± 0.02% for
20-cm-depth. For OC, the abundances were 6.34% ± 0.65% and 3.73% ± 0.32%, respectively. Results
show that the analytical uncertainty was better than the natural variability in abundances for these
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species. The largest R/U ratio was 15 for NH4
+ with abundances of 0.11% ± 0.00% and 0.02% ± 0.01%,

differing by nearly an order of magnitude. The variation in this result might have occurred because
organic manure was not uniformly applied or mixed throughout the material. For grape lands, the
R/U ratio of element As was 3.3, only slightly higher than the 3σ. The paired samples from natural
soil have similar profiles with r value of 0.95 and 0.99, respectively. The fractions of differences within
±1σ were 93% and 85% for wetland and mountain soil, respectively. Averages of surface and depth
sample profiles were used in subsequent comparison.

The comparison in level II was made for samples from different areas of subtype sources. Chemical
abundances were expected to be more variable at different locations. Many species showed higher
natural variabilities than analytical uncertainties as shown in Table S1. Overall, the fraction ratio of
r > 0.8 declined from 100% for Level I to 85% for Level III. The differences of 93% species fell within
±3σ. There was substantial similarity between five main street dust profiles (r > 0.8), with differences
over 80% of species falling within ±3σ, and no significant differences (p > 0.05). Chemical species with
ratios of R/U > 3 were Na, Mg, V, Cu, Cr and elemental carbon (EC). Most of the differences between
profile pairs occurred in different areas. Ga was detected at 0.01% ± 0.00% in PVRDM4, about an order
of magnitude higher than that in other profiles. This indicates that Ga might be a good marker for
main street #4 dust, but needs further research.

There were large differences among the four highway dust profiles (PVRDH1, -2, -3 and -4)
from different areas; the correlation coefficient (r) was 0.58 for PVRDH1/PVRDH2 and 0.76 for
PVRDH2/PVRDH3. Abundances of Mg, Si and Fe differed to a great level than their uncertainties
in these profiles, which was partly due to different mineral contents in different areas of the soil. For
example, Mg was 50% lower and Si was 60% higher in PVRDH2 than in PVRDH1, while Fe was 80%
higher in PVRDH2 than in PVRDH3. Similar abundances were found among the four paved road dust
profiles (PVRDB1, -2, -3 and -4), which were 30%~40% higher for Ca and 33%~80% lower for Mg in
PVRDB1 than in the others. The dust profiles from the platform of buildings showed high correlations
(r > 0.8). However, crustal species of URDW3 were lower than those from the other two paired profiles,
i.e., 29%~37% for Mg, 20%~23% for Fe, 21%~34% for Na and 32%~48% for As. Only 40%~78% of the
differences were within ±1σ, even though correlations (r > 0.95) were high for the three profiles.

The Level III composites accounted for different source subtypes as well as location-related
differences. The 12 Level III profiles showed 92% of R/U ratios within ±3σ for paired comparisons.
Even though the t-test results showed no statistical differences among profiles, only 40% of differences
are within ±1σ overall. This is due to the larger uncertainties among the profiles. Correlations
were similar to Level II, with 0.78 < r < 0.87 for three subtypes of urban paved road dust profiles,
0.82 < r < 0.97 for the five agricultural lands profiles, r = 0.96 for wetland soil (NSW) vs. mountain
soil (NSM) and r = 0.78 for urban resuspended dust profiles. Due to the limited number of samples
available, these subtypes of sources are further grouped into four type sources.

For the Level IV profiles that defined major emission inventory categories, the uncertainties
of chemical abundances were the highest of the four levels, with most R/U ratios being <3. Most
correlations were lower (0.23 < r < 0.69) than those for other levels. The lowest correlation (0.23) was
found between paved road dust (PVRD) and agricultural soil (AS) profiles. All the Level IV t-test
probabilities showed significant differences between the profiles.

3.1.2. Chemical Abundances

Table S2 summarizes the Level III and IV composite profiles, while Figure 2 illustrates the four
Level IV source types.
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Figure 2. Geological source profiles of paved road dust, urban resuspended dust, natural soil and
agricultural soil from southwestern regions of China. The height of each bar indicates the percentage
of the corresponding chemical species to PM10. The position of each short line shows the variability in
percentage composition, which includes measurement errors and source variabilities.

The maximum-to-minimum (max/min) abundance ratios of 40 species in profiles are indicated in
Figure 2. Substantial differences were found in level IV composite profiles, since the max/min ratios
of many species exceeded 10. The highest abundances of EC, V, Cu, Zn, Pb and Sb were found in the
urban paved road dust profile. The results are similar with other studies of road dust [10,19,21,32],
which is attributed to the effect of motor vehicle contributions such as brake, tire wear and oil drips.
Ho et al. [21] and Watson et al. [32] reported OC, EC and Pb as the most abundant constituents in paved
road dust. The highest NH4

+, K+ and Se abundances were in the agricultural soil profile; the highest
NO3

− was in the natural soil profile; and the highest SO4
2− and Cr were in the urban resuspended

dust profile. Zhao et al. [33] found that Zn, Cu and Cr were enriched in urban resuspended dust in six
cities of north China. The max/min ratios of OC (6.28% ± 2.33%) and EC (0.47% ± 0.61%) abundances
in urban paved road dust were 3.3~7.2 and 2.3~18.1 times higher, respectively, than those in other
profiles. Carbon fraction abundances were the highest in the paved road dust and lowest in the natural
soil. OC/EC ratios ranged from 8 to 14 in the urban paved road dust and resuspended dust, while the
ratios were 7–10 in paved road dust in San Joaquin Valley [9]. In six cities of north China, the values
were 2~10 in urban resuspended dust profiles [33]. These ratios were 18–35 in the agricultural soil
profile and 45~50 in the natural soil profile, while the values >100 were observed in other soil dust
profiles around the world [18,19,34].
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Trace elements, such as Zn, Ba, Cu, Sn and Sb, were 1.5~12 times higher in the urban paved road
dust profile than those in other profiles. This might attribute to vehicle emissions from wear of tires,
brakes, clutches and road surface. As, Sb, Cd, Pb, Cl− and NH4

+ were 1~3 times higher in agricultural
soil than in the natural soil. Abundant geological species (Al and Si) were higher in the natural and
agricultural soil than in the other two profiles. Ca abundances (4.89% ± 3.21%) in the agricultural soil
were 33%~45% lower than other profiles. Leaching of water-soluble calcium carbonate by irrigation
may increase or decrease Ca abundance in agricultural soil [9]. It was highly enriched (8.33% ± 5.36%)
in the urban paved road dust, about twofold higher than those in other profiles. In general, the cation
(Na+, K+, Mg2+ and Ca2+) abundances were lower than those in other regions of China [14,18,20].
This may be attributed to acid rain in southwest regions of China; soil acidification can neutralize
the cation in soil [35]. Metals of Ti, V, Mn, Co, Sr and Tl were also the highest in the urban paved
road dust. The profiles of urban resuspended dust were similar to those of paved road dust, except
for lower Cr (0.01% ± 0.01%), V (0.01% ± 0.00%), Ni (0.004% ± 0.004%) and Zn (0.03% ± 0.03%). In
addition, Cr, V and Ni exhibited a good correlation (r > 0.85) which was consistent with the findings
of Cheng et al. [30], and likely related to vehicle exhaust emissions. Correlations among the crustal
elements such as Al, Si, Ca and Ti were good, with 0.73 < r < 0.89 across the four source types. Mn and
Fe were also observed to have good correlations with crustal elements (Al, Si and K), which indicates
that Mn and Fe have mainly crustal origin. It is worth noting that Pb is still persistent in urban paved
road and resuspended dust although direct emissions of Pb from vehicles have been forbidden since
2003 in China. This may be attributed to deposits of emissions from earlier vehicle exhaust and coal
burning as Shen et al. [14] reported in 14 northern Chinese cities.

3.2. Contributions of the Major Components

Contributions of the major components to PM10 have been derived from the elements, ions, OC,
and EC (Figure 3). To better account for the emission features, eight major constituents in profiles
were estimated: particulate water, crustal minerals, trace components, organic matter, inorganic ions,
other ions, elemental carbon and others. The seven constituents composed of multiple species were
calculated as follows:

(1) Particulate water on PM was associated with hygroscopic species such as nitrates, sulfates and
some organic species [36]. Murillo et al. [37] calculated particulate water associated with PM2.5

from Salamanca by multiplying 0.32 to the sum of NH4
+ and SO4

2−, whereas Frank [38] used the
value of 0.24. The ratio of 0.28 was used in this study, which is the median of the values from
two researches.

(2) Crustal minerals were expressed as 1.89Al + 2.14 Si + 1.4Ca + 1.2K + 1.43Fe + 1.67Ti, assuming
the common oxide forms of Al2O3, SiO2, CaO, K2O, Fe2O3 and TiO2 [39,40]. The IMPROVE
recommended soil formula expressed minerals as the sum of the oxides of Al, Si, Ca, Ti and Fe,
and other unmeasured compounds were compensated by multiply a factor of 1.16. However, the
factor of 1.16 was thought to overestimate crustal fraction [41]. Thus, the first formula was used
in our research.

(3) Trace components were determined as sum of trace elements (All elements except for Al, Si, Ca,
K, Fe and Ti) and their oxides such as Na2O, CuO, PbO2 and so on. The oxides were calculated
by multiplying trace element abundances by corresponding ratios. Each ratio of the element was
obtained from research of Reff et al. [42].

(4) Organic matter (OM) was calculated by multiplying OC abundance by ratio of OM/OC. Chow et
al. [41] found that multipliers varied from 1.2 to 2.6 depending on the extent of OM oxidation
and secondary organic aerosol formation. In this study, the values of 1.4 and 1.8 were applied for
urban and non-urban sites, respectively.

(5) SO4
2−, NO3

− and NH4
+ are summed without weighting factors for inorganic ions [43].

(6) The other ions include Na+, Mg2+, Ca2+, K+, F− and Cl−.
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(7) Others, the remaining mass of PM, may be attributed to unknown sources, measurement errors
and improper multipliers.
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Figure 3. Major components for geological sources of urban paved road dust (PVRD), urban
resuspended dust (URD), agricultural soil (AS) and natural soil (NS) from southwestern regions
of China. Error bars represent the total propagated error calculated from the standard deviation of
samples within each source type for each chemical component; the definition of each component can
be found under the heading “Contributions of the major components”.

Results of group divisions for eight major species in four different sources are shown in Figure 3.
Overall, crustal minerals and others comprised the majority of geological sources, accounting for
56%–68% and 20%–29%, respectively. The results were relatively consistent as Cheng et al. [30] reported
in dust of PM10–2.5 near a Hong Kong roadway. Crustal minerals of urban paved road and resuspended
dust were ~17% lower while others were ~50% higher than that of agricultural and natural soil, which
indicated more anthropogenic influence on urban sites. Organic matter showed comparable mean
mass abundances: 7.8% ± 3.2%, 7.8% ± 2.0%, 6.4% ± 3.3% and 6.3% ± 1.1% for PVRD, URD, AS and
NS, respectively. EC abundances were lowest in NS (0.004% ± 0.009%) while Inorganic ions fraction
were most abundant in URD (1.49% ± 1.06%). These results agreed well with studies in other regions
of the world [15–17,19], and indicated that human activity-related factors, such as vehicle exhaust,
can greatly modify the chemical characteristics of entrained crustal material from sources affected by
these activities.

3.3. Enrichment Factor

The observed elemental abundances in this study and the composition of local background soil
(Table S3) were compared to determine the magnitude and patterns of soil enrichments. The soil
background values are from samples collected in local region as described by the Ministry of
Environmental Protection [44]. Enrichment factors (EFs), which are calculated relative to composition
of upper continental crust (UCC), have been commonly used in aerosol studies [18,23,45]. The EF
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method can determine whether the elemental concentrations were relatively enriched or not. EFs were
calculated by:

Enrichment Factor(X) =

[
Concentration(X)

Concentration(Re f erence)

]
sample[

Concentration(X)
Concentration(Re f erence)

]
crustal

where X refers to the concentration of the element interest, and reference element refers to the
concentration of crustal soil. Al was used as the reference element, based on previous studies that
identified a minimal traffic-associated increment for Al [46].

The EFs calculated for each element in this study are shown in Figure 4. The following definitions
are applied: 1 < EF < 10 is minimal enrichment; 10 < EF < 100 is moderate enrichment [47]; and EF > 100
is considerable enrichment. If EF approaches reliable, crustal material is probably the dominant source
for dust from southwest China. As Figure 4 shows, the EFs were <10 for the crustal-related elements
(Na, Mg, Si, K, Ca, Ti, Mn and Fe), which is comparable to Cao et al. [23] who reported in Chinese
Loess Plateau. Compared with the crustal elements, the EFs for Cu, Se, Sr and Ba of all the four source
types are 1~2 orders of magnitude higher, indicating the influence of anthropogenic pollution sources.
EFs for Zn, Sn, Cr, Pb, Tl and Be exceeded 10, and even exceeded amounts up to 1000 in urban paved
road dust profiles. As coal and biofuels are the dominant energy sources for residents and industries in
this region, the combustion-related elements such as Se, Sn and Tl were highly enriched. Local vehicle
emissions may increase the abundances of elements such as Zn, Cu, Pb and Sn [10,48,49].
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Figure 4. Elemental enrichment factors for geological sources of urban paved road dust (PVRD), urban
resuspended dust (URD), agricultural soil (AS) and natural soil (NS) from southwestern regions of
China. Al is used as reference.

4. Comparison of Chemical Composition with Other Regions

To better understand the representativeness of the profiles established in this study, we compared
them with previously reported source profiles for geological sources. The source profiles were extracted
from the USEPA SPECIATE 4.5 database and other published literature. Profiles included fugitive
dust from California (profile numbers 3481 and 4180) [9,50], Chicago (profile number 3982) [51],
Arizona [15], Mexico [52], and several Chinese cities [14,18–21,24,33,47].

For urban paved road dust in southwestern China, all species in our study were comparable
with other profiles, except for Ca, SO4

2− and NO3
−. Their mean mass abundances were 0.3~0.8,

1.3~3.3 and 2.0~6.7 times those in other profiles. The relatively high SO4
2− may be associated with

the acid rain [53,54]. NO3
− in agricultural soil was nearly one order of magnitude higher than other

studies. Over use of nitrogen fertilizer may result in high NO3
− and soil acidification in southwestern

China. Until now, only two studies have investigated the source profiles of urban resuspended dust:
Zhao et al. [33] in six northern Chinese cities, and Kong et al. [19] in Dongying. The mass abundance
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of species in this study was similar to those in previous studies. The major compositions were Si, Al,
Ca, OC, Fe, Mg and K.

Elemental ratios can be considered as makers to trace the origin of fugitive dust [14,24,55]. In this
study, the ratios of Si, K, Ca, Ti, Mn, Fe, Zn, As, and Pb to Al in geological sources from different urban,
loess and desert regions [14,23,30,56] are exhibited in Table S4. All the Si/Al ratios in fugitive dust are
lower than the values of PM10 in loess and desert samples from Chinese loess plateau, Taklimakan
desert, and Xinjiang Gobi. These ratios in geological sources from southwestern China are lower
than those from other regions and similar to ambient sample near a Hong Kong roadway. Fe/Al
has a low ratio, from 0.13 to 0.56, in this study in comparison with that reported in other researches,
whereas the Ca/Al ratios were at the same levels compared with the desert regions of Taklimakan
and Xinjiang Gobi. The high Ca/Al ratios of urban road dust may indicate heavy influence from
anthropogenic emissions such as construction activities. Ca/Al ratios can be taken as a tracer to
distinguish the geological sources from urban or non-urban areas. Shen et al. [14] used this ratio to
trace the sources of urban dust from local or long distance transportation. Mn/Al and K/Al ratios in
this study were comparable with those of dust samples from the northern Chinese cities, Chinese loess
and desert, which indicates Mn and Al might be mainly from crustal minerals. Zn/Al and Pb/Al in
urban geological sources are much higher than those in non-urban areas while As/Al are relatively
consistent. High elemental ratios are observed in aerosol samples near a roadway from Hong Kong.

5. Conclusions

In this study, we used the profile-compositing method to analyze the individual and composite
geological dust profiles from southwest China. Correlation, t-test and R/U ratios were used to quantify
similarity and difference among source profiles. These approaches can also be used for data quality
control for other related studies.

Obvious differences were found among four geological source profiles. Zn, V, Sn and EC marked
urban paved road dust; Al, Si, K+ and NH4

+ abundances were most distinctive in the agricultural soil;
and Al and Si marked natural soil. Urban resuspended dust was marked by SO4

2−.
The results of EF analysis indicate that crustal material is the dominant contributor to the four

source types. EFs for Cu, Se, Sr and Ba showed that these elements were influenced by anthropogenic
pollution sources. Toxic species such as Tl and Be were highly enriched in the urban paved road dust.

Elemental ratios were taken to highlight the features of geological sources from southwest China
by comparing with dust samples from northern urban areas, loess and desert. Low Si/Al and Fe/Al
ratios can be used as markers to trace geological sources from southwest China. High Pb/Al and
Zn/Al ratios observed in urban areas demonstrated that urban geological sources were influenced
seriously by non-crustal sources.

As geological source profiles in southwestern Chinese cities are limited, more samples are needed
to acquire to verify and compare the reliability of the results presented here. In addition, further study
is needed to focus on the chemical composition of geological dust samples in different size fractions
such as PM2.5 and TSP.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4433/7/11/146/s1.
Table S1: Statistical measures for similarities and difference among geological source profiles from southwest
China, Table S2: Composite geological source profiles (percentage of PM10 mass) from southwest China, Table S3:
Environmental background values for elements in surface soil from south-west regions of China, Table S4:
Elemental ratios in geological sources from different urban, loess and desert regions.
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