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Abstract: Particulate matter smaller than 10 um (PMjp) is an important air pollutant that adversely
affects human health by increasing the risk of respiratory and cardiovascular diseases. Recent studies
reported multiple extreme PMj levels at high altitude Peruvian cities, which resulted from a combi-
nation of high emissions and limited atmospheric circulation at high altitude. However, the emission
sources of the PMj still remain unclear. In this study, we collected PM;y samples from four sites (one
industrial site, one urban site, and two rural sites) at the city of Arequipa, Peru, during the period of
February 2018 to December 2018. To identify the origins of PMj at each site and the spatial distribution
of PMjo emission sources, we analyzed major and trace element concentrations of the PMjg. Of the
observed daily PM;( concentrations at Arequipa during our sampling period, 91% exceeded the World
Health Organization (WHO) 24-h mean PM; guideline value, suggesting the elevated PM; strongly
affected the air quality at Arequipa. The concentrations of major elements, Na, K, Mg, Ca, Fe, and
Al, were high and showed little variation, suggesting that mineral dust was a major component of
the PMj at all the sites. Some trace elements, such as Mn and Mo, originated from the mineral dust,
while other trace elements, including Pb, Sr, Cu, Ba, Ni, As and V, were from additional anthropogenic
sources. The industrial activities at Rio Seco, the industrial site, contributed to significant Pb, Cu, and
possibly Sr emissions. At two rural sites, Tingo Grande and Yarabamba, strong Cu emissions were
observed, which were likely associated with mining activities. Ni, V, and As were attributed to fossil
fuel combustion emissions, which were strongest at the Avenida Independencia urban site. Elevated Ba
and Cu concentrations were also observed at the urban site, which were likely caused by heavy traffic in
the city and vehicle brake wear emissions.

Keywords: PMy; trace metals; metal emissions

1. Introduction

Particulate matter (PM) caused by traffic congestion and industrialization is one of the
most important air pollutants in urban areas. Particles less than 10 um in diameter (PM;)
adversely affect human health, especially in elderly and infant populations, by increasing
the risk of respiratory and cardiovascular diseases [1,2]. Additionally, PMjj can act as
a carrier of toxic chemicals, such as aromatic compounds or heavy metals [3,4], further
increasing their health risks. Therefore, elevated levels of PMjy have become a growing
concern, especially in developing countries [5,6]. PMjg is a mixture of various materials,
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such as organic/elemental carbon, inorganic ions, soil particles, and trace metals [7]. The
origins of PMj can be complicated, including multiple natural and anthropogenic sources.
PM;jg concentrations and its chemical composition usually display strong spatial and
temporal variations that have been linked to changes in PM sources and/or gas-to-particle
conversion chemistry [8-10]. Thus, understanding the chemical origins of PM;( and its
variation is a useful tool to begin to control the PMj level in polluted regions.

The chemical composition of PMj, especially trace metal content, has been widely
used to infer PM; sources [11-14]. For example, elevated levels of Zn, Mn, As, Cr, and
Cu have been found near industrial centers [15], and high levels of Pb, Fe, Cu, Zn, Ni, Cd,
and Ba were found in PM; derived from vehicle emissions [16,17]. PM;g originating from
mining activities has been shown to display various geochemical signatures depending on
the minerals mined. For example, elevated amounts of As and Sb were observed near gold
mine tailings in Spain [18] and PMjy near two coal mine sites contained high level of As,
Be, Cd, Cr, Co, Ni, and Pb [19]. Since the concentrations of trace metals in PM;g imprint
the signals from their sources, analyzing the spatial and temporal variations of PM; trace
metal concentrations can help us identify the contributions of different PM;g sources.

There are relatively few studies on PM matter in many South American countries,
including Peru. Those few studies investigating air quality in Peru have found extreme
cases of air pollution due to limited atmospheric circulation in high altitude cities, lack
of government oversight on large emission sources such as factories, and the prevalence
of older vehicles still in use in many regions [6,20]. The city of Arequipa is an important
industrial and commercial center of Peru with over 1 million residents. Anthropogenic
emissions related to heavy traffic, industry, mining operations, and other activities were
suggested to strongly affect Arequipa’s air quality [21]. Furthermore, sparse precipitation,
with mean annual precipitation of ~100 mm, limits wet removal of atmospheric PM thus
increasing its residence time. A recent study [21] showed PMjy concentrations in Arequipa
exceeded the 24-h air quality standard (50 ug/m?), established by both the World Health
Organization (WHO) and the Peruvian government, 75% of the time. The annual average
PMj concentrations at industrial and residential areas of Arequipa were measured to be
167 + 40 pg/m3 and 116 + 41 pg/m3, respectively, suggesting pervasive PM pollution.
However, the relative importance of various emission sources leading to the observed
high PMjj concentrations are unclear. Additionally, while four sampling sites at Arequipa
displayed significant spatial variations in PM1y concentrations, it is unknown which sources
are responsible for these spatial variations. Constraining the sources and spatial variations
of the PMj across the city of Arequipa can help us better understand the origins of air
pollution in this region. In this study, we (1) identify the major emission sources of PMyg
and trace metals, and (2) investigate the spatial variations of the PM1g sources among the
four sites, by analyzing the geochemical characteristics and trace metal (Pb, Cu, Sr, Ba, V,
Ni, As, and Th) concentrations of PMj collected at four sites in Arequipa, Peru.

2. Methods

Four sites around the city of Arequipa were selected in our study: Rio Seco, Av. Inde-
pendencia, Tingo Grande, and Yarabamba (Figure 1). The Rio Seco industrial site (altitude:
2490 m above sea level) is located to the north of the city of Arequipa and is the industrial
district of the city including, among others, leather tanning, borate manufacturing, and
brick production facilities. The roads in the Rio Seco district are mainly unpaved dirt, and
the site is close to the entrance/exit of a major highway. The Av. Independencia urban site
(altitude: 2414 m above sea level) is located in the downtown center of the city where both
population density and vehicle traffic are high. The Tingo Grande site (altitude: 2197 m
above sea level) is located at the rural region to the west of Arequipa. This site is 6 km away
from a large, active open pit mine site where copper and manganese are mined. Yarabamba
rural site (altitude: 2500 m above sea level) is located 9 km to the east of the mine site and
15 km from the city center.
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Figure 1. Map of the sampling sites. Industrial site (Rio Seco), urban site (Av. Independencia), and suburban sites (Tingo

Grande and Yarabamba). Urban land cover appears grey in this image.

Daily PMjg samples were collected at these four sites from 6 February 2018, to
11 December 2018, using a high-volume PM; aerosol sampler (HI-vol 3000, Ecotech). At
each site, sampling was conducted for three consecutive days to collect three 24-h PMg
samples before moving to next site. PMjg was collected using pre-weighed, pre-combusted
(200 °C for 4 h), quartz fiber filters (20.3 cm by 25.4 cm, Whatman-UK) at a flow rate of
1.13 m3/min. After collection, the PMyj filters were reweighed to determine PM mass by
difference using an analytical balance (Mettler Toledo, Columbus, OH, USA, XSE205DU),
sliced into 10 equal length sections for use in various chemical analyses, and carefully
preserved in paper envelopes to avoid post-sampling contamination. Trace metals were
extracted using one of the filter sections following the protocols in US EPA Compendium
Method 10-3.5 [22]. First, the filter was placed in a clean, 50 mL microwavable vessel.
Then, 20 mL of acid solution (1.3 M ultrapure HNO3 and 2 M ultrapure HCl dissolved in
deionized water) was added into the vessel, ensuring the filter was completely submerged
in the solution. Next, the solutions were placed in a microwave digester and heated at
170 °C for 23 min to dissolve all the water-soluble ions, surface absorbed ions, carbonates,
and oxides. After the digestion, the extract was filtered through a 0.45 um filter to remove
undissolved residue. The solutions were then diluted using deionized water into 50 mL
and the ion concentrations were measured using an ICP-MS (NexION 2000, PerkinElmer,
Waltham, MA, USA). We analyzed one blank filter to determine the experimental blank, and
the concentrations of major and trace elements (elements that are reported in this work) in
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the blank sample were at least 1 order of magnitude lower than other samples. Replicated
analysis showed that the standard errors for the element concentrations reported in this
work are +10%. The analytical results were first used to calculate the air concentrations
(in pg/m3 for major elements and ng/m?3 for trace elements) of each element. Then, the
mass-weighted concentrations were calculated using the air concentrations of each element
and the PM;g concentration (in unit of % for major elements and ppm for trace elements).

3. Results and Discussions
3.1. PM;g and Major Element Concentrations

The study sites showed high PM;j concentrations during the sampling period and
significant spatial variations among the four sites. The daily PMj( concentrations during
the sampling period at all sites averaged at 97.7 + 42.7 pg/m3 (Figure 2, n = 76), which
exceeded the WHO 24-h mean PM guideline value and national standard of 50 pg/m? by
195%. These results are consistent with annual monitoring of PM;( conducted by the Peru
Ministry of Environmental Management office between 2007 and 2012, which found daily
maximum PMjy concentration values frequently exceeded the WHO and national standard,
reaching values as high as 342 ug/m3, with an annual average of ~76 g/m? [23]. Our results
are also similar to PM monitoring conducted by the mining company, which found that the
annual average was 85.6 pg/m?> during the period 20072013 [24], suggesting the PM;j
level at Arequipa has been elevated in the past decade.
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Figure 2. PMy concentrations during the sampling period at all the sites. (A) Time series of observed PM;( concentrations
in this study; (B) box plot of PM;g concentrations at each site.

PM;jg concentrations did not display any obvious seasonal trends during the sampling
period but showed significant spatial variations among the four sampling sites (Figure 2). Rio
Seco had the highest daily PMj, concentrations, averaging 176.2 + 41.3 ug/m? (n = 10), and
Av. Independencia site had a lower average PMyg at 101.3 + 14.1 pug/m? (n = 17), followed by
Tingo Grande and Yarabamba at 82.5 + 29.4 pg/ m?® (n = 14) and 60.8 + 30.6 ug/ m® (n=11),
respectively. The PM;g concentrations among different sites are statistically different, as the
p-values between the PMj concentrations of any two sites are less than 0.05. The strong
spatial variations of PM1g concentrations among the four sites suggest a significant fraction of
PM originates from local sources.

Our ICP-MS analysis showed that, on average, acid soluble Fe accounted for 1.0 £ 0.4%
of PMjp mass, suggesting mineral dust was an important compound of the PM;q (Figure 3).
Since we only measured the elemental concentrations in the non-silicate phase, the mea-
sured Fe should mainly exist as oxides (Fe;O3). Previous studies showed that Fe is a
major element in mineral dust [25-27], and over half of Fe in mineral dust exists as iron
oxides [28]. Mineral dust samples from the Saraha desert and the loess plateau in China
contain 2.0-4.6% Fe; thus, the high Fe concentrations observed in our PM;y samples sug-
gest that mineral dust is also a major component in Arequipa PMjg. The variation of Fe
concentrations across the four sampling sites was small: the Fe concentrations at Rio Seco,



Atmosphere 2021, 12, 641

50f 14

Fe(%)

#¢+]f$**$fé;*l

Av. Independencia, Tingo Grande, and Yarabamba averaged at 0.8 & 0.2%, 0.7 £ 0.1%,
1.0 £ 0.4% and 1.3 £ 0.7%, respectively, suggesting regional mineral dust contributed to
the total PM;o mass similarly across the four sites.
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Figure 3. Box plot of major element concentrations (A: Fe, B: Na, C: K, D: Mg, in %) at each site.

The high concentrations of Na, K, and Mg in PM; suggested inorganic salts were also
a major component of the PM at these sites (Figure 3). The air concentrations of Na, K, and
Mg in the PM;y samples averaged across all sites were 1.6 pg/ m3, 0.6 ug/ m?,0.4 ug/ m3,
and 1.3 pg/m?3, representing 1.8 & 0.7%, 0.6 & 0.3%, and 0.4 = 0.2% of the PM;y mass,
respectively. These elevated Na, K, and Mg concentrations were also observed in many
arid regions such as the Atacama Desert, the Gobi Desert, and the Mojave Desert [25,29].
Additionally, these values were similar to the observed mass percentage of water-soluble
Na (1.4 £ 0.7%), K (0.7 £ 0.5%) and Mg (0.2 = 0.1%) concentrations in the PM; 5 at
Arequipa [30], indicating most of the observed Na, K, and Mg in the PM;y samples were
in the form of water-soluble salts. The inorganic salts most likely originated from both
the regional mineral dust and local surface soil. Surface soil in arid regions is usually
enriched in inorganic salts. For example, a previous study at Pampas de La Joya, just
50 km southwest of Arequipa, observed significant amounts of halite (NaCl), gypsum
(CaS04-2H,0), and calcite (CaCOs) salts in surface soil [31,32]. Thus, we speculate soil
entrainment at our sampling sites could also be an important source of Na, K, and Mg in
our PM; samples. Similar to Fe, concentrations of Na, K, and Mg did not show significant
variations across each site. Therefore, although the PM;( concentrations across four sites
vary significantly, the contribution of both mineral dust and inorganic salts at each site
were similar.

3.2. Trace Elements in PMy

In contrast to the major metals (Na, K, Mg, Fe, and Al), the concentrations of many
trace metals (Pb, Sr, Cu, Ni, As, Mn, Zn, V, Ba, and Mo) showed large variations among
different sites. Most trace elements showed highest air concentrations at Rio Seco and
lowest at Tingo Grande and Yarabamba (Table 1 and Figure 4), but the distribution pattern
of each element was different. For example, the average air concentrations of Pb at Av. In-
dependencia, Tingo Grande, and Yarabamba were 4.6 £ 1.0,2.5 £+ 0.5, and 2.0 £ 0.9 ng/ m?,



Atmosphere 2021, 12, 641

6 of 14

respectively, while Rio Seco averaged 51.1 + 48.0 ng/m?, an order of magnitude higher
than the other three sites. In contrast, As concentrations among all the sites were simi-
lar. The average As concentrations at Rio Seco, Av. Independencia, Tingo Grande, and
Yarabamba were 16.1 +5.8,13.4 +=2.4,14.0 = 2.3,and 12.7 + 4.6 ng/m3, respectively. The
observed heterogeneity implied distinctive geochemical characteristics of the PM1g across
the four sites, suggesting the different trace elements likely originated from various sources
located close to the sampling sites.

Table 1. Air concentration (in ng/ m?3) of elements in each site. Highest mean concentrations are marked in bold font. The

unit for trace elements (Pb-Mo) is ng/ m? and for major elements (Fe-Ca) is pg/ mS.

. Rio Seco Av. Independencia Tingo Grande Yarabamba
ement in Max Mean Stdev Min Max Mean Stdev Min Max Mean Stdevn Min Max Mean Stdev
Pb 9.3 1228 511 48.0 2.8 6.7 4.6 1.0 1.6 34 2.5 0.5 0.9 3.8 2.0 0.9
Sr 142 445 27.0 8.9 9.5 7.9 12.8 2.5 29 15.2 9.6 4.2 2.2 17.9 7.8 5.0
Cu 21.0 1024 513 30.6 9.5 35.9 17.1 74 5.5 30.6 14.5 7.1 5.2 357 134 9.0
Ni 1.0 16.3 3.5 4.6 1.1 5.8 3.0 14 1.0 1.8 1.3 0.3 0.4 2.0 1.1 0.5
Ba 24.7 621 36.6 12.4 18.8 41.0 28.3 6.2 9.8 20.3 15.3 2.8 6.5 253 144 6.1
\% 9.1 35.0 19.6 6.8 13.8 459 21.3 8.1 14.7 254 174 3.0 74 27.7 158 5.8
As 7.7 30.8 16.1 5.8 11.2 214 13.4 24 11.6 20.9 14.0 2.3 6.9 224 127 4.6
Zn 263 165.6 63.6 46.9 17.6 354 25.1 5.0 9.3 19.4 13.9 2.6 6.8 284 149 7.0
Mn 28.0 67.0 41.6 13.2 14.4 26.5 20.2 2.7 8.4 23.8 16.9 4.6 5.4 334 151 8.4
Mo 0.7 2.5 1.3 0.6 0.6 1.0 0.8 0.1 0.3 1.1 0.6 0.2 0.3 14 0.6 0.3
Fe 0.9 1.9 1.3 0.3 0.7 1.3 0.9 0.1 0.4 1.1 0.8 0.2 0.3 1.5 0.7 04
Na 1.0 35 2.0 0.7 1.1 2.5 1.7 04 0.8 2.1 14 04 0.7 2.3 1.3 0.5
K 0.4 0.9 0.8 0.2 0.4 0.7 0.5 0.1 0.2 0.9 0.6 0.2 0.1 0.9 0.4 0.2
Mg 0.4 0.7 0.6 0.1 0.3 0.6 0.4 0.1 0.3 0.5 0.4 0.1 0.1 0.7 0.3 0.2
Ca 1.3 2.9 2.1 0.6 1.1 1.7 1.3 0.2 0.6 1.6 1.1 0.3 0.4 1.9 0.9 0.5

The mass-weighted concentrations of trace elements (Table 2 and Figure 5) were used
to investigate the geochemical characteristics of PM;g samples at each site. Because of
the significant variations in PMj, levels among our sampling sites, the mass-weighted
concentrations of the trace elements among the four sites (Figures 4 and 5) show different
patterns from their air concentrations. Mass-weighted concentrations of Cu, Pb, and Sr
were highest at Rio Seco, Ba and Ni were highest at Av. Independencia, and As and V were
most enriched at Tingo Grande and Yarabamba. In the meantime, Mn and Mo displayed
similar mass-weighted concentrations among all the sites. These variations among the sites
support the hypothesis that each element may originate from distinctive sources. Therefore,
we partition the potential sources of trace elements in PM;g into dust/soil emissions and
metal emissions. Dust/soil emissions represent the trace metals that exist in the dust/soil
particles and metal emissions include direct metal emissions (e.g., V emission during fossil
fuel combustion) and metal-rich particle emissions (e.g., processing Cu-rich minerals).
Since the sites are not far from each other, the contribution of mineral dust and inorganic
salts should be similar among all the sites, and the mass-weighted concentrations of an
element from dust/soil emissions should be the same among all the sites. In contrast,
direct metal emissions could increase the amount of an element in the PM;y without
significantly impacting the total PM;g level in the air, resulting in different mass-weighted
concentrations among all the sites.

We used both the observed air and mass-weighted concentrations to estimate the
relative contribution of dust/soil emissions and metal emissions to each element. The mass
concentrations of Mn and Mo are homogeneous among the sites, and their concentrations
can be attributed to the regional background. We suggest these elements were mainly from
dust/soil emissions or “background PM” and the contributions of these metals by metal
emissions were minimal. The remaining elements (Pb, Sr, Cu, Ba, Ni, V, and As) showed
different mass-weight concentrations among each site, suggesting local metal emissions
were important sources for these elements. In the following discussion we will separately
discuss the metal emission contribution of each metal, and their potential sources.
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Table 2. Mass-weighted concentration of elements in PM; in each site. Highest mean concentrations are marked in bold

font. The unit for trace elements (Pb-Mo) is ppm and for major elements (Fe-Ca) is %.

Rio Seco Av. Independencia Tingo Grande Yarabamba
Flement in Max Mean Stdevn. Min Max Mean Stdevn Min Max Mean Stdevn Min Max Mean Stdev

Pb 71 682 277 256 30 67 46 9 22 67 34 13 17 77 37 20
Sr 77 237 157 47 86 171 127 24 46 264 122 58 60 276 134 70
Cu 117 551 293 155 105 322 170 69 77 320 187 80 97 425 230 105
Ni 4 88 21 25 12 66 30 15 10 39 17 8 9 46 21 12
Ba 108 323 213 62 198 401 281 55 131 431 211 93 161 583 273 159
v 40 212 121 56 130 412 211 76 131 460 248 117 182 600 297 140
As 34 172 97 39 97 192 134 24 104 384 197 89 137 514 240 120
Zn 137 920 362 251 191 418 250 55 119 434 195 99 126 646 282 175
Mn 123 373 245 80 157 304 203 36 140 443 225 93 139 550 271 142
Mo 3 14 8 4 7 12 8 2 4 16 8 3 6 23 11 5
Fe 04 11 0.8 0.2 0.8 13 0.9 0.1 0.6 2.0 1.0 0.4 0.7 2.6 1.3 0.7
Na 0.5 2.0 12 0.5 12 2.1 1.6 0.3 1.1 35 19 0.6 15 5.0 2.4 1.1
K 0.2 0.6 0.4 0.1 0.4 0.7 0.5 0.1 0.4 17 0.8 0.4 0.4 1.6 0.7 0.4
Mg 0.2 04 0.3 0.1 0.3 0.5 04 0.1 0.4 0.9 0.5 0.2 0.3 11 0.6 0.3
Ca 0.7 1.6 12 0.3 11 17 13 0.2 0.9 3.0 15 0.6 1.0 33 17 0.8
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Figure 5. Box plot of mass-weighted concentrations (in ppm) of trace elements in the PM; at each site.

3.3. Metal Emissions for Pb, Cu, St, Ba, Ni, V, and As

PM; Pb was very high at Rio Seco, and we suggest that it originated from the local
industrial activities. The mean air concentration of Pb at Rio Seco was 51 ng/ m3, 11 to
25 times higher than the other sites (2.0 to 4.6 ng/ m?), and the average mass concentration
of 277 ppm was also an order of magnitude higher than the other sites (34—46 ppm). The Pb
air concentrations at Rio Seco were similar to those observed at some heavily industrialized
areas in Peru, such as Huancayo, in which 24-153 ng/m> Pb were observed [33]. The
elevated concentration and the strong variations of Pb concentrations among the four sites
suggest the Pb at Rio Seco could be almost entirely originated from local emissions. Similar
enrichment in Pb is also observed in surface soils at Rio Seco [23], suggesting strong Pb
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emission sources exist in this region. Coal combustion could contribute to the observed
Pb enrichment. A previous study discovered elevated Pb concentrations in Peruvian coal,
with 5-226 ppm Pb [34]. Since Rio Seco has heavy industrial activities, including tanneries,
manufacturing plants, and brick kilns, most of which consume significant amounts of coal,
the observed Pb in the PM likely originated from such activities. However, the deposition
of large particles (>2.5 pm) is fast; therefore, the other sites (>15 km from Rio Seco) may
not be significantly affected by the high Pb emissions in Rio Seco.

The elevated Cu concentrations in PMy at all sites could possibly be linked to local
dust and mining activities. Rio Seco has the highest mean mass-weighted concentration
of 293 ppm, followed by Yarabamba (230 ppm), Tingo Grande (187 ppm), and Av. Inde-
pendencia (170 ppm). The Cu at all four sites showed significant enrichment compared to
other studies where desert dust was a major PM source. For example, the Cu mass con-
centration in Sahara dust [35] and dust from the Taklamakan Desert, China [36] was in the
range 20-100 ppm, significantly lower than the average Cu mass fraction in our sampling
sites. These observed high Cu concentrations suggest there was significant Cu emission
at Arequipa. If we assume the dust/soil particles contained 60 ppm Cu (average value of
Sahara dust and dust from Taklimakan Desert), then the elevated Cu in our PM;y samples
must have originated from local emissions, which accounted for 64-80% of Cu in the PM;y.
The Cu emissions might originate from mining activities and industrial activities. Tingo
Grande and Yarabamba sites were close to one of the largest open-pit Cu-Mo mines in the
world [37]. The mine is located ~30 km southwest of Arequipa, ~10 km away from Tingo
Grande and Yarabamba sites, ~20 km from Av. Independencia, and ~30 km from Rio Seco.
The mine ore contains ~0.5% Cu [37], thus, as little as 1.4-1.9 ug/ m? of Cu-enriched dust
could account for 100% of the Cu at Tingo Grande and Yarabamba. Therefore, we suggest
the mining activities were the source of the PM;g Cu at Tingo Grande and Yarabamba.
The average Cu mass (293 ppm) at Rio Seco was significantly higher than the other sites
despite Rio Seco being furthest from the mine, indicating an additional local Cu emission
source near Rio Seco. These high aerosol Cu concentrations at Rio Seco possibly originated
from the surrounding leather processing plants that use copper sulfate during the tanning
process. This is consistent with previous studies showing that leather processing activities,
especially tanneries, can introduce Cu into groundwater and surface soil [38]. Here we
show that they can possibly lead to elevated Cu concentrations in PM;g as well.

The enrichment of Sr at Rio Seco, relative to the other sites, suggests some anthro-
pogenic Sr emissions at Rio Seco. Both Sr concentrations and Sr/Ca ratios at Av. Inde-
pendencia, Yarabamba, and Tingo Grande were similar (Figure 5). The average mass-
weighted concentrations of Sr at Av. Independencia, Yarabamba, and Tingo Grande were
127 + 24 ppm, 122 £ 58 ppm, and 134 + 70 ppm, respectively. These values are similar to
Sr concentrations observed in Sahara dust and the Taklamakan Desert [35,39] and many
studies that have shown that Sr primarily originated from crustal materials, such as road
dust, mineral dust, and topsoil [40,41]. Both are consistent with our hypothesis that earth
metals in Arequipa PM; mainly originated from regional dust/soil emissions. In addition,
high PMj Sr content was usually associated with high Ca and Mg content, two common
alkaline earth elements [42]. Ca and Mg in the region are associated with surface minerals
such as gypsum [29,43], which are ubiquitous in the Atacama Desert. Therefore, if Sr is
mostly from dust, then Sr/Ca ratios should be invariant across the low pollution sites.
This agrees with the observed Sr/Ca ratios at these sites of 0.010 & 0.001, 0.008 + 0.001,
and 0.008 & 0.002 at Av. Independencia, Yarabamba, and Tingo Grande, respectively. In
contrast, the Sr/Ca ratios at Rio Seco were 0.013 =+ 0.002, 30-60% higher than the other
sites. Likewise, the averaged mass-weighted concentration of Sr in PMj at Rio Seco was
157 & 47 ppm, 20% higher than the other three sites, suggesting there is a slight enrichment
of Sr at Rio Seco. Therefore, we suggest there was an additional Sr emission source at Rio
Seco. This Sr source might be associated with the industrial activities at Rio Seco; however,
the emission factors of Sr in different emission sources is unknown, and we suggest future
studies could be conducted to investigate the origins of the Sr.
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Ba in PM;j showed enrichment at the Av. Independencia site and could be due to
traffic emissions, which are higher at this site relative to the others. Similar to the other
earth metals, a fraction of PM;g Ba could also originate from other crustal material, which
is consistent with the observed overall mass concentrations (>200 ppm) across the four
sampling sites (Table 2). The average Ba mass concentrations at Rio Seco and Tingo Grande
were 210 and 212 ppm, respectively, and 273 ppm at Yarabamba. The higher average
concentration at Yarabamba was due to two outliers with extreme high concentrations
(~580 ppm). If the outliers were excluded (Figure 5), the average Ba concentration at
Yarabamba was also similar to Rio Seco and Tingo Grande (200 &= 20 ppm). Since these
sites showed overall consistent Ba mass-weight concentrations, we speculate the Ba in
these sites was primarily sourced from dust/soil emissions. In contrast, Av. Independencia
had an average Ba concentration of 281 ppm, 80 ppm higher than the rest of the sites. The
elevated concentration might suggest the existence of Ba emission sources near the Av.
Independencia site. The Av. Independencia site is in the city center (Figure 1) and close to
commercial areas and residential neighborhoods; therefore, the elevated concentrations
of these elements suggest significant contributions from residential emissions in such an
urban environment. It is also an area with heavy traffic and high mobile emissions [24]
and particles produced during the wearing of vehicle brake pads are a potential local
source of Ba enrichment. Braking pads use BaSOy to increase their density and lifetime and
particles emitted during vehicle braking displayed high Ba concentrations [44], especially
heavy-duty vehicles that produce PMjy containing >880 ppm Ba [45]. Therefore, it is
possible that the heavy traffic near the Av. Independencia might be responsible for the
elevated Ba concentrations. This is supported by the slightly elevated Cu concentration
at Av. Independencia. Previous work [45] showed that the emission factors of Cu and
Zn from traffic are similar to that of Ba. Although the PM;y Cu concentrations at Av.
Independencia were lower than other sites that have strong Cu emission sources, these
observed concentrations were still significantly higher than the Cu mass concentration in
pristine Sahara dust [35] and dust from the Taklamakan Desert, China [36]. Therefore, we
suggest the traffic emissions might also contribute to the Cu observed at Av. Independencia.
In contrast, elevated Zn concentrations in PMjy were not observed at Av. Independencia.
The PM1g Zn concentrations at all the sites were similar to the Zn concentrations of pristine
mineral dust; therefore, we suggest future work is needed to better constrain the metal
emissions from traffic activities at Arequipa.

The elevated Ni concentration at Av. Independencia supports the hypothesis that
emissions from diesel and gasoline combustion contribute more PM; relative to Rio Seco,
Tingo Grande, and Yarabamba. The mass concentration of Ni at Av. Independencia was
30 ppm, ~50% higher than the other three sites (21 ppm, 17 ppm, and 21 ppm at Rio Seco,
Tingo Grande, and Yarabamba, respectively). Previous studies have linked the aerosol
Ni component with combustions of coal, crude oil, diesel, and gasoline [44,46—48]. Since
Av. Independencia is located in an area with heavy traffic and high mobile emissions [24],
we suggest the Ni in our PM;jy samples may have originated from vehicle emissions.
Previous studies show high Ni concentrations in PM near roads. PM samples collected
from four industrial sites in South Korea showed average Ni concentrations in the range
40-60 ppm [46], which is similar to our samples (30 & 15 ppm), supporting our hypothesis
that the Ni was primarily sourced from vehicle emissions. This is consistent with the
observed high aerosol Ba concentrations at Av. Independencia, indicating that both Ba and
Ni emissions were probably also sourced from vehicle emissions.

The V in PM;g was likely originated from fossil fuel combustion. The averaged air
concentration of V at Arequipa was 19 ng/m?, 38 times higher than the measured values
at Santiago, Chile [49], which showed an average V concentration of 0.5 ng/m3, suggest-
ing even stronger local V emissions in Arequipa. Previous studies have suggested that
during fossil fuel combustion, 69% of V contained in fossil fuel could be emitted into
the atmosphere [50]; therefore, the fossil fuel combustion at our sampling sites should
be an important V source. This was supported by the V/Ni ratios in the PM;y samples.
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Assuming fossil fuel combustion was the sole source of V and Ni in urban regions [51], the
V/Ni ratios in PMjg should imprint the V/Ni ratios in the fossil fuel. The V/Ni ratios in
our sampling sites ranged from 8.3 to 15.5, averaging at 11.7. The observed V/Ni ratios
were in general agreement with the V/Ni ratios observed in fossil fuels worldwide, which
are in the range 0—4 [52-56] and can be as high as 10-17 [57], suggesting both Ni and V
were likely sourced from fossil fuel combustions. However, the V/Ni ratios in fossil fuel
used in Arequipa were not determined; therefore, future work is needed to confirm the
origin of Niand V.

As showed a similar distribution pattern as V. The air concentrations of As averaged
16.1 =5.8,13.4 +£2.4,14.0 2.3, and 12.7 - 4.6 ng/m3 at Rio Seco, Av. Independencia,
Tingo Grande, and Yarabamba, respectively. These values were higher than some urban
or industrial regions, such as downtown Los Angeles [58] and Huelva, Spain [59], but
were lower than heavily-polluted areas, such as Shanghai during the winter [60] and
Taiyuan, China [61]. The similar air concentrations of As among all the sites may suggest
ubiquitous As emissions in the entire region [62]. The emissions of airborne As was often
associated with sulfur [63]; therefore, coal and other fossil fuel burning activities could
be a major sources of airborne As [61,64]. Furthermore, As could appear naturally in the
sulfur-bearing minerals (e.g., as arsenopyrite) or be absorbed onto the surface of oxides
and clay minerals [65]. High As concentrations in this region are due to geologic factors
resulting in As-rich volcanic bedrock and through weathering and lixiviation, and it is
found in toxic concentrations in the atmosphere, soil, and water of the Atacama Desert [66].
Therefore, the open-pit mining activities near Tingo Grande and Yarabamba could have
also contributed to the observed airborne As.

4. Conclusions

This work reported the concentrations of Pb, Sr, Cu, Ni, As, Mn, Zn, V, Ba, and Mo
in the PMj collected at four sites around Arequipa, Peru. The concentrations of major
elements (Ca, K, Na, Mg, Al, and Fe) in the PM;y samples were similar across all the
sites, suggesting that mineral dust was a major component of the PMj at all the sites.
However, the concentrations of trace elements varied significantly among different sites,
suggesting that these elements were originated from a mixing of (1) trace metals in local
soil/dust, and (2) metal emissions. The trace element data suggest that Mn and Mo in
the PM;y were mainly originated from soil/dust; Pb, Ni, As, and V were most likely
sourced from anthropogenic metal emissions; and Cu, Ba and Sr were originated from a
combination of soil/dust and anthropogenic emissions. The industrial activities at Rio Seco
contributed to significant Pb, Cu, and possibly Sr emissions, while the mining processes at
the Tingo Grande and Yarabamba showed strong Cu emissions. Fossil fuel combustions
produced significant Ni, V, and As emissions, and the elevated Ba concentration in the
city of Arequipa was mainly from brake wear emissions with the heavy traffic in the city.
Our study shows that air pollution, especially elevated levels of PM;g in Arequipa, should
be of great concern due to the rapid urbanization in the region. In addition, our study
implies that the origins of metals in PM;g are complex, consisting of both local soil /dust
and anthropogenic emissions; therefore, emissions regulations are in dire need. Future
research in this area should focus on investigating potential sources of toxic PM elements
such as mines, industrial production plants, and areas with high vehicle traffic. Further,
determining the contribution of vehicle emissions to other tracers is particularly warranted
given the outdated information on vehicles in service in Arequipa.
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