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ABSTRACT 

Globally consistent measurements of airborne metal concentrations in fine particulate 

matter (PM2.5) are important for understanding potential health impacts, prioritizing air 

pollution mitigation strategies, and enabling global chemical transport model development. 

PM2.5 filter samples (N ~ 1000 from 21 locations) were collected from a globally 

distributed surface particulate matter sampling network (SPARTAN) and analyzed for 

particulate mass and trace metals content. Metal concentrations exhibited pronounced 

spatial variation, primarily driven by anthropogenic activities. PM2.5 levels of lead, 

arsenic, chromium, and zinc were significantly enriched at some locations by factors of 

100–10000 compared to crustal concentrations. Levels of metals in PM2.5 exceeded health 

guidelines at multiple sites. For example, Dhaka and Kanpur sites exceeded the US 

National Ambient Air 3-month Quality Standard for lead (150 ng/m3). The high 

concentrations of several potentially harmful metals in densely populated cites worldwide 

motivates expanded measurements and analyses. 
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1 INTRODUCTION 

Some portions of this thesis are adapted from “Large Global Variations in Measured 

Airborne Metal Concentrations Driven by Anthropogenic Sources” by Jacob McNeill et. 

al, published December 2020 in Scientific Reports (Sci Rep 10, 21817 (2020), 

https://doi.org/10.1038/s41598-020-78789-y), Creative Commons Attribution 4.0 

International License. Jacob McNeill claims a substantial contribution of both the research 

and writing of said manuscript, and as such will be including work from it in this thesis in 

both adapted and original format. Specifically, the author made significant contributions 

to data analysis, experimental design, and the drafting and completion of the manuscript. 

A note describing this fact can be found at the end of each relevant chapter of the thesis. 

1.1 PROJECT BACKGROUND 

Ambient fine particulate matter (PM2.5, particles with diameter under 2.5 microns) has been 

determined to be the leading environmental risk factor for human health1, and as such 

compels further study. These particles of varying chemical composition are released into 

the atmosphere from many sources, including combustion, industry, crustal, agriculture, 

and many more. Once in the atmosphere, these particles can affect the chemistry of the 

atmosphere, be transported to and deposited in diverse locations, and reduce air quality in 

affected locations. The global impact of PM2.5 is wide-ranging, changing atmospheric 
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composition, damaging ecosystems, and causing adverse health effects when inhaled. The 

latter is of greatest concern for humans, as The Global Burden of Disease estimated that 3 

million premature deaths (9% of all deaths) and 80 million years of lost healthy life were 

attributable to outdoor PM2.5 on a global scale in 2017.1  

Particulate matter has become an issue of global importance, but science and technology 

surrounding ambient PM lags behind what is necessary for proper assessment and 

understanding of the true global impact. In the sense of technology, PM2.5 monitoring is 

extremely sparse in the majority of the world, with 141 of 234 countries in the world having 

no regular PM2.5 monitoring over 2010-2016.2 Research has attempted to circumvent this 

scarcity of data through various means, including chemical transport models, satellite 

estimates, and remote sensing, but these techniques cannot reliably replace real 

measurements worldwide due to their various limitations and biases.  

A lack of measurements of PM2.5 worldwide has also hindered the ability of researchers to 

fully understand how PM affects human health. Specifically, scientific understanding of 

the exact nature and scope of health impacts from PM2.5 exposure is incomplete, although 

several strong linkages have been shown between ambient particulate matter exposure and 

adverse human health effects. These include cardiovascular disease3, respiratory disease4, 

cancer5, oxidative stress6, and type 2 diabetes.7 The combination of serious health impacts 

and insufficient regular PM2.5 monitoring invites further research, and this project aims to 

add to the body of literature regarding PM2.5 measurements. In particular, this project looks 

to provide reliable PM2.5 data for a variety of global sampling sites, looking specifically at 

the trace metal concentrations in PM2.5 at these locations. Trace metals such as lead, arsenic, 
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nickel, and zinc have been shown to have negative health impacts and can be found in 

elevated levels in PM2.5 at locations worldwide. This research aimed ultimately to 

determine the presence and concentration of various trace metals in PM2.5 samples taken 

from the Surface PARTiculate mAtter Network (SPARTAN) over several years in globally 

disperse locations, evaluate potential sources of those metals, and assess areas that could 

be at risk of adverse health effects stemming from trace metal PM2.5. 

1.2 PARTICULATE MATTER (PM2.5, PM10, PMC) 

 

Figure 1.1: Size comparison between PM2.5, PM10, human hair, and beach sand, reproduced courtesy 

of the U.S. Environmental Protection Agency.8 
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Particulate matter is an area of expanding interest among atmospheric scientists, health 

scientists, and epidemiologists. A size comparison for particulate matter can be seen in 

Figure 1.1, obtained from the U.S. EPA. Three size descriptors are typically used in 

discussion of particulate matter: (1) fine PM (typically denoted as PM2.5), particles in the 

air with a diameter under 2.5 microns; (2) PM10, particulate matter with diameter under 10 

microns – it should be noted that PM10 is inclusive of PM2.5 by definition; (3) coarse PM 

(PMc), particles with diameter ranging from 10-2.5 microns, with this size bracket used to 

essentially separate PM2.5 from PM10 measurements. The nature of these particulates 

demands their understanding across a variety of fields due to their origins, behaviour, and 

effects. Specifically, PM2.5 has been established as the major indicator of ambient 

particulate matter, and as such will be the primary focus of discussion in this work. 

1.2.1 Origins of PM2.5 

Fine particulate matter can be formed through a variety of mechanisms, which are typically 

classified into several groups. Some of the main sources of PM2.5 include crustal sources 

(resuspension of road dust, suspension of eroded particles by wind), combustion sources 

(burning of coal, natural gas, and gasoline for various energy needs, biomass burning such 

as wildfires), industrial sources (release of metal particulates through smelting and other 

processes), marine sources (suspended sea salt particles), and biogenic sources (organic 

compounds released by plants).9 Knowledge of these sources and the chemical nature of 

the particulates they produce can be used to perform source apportionment of PM2.5, which 

is typically done through determination of mass of various chemical markers for each 
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source. For example, a known mass concentration of sodium can be used to infer the mass 

concentration of sea salt in a given PM2.5 sample. When a wide variety of the chemical 

components in the PM2.5 sample are known, the mass concentrations stemming from 

different sources can be inferred through equations such as those proposed by Malm and 

coauthors10. However, ambient PM is not limited to emitted particles, as those particles can 

undergo chemical reactions while being transported through the atmosphere. In order to 

fully characterize a PM2.5 sample, the chemical behaviour of emitted particles must also be 

accounted for.  

1.2.2 Chemical Behaviour of PM2.5 

Once particulates are released into the atmosphere, there are a variety of reactions that can 

occur to create new particulates or alter existing ones. One of the most common ways that 

this can happen is through photochemistry, wherein volatile organic compounds (VOCs) 

can undergo photochemical oxidation to form a new secondary organic aerosol (SOA) 

compound. These SOA compounds are typically less volatile than their origin compounds 

and as such accumulate in the atmosphere to a greater degree. Based on the scope of the 

organic compounds that can be released through biogenic sources (including terpenes, 

xylenes, and other hydrocarbons) and the wide variety of reactions that these compounds 

can undergo in the atmosphere, the formation pathways for SOA are still an area of active 

research. Some of the methods used currently to determine organic compounds in sampled 

PM2.5 include aerosol mass spectrometry 11 and Fourier-transform infrared spectroscopy 12.  
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Organic compounds are not the only chemically active species found in ambient PM2.5, as 

there are also a variety of metals and other trace elements that can be present in fine 

particulate matter. These particulates can then react with the environment or organisms that 

breathe in PM2.5 to cause chemical changes to the biosphere. In particular, metals such as 

lead, arsenic, nickel, and zinc that are released through a variety of anthropogenic sources 

can prove hazardous to human and environmental health if significantly present in 

PM2.5.
13,14  

1.2.3 Environmental and Health Effects of PM2.5 

The environmental impacts of increasing global industrialization are widespread and well-

documented across a range of disciplines, and atmospheric science is no exception. The 

impact of increased ambient particulate matter released from anthropogenic sources has 

been shown to negatively impact ecosystems in a variety of ways, and is an important side 

effect of high levels of ambient PM2.5. One such mechanism is the deposition of PM2.5 into 

bodies of water, which can acidify waters, increase metal concentrations, and harm aquatic 

life. The impact of PM2.5 introduction into these ecosystems was demonstrated by Chinese 

researchers on freshwater snails, where treatments with PM2.5, aluminum, and sulfuric acid 

all demonstrated negative impacts on snail behaviour.15 Further research has observed 

negative impacts on fish growth from wet deposition of PM2.5, with more deleterious effects 

stemming from industrial PM2.5 deposition rich in metals compared to lower concentrations 

deposited from other emission sources.16   
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The environmental impact of PM2.5 extends to flora as well as fauna, as many plants exhibit 

negative responses to elevated levels of ambient particulate matter. These responses can be 

acute (stemming from a large, short-term quantity of PM exposure) or chronic (resulting 

from long-term PM exposure), with both typically resulting in poor plant health, decreased 

photosynthesis, and reduced growth in sensitive plant species. In particular, heavy metal 

PM has been shown to harm vegetation through oxidative stress and disruptions to 

biosynthetic pathways.17 These negative effects on vegetation can result in harmful impacts 

on biodiversity, agriculture, and health of organisms in the ecosystem, and are important to 

consider alongside the implications of PM2.5 pollution on animal and human health.  

The impacts of PM2.5 on human health is an area of extensive study and not yet fully 

understood, but it is widely accepted that exposure to PM2.5 has serious adverse effects on 

human health. Exposure to ambient fine particulate matter was determined to be the leading 

environmental risk factor for early mortality in the most recent Global Burden of Disease 

assessment1, responsible for an estimated 3 million premature deaths worldwide in 2017. 

These premature deaths stem from a variety of PM2.5-induced or exacerbated conditions 

such as cardiovascular disease3, respiratory disease4, cancer5,  oxidative stress6, and type 2 

diabetes7. The famous “Harvard Six Cities Study” firmly established the link between air 

pollution and mortality by studying residents of six U.S. cities with varying levels of PM2.5 

over roughly 15 years, and determining that risk factor adjusted mortality was greater for 

residents of cities with greater levels of ambient particulate matter.18 

Several studies over the following decades have investigated various impacts of PM2.5 on 

health conditions and their links to morbidity and mortality. In particular, increases of 10 
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µg/m3 of PM2.5 concentrations were found to increase mortality from all causes by 4%, lung 

cancer by 6%, and cardiovascular issues by 8%.19 Another study found the same 10 µg/m3 

increase in ambient fine particulate matter to cause a 15-27% lung cancer mortality increase 

in non-smokers. Short-term increases in PM2.5 can also result in negative health impacts, 

such as those proposed by a US study linking increased levels of PM2.5 to hospitalizations 

from cardiovascular and respiratory issues.20 Similar examinations of the health impacts of 

PM2.5 have been carried out in Eastern countries, with one study linking up to 15.5% of 

total deaths in China in 2015 to ambient PM2.5 exposure.21 Health impacts of ambient 

particulate matter are critical to the safety of the global population, in particular considering 

that an estimated 87% of the population was living in areas exceeding the World Health 

Organization’s air quality guideline of a maximum of 10 µg/m3 annual average PM2.5 in 

2013.22   

Recently, exposure to PM2.5 has been investigated as a potential risk factor in mortality 

from COVID-19, the novel coronavirus strain that led to a global pandemic in early 2020. 

Early research out of Harvard University estimated that an increase of 1 µg/m3 in long-term 

PM2.5 exposure could result in an 11% rise in the COVID-19 death rate among Americans.23 

Long-term exposure to PM2.5 was hypothesized to have negative impacts on the lungs 

through overexpression of the ACE-2 receptor, which is the cellular entry point for 

COVID-19, potentially leading to worse health outcomes for infected individuals with 

higher PM2.5 exposure. This hypothesis was first detailed by Italian researchers who noted 

similar increases in mortality from COVID-19 in polluted areas of Italy compared to those 

with lower levels of PM2.5.
24 This additional health impact of long-term PM2.5 exposure 
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adds an extra degree of urgency to the study of ambient particulate matter, especially its 

relationship to human health and mortality.  

1.3 SURFACE PARTICULATE MATTER NETWORK (SPARTAN) 

The Surface PARTiculate mAtter Network (SPARTAN) was founded in 2012 as a 

collaborative grass-roots network, with the stated goal of expanding the number of 

available ground-level measurements of fine particulate matter (PM2.5) through strategic 

placement of monitoring stations in various global areas of interest. The globally distributed 

surface particulate matter sampling network was designed to address the lack of reliable 

particulate matter measurements in densely populated regions with high pollution levels, 

as well as provide a link between ground-based measurements and satellite observations.  

Each of the SPARTAN monitoring sites operates with the assistance of one or more 

collaborators located at or near the site – a full list can be found online at the SPARTAN 

website (www.spartan-network.org). The grassroots nature of the SPARTAN network 

spurs creative collaborations and links between sites across the world, and aims to provide 

vital and actionable information on ambient particulate matter to local, national, and 

international groups. 

1.3.1 SPARTAN Overview 

SPARTAN was designed with three major complementary components: direct air sampling 

to obtain speciated PM2.5 and PM10 data, integrating nephelometers to provide aerosol 



 

 

10 

scattering data, and aerosol optical depth (AOD) measurements from collocated Aerosol 

Robotic Network (AERONET)25 sun photometers. The combination of all three 

components provides a cohesive picture of the air quality at each SPARTAN site and has 

been used to both directly compare ground measurements to satellite observations26, as well 

as interpret global chemical transport model simulations.27 

SPARTAN site selection favours densely populated, globally dispersed regions which are 

underrepresented in terms of availability of representative and long-term air quality data. 

Local site-selection favors representative environments that avoid anomalous sources; low 

rooftops in urban environments are desirable to increase fetch, diminish local traffic 

influence, and offer instrument security. Locations of SPARTAN sites are shown in Figure 

1.2, and further site information (elevation, latitude, longitude, active status) is detailed in 

Table 1.1. Sampling through SPARTAN has also occurred at several North American sites 

through various projects. Three pilot sites in the United States sampled in 2014-2016, and 

five sites located across Canada sampled over 2017-2019 as part of the MAPLE (Mortality-

Air Pollution Associations in Low-Exposure Environments) project.28 Over 1000 PM2.5 

filters have been analyzed as of March 2021 and were included in this study. 
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Figure 1.2: Open blue circles indicate the location of active SPARTAN sampling sites while retired sites 

are shown in open grey squares, overlaid on a background color map of population density (NASA 

SEDAC GPW 29, made using MATLAB R2019b - https://www.mathworks.com/products/matlab.html).  

 

Table 1.1: SPARTAN site information. Sites are sorted from highest population density to lowest. 

City Country Host Institute 

L
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L
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E
lev
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) 

Site type 

P
o

p
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tio
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d
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sity
 (/k
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 a 

A
ctiv

e (Y
/N

) 

Dhaka Bangladesh University of Dhaka 23.728 90.398 34 Megacityb 80790 Y 

Bandung Indonesia 

Institute of 

Technology 

Bandung 

-6.888 107.610 826 
Urban 

background 
22280 Y 

Hanoi Vietnam 
Vietnam Academy of 

Science 
21.048 105.800 40 

Urban 

background 
21430 Y 

Manila 
the 

Philippines 
Manila Observatory 14.635 121.078 63 Megacity 20700 Y 

Seoul 
South 

Korea 
Yonsei University 37.564 126.935 97 Megacity 18362 Y 

Beijing China Tsinghua University 40.004 116.326 92 Megacity 18300 Y 

Pretoria 
South 

Africa 
CSIR -25.757 28.280 1449 

Urban 

background 
13400 Y 

Buenos 

Aires 
Argentina CITEDEF -34.555 -58.506 26 Megacity 9160 N 

Singapore Singapore 
National University 

of Singapore 
1.298 103.780 30 

Urban 

background 
5460 Y 

Halifax Canada Dalhousie University 44.638 -63.594 65 
Urban 

background 
5040 Y 

Toronto Canada Environment Canada 43.790 -79.470 186 
Urban 

background 
3800 N 

Kanpur India IIT Kanpur 26.513 80.232 123 
Urban 

background 
3250 Y 

Ilorin Nigeria University of Ilorin 8.484 4.675 400 
Urban 

background 
1620 Y 

Rehovot Israel Weizmann Institute 31.907 34.811 73 
Urban 

background 
1440 Y 
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City Country Host Institute 
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A
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/N
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Sherbrooke Canada 
Université de 

Sherbrooke 
45.380 -71.931 251 

Urban 

background 
1190 Y 

Lethbridge Canada 
University of 

Lethbridge 
49.682 -112.869 904 

Urban 

background 
590 N 

Atlanta USA Emory University 33.688 -84.290 250 Suburban 540 N 

Kelowna Canada Environment Canada 49.941 -119.400 456 
Urban 

background 
61 N 

Abu Dhabi UAE Masdar Institute 24.442 54.617 4 
Urban 

background 
31 Y 

Mammoth 

Cave 
USA 

Mammoth Cave 

National Park 
37.132 -86.148 235 Natural 13 N 

Bondville USA University of Illinois 40.053 -88.372 200 Rural 2 N 

aPopulation density is reported for a 1 km radius based on NASA’s Gridded Population of the 

World.29 
bMegacities are defined as having 10 million or more inhabitants.30 

 

1.3.2 SPARTAN Sampling Procedure 

In order to assure consistency across all SPARTAN sites, network-wide procedures for 

sampling were developed to achieve the main goals of the network: measurement of long-

term ambient PM concentrations at various global locations, obtained in a cost-effective 

and operator-friendly way. To summarize the overall procedure, when a new SPARTAN 

site is selected, the site operator(s) are shipped instrumentation (all to this date 

manufactured by AirPhoton, LLC) that is installed on location, as well as filter cartridges 

for PM sampling. Once instrument and cartridge are installed and the sampling is initiated, 

the instrument runs near-autonomously until the cartridge sampling period completes, at 

which point the operator collects the sampled cartridge and ships it to the SPARTAN 

laboratory for analysis, and installs the next cartridge to begin another sampling period. 
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In the original procedure, PMc and PM2.5 filter masses were collected on a two-stage 

stacked filter unit inside rooftop-mounted AirPhoton SS4i automated air samplers over 

nine-day periods. A removable filter cartridge protected seven sequentially active pairs of 

coarse Nuclepore and fine Teflon filters, plus a pair of travelling blanks.  Beginning in late 

2017, sampling stations at SPARTAN were upgraded to the AirPhoton SS5 models, which 

use a cyclone inlet to separate particles by varying flow rates (5 and 1.5 liters per minute, 

respectively, for PM2.5 and PM10 size-cuts) through the station. This allowed for elimination 

of the Nuclepore filters and the introduction of filter cartridges with eight total stretched 

Teflon filters which included six sampling PM2.5, one sampling PM10, and one travelling 

blank. These cartridges were pre-assembled in the SPARTAN central laboratories at 

Dalhousie University, and shipped to sites for installation by site operators. Once the filter 

cartridges are installed, the sampling stations run autonomously for the cartridge duration. 

For international sites, each of the PM2.5 filters are sampled for rotating 3-hour spans over 

nine days, totaling 24 hours of sampling. Taking this information across the entire diurnal 

cycle over a 9-day period, rather than sampling for 24 hours straight, helps to better capture 

long-term averages.31 A sampling period for one PM2.5 filter (at an international site) is 

shown in Figure 1.3. 

 

Figure 1.3: Sampling period for a typical SPARTAN PM2.5 filter at an international site. 

 Hour (local time) 

D
a
y

 

 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 

1         Sampling              
2            Sampling           
3               Sampling        
4                  Sampling     
5                     Sampling  
6                        Sa- 

7 mpling                       
8   Sampling                    
9      Sampling                 
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The PM10 filter is sampled for a 30-minute period after each 3-hour PM2.5 sample for the 

entire 54-day sampling period, providing a 54-day average PM10 concentration. For sites 

which were part of the MAPLE cohort, each filter samples for a total of 48 hours (6-hour 

periods for the PM2.5 filters and 1-hour periods for the PM10 filters) to ensure a quantifiable 

amount is deposited in these low-PM environments. Once sampling was complete, filter 

cartridges were removed from the sampling station, sealed, and returned to the central 

laboratory at Dalhousie University for chemical and physical analysis of the filters. Filters 

were analyzed to determine PM2.5 or PM10 mass (gravimetric), water-soluble ions (ion 

chromatography with conductivity detection), black carbon (absorbance, determined 

through smoke-stain refractometry), and trace metals (inductively coupled plasma mass 

spectrometry and later X-ray fluorescence analysis). Further details on lab analysis for 

SPARTAN filters are discussed in Chapter 2. 

1.4 INDUCTIVELY COUPLED PLASMA MASS SPECTROMETRY (ICP-MS) 

Inductively coupled plasma mass spectrometry (ICP-MS) is a multi-element analysis 

technique used extensively in various disciplines including geology32, cell biology33, and 

food science34. The multi-element aspect of ICP-MS analysis is advantageous in 

comparison to other methods previously or concurrently used for single-element analysis 

such as atomic absorption analysis, which require individual set-ups for each element of 

interest. This elemental versatility stems from the use of electrically generated plasma 

(typically argon) used to ionize samples (which have been nebulized before introduction 

into the system) in order for the ions to be sent to the mass spectrometer to be quantified.  
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Figure 1.4: Simplified schematic diagram of an inductively coupled plasma mass spectrometer (ICP-

MS): (a) samples are prepped and digested, sent to (b) spray chamber for nebulization before entering 

(c) ICP torch, with argon plasma ionizing and atomizing sample. Ions (shown in various colour/shape 

patterns) pass through (d) interface of sample and skimmer cones before mass-dependent separation 

by (e) quadrupole mass analyzer prior to (f) detection of ions of interest by instrument detector. 

 

This process can be broken down into general steps as seen in Figure 1.4: a) sample prep, 

wherein samples are made into solution, typically through addition of deionized water, a 

small quantity of acid, and then digested; b) nebulization of the solution and introduction 

of the aerosol into the inductively coupled plasma torch; c) ionization and atomization of 

the sample by the argon plasma; d) transmission of some of the generated ions through the 

“interface” (a set of metal cones); e) mass-based separation of the transmitted ions through 

various methods, most commonly a quadrupole mass analyzer; f) detection of the separated 

ions at the instrument detector.35 Upon completion of the sample analysis, the mass 

spectrum for the sample will be output, which can be used in concert with reference 

standards and/or isotopic labelling in order to determine elemental concentrations in the 

original solution. 

It should be noted that ICP-MS analysis has limitations that can have a notable impact on 

results for certain elements. In particular, proper digestion of the sample is key to ensuring 

accurate elemental quantification, and in practice this can be difficult to achieve. Fully 
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digesting samples with a number of different crustal elements can be notably tough, as 

nitric acid extraction efficiencies for some crustal elements such as Al and Fe can be as low 

as 50%.36 Digestion can be performed with stronger acids (including aqua regia on its own 

or in concert with hydrofluoric acid) with the goal of higher recoveries for such elements, 

but these acids can cause spectral interferences and are more hazardous to operators, 

especially hydrofluoric acid.37 Another important aspect when considering ICP-MS 

analysis is that it is destructive, which can pose issues if samples are limited and further 

analysis is required. Despite these limitations, ICP-MS elemental analysis is still an 

extremely useful tool for quantification of trace elements in solid samples. 

ICP-MS analysis has been used extensively for quantification of trace elements in samples 

of varying natures, particularly in determining trace metals. There are numerous examples 

of the technique in use for quantifying ambient particulate matter sampled on air filters38–

40, since as previously discussed trace metal PM2.5 can be impactful on human health. These 

trace metals are also useful indicators for various particulate matter sources, and 

quantifying their presence can help better understand and track emissions. In collaboration 

with Dr. Graham Gagnon and the Centre for Water Resource Studies at Dalhousie 

University, ICP-MS analysis was adopted into the SPARTAN sample analysis procedure 

from the beginning of the network, and continued until lab operations moved from 

Dalhousie University to Washington University in St. Louis in 2019. Further information 

on the ICP-MS methods used for SPARTAN can be found in Chapter 2.   
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1.5 X-RAY FLUORESCENCE (XRF) 

X-ray fluorescence analysis is a non-destructive elemental analysis technique used with 

samples of wide-ranging natures, including solids, liquids, and filters. The technique is 

named for the X-ray fluorescence phenomenon by which it functions, wherein X-ray 

photons that strike a sample result in characteristic fluorescence that can be measured 

directly.  

 

Figure 1.5: Atomic representation of mechanisms of X-ray fluorescence, where the nucleus of the atom 

(aluminum in this example) is shown in blue, electrons in grey, X-ray photons in red, and fluorescence 

in green. Shells are denoted in X-ray notation, where K is equivalent to shell 1, L to shell 2, M to shell 

3, etc. 

 

X-ray fluorescence occurs at the atomic level through a multistep mechanism shown in 

Figure 1.5: a) an incoming X-ray photon knocks out an electron in an atomic shell (termed 

initial vacancy); b) an electron from a higher atomic shell moves in to fill the vacancy; c) 

the excess energy from the transition is released as a characteristic photon with energy 

dependent on the element and transition. In XRF analysis, the characteristic photons 

released as fluorescence can be detected and quantified in order to create an elemental 

“fingerprint” – i.e. a quantification of the elemental concentrations present in the sample. 
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In order to achieve X-ray fluorescence, the energy of the incoming X-ray photon must be 

close in energy to the specific energy of the elemental transition in question.  

1.5.1 X-ray Notation 

XRF applications typically describe these electronic transitions by use of X-ray notation, 

where the electron shells are represented by K (1s), L (2s, 2p), M (3s, 3p, 3d), and so on. 

Using this notation, transitions can be represented in one of two ways: traditional Siegbahn 

notation, or the newer IUPAC nomenclature. An example of Siegbahn notation would be 

Kα, where K represents the final shell after the transition, and α represents the starting point 

of the transition, in this case the L shell. This notation can be further specified through an 

additional digit at the end (i.e. Kα1) which is unique to a particular L subshell (here L3 or 

2p3/2), but not necessarily the same as the digit of the L subshell. Due to the somewhat 

confusing nature of this nomenclature, IUPAC has developed a newer notation that simply 

takes the final shell of the transition and combines it with the initial subshell of the 

transition.41 For example, a Kα1 transition would be represented as K-L3, as the electron 

from the L3 subshell moves into the K shell. A partial summary of the transitions and their 

notation can be found in Table 1.2 – note that many other transitions are possible but are 

less commonly used and will not be discussed in this work. 

Each transition has its own unique energy that is a product of both the element in question 

that is being excited by X-rays, as well as the specific transition that occurs. Photons 

released during this transition have the excess energy between the initial and final electronic 

states, which is characteristic of both element and transition. When measured, these 
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transitions are typically referred to by their final state – i.e. K-lines, L-lines, etc. Since the 

energy difference between some transitions is very small, measurements may be combined 

in software; for example, a Kα measurement may include both the Kα1 and Kα2 lines if 

spectral resolution is not high enough to separate the two peaks. 

Table 1.2: Partial listing of common electronic transitions used in X-ray fluorescence analysis, as well 

as their notations in both Siegbahn and IUPAC notation. 

Final state Initial state Siegbahn IUPAC 

K (1s) 

L2 (2p1/2) Kα2 K-L2 

L3 (2p3/2) Kα1 K-L3 

M2 (3p1/2) Kβ3 K-M2 

M3 (3p3/2) Kβ1 K-M3 

L3 (2p3/2) 

M4 (3d3/2) Lα2 L3-M4 

M5 (3d5/2) Lα1 L3-M5 

 

Typically, the strongest fluorescence is observed from K-lines, then L-lines, and so on. In 

order to maximize the signal-to-noise ratio, the strongest signals within the detection range 

are chosen, typically the Kα line(s). As atomic number increases so too does the energy of 

the emitted lines – this can result in heavier elements having K-lines with energies that are 

out of the detection ranges of common benchtop XRF analyzers. In these cases, the L-lines 

can then be used, or even M-lines.  

1.5.2 XRF Analysis 
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X-ray fluorescence analysis relies on the characteristic energies released from electronic 

transitions in order to quantify the content of various elements or compounds in samples 

non-destructively. The energy of incoming radiation into the sample determines which 

element(s) will be subjected to analysis, as that energy must be sufficiently close to the 

particular electronic transition for the element. By varying the energy of the X-rays that are 

beamed at the sample, the characteristic transitions for a wide selection of elements can be 

induced and quantified. The resulting fluorescence from these transitions also varies in 

quantity depending on the atomic weight of the element in question, as seen in Figure 1.6.  

 

Figure 1.6: Fluorescence yield (%) as determined by atomic weight of element of interest for K- and L-

transitions in XRF analysis, reproduced here from Panalytical.42 

The quantification used to determine the variation in resulting fluorescence is fluorescence 

yield, described in Eq. 1.1. 

Fluorescence yield (%) =
# of fluorescent photons released

# of initial vacancies (max photons)
∗ 100  Eq. 1.1 
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From Figure 1.6, it can be seen that elements with lower Z numbers (i.e. lower in atomic 

weight) will generally result in less emitted fluorescence than their counterparts with higher 

Z numbers (i.e. higher in atomic weight), for both K- and L-lines. It also is apparent that 

using the L-transitions in XRF is more viable for heavier elements than lighter ones, and 

that very light elements (roughly Z < 10) are some of the most difficult to quantify based 

on their low fluorescence yield.  

In practical operation, XRF analyzers use an X-ray tube with variable voltage and current 

to vary the energy and quantity of X-rays that are beamed at the sample in order to capture 

elements of interest. Emitted photons are quantified by a detector, which converts the 

photons into a proportionate electrical signal for the instrument to record and display. 

Further information on the specific conditions used for XRF analysis in this work can be 

found in Chapter 4. 

The nature of XRF analysis provides some inherent advantages over other techniques for 

trace element quantification such as ICP-MS – in particular, the non-destructive nature of 

XRF analysis allows for repeat measurements as well as conservation of sample for other 

types of analysis. Using XRF compared to ICP-MS also removes the potential issue of 

incomplete digestion of certain metal oxides and other compounds, as XRF relies on the 

presence of specific atoms, versus specific ions for ICP-MS. Theoretically, this should 

allow for complete characterization of all atomic concentrations in samples through XRF, 

but in practice some issues can arise to complicate characterizations.  
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X-ray fluorescence is a surface technique, meaning that samples must not have varying 

composition throughout the thickness of the sample – in this work, this concern is mitigated 

by the nature of the sample deposition on air filters, which are very thin. Another potential 

issue stems from detection of fluorescence from the sample, as both secondary fluorescence 

and peak overlapping can occur. Secondary fluorescence takes place when the fluorescence 

released from the initial X-ray excitation strikes another atom in the sample, causing it to 

release fluorescence, masking the presence of the first element while exaggerating the 

presence of the second. Peak overlapping occurs when there are significant concentrations 

of a particular element(s), which results in a larger peak that may augment or mask another 

elemental peak. An example of this is sulfur interference, which has been shown to mask 

the presence of aluminum and inflate the concentration of silicon when sulfur is present in 

large concentrations.43  

It is important to note that these drawbacks are present, but their impact on analysis can be 

accounted for and corrected in most cases, and are more minor for this work than issues 

with digestion and repeatability for ICP-MS and other destructive analyses. In light of its 

advantages, XRF analysis was implemented into SPARTAN procedures and effectively 

replaced ICP-MS analysis for trace element quantification in globally sampled PM2.5. 

1.6 FIGURES OF MERIT 

The previously outlined methods offer an abundance of different results, but it is critical to 

put them into proper context for better understanding. There are some key figures of merit 
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used within this work to properly present and discuss the results observed at SPARTAN 

sampling locations around the world. These figures of merit include limits of detection, 

standard error, and others. 

The limit of detection (LOD) is a quantification used to establish a lower limit for a 

measured concentration, based on the observed variance in instrument response. This limit 

is typically calculated as: 

 𝐿𝑂𝐷 = 3 ∗ 𝑠 Eq. 1.2 

where s is the measured standard deviation of independent blank sample measurements 

(typically 8-10). In practical terms, the LOD is used to account for instrument noise using 

the 3σ rule, wherein ~99% of normally distributed values are found within three standard 

deviations of the mean value, and has been shown to correspond to a confidence level of 

~90%.97 LODs are used in this work to establish the lowest reported ICP-MS and XRF 

measured concentrations of elements observed at SPARTAN sites.  

Another metric used here to add context to reported results is the sample standard error, 

(SE) which is defined as such: 

 𝑆𝐸 =
𝑠

√𝑛
 

Eq. 1.3 

where the standard deviation of the samples s is used along with the number of samples n. 

This indicator is an estimate of the degree to which the sampling mean is different from the 

population mean. In practical terms for this application, the SE is used to indicate how close 
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the mean PM2.5 values reported for SPARTAN locations are to the true average PM2.5 

values for those locations, giving context to what the typical conditions might be in those 

areas. These typical values can be used to give an indication of air quality and presence of 

potentially harmful elements in ambient air sampled at SPARTAN sites. 

1.7 PROJECT MOTIVATIONS 

Many regions of the world far exceed the World Health Organization (WHO) air quality 

guidelines for ambient air pollution, especially for fine particulate matter (PM2.5)
44,45, and 

the impact on health is substantial.46 Nonetheless, ground-based monitoring of PM2.5 mass 

concentration is inadequate for exposure assessment2, and the select studies of PM2.5 

chemical composition measurements47,48 are even sparser. In some locations, the majority 

of metal concentration measurements made to date have been of the PM10 fraction.49–51 

Global observations of PM2.5 mass concentration and composition can inform aerosol 

model development and exposure assessment, improve understanding of emission sources 

and help prioritize mitigation policies 52 to reduce health impacts.  

The relationship between PM2.5 and human health22,53 including the association of PM2.5 

with cardiovascular disease3, respiratory disease4, cancer5,  oxidative stress6, and type 2 

diabetes7 has become better understood over the last few decades. However, more data are 

needed before effects of particular components (specifically trace metals) are well 

understood at a global scale. There is evidence that the oxidative potential of PM2.5 is 

related to its metal content47 as increased abundance of redox-active elements may induce 
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oxidative stress.54–57 Many metals have known health effects, such as As, Cd, and Cr, which 

are classified by the WHO’s International Agency for Research on Cancer (IARC) as 

known human carcinogens (IARC Group 1)58, and Pb, which is associated with impaired 

cognitive function.59 Increased cardiovascular disease rates have been associated with 

enhanced relative concentrations of K, Al, Ni, Zn and V3,60 and mortality risks have been 

associated with preferential bioaccumulation of heavy metals such as As, Pb, and Al.61 

Various metal compounds are classified by the EPA as Hazardous Air Pollutants, including 

As, Cd, Co, Cr, Pb, Mn, Ni, and Se compounds. Measurements of PM2.5 composition are 

needed to assess the global distribution of these deleterious metals in fine particulate matter, 

as they could pose significant health risks to populations living in areas of high PM2.5 

pollution. 

Ground-based elemental composition can also provide information about airborne PM2.5 

burden and sources. For example, K has associations with wood burning62–64, Zn can be 

linked with traffic through tire wear65, and V derives mainly from heavy fuel oil combustion 

such as from shipping.66,67 Coal is a source of multiple toxic elements such as Pb, Cr, Mn, 

As, and Se66,68 whereas non-ferrous metal production is a large source of As, Cd, and Zn.66 

Vehicle traffic contributes a mix of elements including the heavy metals Ba, Zn, and Pb, as 

well as the crustal components Fe, Al, Mg, and Ti. 62,69Additional observations are needed 

to better understand particulate matter sources and loadings, to evaluate emerging emission 

inventories and chemical transport models on a global scale70,71 and to understand local and 

regional impacts of emission sources. To our knowledge, no other global network has 

measured the trace metal concentrations in PM2.5. 
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The ground-based Surface PARTiculate mAtter Network (SPARTAN) is building up a 

long-term data set measuring PM concentration at globally distributed sites31 and provides 

new data to evaluate PM composition. In this study, the trace metal composition of PM2.5 

was investigated, supplemented by coarse PM (PMc) and PM10 data,  in ambient air samples 

from SPARTAN sites around the world. 

*Note: some material for this Chapter has been adapted from “Large Global Variations in 

Measured Airborne Metal Concentrations Driven by Anthropogenic Sources” by Jacob 

McNeill et. al, published in Scientific Reports (December 2020)  
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2 METHODS 

2.1 FILTER ANALYSIS PROCEDURE  

The analysis of SPARTAN filters in this project was a multistep process that occurred over 

two distinct time periods, and in multiple locations. For both time periods, the general 

protocol of analysis of SPARTAN samples remained the same, but some specifics changed. 

The first section of analysis occurred at Dalhousie University from the beginning of the 

SPARTAN network until late 2019, and includes all data relating to ICP-MS. This analysis 

data is detailed and discussed primarily in Chapter 3. The second section of analysis 

occurred at Washington University from late 2019 onward, and includes all data relating to 

XRF. Data from this time period is examined primarily in Chapter 4.  

2.1.1 Filter Analysis – Dalhousie University 

The analysis procedure for filters at Dalhousie University is shown in Figure 2.1. Generally, 

all filters (25mm PTFE, Measurement Technology Laboratories for all PM2.5 filters) were 

pre-weighed in a SPARTAN laboratory using gravimetric analysis – at Dalhousie, this was 

done manually using a Sartorius Ultra-Fine Balance (± 0.1 μg) in an ISO-4 clean room (20-

30°C, 30-40% relative humidity (RH)). Afterwards, filters were loaded into cartridges, sent 

to operators at SPARTAN sites, and sampled in sampling stations as detailed in Subsection 
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1.3.2. Once filters were returned from the field, they were post-weighed in the same manner 

as the pre-weighing step. 

 

Figure 2.1: Workflow of filter analysis in the previous SPARTAN network protocol at Dalhousie 

University. Steps with blue arrows denote physical transfer of filters (shipping, lab transfers) while 

steps with grey arrows indicate filters remaining in the SPARTAN laboratory. 

 

Once filters were post-weighed, they were then sent to collaborators at University of 

California, Davis for Fourier Transform Infrared spectroscopy (FTIR) and hybrid 

integrating plate/sphere (HIPS) analysis to obtain information on organic carbon/elemental 

carbon and black carbon, respectively. Upon return, filters were then analyzed by smoke 

stain reflectometry (EEL43M, Diffusion Systems Ltd.) to obtain effective black carbon. At 

this point, all filter samples were then extracted for ion chromatography analysis (IC, 
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Thermo Fisher Scientific Dionex Aquion) with methanol and deionized water. Two 

aliquots of the extract were then individually used to measure anions and cations. 

Afterwards, filters at Dalhousie University were characterized through inductively coupled 

plasma mass spectrometry (ICP-MS, Thermo Scientific X-Series 2, Centre for Water 

Resource Studies at Dalhousie University), and the quantified elemental concentrations 

were used for the analysis detailed in Chapter 3. For each SPARTAN filter a small quantity 

of isopropyl alcohol (previously 30 µL, updated to 10 µL) was added, then the filter was 

extracted (97C for 2 hours) with 5% trace metal grade nitric acid solution in a process 

similar to Fang et al.55 and Herner et al.72 Filters were boiled in the acidic solution and the 

liquid extract submitted for quantitative analysis via ICP-MS, using 25 – 500 ppb (g/l) 

trace metals standards and three reference elements for atomic mass (45Sc, 115In, and 159Tb) 

for each analysis. Measured concentrations from the field blank filters for each filter 

cartridge were subtracted from the seven corresponding samples of each cartridge to 

account for variable trace metal baselines. Consistent ICP-MS analysis in the central 

Dalhousie laboratory facilitated consistency of results across sites. It is established that 

nitric acid extraction efficiencies for some crustal elements such as Al and Fe can be as low 

as 50%36 as discussed previously – this analysis offers perspective on this emerging dataset, 

with observed variability that far exceeds the factor of 2-3 uncertainty associated with some 

extraction efficiencies. 

In order to compare SPARTAN trace metal ICP-MS measurements with independent 

concurrent measurements, a joint sampling campaign was conducted in the US in concert 
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with the IMPROVE (Interagency Monitoring of Protected Visual Environments) network. 

Table 2.1 details this comparison, where rows show results from the three sampling 

campaigns versus standardized instrumentation and sampling techniques from Atlanta73, 

Bondville74 and Mammoth Cave.74 Excellent agreement was apparent at both Atlanta (m = 

1.05  0.16, r = 0.95) and Mammoth Cave (m = 1.01  0.17, r = 0.94). Trace metals in 

Bondville were closer to SPARTAN detection limits, which may explain the slightly larger 

difference in concentrations there.  

Table 2.1: Correlations and slopes (axis-free regression) of SPARTAN PM2.5 versus collocated studies 

conducted by EPA’s IMPROVE network. Elements included are those consistently above SPARTAN 

limits of detection.  

Site Size fraction 

Number of 

species 

co-

measured 

Collocated sampling, 

log-log plot 

Slope  1-error           r 

Reference Study 

Atlanta PM2.5 22 1.05  0.16 0.95 75 

Bondville PM2.5 20 0.90  0.21 0.88 74 

Mammoth Cave PM2.5 22 1.01  0.17 0.94 74 

3 USA 

sites merged 
PM2.5 23 0.99  0.12 0.92 EPA + IMPROVE 

 

2.1.2 Filter Analysis – Washington University in St. Louis 

The analysis procedure for filters at Washington University in St. Louis is shown in Figure 

2.2. As in the previous iteration of the analysis procedure, all filters were pre-weighed in a 

SPARTAN laboratory using gravimetric analysis prior to field use. At Washington 

University, filters were weighed automatically using an automated filter weighing system 

(AH500E, Measurement Technology Laboratories, ± 1 μg) in an environment-controlled 

room (21-23°C, 38-40% RH). Afterwards, filters were loaded into cartridges, sent to 
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operators at SPARTAN sites, and sampled in sampling stations as detailed in Subsection 

1.3.2. Once filters were returned from the field, they were post-weighed in the same manner 

as the pre-weighing step.  

 

Figure 2.2: Workflow of filter analysis in the current SPARTAN network protocol. Steps with blue 

arrows denote physical transfer of filters (shipping, lab transfers) while steps with grey arrows indicate 

filters remaining in the SPARTAN laboratory. 

 

Once filters were post-weighed, they were then sent to collaborators at University of 

California, Davis for Fourier Transform Infrared spectroscopy (FTIR) and hybrid 

integrating plate/sphere (HIPS) analysis to obtain information on organic carbon/elemental 

carbon and black carbon, respectively. Upon return, filters were then analyzed by smoke 

stain reflectometry (EEL43M, Diffusion Systems Ltd.) to obtain effective black carbon.  
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For filters at Washington University, the next analysis step was UV-Vis analysis, where 

filters were transferred to Dr. Rajan Chakrabarty’s lab to quantify brown carbon. Upon 

completion of this step, SPARTAN filters were analyzed with X-ray fluorescence (XRF, 

Malvern Panalytical Epsilon 4) for trace metal quantification in lieu of ICP-MS. The non-

destructive nature of XRF and improved quantification of crustal elements such as Al and 

Fe motivated the switch of methods. The Epsilon 4 instrument was calibrated for elements 

of interest using quantitatively loaded 47mm filters obtained from the University of 

California, Davis’ Air Quality Research Center, thin-film standards from Micromatter 

Technologies, and the National Institute of Standards and Technology’s Standard 

Reference Material 2783. Further information on the XRF analysis procedure is detailed in 

Chapter 4.  

At this point, all filter samples were then extracted for ion chromatography analysis (IC, 

Thermo Fisher Scientific Dionex Integrion) with methanol and deionized water. Two 

aliquots of the extract were then individually used to measure anions and cations. Future 

implementation of aerosol mass spectrometry (AMS) is planned for SPARTAN analysis of 

organic components of particulate matter, but was not used in this work. 

2.2 CRUSTAL ENRICHMENT FACTORS (EFS) 

Crustal enrichment factors (EFs) were used to distinguish naturally occurring crustal 

elements from those released by anthropogenic sources. We compared filter-extracted 

elemental concentrations X to background continental concentrations from Taylor and 
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McLennan (1995), normalized by measured crustal Fe concentrations, which is 

predominantly from natural sources (e.g. Hsu et al., 2010) as seen in Eq. 2.1.   

 

 𝐸𝐹𝑋,𝑌 =
[𝑋

𝐹𝑒⁄ ]
PM2.5

[𝑋
𝐹𝑒⁄ ]

Taylor

  Eq. 2.1 

   

Although natural variability in the Fe fraction in soil will affect these results, the Fe fraction 

in soil tends to be quite consistent.78 Anthropogenic sources of Fe imply that the resultant 

enhancement ratios will be a conservative indicator of anthropogenic contribution. 

Nonetheless, to ensure that conclusions are not affected by using Fe as the reference 

element due to extraction efficiency as previously mentioned, a complementary analysis 

was performed by replacing site Fe concentrations with corresponding coarse PM 

concentrations, seen in Eq. 2.2. Coarse particulate matter over land has been established as 

predominantly stemming from suspended dust10,79 (with other potential sources including 

urban dust and organic material), making it a suitable measure of crustal source abundance 

to verify the validity of results using Fe. An estimate of the concentrations of the metal 

oxides present in coarse PM was obtained by use of the soil reconstruction equation 

described by Malm and coauthors 80 and shown in Eq. 2.3, in combination with continental 

concentrations from Taylor and McLennan. 
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 𝐸𝐹𝑋,𝑌 =

[𝑋
𝑃𝑀𝑐

⁄ ]
PM2.5

[𝑋
𝑃𝑀𝑐∗⁄ ]

Taylor

 

Eq. 2.2 

 

 PMc
* = 2.20[Al] + 2.49[Si] + 1.63[Ca] + 2.42[Fe] + 1.94[Ti] 

Eq. 2.3 

 

2.3 WHOLE SYSTEM UNCERTAINTIES 

Whole system uncertainties for the SPARTAN network are estimated through use of 

collocated filter sampling stations. The process is described in previous work by the 

SPARTAN team27 but in summary, three sites in typically low (Halifax, Canada), moderate 

(Toronto, Canada), and high (Beijing, China) PM environments performed collocated 

sampling over three week periods. Over this period, each station recorded 24-hour samples 

(48-hour in Halifax to ensure adequate loading) which were then analyzed as per 

SPARTAN protocol. This allows for a comprehensive evaluation of uncertainties across 

the network, as the sampling and analysis processes are duplicated for each sample in the 

collocated pair, but this approach may not account for systematic errors in analysis 

techniques. The uncertainty calculation is based on the US Code of Federal Regulations, 

Part 58 (Ambient Air Quality Surveillance), Appendix A, Section 4.2. For each collocated 

data pair, the relative percent difference, di, is calculated using Eq. 2.4: 

 
𝑑𝑖 =

𝑋𝑖−𝑌𝑖

(𝑋𝑖+𝑌𝑖)2
∗ 100  

Eq. 2.4 
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where Xi and Yi are the species concentrations from the two sampling stations. The 

coefficient of variation upper bound is then calculated using Eq. 2.5: 

 

 
CV(upper bound) = √𝑛∗∑ 𝑑𝑖

2−(∑ 𝑑𝑖
𝑛
𝑖=1 )

2𝑛
𝑖=1

2𝑛(𝑛+1)
∗ √

𝑛−1

𝜒0.1,𝑛−1
2     

Eq. 2.5 

 

where n is the number of data pairs, and  0.1,n−1  
2 is the upper 10th percentile of a chi-

squared distribution with n – 1 degrees of freedom. The factor of 2 in the denominator 

adjusts for the error in di from two measurements. These CV values (or uncertainties) 

indicate the potential of variability in reported ICP-MS results for each of the elements in 

question through the SPARTAN methodology. Other factors that can influence the 

variations of observed concentrations are site-specific factors like wind, local emissions, 

and temporality of sampling – these reported uncertainties are independent of those factors 

by nature of the collocation. These uncertainties are not applicable to XRF-measured results 

– this is further discussed in Chapter 5. 

Whole system uncertainties for the trace metals analyzed during this collocation are shown 

in Table 2.2, with both site-specific values as well as values for the whole SPARTAN 

network. Network-average values were lowest for PM2.5 (14.7%), Pb (15.4%), P (16.9%), 

and Fe (16.9%). Plots for individual components are shown in Figure 2.3.  
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Table 2.2: Uncertainties (%) as calculated through Eq. 2.5 for PM2.5 and trace metals quantified by ICP-MS during collocated sampling. 

Location # of filters PM2.5 As Co Cr Cu Fe Li Mg Mn Na P Pb Ti V Zn 

Halifax 18 9.8 17 30.1 19.4 32.7 10.6 23.2 33.5 33.1 17.1 9.1 8.7 12.3 22 55.9 

Toronto 18 14.6 15.2 36.8 41.0 26.1 13.4 23.9 37.5 17.1 26.0 20.5 8.8 17.5 10.7 30.5 

Beijing 14 16.5 24.1 24.9 15.7 19.3 16.9 28.9 14 21.1 28.9 13.9 21.5 20.7 31 18.2 

SPARTAN 50 14.7 20.4 34.7 31.5 28.3 16.9 28.2 32.7 27.2 26.8 16.9 15.4 18.9 23.4 39 

                 

 

3
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Figure 2.3: Individual plots of ICP-MS measured components at collocated sites in Halifax, Toronto, and Beijing used to estimate SPARTAN network 

uncertainties. CV shown in the plots represents the coefficient of variation upper bound calculated using Eq. 2.5. 

 

 

*Note: some material for this Chapter has been adapted from “Large Global Variations in Measured Airborne Metal Concentrations 

Driven by Anthropogenic Sources” by Jacob McNeill et. al, published in Scientific Reports (December 2020) 

  

3
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3 LARGE GLOBAL VARIATIONS IN MEASURED 

AIRBORNE METAL CONCENTRATIONS DRIVEN BY 

ANTHROPOGENIC SOURCES 

The SPARTAN sampling network has collected and analyzed PM2.5 data at ground sites 

since 2013, with 19 unique sites accounted for in the analysis detailed in this Chapter, and 

over 500 sampled PM2.5 filters used. The dataset used in this investigation is exclusively 

samples that were analyzed for trace metal content by ICP-MS analysis, and sampling dates 

range from 2013-2019 depending on the site in question. The sampling breakdown for the 

sites used is shown in Table 3.1. 

Table 3.1: Sampling breakdown for SPARTAN sites sampled and analyzed through ICP-MS. Sites are 

sorted by population density. 

City 
Population 

Densitya 

Mean 

PM2.5 

PM2.5 

Mass 

1σ 

Verified 

samples 

First 

sample 

end date 

Last 

sample end 

date 

Sampled 

seasonsb 

Dhaka 80790 48.96 23.62 44 25-Oct-13 12-Oct-15 1,2,3,4 

Bandung 22280 25.11 9.20 62 19-Jan-14 23-Dec-16 1,2,3,4 

Hanoi 21430 47.13 17.81 7 09-Jun-15 09-Dec-17 1,3,4 

Manila 20700 15.45 3.70 10 02-May-14 22-Oct-15 2,3,4 

Beijing 18300 58.13 29.14 140 03-Sep-13 05-Oct-17 1,2,3,4 

Pretoria 13400 18.31 6.86 4 27-Oct-15 29-May-16 2,4 

Buenos 

Aires 9160 9.60 2.41 43 11-Oct-14 14-Oct-16 1,2,3,4 

Singapore 5460 17.52 4.14 34 14-Apr-16 14-Dec-17 1,2,3,4 

Halifax 5040 4.16 1.56 14 27-Aug-17 01-Apr-19 1,2,3,4 

Toronto 3800 6.74 2.54 28 13-Jul-17 10-Mar-19 1,2,3,4 

Kanpur 3250 102.83 90.77 11 23-Dec-13 26-Sep-14 1,2,3,4 

Ilorin 1620 16.65 18.24 7 29-Jun-14 23-Apr-19 1,2,3,4 

Rehovot 1440 14.22 7.50 35 22-Feb-15 03-Oct-18 1,2,3,4 
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City 
Population 

Densitya 

Mean 

PM2.5 

PM2.5 

Mass 

1σ 

Verified 

samples 

First 

sample 

end date 

Last 

sample end 

date 

Sampled 

seasonsb 

Sherbrooke 1190 5.65 2.23 11 06-Jul-17 20-Mar-19 1,2,3,4 

Lethbridge 590 5.71 8.10 15 03-Sep-17 23-Jan-19 1,3,4 

Atlanta 540 8.60 3.14 14 27-Jan-14 22-Apr-14 1,2 

Kelowna 61 3.54 3.24 6 10-Nov-17 06-Mar-19 1,2,4 

Mammoth 

Cave 13 14.20 7.71 21 09-Jun-14 12-Aug-14 3 

Bondville 2 5.70 2.50 18 20-Aug-15 14-Apr-16 1,2,3,4 
aPopulation density is for a 1 km radius based on NASA’s Gridded Population of the World 29. 
bFor concision, seasons are labelled as such: 1 – Dec-Feb, 2 – Mar-May, 3 – Jun-Aug, 4 – Sept-Nov.  

 

3.1 TRACE METAL CONTENT IN PM2.5 AT SPARTAN SITES 

 

Figure 3.1: Mean PM2.5 mass concentrations at SPARTAN sites with standard error bars shown. 

Overlaid green bars show total measured trace metal mean mass concentrations (from ICP-MS 

analysis) for each site. 
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The mean PM2.5 mass concentrations at each SPARTAN site are shown in Figure 3.1, with 

standard error bars for each site mean. Of the 19 SPARTAN sites used in this investigation, 

Kanpur had the highest mean PM2.5 levels at 102.8 ± 20.2 (SE) µg/m3, followed by Beijing 

at 58.1 ± 2.2 µg/m3, then Dhaka (49.0 ± 3.3 µg/m3) and Hanoi (47.1 ± 7.6 µg/m3). It should 

be noted that current SPARTAN sites located in Abu Dhabi and Seoul were not active 

during this period, and as such are not included in this analysis. Sites located in urban areas 

situated outside of North America generally had the highest levels of PM2.5.  

The one notable exception was the Mammoth Cave site, which had the 11th highest PM2.5 

levels. This can be explained through two aspects of the sampling; firstly, the site is located 

in a heavily wooded national park; sampling occurred in the summer when carbonaceous 

emissions are highest from biogenic sources, and secondary organic aerosol is prevalent.81 

Secondly, the site has the second-lowest percentage of its PM2.5 mass present in the 

measured trace metal mass (4%), indicating other sources (i.e. biogenic) were dominant. 

Sites located in Canada generally had the lowest levels of PM2.5, which is consistent with 

their intended categorization as low-PM environments. 

Table 3.3 details the mean mass concentrations of 15 trace metals analyzed in PM2.5 

samples from SPARTAN sites.  Elements above ICP-MS detection limits (detailed in Table 

3.2) for >10% of samples were considered; Li, Co, Ag, and Ce did not satisfy this 

requirement, and as such are not discussed here. Whole-system uncertainties for the 

SPARTAN network were calculated in the same manner as previously discussed and shown 

in Table 2.2, with individual plots in Figure 2.3. 
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Table 3.2: SPARTAN network-wide statistics of fine fractions, element limits of detection, and samples 

above LOD for individual elements quantified by ICP-MS.  

Element Fine fractiona LOD (ppb)b Samples above LOD (%) 

Mg 0.21 10 61 

Al 0.23 4 78 

Li 0.35 0.4 7 

P 0.47 10 30 

Ti 0.21 0.5 76 

V 0.38 0.4 39 

Cr 0.31 0.4 46 

Mn 0.32 0.8 79 

Fe 0.28 7 90 

Co 0.18 0.4 2 

Ni 0.48 0.4 50 

Cu 0.37 0.7 75 

Zn 0.48 0.6 79 

As 0.56 0.4 47 

Se 0.64 1 12 

Ag 0.25 0.4 9 

Cd 0.59 0.4 12 

Ba 0.31 0.5 76 

Ce 0.17 0.4 2 

Pb 0.58 0.4 90 

aFine fraction for element x is reported as the geometric mean of the  𝑥2.5̅̅ ̅̅ ̅ 𝑥10̅̅ ̅̅⁄  fractions for all 

SPARTAN sites. 

bLimits of detection (LOD) are determined for the ICP-MS instrument for each individual element. 
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Table 3.3: Full elemental breakdown of mean mass concentrations of trace metals in PM2.5 at SPARTAN sites. Mass concentrations of each trace metal are reported in ng/m3. 

Total PM2.5 mass concentrations are reported in µg/m3. 

 
PM2.5 K Mg P Ti V Cr Mn Fe Cu Zn As Se Cd Ba Pb 

Mammoth Cave 14.2 74.8 28.0 55.7 1.01 0.78 1.20 1.84 83.2 3.68 8.5 0.26 0.28 0.05 3.12 0.90 

Atlanta 8.6 27.8 11.5 105.3 1.24 0.18 4.20 0.71 51.5 3.67 9.3 0.56 0.54 0.02 5.41 1.08 

Bandung 25.1 432.1 18.3 23.9 1.73 0.31 2.12 2.80 78.2 3.28 23.7 0.60 0.23 0.32 2.57 34.62 

Beijing 58.1 962.6 177.3 151.1 11.18 2.30 4.39 23.84 394.7 26.73 101.5 7.12 67.40 3.29 21.81 41.30 

Bondville 5.7 64.1 34.1 162.3 1.39 0.13 3.77 1.59 37.0 3.11 16.7 0.65 0.55 0.12 2.15 1.54 

Buenos Aires 9.6 152.1 30.4 30.3 1.70 2.48 1.10 2.52 94.0 5.17 20.8 0.43 0.36 0.30 5.08 10.47 

Dhaka 49.0 876.0 47.9 23.0 3.94 6.98 8.00 25.40 167.7 11.69 498.4 6.33 5.38 7.35 12.53 279.72 

Halifax 4.2 40.0 17.8 1.1 0.25 0.23 0.39 0.36 10.8 0.76 3.7 0.14 0.07 0.00 0.75 0.49 

Hanoi 47.1 1293.8 84.5 36.6 5.21 2.10 2.28 80.05 282.2 14.10 1178.8 8.11 3.00 4.25 7.13 141.04 

Ilorin 16.6 355.6 15.5 5.1 0.88 0.61 47.96 4.51 182.4 0.94 12.9 0.22 0.14 0.06 0.90 4.27 

Kanpur 102.8 3047.1 74.4 340.1 5.60 2.21 19.41 9.89 168.0 8.78 119.5 15.29 10.60 12.88 3.99 209.33 

Kelowna 3.5 34.1 2.4 1.6 0.32 0.14 0.32 0.41 17.0 0.55 1.4 0.19 0.04 0.01 0.75 0.29 

Lethbridge 6.2 56.3 6.4 1.5 0.30 0.03 0.25 0.68 18.5 0.76 1.9 0.17 0.14 0.03 0.85 0.38 

Manila 15.4 253.3 20.3 34.4 1.30 2.32 2.97 3.17 111.2 2.93 29.4 0.33 0.96 0.25 2.31 5.89 

Pretoria 18.3 220.0 14.8 37.5 1.66 0.44 0.80 5.78 105.2 2.28 27.5 1.00 0.54 0.10 2.54 4.88 

Sherbrooke 5.7 48.3 5.0 4.3 0.45 0.03 0.20 0.92 16.7 0.73 4.2 0.26 0.10 0.02 0.58 1.08 

Rehovot 15.4 135.2 79.9 11.4 2.18 2.95 1.56 2.82 123.5 3.22 12.8 0.26 0.34 0.09 3.69 4.64 

Singapore 17.5 344.9 24.2 13.4 1.66 37.92 0.47 7.76 89.9 5.57 110.1 0.48 0.71 0.12 3.80 3.54 

Toronto 6.7 71.0 12.0 9.7 0.83 0.09 0.72 1.59 46.5 2.71 10.7 0.31 0.29 0.04 3.82 1.38 

4
3
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3.2 CRUSTAL ENRICHMENT FACTORS 

Of interest is the anthropogenic contribution to such trace metals in general. The relative 

enhancements of elements compared to natural crustal abundances was investigated 

through the application of enrichment factors, previously detailed in Section 2. Enrichment 

factors can be considered in three subsets: EF < 10, elements which we attribute to sources 

which are primarily crustal82–84; EF between 10 and 100, elements with mixed 

anthropogenic and natural sources; and EF > 100, elements with largely anthropogenic 

sources. Figure 3.2 displays the EF elemental breakdown for all SPARTAN sites as well 

as the site-specific PMc-scaled EF results. 

 

Figure 3.2: (a) Crustal enrichment factors (EF) for PM2.5 relative to crustal ratios of the given element 

and iron (Eq. 2.1), and (b) replacing measured iron with measured PMc (Eq. 2.2). Elements are sorted 

by mean enrichment factor across all sites; sites are listed alphabetically. Singapore is not shown in the 

bottom plot due to unavailable PMc data. 
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Similar results when normalizing by either Fe or PMc provides confidence in the analysis. 

Enrichment factors vary by orders of magnitude depending on element and location. The 

highest levels of enrichment are found in anthropogenically-dominant elements such as Pb, 

As, and Zn, and generally found at sites with the highest levels of PM2.5. Of the four sites 

with the greatest PM2.5 concentrations, elemental EF values >350 are found in Dhaka, 

Kanpur, and Hanoi for Pb, Zn, and As, and in Beijing for As. These enrichments highlight 

the effects of anthropogenic activities not only on total PM2.5 but on trace metal PM2.5 

specifically, with potentially harmful levels of these heavy metals found in these high-PM 

cities. 

Of the individual elements measured, two elements in particular demand further 

investigation: the carcinogenic metalloid As, and the toxic heavy metal Pb. These elements 

can originate from multiple industrial sources, including smelting, waste incineration, and 

coal burning.12,14 Both elements have been shown to pose significant health risks, and as 

such regulatory bodies have created guidelines for their concentrations in air.  

3.3 LEAD PM2.5 CONCENTRATIONS AT SPARTAN SITES 

The US National Ambient Air Quality (NAAQS) exposure limit for Pb is a 3-month mean 

concentration of 150 ng/m3 73, and multiple samples taken from the Kanpur and Dhaka sites 

exceeded these Pb concentrations – leading to mean concentrations over the US guideline. 

Figure 3.3 shows the lead concentrations measured in samples taken from the two sites, 

with the NAAQS guideline as a reference. 
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Comparing the two sites, Dhaka has both a higher mean (280 ng/m3) than Kanpur (209 

ng/m3), and more samples measuring above the 150 ng/m3 guideline (38% vs 30%). This 

contrasts with their respective levels of total PM2.5, as mean PM2.5 concentrations from 

Kanpur samples are roughly double those in Dhaka. The Dhaka site exhibits some 

seasonality, with peak Pb values occurring around January 2015 and generally high values 

in winter months, when mixed layer depths are shallow.  

 

Figure 3.3: Concentrations of Pb in SPARTAN samples at Kanpur (red circles) and Dhaka (black 

triangles). Dotted blue line represents the NAAQS 3-month exposure guideline for lead concentrations 

(150 ng/m3). Samples are plotted by the final date of sampling, as sampling occurs over a time period 

of 9 days. Solid red (Kanpur) and black (Dhaka) lines represent 3-month rolling mean Pb 

concentrations. 
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3.4 ARSENIC PM2.5 CONCENTRATIONS AT SPARTAN SITES 

The second element of interest at SPARTAN sites is arsenic, as the World Health 

Organization recommends no safe level of arsenic exposure due to its carcinogenic risk. 

An estimated lifetime excess risk is 1:1,000,000 at 0.66 ng/m3, or 1:100,000 at 6.6 ng/m3 

85. Arsenic is associated with industrial activities such as smelting, burning of coal, and 

waste incineration38,86,87. The majority of SPARTAN sites fall under the lower bound of 

that range, but multiple sites have substantial As concentrations. As shown in Figure 3.4, 

there are four sites with mean As concentrations near or above 6.6 ng/m3 – Kanpur, Hanoi, 

Beijing, and Dhaka.  

 
Figure 3.4: Concentrations of As in PM2.5 samples taken from SPARTAN sites, with standard error 

bars shown. Dotted red line represents 1:100,000 excess lifetime risk of cancer due to As exposure (6.6 

ng/m3). Dotted black line represents 1:1,000,000 excess lifetime risk of cancer due to arsenic exposure 

(0.66 ng/m3).  
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Kanpur has significantly higher As concentrations than any other SPARTAN site with 15.3 

ng/m3, which would translate to roughly 1:45,000 excess lifetime risk. The mean As mass 

concentrations for Hanoi, Beijing, and Dhaka were determined to be 8.1 ng/m3, 7.1 ng/m3, 

and 6.3 ng/m3 respectively. These sites are also the four sites with the highest levels of 

PM2.5, so it is not unexpected that they would have more significant amounts of trace metal 

PM2.5 such as arsenic. 

3.5 RELATIVE ABUNDANCES VS. MAMMOTH CAVE NATIONAL PARK 

A complementary approach to understanding the levels of trace metals in fine PM at these 

sites is to compare them not only to the crustal abundance, but to another site with relatively 

low levels of these trace metals. Figure 3.5 shows the relative abundance (RA) of PM2.5 

trace metals at the eight SPARTAN sites with at least one elemental RA of 10 or greater, 

compared to a natural reference site, in this case the Mammoth Cave (M.C.) National Park 

site. The Mammoth Cave site has the second-lowest trace metal mass percentage of total 

PM2.5 mass. Low trace metals and the natural environment of the site make it an insightful 

reference point against which to compare the various types of SPARTAN sites. Relative 

abundances for trace metal PM2.5 are calculated using Eq. 3.1 and are unitless.  

 

 

𝑅𝐴𝑋 = [X]Site [X]M.C.⁄  
Eq. 3.1 

 

Sites with an elemental RA of 10 or greater are shown in the figure below to highlight 

particular areas and species of note. The full set of relative abundances is shown in Table 
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3.4. A similar calculation using the PM2.5-relative elemental concentrations instead of the 

absolute concentrations was performed using Eq. 3.2, shown in  

 

 

𝑅𝐴𝑋𝑟𝑒𝑙 = ([X]Site/𝑃𝑀2.5𝑠𝑖𝑡𝑒
) ([X]M.C./𝑃𝑀2.5𝑀.𝐶.

)⁄  Eq. 3.2 

 

Generally, combustion-related elemental concentrations increase together, as do crustal 

components. Particularly high RA values (12-311) of anthropogenic elements Zn, As, Pb, 

and Cd are found for Kanpur, Beijing, Dhaka, and Hanoi; these abundances are in 

alignment with the crustal enrichments seen for these heavy metals at these sites, and with 

the higher PM2.5 levels at these sites.  

 

Figure 3.5: Relative abundances (unitless) of trace metals in PM2.5 of the SPARTAN sites with at least 

one element with RA of 10 or greater. Abundances are relative to the natural, low-trace metal PM2.5 

Mammoth Cave site. Sites are sorted by total PM2.5 mass concentrations L-R, then top to bottom.  
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Table 3.4: Relative abundances of trace metals at SPARTAN sites as compared to the low-trace metal 

reference site of Mammoth Cave. Values shown are unitless. 

 K Mg P Ti V Cr Mn Fe Cu Zn As Se Cd Ba Pb 

Atlanta 0.4 0.4 1.9 1.2 0.2 3.5 0.4 0.6 1.0 1.1 2.1 2.0 0.3 1.7 1.2 

Bandung 5.8 0.7 0.4 1.7 0.4 1.8 1.5 0.9 0.9 2.8 2.3 0.8 6.8 0.8 38.5 

Beijing 12.9 6.3 2.7 11.1 3.0 3.7 13.0 4.7 7.3 12.0 27.1 243.8 69.7 7.0 45.9 

Bondville 0.9 1.2 2.9 1.4 0.2 3.1 0.9 0.4 0.8 2.0 2.5 2.0 2.5 0.7 1.7 

Buenos Aires 2.0 1.1 0.5 1.7 3.2 0.9 1.4 1.1 1.4 2.5 1.6 1.3 6.4 1.6 11.6 

Dhaka 11.7 1.7 0.4 3.9 9.0 6.7 13.8 2.0 3.2 58.8 24.1 19.5 155.7 4.0 311.0 

Halifax 0.5 0.6 0.0 0.2 0.3 0.3 0.2 0.1 0.2 0.4 0.5 0.3 0.0 0.2 0.5 

Hanoi 17.3 3.0 0.7 5.2 2.7 1.9 43.6 3.4 3.8 139.1 30.9 10.9 90.1 2.3 156.8 

Ilorin 4.8 0.6 0.1 0.9 0.8 39.9 2.5 2.2 0.3 1.5 0.8 0.5 1.2 0.3 4.7 

Kanpur 40.8 2.7 6.1 5.5 2.8 16.2 5.4 2.0 2.4 14.1 58.2 38.3 273.0 1.3 232.7 

Kelowna 0.5 0.1 0.0 0.3 0.2 0.3 0.2 0.2 0.2 0.2 0.7 0.1 0.1 0.2 0.3 

Lethbridge 0.8 0.2 0.0 0.3 0.0 0.2 0.4 0.2 0.2 0.2 0.7 0.5 0.6 0.3 0.4 

Manila 3.4 0.7 0.6 1.3 3.0 2.5 1.7 1.3 0.8 3.5 1.2 3.5 5.3 0.7 6.6 

Pretoria 2.9 0.5 0.7 1.6 0.6 0.7 3.1 1.3 0.6 3.2 3.8 2.0 2.1 0.8 5.4 

Rehovot 0.6 0.2 0.1 0.4 0.0 0.2 0.5 0.2 0.2 0.5 1.0 0.4 0.5 0.2 1.2 

Sherbrooke 1.8 2.9 0.2 2.2 3.8 1.3 1.5 1.5 0.9 1.5 1.0 1.2 1.9 1.2 5.2 

Singapore 4.6 0.9 0.2 1.6 48.7 0.4 4.2 1.1 1.5 13.0 1.8 2.6 2.5 1.2 3.9 

Toronto 1.0 0.4 0.2 0.8 0.1 0.6 0.9 0.6 0.7 1.3 1.2 1.0 0.9 1.2 1.5 

 

Table 3.5: PM2.5-relative elemental concentrations at SPARTAN sites compared to relative elemental 

concentrations at the low-trace metal reference site of Mammoth Cave. Values shown are unitless. 

 K Mg P Ti V Cr Mn Fe Cu Zn As Se Cd Ba Pb 

Atlanta 0.6 0.7 3.1 2.0 0.4 5.8 0.6 1.0 1.6 1.8 3.6 3.2 0.7 2.9 2.0 

Bandung 3.3 0.4 0.2 1.0 0.2 1.0 0.9 0.5 0.5 1.6 1.3 0.5 3.6 0.5 21.8 

Beijing 3.1 1.5 0.7 2.7 0.7 0.9 3.2 1.2 1.8 2.9 6.7 58.8 16.1 1.7 11.2 

Bondville 2.1 3.0 7.3 3.4 0.4 7.8 2.2 1.1 2.1 4.9 6.2 4.9 6.0 1.7 4.3 

Buenos Aires 3.0 1.6 0.8 2.5 4.7 1.4 2.0 1.7 2.1 3.6 2.4 1.9 8.9 2.4 17.2 

Dhaka 3.4 0.5 0.1 1.1 2.6 1.9 4.0 0.6 0.9 17.0 7.1 5.6 42.6 1.2 90.1 

Halifax 1.8 2.1 0.1 0.8 1.0 1.1 0.7 0.4 0.7 1.5 1.8 0.8 0.0 0.8 1.8 

Hanoi 5.2 0.9 0.2 1.6 0.8 0.6 13.1 1.0 1.2 41.8 9.4 3.2 25.6 0.7 47.2 

Ilorin 4.1 0.5 0.1 0.7 0.7 34.2 2.1 1.9 0.2 1.3 0.7 0.4 1.0 0.2 4.1 

Kanpur 5.6 0.4 0.8 0.8 0.4 2.2 0.7 0.3 0.3 1.9 8.1 5.2 35.6 0.2 32.1 

Kelowna 1.8 0.3 0.1 1.3 0.7 1.1 0.9 0.8 0.6 0.7 3.0 0.6 0.8 1.0 1.3 

Lethbridge 1.7 0.5 0.1 0.7 0.1 0.5 0.8 0.5 0.5 0.5 1.5 1.1 1.4 0.6 1.0 

Manila 3.1 0.7 0.6 1.2 2.7 2.3 1.6 1.2 0.7 3.2 1.2 3.2 4.6 0.7 6.0 

Pretoria 2.3 0.4 0.5 1.3 0.4 0.5 2.4 1.0 0.5 2.5 3.0 1.5 1.6 0.6 4.2 

Rehovot 1.6 0.4 0.2 1.1 0.1 0.4 1.2 0.5 0.5 1.2 2.5 0.9 1.0 0.5 3.0 

Sherbrooke 1.7 2.6 0.2 2.0 3.5 1.2 1.4 1.4 0.8 1.4 0.9 1.1 1.7 1.1 4.8 

Singapore 3.7 0.7 0.2 1.3 39.4 0.3 3.4 0.9 1.2 10.5 1.5 2.1 1.9 1.0 3.2 

Toronto 2.0 0.9 0.4 0.0 0.0 1.3 1.8 1.2 1.6 2.7 2.5 2.2 1.7 2.6 3.2 
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Examining the relative abundances on a site-specific basis reveals more local information 

– one notable instance being the Beijing site, which shows markedly elevated levels of 

selenium compared to any other site. Chinese coal has been found to be particularly rich in 

selenium88, which in concert with the large quantity of coal burned in China implies coal-

burning as a major anthropogenic source of selenium PM2.5. Coal emissions in China have 

also been shown to contain high levels of As, Cd, and Pb89, all of which are significantly 

elevated by RA in the PM2.5 samples from Beijing. 

There are a few isolated, notable RA values at the Bandung and Ilorin sites that can be 

linked to specific regional industries. Bandung has highly elevated Pb (RA of 38, EF > 

700), even after the phasing out of leaded gasoline in 2006.90 One likely contributor to the 

extremely high Pb levels is lead smelting, as Indonesia is one of the largest lead acid battery 

recyclers in Asia.91 Rapidly growing numbers of lead smelters produce large amounts of 

Pb-enhanced emissions, the transport of which could explain the elevated lead levels seen 

at the Bandung site. The Ilorin site shows abundant levels of Cr (RA of 40, EF > 260); this 

may be associated with the prevalent tanning industry in the region, in which chromium 

compounds are used prominently. Analysis of effluents from Nigerian tanneries found high 

levels of Cr present92, and high levels of the metal in PM2.5 imply that some of this Cr is 

being converted to or released in particulate form. 

Singapore has significant enrichment of V (49), which likely stems from the nearby burning 

of shipping fuel, with the Port of Singapore being one of the busiest ports in the world. 

Proximity to petroleum refineries is another likely contributor to these elevated V levels93, 

as the Singapore site is located approximately 10 km east-northeast of Jurong Island, an 
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industrialized artificial island home to several refineries.94 Significantly enhanced levels of 

V in Singapore can also be seen in the crustal EFs (EF > 240, the highest for V of any 

SPARTAN site), which further validates the key impact of nearby anthropogenic 

emissions. The influence of these and other nearby anthropogenic activities (e.g. vehicular 

traffic and metal production facilities) is also seen in enhanced levels of Zn, with an RA 

value of 13 and EF > 600. Unlike some of the other regions with high PM2.5 and significant 

anthropogenic activity, Singapore does not exhibit large relative abundances for other 

anthropogenically dominant elements such as Pb, As, and Cr. This is likely due to the near-

total absence of coal-burning in the region, as Singapore relies heavily on natural gas for 

energy purposes.94 

Two non-North American sites did not exhibit any RA values of 10 or higher: Manila and 

Rehovot. This merits attention as Manila in particular is a densely populated city yet shows 

no significantly higher levels of trace metals than our natural site in Mammoth Cave. One 

partial explanation is that Manila has relatively low PM2.5 mass concentrations among the 

non-North American sites (8th out of 11 sites). For Rehovot, the sampling site is the least 

densely populated non-North American site, which would align with the generally low 

amounts of trace metals observed at that location. Of the North American sites, Toronto, 

Bondville, Sherbrooke, Atlanta, Halifax, Kelowna, and Lethbridge all had RA values below 

5 for all elements measured. This aligns well with expectations that these sites should 

generally have less PM pollution, especially for the Canadian MAPLE sites designated as 

low-PM environments.  
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Although SPARTAN does not yet have sites in Europe, we surveyed prior measurements 

from the region to place our findings elsewhere in context. We find that at European 

background reference sites, heavy metal concentrations tended to be lower than at 

SPARTAN sites in densely populated regions.95,96 These findings reinforce our conclusions 

about the enrichment of heavy metals compared with background reference sites. 

*Note: this Chapter has been adapted from “Large Global Variations in Measured 

Airborne Metal Concentrations Driven by Anthropogenic Sources” by Jacob McNeill et. 

al, published in Scientific Reports (December 2020) 
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4 XRF ANALYSIS OF SPARTAN SAMPLES 

4.1 DEVELOPMENT OF XRF ANALYSIS PROCEDURE 

Beginning in 2019, XRF analysis was introduced into the workflow of the SPARTAN 

network in order to quantify trace metal concentrations in ambient particulate matter, 

replacing the previously used and discussed ICP-MS analysis. The rationale for the switch 

is discussed earlier in this work (see section 1.5) but was primarily motivated by the 

tendency of ICP-MS digestion (specifically with methods available to the network at the 

time) to underreport certain crustal elements, such as aluminum. In addition, there are other 

incentives to use XRF analysis for SPARTAN trace metal concentrations: the non-

destructive nature of the technique allows for both repeat measurements and for samples to 

be easily used in other analysis down the line, and the ease of sample preparation and 

analysis allows for more efficient throughput of measurements.  

4.1.1 XRF Instrument Setup 

XRF analysis took place in the SPARTAN laboratory using the Epsilon 4 benchtop energy 

dispersive X-ray fluorescence (EDXRF) analyzer from Malvern Panalytical, which 

operates using a silver anode X-ray tube and a high-resolution silicon drift detector. The 

experimental setup for XRF analysis in the SPARTAN lab is shown in Figure 4.1. The 

instrument holds a 10-slot sample changer and uses a spinner arm (shown below in Figure 

4.1e) to rotate the sample currently under analysis. SPARTAN filters were placed loaded 
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side-down on a custom polylactic acid 3-D printed filter holder, and then placed in a 

stainless-steel sample holder inside the Epsilon 4 sample changer.  

Figure 4.1: Experimental setup of XRF analysis in the SPARTAN laboratory. (a) Teflon PM filter, to 

be placed deposit side down into (b) custom 3-D printed polylactic acid (PLA) filter holder. (c) 

Assembled filter and holder, to be placed into stainless steel filter holder. (d) Full assembly to be loaded 

into (e) 10-slot sample changer, shown here inside the open Epsilon 4 instrument. 

 

The 3-D printed filter holders were created using the Jubel Hall Makerspace facilities at 

Washington University in St. Louis, and were designed to ensure that the smaller Teflon 

filters used by SPARTAN (25mm outer diameter) could be used in the stainless-steel 
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sample holders from Malvern Panalytical intended for larger air filters (47mm). In order to 

ensure that all sizes of filters were held in the sample changers at the same vertical distance 

from the X-ray beam, equivalent 3-D printed filter holders were created for 47mm and 

36mm standards used in the calibration of the instrument. 

Calibration of the Epsilon 4 was performed using over 60 single-element and multi-element 

standards for 25 unique elements of interest, which included quantitatively loaded 47mm 

filters obtained from the University of California, Davis’ Air Quality Research Center, 

36mm thin-film standards from Micromatter Technologies, and the National Institute of 

Standards and Technology’s Standard Reference Material 2783.  

The breakdown of the standards used is shown in Table 4.1. Four unique multi-element 

standards (loaded with 20 or more elements of interest) were used in calibration to replicate 

the diverse elemental loadings seen on sampled SPARTAN filters. 

Table 4.1: Breakdown of standards used in the calibration of the Epsilon 4 XRF analyzer.  

Element 

Standard Sourcea 

Total Standards Calibration Range (µg/cm2) 
UCD MM NIST 

Al 6 2 1 9 0.356 5.52 

As 3 0 1 4 0.0012 0.522 

Ca 6 0 1 7 0.356 5.79 

Cd 3 0 0 3 0.024 0.104 

Ce 6 0 0 6 1.1 28.69 

Cl 9 2 0 11 0.012 13.04 

Co 3 2 1 6 0.0008 5.4 

Cr 3 2 1 6 0.0136 5.3 

Cu 3 2 1 6 0.035 6.7 

Fe 6 0 1 7 0.356 4.26 

K 6 2 1 9 0.3 6.21 

Mg 3 2 1 6 0.119 2.7 

Mn 3 2 1 6 0.032 7.5 

Ni 3 2 1 6 0.0024 6.4 
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Element 
Standard Sourcea 

Total Standards Calibration Range (µg/cm2) 
UCD MM NIST 

Pb 6 0 1 7 0.0318 2.63 

Rb 3 0 1 4 0.0024 0.104 

S 12 0 1 13 0.105 10.55 

Sb 0 2 1 3 0.0072 6.8 

Se 3 2 1 6 0.059 5.3 

Si 6 2 1 9 0.65 5.96 

Sn 0 2 0 2 1.4 7.1 

Sr 3 0 0 3 0.024 0.104 

Ti 6 0 1 7 0.024 8.54 

V 6 0 1 7 0.0049 2.86 

Zn 6 0 1 7 0.031 3.6 
a
Standards were sourced from University of California, Davis’ Air Quality Research Center (UCD), 

Micromatter Technologies (MM) and the National Institute of Standards and Technology (NIST). 

 

Samples were measured directly using the Epsilon 4 software using X-ray condition sets 

adapted from Malvern Panalytical for air filter analysis: these conditions are listed in Table 

4.2. To briefly summarize the aspects of the conditions, the voltage (kV) of the X-ray 

cathode tube controls the energy of X-rays created, the current (µA) of the cathode tube 

affects the quantity of X-rays produced, the filter is used to selectively filter out X-rays 

outside of the desired energy range, and the medium used affects background noise. 

Table 4.2: Condition sets used in E4 software for XRF analysis of SPARTAN filters. 

Condition 

name 

kV µA Filter 

name 

Medium Detector 

mode 

Analysis 

time (s) 

Elements 

analyzed 

<Fe-Pb> 50 300 Ag Air Normal 540 Fe, Co, Ni, Cu, 

Zn, As, Se, Rb, 

Sr, Pb 

<K-La> 12 1250 Al-50 Air Normal 540 K, Ca, Ti 

<Mg-Cl> 9 1666 Ti Helium Normal 720 Mg, Al, Si, S, Cl 

<Pd-Sb> 50 300 Cu-500 Air Normal 540 Pd, Cd, Sn, Sb 

<V-Mn,Ce> 20 750 Al-200 Air Normal 540 V, Cr, Mn, Ce 
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These conditions are designed in order to maximize detection of the characteristic 

fluorescence of the elements in the condition set – heavier elements will typically be 

subjected to higher energy X-rays (i.e. high kV values) that are necessary to induce their 

transitions, while lighter elements require lower energy X-rays (low kV values) for their 

specific transitions. This relationship is essentially inverted in terms of the quantity of X-

rays used, as lighter elements generally have lower fluorescence yield, and require more X-

rays (i.e. high µA values) in order to obtain enough characteristic fluorescence to be 

quantified, while heavy elements with high fluorescence yield require fewer X-rays (low 

µA values) to obtain sufficient fluorescence without overloading the instrument detector.  

In condition set <Mg-Cl>, ultra-pure helium (UHP6.0, 99.999% He, Airgas) is used to 

reduce background noise, as light elements (low atomic weight) produce less X-ray 

fluorescence than heavier elements. The signal-to-noise enhancement observed from use 

of helium in this condition set is significant enough to merit the relatively costly use of 

helium – for heavier elements, the signal-to-noise enhancement is not significant and 

therefore use of helium is conserved to only the <Mg-Cl> condition set. This set also has 

increased measurement time for improved signal resolution. 

4.1.2 Limit of Detection (LOD) Determination 

After the programming setup and calibration of the Epsilon 4 instrument was completed, 

the elemental detection limits of the method were determined. The quantification of 25 

unique elements leads to 25 unique detection limits, detailed below in Table 4.3. Two 

metrics are used and reported here – the first is the limit of detection (LOD), defined in Eq. 
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4.1, where s is the standard deviation of the measured concentrations from a set of nine lab 

blanks for the element of interest: 

 𝐿𝑂𝐷 = 3 ∗ 𝑠 Eq. 4.1 

The second reported metric is acceptance limit, which is defined in Eq. 4.2, where 𝑥̅ is the 

mean concentration of the set of nine lab blanks for the element of interest: 

 𝐴𝑐𝑐𝑒𝑝𝑡𝑎𝑛𝑐𝑒 𝑙𝑖𝑚𝑖𝑡 = 𝐿𝑂𝐷 + 𝑥̅, if 𝑥̅ > 0 Eq. 4.2 

In practical terms, the LOD is used to account for instrument noise using the 3σ rule, 

wherein ~99% of normally distributed values are found within three standard deviations of 

the mean value, and has been shown to correspond to a confidence level of ~90%.97  

Table 4.3: Limits of detection and acceptance limits for 25 unique elements analyzed through XRF, as 

well as percentage of recorded SPARTAN XRF samples above acceptance limits. Values reported are 

in µg/cm2 (mass deposited per unit area). 

Element LOD Acceptance 

Limit 

Samples 

over AL 

(%) 

Element LOD Acceptance 

Limit 

Samples 

over AL 

(%) 

Al 0.0072 0.0078 100 As 0.0021 0.0021 78 

Si 0.0213 0.0257 100 Co 0.0012 0.0013 32 

S 0.0018 0.0029 100 Cr 0.0018 0.0018 65 

Cl 0.0486 0.0486 38 Cu 0.0042 0.0074 57 

K 0.0642 0.1009 96 Mg 0.0765 0.0765 83 

Ca 0.0345 0.041 94 Mn 0.0015 0.0015 97 

Ti 0.0031 0.031 40 Ni 0.0012 0.0017 57 

V 0.0009 0.0012 66 Sb 0.0513 0.0579 3 

Fe 0.0078 0.0078 100 Rb 0.0048 0.0056 22 

Zn 0.0015 0.0027 98 Sr 0.0072 0.0077 20 

Ce 0.003 0.003 45 Cd 0.0147 0.0147 7 

Pb 0.0054 0.006 62 Se 0.0006 0.0006 71 

Sn 0.0549 0.0818 3     
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The acceptance limit is used to ensure that any potential loadings of elements on the lab 

blanks are accounted for before reporting loadings on sampled filters – an example being 

potassium, where the difference between the LOD and acceptance limit is roughly 30%. 

These values are used to filter SPARTAN sample data, with only elemental concentrations 

above the relevant acceptance limit carried through for further data analysis. Elements 

above XRF acceptance limits for >10% of samples were considered; Sb, Cd, and Sn did 

not satisfy this requirement, and as such are not further discussed here. 

4.2 OVERVIEW OF XRF RESULTS FOR SPARTAN SITES 

Due to the relatively recent introduction of XRF analysis into SPARTAN protocols, there 

are fewer samples collected and characterized than the previous ICP-MS analysis, but by 

no means is it an insignificant set – there are over 220 PM2.5 filters that have been used in 

this analysis. The breakdown for the sampling at the sites used can be found in Table 4.4. 

It should be noted that the Seoul and Abu Dhabi sites were not included in ICP-MS analysis, 

while the Atlanta, Bondville, Buenos Aires, Kanpur, Kelowna, Mammoth Cave, Manila, 

and Pretoria sites were not analyzed through XRF due to either site retirement or 

insufficient sampling.  

The mean PM2.5 mass concentrations measured from samples during the analysis period 

explored here are plotted in Figure 4.2, with standard error bars shown, and the total mass 

of the trace components analyzed through XRF overlaid in green.  
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Table 4.4: Sampling breakdown for SPARTAN sites sampled and analyzed through XRF. Sites are 

sorted by population density. 

City 
Population 

Densitya 

Mean 

PM2.5  

PM2.5 

Mass 

1σ 

Verified 

samples 

First 

sample 

end date 

Last 

sample 

end date 

Sampled 

seasonsb 

Dhaka 80790 123.19 22.6 6 13-Nov-19 19-Dec-19 1,4 

Bandung 22280 36.66 11.0 22 12-Jul-19 17-Jul-20 1,3,4 

Hanoi 21430 28.19 8.5 13 05-Dec-18 12-Aug-19 1,2,3 

Seoul 18362 21.18 7.6 6 10-May-19 24-Jun-19 2,3 

Beijing 18300 24.03 8.3 29 16-May-19 24-Jul-20 1,2,3,4 

Singapore 5460 23.93 10.9 13 15-Jul-19 17-Dec-19 1,3,4 

Halifax 5040 3.06 1.0 24 24-Aug-19 03-May-20 1,2,3,4 

Toronto 3800 6.45 1.5 12 30-Mar-19 12-Aug-19 2,3 

Ilorin 1620 39.76 66.3 18 22-May-19 19-Jan-20 2,3,4 

Rehovot 1440 13.01 3.9 20 22-Feb-19 27-Mar-20 1,2,3 

Sherbrooke 1190 4.86 1.9 25 11-Apr-19 22-May-20 1,2,3,4 

Lethbridge 590 5.04 1.9 13 17-Mar-19 31-Aug-19 2,3 

Abu Dhabi 31 38.61 10.7 34 05-May-19 18-Sep-20 1,2,3,4 
aPopulation density is for a 1 km radius based on NASA’s Gridded Population of the World 29. 
bFor concision, seasons are labelled as such: 1 – Dec-Feb, 2 – Mar-May, 3 – Jun-Aug, 4 – Sept-Nov.  

 

 
Figure 4.2: Mean PM2.5 mass concentrations at SPARTAN sites with standard error bars shown. 

Overlaid green bars show total measured trace metal mean mass concentrations (from XRF analysis) 

for each site. 
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As can be seen, the site with the highest levels of ambient PM2.5 from this analysis is Dhaka 

by more than a factor of threefold compared to the next highest site (123 µg/m3 vs 40 µg/m3 

in Ilorin). This is likely due to the period of sampling for the Dhaka site, which sampled 

only in the winter months (November-December) in this analysis. Seasonality of PM2.5 in 

Dhaka has been discussed in section 3.3, wherein the Pb PM2.5 levels rose starkly in those 

winter months due to shallow mixed layer depths and increased combustion activities. Total 

PM2.5 concentrations during these months have been shown98 to rise well over 100 µg/m3 

in Dhaka, so this level of ambient PM2.5 is well within the range expected to be observed. 

The disparity between the PM2.5 mean mass concentrations at the site through the XRF 

analysis time period and the ICP-MS analysis time period (123 µg/m3 vs 49 µg/m3) also 

highlights this seasonality, as the previous analysis included samples ranging across all 

seasons. 

Temporal factors also impact the site with the second-highest mean PM2.5 concentrations, 

as the Ilorin site demonstrated mean PM2.5 levels of 40 µg/m3, but also exhibited the largest 

PM2.5 mass standard deviation of all sites. This can be traced to the time period of sampling, 

as samples taken from the Nigerian site during the Harmattan dust season in West Africa 

(roughly Dec-Mar) are significantly higher than those taken during the remaining months 

of the year, leading to the large standard deviation. The mean PM2.5 concentration for the 

site during the Dec-Jan-Feb season was nearly tenfold higher than the mean concentration 

for samples taken from May-Nov (97 µg/m3 vs 11 µg/m3). These seasonal influences on 

PM2.5 mass concentration provide important context to the values shown in Figure 4.2.  
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As might be expected, Canadian sites demonstrated the lowest mass concentrations of 

PM2.5, which is consistent with the characterization of these sites as low-PM environments. 

It can also be seen that the PM2.5 mass at SPARTAN sites correlates very well to the 

population density of the site (Table 4.4), with the exceptions of Ilorin which has been 

discussed, and Abu Dhabi, another site in an arid region with significant potential dust 

impact. The remainder of the international SPARTAN sites exhibit ambient PM2.5 mass 

concentrations ranging from ~15-40 µg/m3, all of which are greater than the WHO air 

quality guideline of 10 µg/m3 annual mean PM2.5 concentration. This indicates that air 

quality remains a health concern in many of the locations of SPARTAN sampling sites, and 

validates the continuing assessment of PM2.5 in these regions. 

One promising development from continued assessment of PM2.5 mass concentrations at 

SPARTAN sites is at the Beijing site specifically, which showed a nearly 60% reduction in 

mean PM2.5 concentration compared to the previous ICP-MS analysis (58.1 µg/m3 to 24.0 

µg/m3). While the time period of sampling may play a role in this change, both analyses 

included samples from all four seasons giving credence to this decrease. Notably, the mean 

PM2.5 masses from the XRF analysis are nearly identical before and after COVID-19 

lockdowns (25.3 µg/m3 vs 23.0 µg/m3), indicating that shutdowns were not a driving factor 

in this change. 

The detailed elemental breakdown of the sampled PM2.5 at each of the SPARTAN locations 

is shown in Table 4.5, along with the site mean PM2.5 mass concentrations measured over 

the period of analysis for XRF. 22 unique elemental concentrations are reported for each 

of the 13 sites with XRF analysis. 
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Table 4.5: Full elemental breakdown of mean mass concentrations of trace elements characterized through XRF in PM2.5 at SPARTAN sites. Mass 

concentrations of each element are reported in ng/m3. Total PM2.5 mass concentrations are reported in µg/m3. Sites are reported in alphabetical order. 

Elemental mean concentrations recorded as “n/a” indicates no sampled data above the elemental acceptance limit.  

 PM2.5 Al Si S Cl K Ca Ti V Fe Zn Ce 

Abu Dhabi 38.61 562.9 1603.0 3944.0 37.2 271.0 1067.2 36.5 8.5 397.2 38.8 3.7 

Bandung 36.66 80.0 112.5 846.8 25.4 271.7 35.4 6.3 0.5 36.8 20.5 3.0 

Beijing 24.03 133.3 301.4 1170.9 9.8 157.8 116.0 42.7 0.2 192.9 33.9 18.8 

Dhaka 123.19 122.0 431.4 323.9 224.0 193.2 96.0 6.9 0.5 78.4 454.5 0.9 

Halifax 3.06 5.1 3.6 24.5 13.8 3.6 1.4 n/a 0.0 1.5 0.5 0.2 

Hanoi 28.19 221.3 598.2 1861.1 111.9 474.6 161.6 15.4 1.9 195.9 451.8 1.8 

Ilorin 39.76 222.7 578.5 229.3 17.7 145.8 75.5 22.4 0.7 131.8 53.5 1.5 

Lethbridge 5.04 82.9 123.7 236.3 n/a 42.5 42.9 n/a 0.3 28.3 2.8 1.2 

Rehovot 13.01 97.1 235.4 795.8 9.8 81.6 83.6 10.8 2.3 72.9 8.1 0.4 

Seoul 21.18 219.0 554.0 2061.1 26.5 268.4 107.2 22.3 5.7 260.7 52.4 2.7 

Sherbrooke 4.86 21.9 45.3 142.1 1.2 28.1 11.4 12.1 0.1 19.6 2.4 0.3 

Singapore 23.93 72.4 131.6 1357.9 39.3 294.6 51.3 113.5 19.5 56.2 94.3 25.1 

Toronto 6.45 41.2 91.7 403.0 n/a 51.8 71.6 n/a 0.4 86.5 17.9 2.1 

 Pb As Co Cr Cu Mg Mn Ni Rb Sr Se 

Abu Dhabi 3.9 1.2 1.3 2.1 4.3 412.0 8.5 3.3 2.7 16.8 0.9 

Bandung 8.3 1.3 0.3 1.6 7.3 39.9 1.1 1.2 1.7 n/a 0.2 

Beijing 5.4 2.5 0.2 1.1 1.3 64.2 11.3 0.2 0.3 0.5 1.1 

Dhaka 462.5 10.7 1.0 0.8 3.9 33.5 9.5 0.8 1.8 0.9 0.9 

Halifax n/a 0.1 n/a 0.2 0.5 3.4 0.1 0.1 n/a n/a 0.0 

Hanoi 121.6 8.3 1.0 1.9 10.7 84.5 31.0 1.5 3.4 n/a 1.4 

Ilorin 6.3 0.4 0.6 0.6 0.9 30.8 4.0 0.2 0.7 1.4 0.1 

Lethbridge n/a 0.6 n/a 3.3 n/a 21.3 0.8 n/a n/a n/a 0.4 

Rehovot 2.2 0.7 0.4 1.0 2.8 47.8 1.4 1.4 n/a 0.4 0.3 

Seoul 12.2 3.5 0.7 3.4 10.9 89.8 11.8 2.8 n/a n/a 1.6 

Sherbrooke 0.2 0.4 n/a 0.3 1.1 6.2 0.8 0.1 n/a n/a 0.1 

Singapore 7.6 2.1 2.0 4.4 2.0 46.3 4.7 5.0 n/a n/a 0.8 

Toronto 10.2 0.8 0.4 1.2 3.6 25.4 2.7 0.5 n/a n/a 0.5 

  

6
4
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4.3 CRUSTAL EFS FOR XRF RESULTS 

The enrichment factors (EFs) for trace elements at each of the SPARTAN sites were 

calculated using the XRF-measured trace element concentrations in Eq. 4.3 below 

(previously detailed in section 2.2), and are shown in Figure 4.3: 

 

𝑬𝑭𝑿,𝟐.𝟓 =
[𝑿

𝑭𝒆⁄ ]
𝐏𝐌𝟐.𝟓

[𝑿
𝑭𝒆⁄ ]

𝐓𝐚𝐲𝐥𝐨𝐫

  
Eq. 4.3 

 

Figure 4.3: Crustal enrichment factors (EF) for XRF-measured trace metal PM2.5 relative to crustal 

ratios of the given element and iron (Eq. 2.1). Elements are sorted by mean enrichment factor across 

all sites; sites are listed alphabetically. Grey squares indicate all measured concentrations were below 

elemental acceptance limit at that site. 

 

Elements in the figure are sorted by mean enrichment factor across all sites, with those 

having the lowest mean EF values on the left and those with increasing mean EF values to 

the right. This can offer some perspective into which elements are generally enriched at 
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SPARTAN sites compared to crustal concentrations. Elements classified at both the high-

end (anthropogenic) and low-end (crustal or “natural”) are consistent with their typical 

natures, providing confidence for the results in Figure 4.3. As seen above, elements 

typically considered crustal are those with the lowest EFs; Si, Sr, Al, Ca, Mg, Ti, Rb, K, 

Mn, Se, and Co all have mean EF values below 10, indicating their relatively low 

enrichment in ambient PM2.5. On the other end of the spectrum, the most heavily enriched 

elements in the sampled PM2.5 are Pb, As, and Zn. These metals have mean EF values over 

100, indicating largely anthropogenic sources, which is consistent with their nature as 

anthropogenically-emitted metals in PM2.5.  

In general, SPARTAN sites with higher levels of ambient PM2.5 typically see higher 

enrichments of anthropogenically emitted metals, with As, Pb, and Zn commonly elevated. 

This can be seen in the Hanoi and Dhaka sites, where EF values for As, Pb, and Zn are all 

~1,000, some of the highest enrichments observed.  Dhaka has the highest EF of any 

SPARTAN site, as it exhibited a Pb EF value over 10,000 – previous issues with Dhaka 

and Pb have been discussed in section 3.3. The continued presence of extremely high levels 

of Pb in ambient particulate matter in Dhaka is cause for serious health concerns, and 

further assessment of this aspect of the site is crucial to ensuring those concerns are 

addressed in the future. 

The reverse relationship between PM and EFs is also shown, as some of the SPARTAN 

sites with the lowest typical concentrations of PM2.5 see very few notable enrichments – 

three of the four Canadian sites in particular see EF values over 100 only for As, the metal 

with the second highest network-wide mean EF of all elements measured. This is consistent 
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with the characterization of these sites as low-PM environments in a country with strict air 

quality guidelines. SPARTAN sites in arid regions (Abu Dhabi, Ilorin) also show few 

notable enrichments, which may be due in part to the large quantities of Fe (and other 

crustal elements) in windswept dust that can mask anthropogenic enrichment of non-crustal 

elements. 

Beijing is notable in this investigation especially in comparison to EF values determined 

previously in Chapter 3, where enrichment in As, Pb, and Se were apparent and determined 

to stem primarily from the coal-burning in the region. From XRF, these metals are not 

significantly enriched in comparison to other SPARTAN sites, indicating that the sources 

of these metals in PM2.5 have been diminished in some capacity. This is potentially a 

success story for Beijing and China generally, as the country implemented a clean air policy 

in 2013 that led to major changes in the coal industry. Beijing specifically shut down all 

four of its coal-fired power plants from 2014-2017, and switched roughly 4.8 million 

households in the surrounding area from coal heating to natural gas and electricity in 2017. 

Atmospheric modelling has shown that these measures have been effective in reducing 

PM2.5 in the country99, and as these XRF results are the first SPARTAN samples to be 

characterized from the site since the end of 2017, it appears the changes have also made an 

appreciable difference on trace metal PM2.5 in the city.  

Also notable from this exploration is the Singapore site, which has been previously 

described in section 3.5 based on its unique properties. To briefly reiterate, the proximity 

of the site to the bustling Port of Singapore and to petroleum refineries is likely driving 

enhancements of anthropogenically sourced trace metals such as nickel, cerium, zinc, 
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arsenic, and notably vanadium (V). These enhancements can be clearly seen in Figure 4.3, 

with nickel and vanadium levels in particular notably above other SPARTAN sites. The 

enhancement of nickel seen through XRF gives further credence to the importance of 

petroleum on ambient PM in Singapore, as V and Ni are the two most abundant metals in 

petroleum.100 This impact can also be seen in the relatively low enhancement of Pb at the 

site due to Singapore’s widespread use of petroleum in lieu of coal-burning, as coal 

combustion is one of the most common sources of ambient lead PM2.5. 

4.4 COMPARISONS TO ICP-MS RESULTS 

4.4.1 XRF-Measured Arsenic PM2.5 at SPARTAN Sites  

In continuing the elemental analysis of the ambient PM2.5 at SPARTAN sites, specific 

attention was paid to previously discussed trace metals arsenic (As) and lead (Pb) for their 

potential health concerns. Mass concentrations of As measured through XRF at SPARTAN 

sites are shown in Figure 4.4, along with the excess lifetime risk of cancer thresholds of 6.6 

ng/m3 (1:100,000) and 0.66 ng/m3 (1:1,000,000).  

As mentioned, some sites had no XRF data available at the time of analysis, including the 

Kanpur site which demonstrated the highest quantity of As PM2.5 in the ICP-MS based 

analysis. Comparing the remaining sites however, it can be seen that Dhaka now shows the 

highest levels of As PM2.5 among all SPARTAN sites, increasing from ~6 ng/m3 to roughly 

10.7 ng/m3, jumping by approximately 78%. This further amplifies the need to address trace 
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metal PM2.5 in the region, as these higher levels of As may contribute to cancer and other 

negative health impacts for those living in the Dhaka region.  

 

Figure 4.4: Concentrations of As measured by XRF in PM2.5 samples taken from SPARTAN sites, with 

standard error bars shown. Dotted red line represents 1:100,000 excess lifetime risk of cancer due to 

As exposure (6.6 ng/m3). Dotted black line represents 1:1,000,000 excess lifetime risk of cancer due to 

arsenic exposure (0.66 ng/m3). 

 

The Hanoi site exhibits similar levels of arsenic trace metal PM as observed through ICP-

MS (roughly 8 ng/m3), indicating that emissions of As continue to be a health concern in 

the area. Sites located in Canada generally have low levels of ambient As PM2.5 as seen 

previously, with Lethbridge, Halifax, Toronto, and Sherbrooke exhibiting As PM2.5 mass 

concentrations under 1 ng/m3. Ilorin and Rehovot were the only two international sites 
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sampled to also fall under this mark, which aligns with their lower population densities. 

The Beijing site continues to show improvements in air quality especially in relation to 

trace metal PM2.5, as arsenic mass concentrations recorded over the XRF analysis period 

were significantly lower than the 6.6 ng/m3 exposure threshold that was previously 

exceeded. 

Among sites with only XRF data, Seoul exhibits a moderate concentration of As PM2.5 

(approximately 3.5 ng/m3) that bears further observation, but is not of immediate concern. 

The site in Abu Dhabi shows relatively low concentrations of arsenic compared to most 

international SPARTAN sites at ~1.2 ng/m3, indicating that the trace metal is not of 

significant concern in the region.  

4.4.2 XRF-Measured Lead PM2.5 at SPARTAN Sites 

Levels of lead detected in PM2.5 samples were generally lower than previous ICP-MS 

analysis, with only two SPARTAN sites exhibiting mean Pb PM2.5 concentrations above 

15 ng/m3, and only one site measuring over the 150 ng/m3 US NAAQS threshold discussed 

previously (Dhaka, 463 ng/m3). The factors influencing the high levels of lead PM2.5 

specifically in Dhaka have been discussed previously, with additional contributions  

stemming from lead-acid battery manufacturing and recycling in the region, similarly to 

the Bandung site discussed in Section 3.5. It should be noted that this level is three times 

the recommended maximum 3-month mean concentration of total suspended Pb particles 

by US authorities, and as such is a serious health concern for residents of the area. These 

health risks are greatest for children, as lead is a neurotoxin that can negatively impact 

healthy development and cause serious long-term effects on children if significantly 
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exposed to Pb. An analysis of the potential for lead exposure among children (ages 2-3) in 

Bangladesh near Dhaka found that total suspended lead particles in the region reached a 

mean value of 1220 ng/m3, nearly ten times the US standard and over twice the WHO 

guideline of 500 ng/m3 annual mean Pb concentration.101 The observed mean Pb PM2.5 

concentration at the Dhaka site of 463 ng/m3 would align with these levels of Pb TSP. 

The only other SPARTAN site analyzed here with a significant concentration of Pb in PM2.5 

is the Hanoi site, which has a similar mean concentration as previous ICP-MS analysis (122 

ng/m3 vs 141 ng/m3). This is a slight improvement, but still bears monitoring at the Hanoi 

site in the future as it hovers near the 150 ng/m3 mark as this may be a product of temporal 

sampling differences. The Kanpur site which previously exhibited high levels of lead in 

ambient particulate matter was not analyzed through XRF as of the time of publication of 

this work, but is another site that merits observation in the future in relation to Pb PM2.5. 

Improvements in lead concentrations were observed at the Bandung (34.6 ng/m3 vs 8.3 

ng/m3) and Beijing (41.3 ng/m3 to 5.4 ng/m3), which is a positive indication for air quality 

and community health in those areas. The site in Beijing in particular continues to exhibit 

improvements across the board in air quality, which is likely linked to the previously 

discussed policy change in the region from coal combustion to natural gas and electricity 

which was made effective in late 2017. This impact on Pb specifically is another indicator 

that the elimination of coal burning has improved ambient PM, as lead PM2.5 is a common 

marker for coal combustion, and a roughly 87% decrease in the Pb mass concentrations 

suggests far less contribution from those combustion sources.  
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5 CONCLUSION 

5.1 FUTURE WORK AND IMPROVEMENTS 

This work illustrates both the tremendous work that has been done by the entire SPARTAN 

team, from researchers to principal investigators to collaborators on the ground at 

SPARTAN sampling sites, as well as the future potential for the network. There are several 

avenues for future development for SPARTAN that will serve to increase understanding of 

ambient particulate matter globally. These include new site introduction, further honing lab 

analysis as well as utilizing additional analysis techniques to obtain more detailed 

information, and integrating complementary chemical transport modelling to fill in 

temporal and spatial gaps in SPARTAN coverage.  

SPARTAN continues to expand its network coverage across the globe, with new sites 

currently in development in South America (Santiago, Chile; Palmira, Colombia), and an 

additional seven sites to sample in collaboration with the MAIA (Multi-Angle Imager for 

Aerosols) project led by NASA in the near future. These sites are located across the world, 

from North America (Pasadena, California, USA) to Africa (Addis Ababa, Ethiopia; 

Johannesburg, South Africa) to Asia (Delhi, India; Haifa, Israel; Kaohsiung, Taiwan; 

Taipei, Taiwan). These additional sampling locations will allow for deeper investigations 

of regions with historical data (India, Israel, South Africa) and also provide new regions of 

interest. Collaboration with NASA will also spur method and analysis development in order 

to obtain the maximum information possible from the sampled filters of this project.  
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The methodologies used in the SPARTAN laboratory are extensive and robust, but 

development of analysis both new and current is key to ensuring that as much information 

as possible can be successfully obtained from the limited numbers of filters that are sampled 

at SPARTAN sites. In relation to this work specifically, incorporation of X-ray 

fluorescence into the SPARTAN network is still in its relative infancy in comparison to 

other analysis techniques, and as such will continue to develop in the future. One such 

development will be to compare directly between results obtained from XRF and from ICP-

MS for the same samples, allowing a more accurate comparison of the SPARTAN 

methodologies. This could also potentially be used to retroactively examine earlier samples 

and put them more precisely in context with current and future results, even with 

methodology changes. 

Some of these methodology changes involve implementing new analysis methods, 

allowing new information to be captured to further increase understanding of ambient 

particulate matter. SPARTAN is collaborating with the IMPROVE group at the University 

of California, Davis in order to use FTIR (Fourier Transform Infrared Spectroscopy) 

analysis as well as HIPS (Hybrid integrating plate/sphere) analysis to obtain organic 

carbon/elemental carbon and black carbon data, respectively. An additional collaboration 

with Dr. Rajan Chakrabarty at Washington University in St. Louis is implementing UV-

Vis spectroscopy for characterization of brown carbon. Finally, AMS (aerosol mass 

spectrometry) analysis is also in development in the SPARTAN laboratory with the aim of 

characterizing organic compounds in PM2.5 sampled from ground sites. These new analysis 

techniques can provide a greater picture of the nature of PM2.5 at SPARTAN locations 

alongside the techniques used to date. 
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As implementation of new methods of analysis occurs, further contextualization of the 

results through reporting of metrics of interest is key. This includes further characterizing 

uncertainties in SPARTAN especially as new analytical methods are incorporated into 

operations, exploring new means of reporting data, and further enhancing the robustness of 

the data collected. In future, additional collocated sampling investigations would offer 

insight into the total uncertainties associated with new SPARTAN operations like XRF 

analysis and others. This is especially useful due to the number of independent factors that 

can influence observed concentrations, like the temporality and seasonality of sampling, 

wind impact, and the variability of emissions in the region. Further collocated sampling 

would reduce the impact of these factors and allow for elemental uncertainties to be 

established for XRF and other analysis methods. 

Additional lab analysis is not the only avenue for further exploring ambient particulate 

matter at SPARTAN locations, as recent developments in chemical transport modelling 

offer the ability to examine modelled concentrations versus their real-world counterparts. 

This work has the potential to be used in complement with chemical transport modelling 

through the GEOS-Chem High Performance (GCHP) global model, which could further 

illuminate differences between instantaneous sampling and the 9-day rolling sampling 

protocol of the SPARTAN network. The ability of SPARTAN to provide real samples for 

the model to compare against is helpful for both network and model in order to discover 

the sources of discrepancies or validate results. 

In addition to further analysis improvements, there is also the potential for greater 

collection of data as SPARTAN continues operations, especially in light of many sites 
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ceasing or delaying sampling due to the COVID-19 pandemic. As sites return to normal 

operations, long-term trends and seasonal variances can be determined for a greater number 

of sites, leading to more local and regional data. Expansion of both the network and the 

analytical methods used in SPARTAN will provide valuable information on the nature of 

global particulate matter in addition to the findings presented in this work.  

5.2 INTERPRETATION OF RESULTS 

Globally consistent measurements of airborne metal concentrations in PM2.5 are essential 

to assessing and understanding the variations in ambient particulate matter across the world. 

Over 1000 samples of fine particulate matter (PM2.5) from 21 unique sampling sites located 

across four continents were collected and analyzed through SPARTAN, with 

concentrations of 15 different trace metals reported by ICP-MS analysis and 22 unique 

elements reported through XRF analysis. As the SPARTAN network continues to develop, 

these sampling protocols will continue to be improved to better report the chemical 

composition of trace metals in PM2.5.  

In general, it was found that several elements were enriched compared to their 

concentrations in the crust – in particular, elements such as Pb, As, and Zn that have 

anthropogenic sources were greatly enriched in sampled PM2.5. This enrichment was most 

notable in large, densely populated urban areas such as Beijing, Dhaka, Kanpur, and Hanoi, 

but was seen generally across many SPARTAN sites. It has been previously shown that 

anthropogenic dust (including fugitive, industry and combustion sources) can contribute up 

to 10% of PM2.5, and includes trace metals that can have adverse health effects.26  



 76 

The enrichment of potentially harmful elements in fine particulate matter from 

anthropogenic sources is of global relevance to public health and warrants further attention. 

For example, we found in Dhaka and Kanpur that Pb concentrations exceeded the US 

National Ambient Air Quality three-month guideline of 150 ng/m3, and that concentrations 

of the carcinogen As approached or exceeded the World Health Organization’s 1:100,000 

excess lifetime risk level (6.6 ng/m3) in Kanpur, Hanoi, Dhaka, and historically in Beijing. 

Other sites saw particularly high levels of specific trace metals that were anthropogenically 

influenced, and which may be linked to certain industries in those sites – for example, high 

V concentrations in Singapore where shipping fuel burning is prevalent, as well as Ni 

concentrations showing enrichment in areas where fuel burning is dominant.  

More generally, the high concentrations of several potentially harmful elements (e.g. Zn, 

Pb, Cd, Se, and As) at densely populated cities such as Dhaka, Kanpur, and Hanoi motivate 

measurements to understand and better control emissions in large cities worldwide. 

Evidence of the impact of air quality regulation can be seen at the Beijing site, which 

demonstrated high trace metal PM2.5 before elimination of coal-burning took place in late 

2017. The Beijing site showed marked improvements in the overall mass concentrations of 

PM2.5 sampled, as well as in reducing the quantity of harmful trace metals such as lead in 

PM2.5 after these changes were implemented. The near-immediate impact of the policy 

change in the Beijing region should provide confidence that tackling PM2.5 emissions at the 

source can be effective.  

The SPARTAN project is currently expanding its reach by beginning measurements in a 

greater diversity of cities in order to better capture the current state of air quality in more 
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of the world’s developing cities. These results relating to trace metal quantity, enrichment 

and relative abundance display the potential for expanded sampling into new, 

geographically diverse regions, and illustrates how cities and their inhabitants in these 

regions can be exposed to potentially hazardous levels of trace metal PM2.5 on an everyday 

basis. Levels of toxic metal content in PM2.5 showed varied levels of enrichment based on 

anthropogenic activities, and these measurements provide a strong foundation to better 

understand the potential adverse human health impacts of these metals worldwide. 

*Note: some material for this Chapter has been adapted from “Large Global Variations in 

Measured Airborne Metal Concentrations Driven by Anthropogenic Sources” by Jacob 

McNeill et. al, published in Scientific Reports (December 2020)  
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