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Abstract 28 

The physical, chemical and bioreactivity characteristics of fine particulate matter (PM2.5) 29 

collected near (< 1km) two landfill sites and downwind urban sites were investigated. The 30 

PM2.5 concentrations were significantly higher in winter than summer. Diurnal variations of 31 

PM2.5 were recorded at both landfill sites. Soot aggregate particles were identified near the 32 

landfill sites, which indicated that combustion pollution due to landfill activities was a 33 

significant source. High correlation coefficients (r) indicated that significant amounts of 34 

vanadium (V), copper (Cu), chloride (Cl-), nitrate (NO3
-), sodium (Na) and potassium (K) 35 

concentrations were observed under wind flow from the landfill sites, however insignificant 36 

correlations were identified between these components and DNA damage. Significant 37 

associations were observed between DNA damage and some heavy metals such as cadmium 38 

(Cd) and lead (Pb), and total Polycyclic Aromatic Hydrocarbons (PAHs) during the summer. 39 

The insignificant associations of DNA damage under increased wind frequency from landfills 40 

implied that the PM2.5 loading from other sources (e.g. regional sources) was an important 41 

contributing factor for DNA damage. This outcome warrants the further development of 42 

effective and source-specific landfill management regulations for particulate matter production 43 

control to the city. 44 

 45 

 46 

 47 

 48 
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1. Introduction 53 

Landfill has been traditionally regarded as a common method of organized waste disposal and 54 

is a widely used waste management practice around the world. According to the Hong Kong 55 

Environmental Protection Department, the disposal of total solid waste at landfills averages 56 

15,102 tonnes per day, with 10,159 tonnes per day classified as municipal solid waste (MSW) 57 

(e.g. domestic waste, commercial waste and industrial waste). The average disposal rate of 58 

MSW in Hong Kong was approximately 1.4 kg per capita daily (HKEPD, 2015), compared to 59 

approximately 2.0 kg per capita daily in the United States (U.S. EPA, 2013). The problem of 60 

waste disposal is considered as one of the most serious environmental issues in Hong Kong. 61 

Operating landfills can generate a variety of air pollutants such as particulate matter (PM) and 62 

the emitted particulates can contain inorganic and organic components (Koshy et al., 2009; 63 

Macklin et al., 2011). A study by Deed (2004) showed a large proportion of the inorganic 64 

components in PM collected at landfills are mineral-based and derived from wind-blown soil. 65 

Typical hazardous particles generated at landfills are toxic crystalline silica and needle-like 66 

metal particles that are generated by waste fragmentisers.  67 

Airborne PM is a health concern worldwide due to adverse health effects. A previous 68 

epidemiological study demonstrated exposure to PM could intensify respiratory morbidity and 69 

mortality (Pope III et al., 1995). Oxidative stress is a mechanism by which exposure to PM can 70 

potentially cause adverse health effects when overproduction of oxidants (e.g., Reactive 71 

Oxygen Species (ROS) and free radicals) offsets anti-oxidative defences (Charrier et al., 2014). 72 

Fine particulate matter (aerodynamic diameter < 2.5 µm: PM2.5) can elicit adverse 73 

inflammatory responses by depositing in the lung periphery (Bitterle et al., 2006). The 74 

components such as elemental carbon (EC) and organic carbon (OC) can constitute a 75 

significant proportion of PM2.5 (20-80%) (Rogge et al., 1993; Sillanpää et al., 2005). The water-76 

soluble fractions of atmospheric aerosol contains components (e.g. ions) that capable to 77 
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increase the solubility of toxic organic compounds (e.g. polycyclic aromatic hydrocarbons: 78 

PAHs) and further to increase toxicity to human health (Wang et al., 2003).The bioavailable 79 

transition metals on the particle surfaces can also promote free radicals generation and lead to 80 

oxidative damage (Costa and Dreher, 1997; Donaldson et al., 1996). 81 

Several studies have revealed the health risks posed by landfill sites (such as cancer or 82 

congenital anomalies) (Jarup et al., 2012; Palmer et al., 2005), but there is insufficient 83 

investigations about the bioactivity of PM2.5 from municipal landfill sites in Hong Kong. The 84 

aims of this study are to: 1) To investigate the physicochemical characteristics of PM2.5 samples 85 

collected from locations near (< 1km) MSW landfill sites; 2) To determine the oxidative stress 86 

of PM2.5 samples using the generation of reactive oxygen species (ROS); 3) To determine the 87 

relationship between physical and chemical characteristics of PM2.5 and their bioreactivity 88 

collected near (< 1km) the landfill sites and in the downwind urban sites. 89 

 90 

2. Materials and methods 91 

2.1 Sampling locations 92 

Five sampling sites were selected for this study (Figure 1). Two sites were located adjacent to 93 

the landfill areas (with both <500 m from the landfill sites) namely West New Territories 94 

(WENT) and South East New Territories (SENT). The WENT landfill has an area of 110 ha 95 

with waste intake ~ 7,500 tonnes per day (HKEPD, 2015). The sampling site of WENT was 96 

located at Ha Pak Nai, which was 100 m away from the WENT landfill. The SENT landfill has 97 

an area of 100 ha waste intake ~4,000 tonnes per day (HKEPD, 2015). The sampling site of 98 

SENT was located at Tseung Kwan O Industrial Estate approximately 300 m from the SENT 99 

landfill. Two urban sites were located in a mixture of residential and commercial areas namely 100 

as Tin Shui Wai (TSW) and Tseung Kwan O (TKO), which are the nearest local hubs to WENT 101 
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and SENT landfill respectively. The SENT landfill was to receive only construction waste after 102 

January of 2016 to address the odour problem. The waste intake at the SENT Landfill was 103 

anticipated to be reduced to approximately 500 vehicular loads after the regulation amendment 104 

(HKEPD, 2016). Hok Tsui (HT) was selected as the rural site at the south-eastern tip of Hong 105 

Kong Island. The sampling site is in a remote area and far removed from any anthropogenic 106 

activities, ∼2.5 km away from major traffic (Shek O Road).  Details of sampling sites can be 107 

found in Figure S1-2 (Supplementary Material). 108 

 109 

2.2 Experimental procedures 110 

2.2.1  Sample collection  111 

Details of the sample collection can be found in Text S1 (Supplementary Material). 112 

 113 

2.3 Analytical methods 114 

2.3.1  Field emission scanning electron microscope (FESEM) analysis 115 

The FESEM analysis was used for particle imaging according to standard procedures (Jones et 116 

al., 2006). Particles on the Teflon filters were extracted with distilled deionized water, as this 117 

extractant was considered to be least chemically aggressive solution. This extraction was 118 

essential as the particles were embedded deep in the body of the filters and not seen on the 119 

filter surface. A consequence of this is that all water-soluble samples are lost in these analyses. 120 

The samples were then mounted on a conventional 12.5 mm aluminium stubs using Epoxy 121 

resin (Araldite™). Stubs were coated to improve imaging with evaporated gold–palladium 122 

(Au–Pd 60: 40), using a Bio-Rad SC500 sputter coater under an inert argon atmosphere, to a 123 

thickness of 20 nm. A Veeco FEI Philips XL30 environmental SEM with a field emission gun 124 

was used for specimen imaging. 125 

 126 
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2.3.2  Chemical components analysis  127 

Details of the chemical components (elements, water-soluble inorganic ions, organic carbon, 128 

elemental carbon and polycyclic aromatic hydrocarbons) analysis can be found in Text S2-5 129 

(Supplementary Material). 130 

  131 

2.3.3 Plasmid scission assay (PSA) for bioreactivity analysis 132 

Details of the plasmid scission assay analysis can be found in Text S6 (Supplementary 133 

Material). 134 

 135 

2.4 Statistical analysis 136 

Statistical analysis was performed using SPSS 21.0 software. Details of the analysis can be 137 

found in Text S7. The significance level was set at p < 0.05.  138 

 139 

3. Results and discussion  140 

3.1 Diurnal variations of PM2.5 141 

The PM2.5 mass concentrations acquired from real-time monitors have been cross-checked with 142 

filter-based concentration results to ensure performance optimization. Good correlations were 143 

observed between filter-based PM2.5 mass concentrations and real time PM2.5 mass 144 

concentrations at WENT and SENT in both seasons (Winter season: WENT: r = 0.88, p < 0.01, 145 

SENT: r = 0.705, p < 0.01; Summer season: WENT: r = 0.89, p < 0.01, SENT r = 0.90, p < 146 

0.01). Figures 2 and 3 show temporal variations of hourly PM2.5 level at WENT and SENT in 147 

winter and summer, respectively. Diurnal variations of PM2.5 were observed in both landfill 148 

sites (especially in WENT). In addition, the PM2.5 concentrations were significantly higher in 149 

winter than summer. In WENT High PM2.5 levels were due to enhanced anthropogenic 150 

emissions with daytime activities (including landfill activities) in addition to local land–sea 151 
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breeze circulations. In SENT high PM2.5 levels were also observed during daytime, but the PM 152 

diurnal variations were different between seasons.  153 

The contribution of PM2.5 from different wind directions is illustrated by pollution roses in 154 

Figure S6 (Supplementary Material). The dominant wind directions at WENT was south/north 155 

in winter and south in summer. The PM2.5 loadings were observed to increase under the 156 

dominant west and northwest surface winds in both seasons (Supplementary Materials: Figure 157 

S6: a and S6: c). The landfill is located west of the sampling site, high PM2.5 levels were 158 

potentially due to the influence of local activities that transferred from the landfill. However, 159 

more than 50% of surface winds were from the south or north in winter and south in summer 160 

from which low to high levels of PM2.5 were also observed under these conditions. The 161 

dominant wind directions at SENT was east in winter and summer. The PM2.5 loadings were 162 

observed to increase when surface winds were from the east (from landfill) and northwest 163 

(where the downtown area is around 4 km away from SENT) in winter (Supplementary 164 

Materials: Figure S6: b). The PM2.5 levels at this site could possibly be due to local and regional 165 

PM sources in winter. In summer, no significant hotspots were identified after the analysis.  166 

Under real-time PM2.5 monitoring, high PM2.5 levels were observed in winter. The higher 167 

average PM2.5 concentrations coupled with prevalent northerly to northeasterly winds were also 168 

observed during winter. This observation points to possibly a transfer of aged and contaminated 169 

air masses from the Pearl River Delta region to Hong Kong. The lower average PM2.5 170 

concentrations during the summer could be due to prevailing southerly or southeasterly winds 171 

drawing clean marine air masses from the South China Sea or the Northwest Pacific Ocean, 172 

diluting PM2.5 concentrations. In addition, heavy rainfall caused by the summer monsoon could 173 

remove ground-level PM2.5 by wet deposition. During daytime under wind directions 174 

predominantly from landfills high PM2.5 levels were observed, which suggested the PM2.5 level 175 
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could be affected by anthropogenic activities (locomotion, waste process, landfill surface dust, 176 

soot and mineral particles and vehicular exhaust) from the landfills.  177 

A temporal pattern could be related to local meteorological factors. The local sea breeze was 178 

dominant (lower PM2.5 concentration) from midnight until the early morning, while land 179 

breezes (higher PM2.5 concentration) dominated in the remainder of the day. However, over 180 

50% and 30% of surface winds were not from WENT and SENT landfills, respectively, and no 181 

significant association was observed between wind frequency from landfills and integrated 182 

PM2.5 mass concentrations. This implies PM2.5 loading from other wind directions was an 183 

important contributing factor. 184 

 185 

3.2 Particle morphology analysis 186 

The airborne particles were classified into 3 types (soot aggregations, mineral matter and “other 187 

types”) based on morphology and elemental compositions (Figure 4). Soot aggregates were 188 

commonly seen in the samples. For example several small soot particles were observed 189 

adhering to the surface of a non-crystalline (conchoidal fracture) glass particle (Figure 4: a-1). 190 

These composite particles contained C, O, Na, Al, Si and K element and the atomic percentages 191 

were 60.28%, 32.57%, 1.37%, 0.41%, 4.78%, and 0.58%, respectively. Other particles are seen 192 

as agglomerations of small spheres that predominantly consist of soot (Figure 4: a-2). The 193 

atomic percentages of C, O, Na, Al, Si, and K were 69.81%, 21.99%, 0.90%, 0.56%, 6.00%, 194 

and 0.74%, respectively. Numerous studies have confirmed that these soot aggregates possess 195 

the typical morphology of emissions from gasoline or diesel engines (Berube et al., 1999). 196 

These soot aggregate particles were collected near the landfill sites, which supports the view 197 

that gasoline/diesel combustion pollution (due to landfill activities) are a major component of 198 

landfill particulate pollution.  199 
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The identified mineral particles were derived from sources such as soil (used to cover the waste 200 

cells), resuspension of dust from unmade roadways, and other anthropogenic site activities (e.g. 201 

construction dust) (Yue et al., 2006). Mineral particles typically had irregular shapes with 202 

obvious crystalline structures rarely seen (Figure 4: b-1). The particles commonly consisted of 203 

an aggregation of mineral and soot particles. Some mineral grains were shown to possess a 204 

‘platy’ morphology, an indication for clay minerals. The initial clay identification was further 205 

supported by the presence of Mg, Al, Si, K and Fe elements (atomic percentages of Mg, Al, Si, 206 

K and Fe were 0.36%, 1.67%, 10.13%, 1.24%, and 0.18%, respectively).  207 

The origins of the particles in the ‘other’ category could not be confidentially identified from 208 

their morphology or elemental compositions; a common problem in some industry-sourced 209 

PM. Two examples are shown to illustrate the challenges presented when trying to identify the 210 

particle origins using analytical electron microscopy. These are the irregular shapes (Figure 4: 211 

c) and agglomerates type particles (Figure 4: d). The SEM-EDX analysis (Figure 4: c) revealed 212 

a large Fe component (atomic percentage = 5.74%), and the particle was interpreted as iron 213 

oxide (rust). The particles surrounding the Fe particles were predominately soot and platy 214 

(probably clay) mineral particles. The analysis (Figure 4: d) was shown to have high Si 215 

component (atomic percentage = 10.83%) with no visual indication of crystallinity, precluding 216 

common Si minerals. A number of micron to sub-micron size ‘glass’ particles agglomerated 217 

into a single particle is observed in the image. It is speculated that this could be a fragment of 218 

sintered glass where the smaller particles formed as an agglomerate under fusing temperature.  219 

 220 

3.3 Ambient concentrations of chemical components in sampling locations 221 

The samples collected by Teflon filters were used for mass concentration analysis. In winter, 222 

the highest average concentration of PM2.5 was observed in WENT, whereas the SENT shows 223 
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comparable PM2.5 concentration range to the TKO site (Supplementary Materials: Table S2). 224 

Daily variations of PM2.5 levels collected at WENT and TSW or SENT and TKO show 225 

consistent trends in both seasons (Supplementary Materials: Figure S7). Significant spatial 226 

variability of PM2.5 levels were observed in WENT and TSW only in winter (p < 0.05). The 227 

average PM2.5 concentrations were generally higher in winter than summer at all locations 228 

(Supplementary Materials: Table S2) and significant differences between seasons were 229 

observed in WENT, SENT, TKO and HT sites (p < 0.05). Lower concentrations in summer 230 

could be due to enhanced thermal convection in the summer season, which is influenced by the 231 

Asian monsoon. The southwesterly summer monsoon could transfer clean oceanic aerosols 232 

from oceans (South China Sea and tropical Pacific Ocean) (Cao et al., 2004; Ho et al., 2003). 233 

The OC and EC concentrations are shown in Table S3 (Supplementary Materials). Daily 234 

variation of OC and EC were observed at WENT and TSW, in addition to SENT and TKO all 235 

demonstrate similar trends (Supplementary Materials: Figure S8-9) and significant correlations 236 

between these two sites were observed in both seasons (p < 0.05). In contrast, significant spatial 237 

variability of OC and EC concentrations were only observed in WENT and TSW in winter (p 238 

< 0.05). The average concentrations of OC and EC featured summer minimum and winter 239 

maximum in different locations (Supplementary Materials: Table S3). The average 240 

concentrations of OC show significant differences between seasons in all sites (p = 0.05), 241 

whereas seasonal variability for EC was only observed in WENT and HT. The seasonal 242 

variations of OC could be due to prevailing north/northeast winds during winter that could 243 

transfer polluted/aged air masses from China. This condition could couple with stable 244 

atmospheric conditions in winter and resulted in the higher OC concentrations. The 245 

compositions of OC and EC in the PM2.5 at all locations in winter are in a range of 17.2-29.1 246 

and 4.4-5.0%, respectively. The contributions are lower in summer (3.9-15.0 and 2.2-8.8% for 247 

OC and EC, respectively). However, high OC-EC correlations (r2 > 0.75) at all sampling sites 248 
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in both seasons imply strong association between these two fractions and similar sources 249 

emissions 250 

The average concentrations of water-soluble inorganic ions are summarized in Table S4 251 

(Supplementary Materials). The NO3
-, SO4

2- and NH4
+ are the three most abundant inorganic 252 

ions in the fine particulate matter, and show significant differences between seasons in all sites 253 

(p = 0.05), except for SO4
2- in TSW. The average concentrations of these ions are in a 254 

comparable concentration range with cities such as Singapore, Seoul and Yokohama but 255 

nevertheless lower (at least ~1.3-3.0 times) than several Chinese cities (Beijing, Tianjin and 256 

Shijiazhuang) (Dao et al., 2014). Sulphate was the one of the major components in PM2.5 which 257 

contributed in a range of 6.6-42.3 % in PM2.5 mass in winter. The contributions were higher at 258 

all sampling locations in summer (22.9-60.8 %). The NO3
- and NH4

+ are also major constituents 259 

of atmospheric aerosols in Hong Kong with noticeable seasonal variations. Lower temperatures 260 

and less precipitation during winter favoured particulate NH4NO3 over HNO3, and therefore 261 

higher NH4NO3 concentrations were observed in winter. The NO3
-, SO4

2- and NH4
+ levels at 262 

WENT and TSW, along with SENT and TKO all showed similar trends of daily variations 263 

(similar to the PM2.5 variations). Significant spatial variability of NO3
-, SO4

2- and NH4
+ 264 

concentrations were observed in WENT and TSW only in winter (p = 0.05). High Na+ 265 

concentrations observed in the stations could possibly be due to higher and persistent on-shore 266 

winds which generated abundant sea water droplets and marine aerosols. The higher Na+ 267 

concentration in summer than winter could be potentially due to prevailing southerly or south-268 

easterly winds in summer drawing marine air masses with large amount of sea salts bearing 269 

ions from the South China Sea or the Northwest Pacific Ocean.  270 

The concentrations of elements are shown in Table S5 (Supplementary Materials). The 271 

concentration levels are in comparable range with a previous study in Spain (Moreno et al., 272 

2006). The average concentrations of total elements accounted for a range of 3.2-6.3% of PM2.5 273 
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mass in winter; whereas in a range of 3.2-4.3% in summer. The average concentrations of total 274 

elements were minimum in summer and maximum in winter at all sampling locations, and a 275 

number of elements show significant differences between seasons, especially for crustal 276 

species (p = 0.05). However, vanadium (V), as a marker for oil combustion, shows distinct 277 

maximum in summer and minimum in winter in all locations. Residual oils are commonly used 278 

in diesel/ship engines which can produce significant amount of V emissions. Air flow over the 279 

ocean in summer could possibly explain the elevated V concentration from ship emissions in 280 

summer. Iron (Fe) is one of the major crustal elements in this study and the main source is from 281 

mineral dust. The average concentrations of Fe in HT (winter: 288.4 ng m-3; summer: 83.8 ng 282 

m-3) are lower than the other four sampling sites (winter: 432.2-582.8 ng m-3; summer: 123.3-283 

165.0 ng m-3) in both seasons, this could possibly be due to the landfill and urban sampling 284 

sites having stronger influences by the mineral/road dust than background site (HT). The HT 285 

sampling station is in a remote area and far removed from any anthropogenic activities, ~2.5 286 

km away from major traffic (Shek O Road). The observed concentrations suggest potential 287 

influences by the crustal matter in the four sampling stations, and the sites are considered to be 288 

in proximity to the local urban sources.  289 

The concentrations of PAHs are shown in Table S6 (Supplementary Materials). The spatial 290 

pattern was in accordance with the OC concentrations in winter, with highest total PAHs was 291 

observed in WENT. The total PAHs concentration accounted for a range of 0.02-0.54% and 292 

0.02-2.62 % in composition to the OC concentration in winter and summer, respectively. The 293 

highest average contribution was identified in TSW for both seasons. Statistically significant 294 

differences between seasons were observed in all sites (p = 0.05). Fluoranthene (FLT) was the 295 

most abundant components in all sampling sites (except TSW) in winter; whereas PHE was the 296 

most abundant component in summer. The FLT, PHE, PYR, CHR and BbF were dominant 297 

components in all sampling locations which contributed ≥ 50% of the total PAHs. The United 298 



13 
 

States Environmental Protection Agency (U.S. EPA) priority PAHs (Group B2 PAHs) in this 299 

study are in similar concentrations range to the Hong Kong roadside area, but lower than the 300 

concentrations in Guangzhou, Beijing and Xi’an (Leung et al., 2014; Zhang et al., 2016; Xu et 301 

al., 2016). The Group B2 PAHs concentrations contributed in a range of 25.1-65.2% and 5.5-302 

51.2% of the total PAHs concentrations in winter and summer, respectively. According to the 303 

Chinese National Standard GB3095-2012, the maximum allowable 24 h average concentration 304 

for BaP is 2.5 ng m-3 (Zhang et al., 2016).The concentrations of BaP at all locations were below 305 

the threshold limit. The diagnostic ratios for PAHs were also determined and listed with other 306 

studies (Supplementary Materials: Figure S10).  307 

  308 

3.4 Oxidative potential - plasmid scission assay (PSA) 309 

A positive dose-response relationship was identified between the amounts of DNA damage and 310 

sample concentrations, which indicates that higher mass concentrations of PM could cause 311 

higher oxidative potential. The TD50 and DNA damage (%) (100 µg ml-1 dosage) are listed in 312 

Table 1. The amount of damage to the plasmid DNA induced by PM2.5 varied over the range 313 

of 24-92 % and 27-96 % in winter and summer, respectively. The WENT (and TSW) show the 314 

lowest average DNA damage (under 100 µg ml-1) in winter. The oxidative potential of PM2.5 315 

samples in TKO was higher than other locations in winter. In contrast, both WENT and SENT 316 

show comparable DNA damage in summer. No samples demonstrated > 80% average DNA 317 

damage in TKO. This suggests samples collected near landfill in summer could contain higher 318 

oxidative capacity than in other locations. The DNA damage in summer was higher than winter 319 

in all locations (except TKO) and significant differences between seasons were observed in 320 

WENT, SENT, TSW and HT (p < 0.05). The results are consistent with a recent study in 321 
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Beijing (Shao et al., 2017). Variation of DNA damage at WENT and TSW, together with SENT 322 

and TKO all showed significant correlations (p < 0.05) in summer.  323 

 324 

3.5 Correlation analysis  325 

3.5.1 Correlation between major chemical components  326 

Correlation analysis was performed to identify associations between species. The influences of 327 

water-soluble inorganic ions and carbonaceous aerosol to PM2.5 mass were confirmed by high 328 

correlations of PM2.5 with OC, EC, ammonium, sulphate, and nitrate (r > 0.7, p < 0.01). 329 

Sulphates and nitrates are major inorganic ions and were well correlated with ammonium in all 330 

sites (r > 0.5, p < 0.05). The strong correlation between NH4
+ and SO4

2−, together with NH4
+ 331 

and NO3
− suggest that these ions primarily existed as ammonium sulphate ((NH4)2SO4), 332 

ammonium bisulphate (NH4HSO4) and ammonium nitrate (NH4NO3) state.  333 

Total PAHs was in good correlations with OC, EC and K+ (r > 0.5, p < 0.05) and the highest 334 

correlation was observed between total PAHs with OC/nss-K+ in WENT and SENT (r >0.7, p 335 

<0.01) in winter. Non-sea-salt potassium (nss-K+) was used to exclude the influence of 336 

potassium derived from sea-salt and commonly used as source tracer for biomass burning 337 

activities. The results indicated regional impact from continental China was a determinant 338 

factor in winter. However, no significant association was observed between total PAHs and 339 

nss-K+ in summer. Good correlations were observed between total PAHs and OC/EC, which 340 

indicated local combustion source (e.g. vehicular emission) was one of major sources for PAHs 341 

in summer. High Na+ concentrations could be potentially due to sea water droplets and marine 342 

sources. The analysis showed Cl- ions were correlated with Na+ ions only in HT and SENT (r 343 

> 0.5, p < 0.05). Both locations are in proximity to sea with rich sea-salt particles. Nevertheless, 344 
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reaction of nitric acid with sea-salt particles (NaCl) could generate sodium nitrate in the loss 345 

of chloride as product of gaseous hydrochloric acid (Zhuang et al., 1999). 346 

 347 

3.5.2 The relationship between pollutants and wind patterns 348 

Wind direction is one of important factors to determine origin of air mass. The frequencies of 349 

wind blowing from landfills (%) were calculated based on individual sampling days and the 350 

results are shown in Table 2. High percentages of wind flow from landfills were observed in 351 

summer at both locations (p < 0.05). Spatial variability was also observed, with high frequency 352 

of wind flow from landfill at SENT in both seasons. The associations of wind flow from 353 

landfills (%) with chemical components are shown in Table S7 (Supplementary Materials) 354 

(only significant positive correlations were listed). Significant correlations (p < 0.01) were 355 

observed between wind frequency from landfills with V (except SENT in summer), Cu and Cl- 356 

ion (except in summer). In addition, NO3
-, Na+ and K+ showed fair correlations with wind 357 

frequency. The results indicated significant concentrations of V, Cu, Cl-, NO3
-, Na+ and K+ 358 

were observed when the wind flow from landfill sites. However, no significant associations 359 

were observed between DNA damage with wind frequency from landfills. 360 

 361 

3.5.3 Correlation between chemical components and DNA damage 362 

The results can be referred to Table 3 for information. Significant positive associations (p < 363 

0.05) between chemical components and DNA damage were mainly observed in summer 364 

(except Mn, Cd, EC and total PAHs in SENT; Na+ in WENT; and Sb and Ba in HT during 365 

winter). Good correlations were observed for oxidative potential against Zn, Cd, Pb, NH4
+, K+ 366 

and total PAHs in SENT in summer. DNA damage was positively correlated with NH4
+ and 367 
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K+ in TSW; Pb and NH4
+ in TKO; and with Zn and Cd in HT. These results are consistent with 368 

Shao et al. (2017) that trace elements were associated with particle induced oxidative potential 369 

in summer (Shao et al., 2017). However, poor correlations were observed between DNA 370 

damage with V, Cu, Cl-, NO3
-, and Na+ in WENT and SENT, which are the species with high 371 

correlations to wind frequency flow from landfill sites. The results suggest that these potential 372 

landfills orientated species are not associated with oxidative potential responses. In addition, 373 

the PLS regression showed no statistically significant differences between physical/chemical 374 

characteristics and bioreactivity responses. 375 

 376 

3.5.4 Implication of the correlation analysis  377 

The analysis shows significant correlations were observed between wind frequency from 378 

landfills with V (except SENT in summer) and Cu (except in summer). Vanadium is a marker 379 

for residual oil, exhausts from container ships/landfill machineries (e.g. high emissions from 380 

site machineries due to poor maintenance or overloading) that potentially were the sources for 381 

these pollutants. Copper (Cu) was identified as a noticeable element in WENT landfill, due to 382 

significant amounts of Cu under wind blow from landfill. Both landfills are close to the 383 

seashore, high Na+ and Cl- concentrations could be potentially due to sea water droplets and 384 

marine aerosols. Thus, the high association between Na+ and Cl- with wind frequency from 385 

landfills was observed in the analysis. However, no significant associations were observed 386 

between DNA damage/TD50 when increased wind frequency from landfills. In addition, no 387 

association were observed between DNA damage with V and Cu, this implied the dominant 388 

factor determining the DNA damage was potentially due to other local or regional sources, 389 

rather than from a landfill site; although further studies will be necessary in the future (Duffin 390 

and Berube, 2006). Significant associations (p < 0.05) were mainly observed between DNA 391 
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damage and heavy metals (Cd and Pb)/PAHs in summer (Liu et al., 2009; Adamson et al., 392 

2000; Xia et al., 2004). Moreover, the DNA damage induced by PM2.5 was notably higher in 393 

summer than winter. In all of the anthropogenically–derived metals, Cd and Pb are recognized 394 

as emitted by high temperature coal and oil combustion processes, such as landfill processing 395 

facility (Uberoi et al. and Shadman, 1991). Past studies showed metals are responsible for the 396 

generation of ROS, our findings are consistent with previous studies.  397 

This study showed high PM2.5 levels during daytime under predominantly wind direction from 398 

landfills. Significant associations were observed between DNA damage and heavy 399 

metals/PAHs in summer. Emissions from machineries were one of the potential sources in 400 

proximity of the landfills. No significant associations were observed between DNA damage 401 

when increased wind frequency from landfills which indicated that PM2.5 loading from other 402 

sources (e.g. regional sources) was an important contributing factor for DNA damage. 403 

However, limitations occurred such as the sampling frequency was only in every three days for 404 

a period of ~ 4 months in the two seasons and insufficient information about the landfills 405 

processing facilities could hinder the evaluation of air pollutants levels.  406 
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Table 1  The average DNA damage induced by PM2.5 collected from five sampling locations in winter and summer. 552 

  Winter   Summer   

Sampling location TD50 
*(µg ml-1) DNA damage** (%) TD50 (µg ml-1) DNA damage (%) 

WENT 227.5±294.0 39.1±16.3 41.8±16.1 70.2±23.2 
SENT 118.6±82.8 46.0±20.3 48.0±26.4 67.2±24.9 
TSW 95.5±48.8 39.1±21.7 51.3±22.3 60.7±25.5 
TKO 61.3±39.7 62.1±19.1 54.5±14.1 48.6±11.4 
HT 102.8±82.5 43.0±18.2 63.3± 69.0 64.4±25.4 

*The toxic dosage of particulate matter causing DNA damage (TD50) denotes the toxic dosage of PM2.5 causing 50% DNA damage.  553 

**The amount of damage to the plasmid DNA induced by PM2.5 under 100 µg ml-1 dosage.  554 

 555 

Table 2 The average frequencies (%) of wind blowing from landfills in winter and summer.  556 

  Winter*   Summer    
Sampling location Mean Range Mean  Range 
WENT 30.7±13.9 4.3-51.8 43.3±19.1 7.1-71.8 
SENT 60.8±17.7 11.2-84.0 66.1±18.7 18.6-84.8 

*The frequencies (%) were based on individual sampling days.  557 

 558 

 559 

 560 

 561 

 562 

 563 
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Table 3 Spearman’s rank correlation coefficients (r) between DNA damage and PM2.5 components.  564 
 565 

 WENT SENT TSW TKO HT 
Components Winter Summer Winter Summer Winter Summer Winter Summer Winter Summer 
Mg 0.26 -0.16 -0.05 -0.61 -0.31 -0.32 -0.47 -0.84 -0.12 -0.68 
Ca -0.57 -0.39 0.25 -0.50 -0.15 -0.64 -0.77 -0.02 -0.02 -0.31 
V -0.06 -0.09 -0.05 -0.76 0.12 -0.27 -0.63 -0.49 -0.05 -0.30 
Cr -0.01 0.03 -0.32 -0.51 -0.42 -0.23 -0.62 -0.51 0.22 -0.53 
Mn 0.08 0.21 0.62 0.05 0.17 0.09 -0.73 -0.21 -0.12 0.04 
Fe -0.14 0.19 -0.02 -0.70+* 0.63 -0.13 -0.13 -0.46 -0.17 -0.03 
Ni 0.04 0.09 -0.55 -0.80 0.46 -0.40 -0.02 -0.47 -0.34 -0.41 
Cu 0.01 0.01 -0.30 -0.58 -0.42 0.13 0.45 0.05 -0.01 -0.52 
Zn -0.10 0.34 -0.05 0.77++** 0.25 0.35 0.30 0.54 -0.05 0.72 
As 0.07 0.44 0.47 0.24 0.44 0.45 0.07 0.39 0.00 0.24 
Cd -0.13 0.42 0.67+ 0.82++ -0.32 0.62 0.32 0.46 0.31 0.71++ 
Sb -0.04 -0.10 0.32 -0.01 -0.05 0.18 0.30 -0.22 0.67 -0.48 
Ba -0.29 -0.33 0.35 0.12 -0.76 -0.33 -0.07 -0.10 0.60 -0.10 
Pb -0.13 0.36 0.22 0.79++ 0.36 0.35 0.37 0.67+ 0.13 0.46 
OC -0.53 0.52 0.23 0.56 -0.08 0.47 0.38 0.58 0.21 0.27 
EC -0.51 0.36 0.83++ 0.18 -0.14 0.34 0.48 0.36 -0.26 0.10 
Cl- 0.61 -0.41 -0.28 -0.80 -0.03 -0.59 0.40 -0.56 0.05 -0.72 
NO3

-  0.07 -0.48 -0.55 -0.51 0.05 -0.06 0.10 -0.30 0.20 -0.50 
SO4

2- 0.10 -0.26 0.10 -0.32 -0.03 -0.37 -0.55 -0.15 -0.08 -0.09 
Na+ 0.62 -0.10 -0.35 -0.93 0.12 -0.37 -0.20 -0.80 0.09 -0.69 
NH4

+ 0.22 0.16 -0.18 0.73+ -0.08 0.66+ -0.37 0.62+ -0.05 0.52 
K+ -0.05 -0.09 0.53 0.90+ 0.58 0.90+ 0.50 0.15 -0.25 0.43 
Total PAHs -0.67 0.29 0.72+ 0.64+ 0.58 0.45 0.03 0.78+ -0.24 0.36 

*+, positive correlation, p < 0.05. 566 
**++, positive correlation, p < 0.01. 567 
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 568 

 569 

Figure 1 Locations of sampling sites. 570 

 571 

 572 

  
Figure 2  Hourly average PM2.5 concentration at WENT in a) winter and b) summer. 573 

a) b) 
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Figure 3 Hourly average of PM2.5 concentration at SENT in a) winter and b) summer.  574 

 575 

 576 

 577 

Figure 4 Scanning electron microscope images reveal morphologies of PM2.5 samples 578 

near the landfill sites. 579 

 580 

 581 

a) b) 




