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Abstract 

Patterns of cadmium, chromium, copper, nickel, zinc, and lead deposition from the 

atmosphere are measured over a twelve month period in Dunedin. These patterns are 

related to landuse, topography, and seasonal weather. The 35 km2 field area contains a 

variety of landuses, a mixture of identifiable heavy metal sources, and is sampled using 

108 measurement sites. Sphagnum moss is used to collect deposition over the field area. 

Four of the sites measure rural deposition levels. The 104 urban sampling sites cover 

public use areas such as recreation grounds, schools, footpaths, and backyards, as well as 

areas near to probable heavy metal sources. The deposition patterns show great detail 

as a result of the high sampling density, and are very comprehensive compared with 

studies reported elsewhere. 

Clear deposition patterns are evident for the heavy metals measured, although they 

differ for each metal. Median cadmium, chromium, copper, zinc, and lead deposition 

is greater at urban measurement sites, though only copper, zinc, and lead differences 

are significant. Deposition peaks are mostly, but not always, near known heavy metal 

sources. Copper and zinc deposition is more widespread due to coal combustion, and 

lead deposition is related to distance from roads and traffic density. Seasonal trends in 

metal deposition are similar at rural and urban sites. 

The influence of topography is very evident in confined valleys, where meteorological 

conditions are conducive to .air stagnation. Periods of frequent and strong inversions 

lead to high deposition. However, low frequency and weak inversions do not necessarily 

produce low metal deposition. Windspeed is not consistently related to heavy metal 

deposition, and wind direction reflects deposition only some of the time. Precipitation 

patterns relate well to temporal deposition patterns. 

Median urban deposition rates are lower than for European and for other New 

Zealand cities. Deposition maxima are higher than air quality guidelines of Switzer

land, Germany and the former Yugoslavia, and represent a risk to human health. 
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1 
Introduction 

Heavy metals are those metal elements with a specific gravity greater than 2.5. For 

a number of years, concern has been increasing regarding the quantity of such metals 

being released into the environment by human activities, and particularly their effects 

on human health. Heavy metals are cumulative poisons in biological systems and can 

be serious environmental pollutants, especially in urban areas. Released into the atmo

sphere by both natural events and anthropogenic activities, heavy metal compounds are 

deposited on soil and plant surfaces, and can enter the human body via inhalation or 

ingestion. 

Infants, adolescent children, and pregnant women are most susceptible to heavy 

metal poisoning. Once in the body, heavy metals accumulate in organs and become 

incorporated in the structure of bones or blood molecules. Disposal from the body is 

very slow, taking years rather than days. Exposure to heavy metals can result from 

either the intake of large quantities of heavy metals over a short period of time, or from 

long-term exposure to small sub-lethal doses. The latter form of exposure ( chronic) is 

the more sinister. By the time damage to bodily organs and their functions becomes 

apparent, the impairment is usually permanent. Heavy metals are of particular concern 

in urban areas, where anthropogenic activities responsible for heavy metal release into 

the environment and human populations are in close proximity to each other. The 

spatial pattern of heavy metal health problems is strongly related to the location of 

the heavy metal source, with health problems usually occurring near to or downwind of 

sources, and occurrences decreasing with distance from the source (Young et al. 1992). 

In New Zealand, under the Resource Management Act (1991), emphasis has shifted 

from specifying control technology to minimise emissions to air, towards controlling the 

1 
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effects on the environment of discharges of contaminants, and to the management of 

the air as a resource (Ministry for the Environment 1993). This has implications for 

the measurement of air pollution. It is not enough to measure concentrations at the 

source and extrapolate to surrounding areas. To determine the effects of the source on 

the environment, measurements of contaminants at a number of locations around the 

source are required. 

Costs of measuring air pollutants in this manner are a problem, both in terms of 

money and time. Measuring concentration in the air is possible, but is too expensive 

for the large number of sites necessary to obtain spatial patterns around a source. In 

addition, concentrations in the atmosphere are sensitive to meteorological variables, 

and may change rapidly. Concentrations of heavy metals in soils can be measured 

at many sites, but this only provides an indication of long-term accumulation in the 

soil. Moreover, heavy metals in the soil are not always attributable to a particular 

anthropogenic source. 

Measuring atmospheric deposition is a better approach from the perspective of en

vironmental monitoring. Measurements are possible at many sites simultaneously, and 

the results give a good indication of deposition patterns over a large urban area. Depo

sition measurements may also indicate the degree of pollution, with high atmospheric 

deposition rates associated with high atmospheric concentrations, and high soil concen

trations. 

This study is intended to provide a broad-scale picture of atmospheric heavy metal 

deposition in the central Dunedin urban area. The specific objectives of this study are 

threefold: 

• to determine the broad patterns of atmospheric deposition for six heavy metals 

(cadmium, chromium, copper, nickel, zinc, and lead) in the main city area of 

Dunedin over a twelve month period; 

• to determine the influence of landuse patterns and topography on deposition pat

terns; 

• to determine the influence of seasonal weather patterns on deposition. 

The spatial pattern of deposition is determined for Central Dunedin, an area of 

35km 2 (Fig 1.1). This area contains a variety of land-uses ranging from heavy industry 

to recreational areas, and a mixture of identifiable heavy metal sources. Further sites 

2 
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outside the urban area measure background levels (sites A,B,C, and D; Fig 1). The 

sampling scheme covers public use areas such as recreation grounds, schools, footpaths, 

and backyards. The sampling grid is sufficiently dense that principal sources of common 

metals may be identified. A six-weekly sampling period allows the influence of seasonal 

weather patterns on deposition patterns to be determined over a 54 week measurement 

period. 

Research overseas has focused on heavy metal concentrations in the atmosphere or 

in the soil, and few studies have investigated patterns over comparable urban areas 

in much detail. The present study follows that of Collins (1986) who ex~mined the 

cycling of lead in the Kaikorai Catchment, which is adjacent to the present study area. 

Sphagnum moss, which has been shown to be an efficient collector of airborne heavy 

metals, was used in the present study as the collection medium; the metal content 

of 4,698 moss depositon samples was determined by nitric acid digestion and atomic 

absorption spectrophotometry. 

The thesis comprises seven chapters. This chapter introduced the topic and stated 

the study objectives. The second chapter discusses heavy metal deposition in urban 

areas, and examines the spatial and temporal patterns found in previous research. This 

information is applied to the Dunedin area in Chapter Three, and the expected patterns 

of deposition are considered. In Chapter Four the sampling procedure is described, as 

are the methods employed in the field and laboratory analysis. Chapter Five presents 

the results of the study, which take the form of seasonal and yearly averages for atmo

spheric deposition rates for the study area. Atmospheric deposition maps, created by 

using a Geographic Information System (GIS), are also presented and analysed, and 

observed deposition patterns compared with hypothesised deposition patterns formu

lated at the end of Chapter Three. In Chapter Six the levels of deposition measured in 

Dunedin are compared with measurements from other cities, and possible implications 

for health are discussed. Chapter Seven summarises the main findings of the thesis, and 

recommendations for future research are made. 

4 
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2 
Heavy Metal Deposition in Urban 

Areas 

2.1 Implications for Health 

Toxic heavy metals found in the atmosphere are released by anthropogenic and natural 

processes (Galloway et al. 1982). They attach themselves to suspended particulate mat

ter, and their atmospheric lifetime depends on the residence time of particulate matter 

in the atmosphere, which may be as long as 40 days (Schroeder et al. 1987). Heavy 

metals enter the body via ingestion, inhalation, or skin penetration. In urban areas 

inhalation is the main pathway of exposure, as ambient air usually does not contribute 

significantly to total exposure except in close vicinity of sources (Young et al. 1992). 

Ingestion is also important in those areas where food crops are sometimes grown in con

taminated soil (Friberg 1975). At least twenty of these metals or metal-like substances 

give rise to well defined toxic effects in humans: interfering with cellular biochemical 

systems and competing with essential metals as enzyme cofactors (Ad Hoc Committee 

on Metals 1975). Most have long biological half-lives, and accumulate in the body until 

excreted (Friburg 1975). 

At present most information on metal toxicity to humans comes from instances 

of industrial exposure, where toxic exposure effects workers and those living in the 

immediate vicinity. Examples of such exposure include workers exposed to cadmium in 

Japan, who developed 'itai itai disease', a condition where bone density decreased due 

to high cadmium levels in the body (Friberg et al. 1974). Health problems resulting 

from toxic exposure have also been reported in children with high cadmium levels from 

5 
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soft drinks in Sweden (Nordberg et al. 1973). 

Chronic exposure, long-term exposure to sub-lethal concentrations, is more widespread 

and is not confined to industrial areas. Examples include the accumulation of cadmium, 

nickel and lead through active and passive smoking (Lewis et al. 1972a, 1972b, Elin

der et al. 1975), the concentration of arsenic in children living near industrial plants in 

Japan (Kitamura et al. 1956), and blood lead levels in children living near a lead smelter 

in Texas (Landrigan et al. 1975). Young et al. (1992) documented the accumulation of 

lead in the population living near a lead smelter in Wollongong, Australia. Although 

concentrations never reached toxic levels, lead had accumulated to such a degree that 

behavioural and health problems had become apparent in the children. 

Initial damage from heavy metal exposure occurs to organs where metals are stored 

(kidney and liver primarily), and can take the form of cell damage and loss of function. 

The level of damage varies between individuals as a result of biological sensitivity, and 

may also effect function of secondary organs. The degree of damage depends on the 

type of exposure. In cases of toxic exposure, removal of the source, in most cases, will 

be enough to prevent serious or permanent damage to organ function. However, with 

chronic exposure the level of metals in the environment may not cause concern, but 

when effects become apparent, it is too late to prevent organ damage. 

Workers in industries with high heavy metal outputs are most at risk of toxic poison

ing and its associated health problems. Those living in close proximity, or down-wind, 

of sources are at risk of chronic exposure. Both forms of heavy metal poisoning pose 

a greater risk to children and pregnant women, where the effects of exposure can be

come evident at birth through transplacental transfer. Effects usually appear within the 

first 20 years of life and take many different forms, such as behavioural, functional, and 

mental impairment. 

2.2 Urban Sources of Heavy Metals 

Heavy metals are emitted into the atmosphere by natural and anthropogenic processes 

in urban areas, although anthropogenic emissions are significantly the larger. Anthro

pogenic emissions are generally considered to be produced from ducted exhausts asso

ciated with industrial sources, including incineration, or mobile sources, although other 

non-industrial sources may contribute to total anthropogenic emission levels (Schroeder 

et al. 1987). 

6 



-I 

I 

'( 

-/ 

,\ 

·( 

,;_, 

The location of anthropogenic heavy metal sources is reflected in landuse patterns. 

The largest sources of heavy metals are usually concentrated in industrial landuse areas, 

while commercial landuse areas are characterised by the highest traffic flows. Increased 

combustion of coal from home heating leads to greater emissions in residential areas 

during winter. Areas of recreational landuse are usually free from heavy metal sources. 

This relationship between source location and landuse is reflected in patterns of de

position. Walther et al. (1990) found the atmospheric deposition pattern for copper, 

lead, and zinc in Baton Rouge, Louisiana was related to the pattern of landuse. Point 

sources of metals were indicated as deposition peaks when isopleth maps of metal con

centration in lichens were constructed on a map of the area sampled. The effect of the 

industrial zone to the north of the city was particularly apparent (Fig 2.la). Beavington 

(1977) found a similar effect with copper, cadmium, lead, and zinc deposition levels sur

rounding a smelting complex in Woolongong, Australia. Andersen et al. (1978) found 

maxima for cadmium, lead, and zinc deposition in the Copenhagen area located in the 

central high rise area and in the industrial quarters of Glostrup to the west (Fig 2.lb). 

The six heavy metals in the present study are typically enriched in the atmosphere of ur

ban areas, and their concentrations in the environment typically decrease with distance 

from sources (Galloway et al. 1982). 

2.2.1 Cadmium Sources 

Most uses of cadmium are completely dissipative, and less than 5% of all cadmium 

consumed is recycled. Since 1970, concern about cadmium in the environment and its 

effects on human health has resulted in a continuing downward trend in the world-wide 

supply of this element (Nriagu 1980a). About 90% of all cadmium anthropogenically 

processed is used in either plating (35%), pigments (25%), stabilisers (about 15%), and 

batteries (about 15%) (Nriagu 1980a). In New Zealand, cadmium is also associated 

with the production of phosphate fertilisers, although the concentration depends on the 

source of the phosphate rock. Concentrations of up to 90 ppm of cadmium in phosphate 

have been measured (During 1984). 

Cadmium is universally present in the atmosphere in amounts varying from 1 µgm-3 

or less in rural or uncontaminated areas, to 10-50 µg m-3 in congested urban areas. 

Occasional higher values have been measured in the vicinity of specific local sources, 

such as smelters of cadmium-containing metals (Fassett 1980, cited in Waldron 1980). 

7 
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FIGURE 2.1: Atmospheric Deposition, Source Location, and Landuse. 
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2.2.2 Chromium Sources 

Chromium concentrations in ambient air vary considerably. Urban air concentrations 

have been reported in the range from less than 10 µg m-3 up to 50 µg m-3 , while in 

remote sites levels range from 0.3 µg m-3 up to 2 µg m-3 (Langard 1980). 

The largest users of chromium are the metallurgical, refractory and chemical indus

tries. Most of the chromium produced is used in the manufacture of special steels, such 

as stainless steel, and when galvanising other metals with a layer of chromium to pre

vent corrosion. During these processes, small particles of chromium are released to the 

atmosphere. Chromium compounds are used in the chemical industry as pigments, and 

in photography, lithography and photoengraving. In wood impregnation, chromium is 

only loosely bound to the wood directly after treatment and, can be partially washed 

out by rain water. During the incineration of wastes, chromium can escape into the 

air in the form of fly-ash or volatile chromium compounds. For similar reasons, wastes 

being incinerated should not contain chromate or copper ( Gauglhifer & Bianchi 1991 ) . 

2.2.3 Copper Sources 

The atmospheric copper burden is very small, and is the most likely to be influenced by 

wastes from human activities. About 75% of total copper emissions to the atmosphere 

comes from anthropogenic sources. Three principal sources of pollutant copper in the 

atmosphere are copper production and handling (46%), iron and steel production (10%), 

and fossil fuel combustion ( 11 % ) . About 95 % of anthropogenic copper comes from point 

sources such as smelters, utility plants, and incinerators. 

Attempts have been made to identify the sources of copper in urban aerosols. Kneip 

et al. (1973) estimated that 81 %, 12% and 7.6% of the copper in New York city aerosols 

came from incinerators, automobiles, and oil burners respectively. Ambient copper levels 

in urban air typically range from 30-200 µgm-3 and are orders of magnitude higher than 

at remote locations, where values of as low as 0.5 µg m-3 are commonly found. Towns 

with major metal industries have even higher atmospheric levels of copper. The average 

atmospheric copper concentration at rural sites is estimated to be 5-50 µgm- 3 , and often 

cities are 'hot spots' in terms of environmental copper levels. Spectacular elevations of 

copper levels are encountered in ecosystems around smelters and other point sources for 

copper such as Sudbury, Ontario (Nriagu 1979a). 
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2.2.4 Nickel Sources 

Nickel is used mainly in the production of metal alloys, usually iron and steel. Similar 

amounts of nickel are released in the production of nickel and copper-nickel alloys, and 

nickel is also used in electroplating. Minor uses of nickel include nickel-copper battery 

production, electronics, and commercial chemicals (Sevin 1980). Waste disposal by 

incineration is often a major source nickel in urban atmospheres (Nriagu 1980b ). 

At remote continental locations, average atmospheric nickel concentrations range 

from 1.3 to 2. 7 µgm-3 
, and over rural and semi-urban locations ambient levels generally 

range from 3.5 to 9.5 µg m-3 
• Urban concentration of nickel in air range from rural-like 

levels up to 250 µg m-3 
• These values reflect not only the extent and type of industrial 

activity, but also climate, since the burning of fuel oil for space heating may produce 

locally significant emissions of this element. Highest ambient air nickel concentrations 

are likely to occur in areas whose industry is devoted to nickel production (Nriagu 

1980b ). 

2.2.5 Zinc Sources 

The extraction and industrial usage of zinc accounts for nearly 50% of all anthropogenic 

zinc emissions. Zinc is also released by waste incineration (24%), wood combustion 

(12%), iron and steel industries (11%), and coal combustion (5%). About 98% of the 

total global emissions of zinc comes from such point sources as smelters, utility and 

metalyrocessing plants, and incinerators (Nriagu 1980c). 

In general the zinc levels at remote locations are below 10 µg m-3 and most often 

below_ i'.O µg m-3 
. It has been estimated that zinc levels in rural areas are typically in 

the 10 to 100 µg m-3 range, whereas in urban areas the most common range is 100 to 

500 µg m-3 
. Hot spots of high ambient levels, commonly in excess of 1000 µg m-3 , 

are associated with smelters and incinerators (Rejmet-Grochowska 1976). Towns with 

large metal industries have higher average concentrations in the air than other urban 

areas (Nriagu 1980c). 

Pronounced seasonality in airborne zinc levels has been observed at many locations. 

Enhanced winter zinc levels are usually attributed to the extra emissions associated with 

increased domestic heating and power consumption (Nriagu 1980c). 
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2.2.6 Lead Sources 

In areas where industrial processes such as lead smelting and the manufacture of batter

ies are absent, the combustion of leaded petrol is usually the most important source of 

lead in the environment. The concentration of metals emitted from vehicular sources is 

proportional to the traffic load, and is closely associated with the linear road pattern. In 

inner city areas, increased traffic congestion and inefficient driving conditions increase 

lead emissions. Peak lead emissions occur on busy streets and in commercial districts 

of urban areas. Emission levels decrease with distance from the city centre and roads 

(Fig 2.2). It has been estimated that 70-80% of lead in petrol, where still used, finds 

its way into the environment. Only a fraction of this, estimated as 20-80 µg/km/ car, is 

emitted to the atmosphere (Rodriguez-Flores & Rodriguez-Castellon 1982). However, 

this may no longer be the case in New Zealand where lead-free petrol was introduced 

on to the market in 1996, although lead reduced petrol has been available for several 

years. Although the average lead content of petrol has declined around the world, the 

total discharge to the environment is still considerable if the increase in consumption is 

accounted for (Rodriguez-Flores & Rodriguez-Castellon 1982). 

Lead may also be released into the environment during coal combustion. Approxi

mately 75% of lead in coal is released into the atmosphere during combustion, although 

the actual amount released depends on the concentration of lead in coal. In New Zealand, 

coal has an average of 1.9 µg g-1 lead (Collins 1986). 

2.3 Influence of Topography and Atmospheric De

position 

The effect of topography on atmospheric deposition occurs in conjunction with meteo

rologic influences. Local wind systems are often weak pollution ventilators. Their low 

speed, closed circulation nature, and diurnal reversal in flow direction results in little 

true air exchange. Topography may also influence wind-flow through funnelling effects, 

leading to reduced deposition in some areas, and air stagnation and greater deposition 

in others. 

Prendez & Ortiz (1989) linked the topographic and meteorologic conditions of San

tiago, Chile, with the increased potential of atmospheric pollution resulting from an

thropogenic sources. The surrounding mountains and influence of the Pacific ocean 
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anticyclone system were identified as the major influences on the atmospheric pollution 

in the city. In Dunedin, which is less mountainous, but still hilly, Gunn (1975) identified 

the high areas of air pollution in North East Valley as partly resulting from the weak 

dispersive capabilities of the atmosphere because of the confined nature of the valley's 

topography. Near a smelting complex at Bristol, England, Little & Martin (1974) also 

found close correlations between the deposition patterns of cadmium, lead, and zinc and 

the pattern of topography. High deposition values were found in those valleys with a 

high frequency of inversions, and sheltered from prevailing winds. 

2.4 

2.4.1 

Influence of Meteorology on Atmospheric Depo

sition 

The Effect of Atmospheric Stability on Dispersion 

After release, dispersal of heavy metals is controlled by atmospheric motion. Temper

ature stratification defines atmospheric stability, and controls the intensity of thermal 

turbulence and depth of the mixing layer. Together, thermal turbulence and depth of 

the mixing layer regulate vertical and horizontal dispersion of pollutants, and the rate 

of replacement of cleaner air from above. From a convective stand-point, the best con

ditions for pollutant dispersion usually occur with strong instability and a deep mixing 

layer. These conditions are characteristic of sunny, day-time conditions, especially in 

summer (Oke 1987). 

Fergusson & Stewart (1992), investigating the transport of airborne trace metals from 

the city of Christchurch into rural and remote areas, reported large seasonal variations 

in the city and at rural sites. These variations were found to be controlled by meteo

rological conditions, especially windspeed and the height of the mixing layer. Increases 

in both these variables reduce the dispersion and deposition of lead, zinc, copper, and 

cadmium. Similarly in India, a study of aerosol composition in urban areas revealed 

lower concentrations of atmospheric heavy metals than for urban areas in industrial 

countries. This was attributed to the high rate of insolation and deeper mixing layers 

(Negi et al. 1987). 

The worst conditions for dispersion occur when there is a temperature inversion 

and the lower atmosphere is stable. Turbulence is suppressed and upward motion is 

effectively eliminated. These conditions tend to occur at night and in winter, and are 
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formed through radiative cooling from below, warming from above, or by the advection of 

warmer or cooler air (Oke 1987). Prendez et al. (1993) examined lead concentrations in 

the particulate matter of Santiago, Chile, where meteorological and orographic influences 

create strong thermal inversions during the autumn and winter seasons. Lead above and 

below these thermal inversion layers was closely associated with emissions from vehicles. 

The spatial distribution of atmospheric lead peaked in the central city and decreased 

towards the periphery. The greatest concentration of lead was found in fine particles 

that are 100% respirable. 

2.4.2 The Effect of Wind on Diffusion and Transport 

The wind field is critical to horizontal dispersion in the atmosphere. Speed determines 

distance of downwind transport and dilution and, in combination with surface rough

ness, establishes the intensity of mechanical turbulence. Greater speeds mean greater 

transport and dilution, and greater turbulent activity. Wind direction controls the gen

eral path pollutants will follow, and its variability determines the extent of cross-wind. 

spreading. 

Takala & Olkkonen (1981) analysed the lead content of epiphytic lichen in the urban 

area of Kuopio, east central Finland, and linked the shape of the high lead zones in the 

city to the prevailing wind directions. El Gandour et al. (1982) examined the heavy 

metal constituents of dust-fall from construction plants in an industrial area southeast 

of Cairo, Egypt, and observed a strong relationship between heavy metal content in the 

atmosphere and weather. Of the meteorological variables measured, windspeed was the 

principal parameter affecting heavy metal concentration in the atmosphere. Fergusson & 

Stewart (1992) found windspeed had a similar effect on lead, zinc, copper, and cadmium 

transported from the city of Christchurch to surrounding rural and remote regions. The 

greatest potential for pollution existed with weak winds, when horizontal transport and 

turbulent diffusion are less. 

2.4.3 Processes of Pollutant Removal 

The eventual removal of heavy metals from the atmosphere is also related to the state of 

the atmosphere. The atmosphere rids itself of pollutants by gravitational settling ( dry 

deposition) and precipitation-related processes (wet deposition). The rate of removal 

of heavy metal particles is related to their size and density, and to the strength of 
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the wind. Measured values of heavy metal deposition from the atmosphere by either 

deposition process have large temporal and spatial variations, but tend to reach highest 

concentrations in the vicinity of strong sources (Schroeder et al. 1987). 

Gravitational settling is responsible for removing most particulate matter greater 

than 1 f-lm in diameter from the atmosphere. The rate of dry deposition decreases expo

nentially with distance from the point of heavy metal emissions, the majority occurring 

within 100m of the source. Dry deposition is greatest in urban areas where sources are 

concentrated. 

Smaller particles, less than 1 µm, are influenced by turbulence and descend at a 

slower rate. Some become condensation nuclei for droplet formation and are precipi

tated as rain, other particles below the cloud are swept up by falling precipitation (Oke 

1987). Such removal by wet deposition is a function of precipitation amount, droplet 

growth processes, storm intensity, and seasonal variations. During an individual rain

storm, the concentration of heavy metals in clouds and precipitation decreases rapidly 

to a constant level after about 30 minutes (Revitt et al. 1990). Higher fluctuations occur 

during showers (Muller & Beilke 1975). Remoudaki et al. (1991) studied the temporal 

variability of atmospheric lead concentrations and deposition fluxes over the northwest

ern Mediterranean Sea from a site in Corsica. On a daily basis, local precipitation events 

were responsible for the sharpest decreases in atmospheric lead concentrations. Median 

concentration of metals in wet deposition is higher in urban areas (Galloway et al. 1982), 

and the concentration of lead in precipitation has been estimated to be 15 times higher 

in polluted areas than at rural or remote locations (Muller & Beilke 1975). 

The dominant form of deposition is different for each heavy metal. Revitt et al. 

(1990) studied the transport of heavy metals within a small urban catchment on the 

northwest outskirts of London (Table 2.1). Estimated wet deposition was found to be 

greater than measured dry deposition for lead and zinc, but not for copper and cadmium 

(Revitt et al. 1990). 

For vehicular sources, total deposition decreases with distance from roads. The bulk 

of deposition occurs within 20m of a road; beyond this distance, deposition rates continue 

to decrease towards background levels (Fig 2.2., page 12). However, wet deposition 

increases with distance from roads, possibly as a result of increasing vertical dispersion 

and the increased efficiency of precipitation scavenging with distance (Hewitt & Rashed 

1991). 
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TABLE 2.1: Measured Total and Dry, and Estimated Wet Deposition (µg m-2 d-1 ) at 

Chillwell Gardens, London 

Metal I Total I Dry j Estimated Wet 

Cadmium 2.03 0.91 1.12 

Copper 8.37 4.78 3.95 

Zinc 98.89 16.74 81.15 

Lead 88.17 18.12 70.05 

Source: Revitt et al. (1990) 

2.5 Atmospheric Deposition Patterns 

Atmospheric deposition is measured by collecting total ( wet and dry) deposition over 

a known area, and determining its heavy metal content. A wide variety of media may 

be used to collect atmospheric deposition, such as artificial surfaces (roughened Teflon, 

filter paper, open rain gauges), and biological material (bryophytes, lichens). Bryophytes 

and lichens have evolved mechanisms enabling them to trap airborne nutrients, including 

heavy metals, and passively absorb the dissolved metals through ion exchange sites. This 

makes them better collectors of atmospheric deposition than more expensive artificial 

surfaces, which bear no relation to natural surfaces and whose collection efficiency may 

be affected by precipitation. However, biological material is not always present where 

deposition is being measured, although the use of moss filled bags and transplanted 

material has been successful in measuring atmospheric deposition ( Goodman & Roberts 

1971, Pilegaard 1979, Boonpragob & Nash 1990). 

To determine spatial patterns, atmospheric deposition is measured at many loca

tions, the number being determined by the level of detail required. The use of mosses 

and lichens allows atmospheric deposition to be measured at many sites, providing de

tailed spatial patterns vital in determining the influence of topographic and meteorologic 

factors. 

The variety of methods used in measuring atmospheric deposition has resulted in 

different units of deposition being reported in the literature, thereby making comparisons 

between studies difficult. Conversion of deposition data to equivalent values is possible, 

but only for comparative and not statistical purposes. All deposition values reported 
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TABLE 2.2: Total Deposition (µg m-2 d- 1 
) of Heavy Metal in South Holland, Nether

lands 

Metal Urban Rural 

Cadmium l.7x10-9 9.9x10-10 

Copper l.6x10-s l.4xl0-8 

Nickel 8.4xl0-8 4.9x10-9 

Zinc 6.3xl0-8 4.3xl0-8 

Lead 4.1 X 10-s 4.lxl0-8 

Source: van Daalen (1991) 

in this study have been converted in this manner to units of µg m-2 d- 1 , to allow 

comparisons to be made. 

2.5.1 Rural-Urban Patterns 

At a regional scale, detail of urban spatial patterns is lost and urban areas resemble large 

point sources, with deposition patterns peaking over urban areas and decreasing rapidly 

with distance from the urban source areas. Van Daalen (1991) measured wet and dry 

deposition of heavy metals using moss in urban and rural areas of South Holland, the 

Netherlands. This mostly rural study area, 110 km2 in size, also contained a variety 

of sources: industrial, road traffic, and coal burning by households, and small industry 

concentrated in urban areas. Significant decreases in lead, zinc, and cadmium deposition 

were found with increasing distance from sources (Table 2.2). Similarly, Nguyen et al. 

(1990) studied wet atmospheric deposition of heavy metals in the Dutch delta area 

between 1980 and 1986. The average concentration of the metals in wet deposition 

was 34.7 µg m- 2 d- 1 of zinc, 11.6 µg m-2 d- 1 of lead, 6.23 µg m-2 d- 1 of copper, 2.41 

µg m-2 d- 1 of nickel, and 0.40 µg m-2 d- 1 of cadmium, which were similar to wet 

atmospheric deposition rates measured in rural regions of West Germany (Nguyen et al. 

1990). 

In New Zealand, Fergusson & Stewart (1992) investigated the transport of airborne 

trace metals from Christchurch into surrounding rural and remote areas. Dry deposition 

was measured at fifteen sites located along transects radiating out from the city in three 

directions. Metal enrichment in the city (205 µgm- 2 d- 1 of lead, 162.5 µgm- 2 d-1 of zinc, 
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15.7 µg m-2 d-1 of copper, and 4.9 µg m-2 d-1 of cadmium) and at some rural locations 

was found, and deposition fluxes decreased exponentially away from the .city. Rural 

deposition levels were 36.5 µg m-2 d-1 of lead, 11.5 µg m-2 d-1 of zinc, 3.2 µg m-2 d-1 

of copper, and 0.2 µg m-2 d-1 of cadmium. Deposition rates for zinc, copper, and 

cadmium were lower than overseas figures, while lead deposition was comparable, or 

higher (Fergusson & Stewart 1992). 

2.5.2 Urban Deposition Patterns 

The simplest spatial pattern of heavy metal deposition is found in the vicinity of a 

single source where levels of deposition decrease with distance from the source. Research 

by Beavington (1977) around a smelting complex in Wollongong, Australia, illustrates 

this pattern. Total atmospheric deposition of copper, zinc, lead, and cadmium were 

measured, and highly significant inverse correlations were found between deposition of 

all metals and distance from the main point of emission. Vast enhancement in the levels 

of copper, and considerable enrichment in the levels of the other metals, were measured 

in the zone around the smelting complex. At 100m from the smelter chimney, deposition 

levels were 8411.0 µg m-2 d-1 of copper, 2301.4 µg m-2 d-1 of zinc, 1287. 7 µg m-2 d-1 of 

lead, and 52.1 µg m-2 d-1 for cadmium. Markedly lower, yet still relatively high levels, 

were found in the inner suburbs, and moderate to slight enrichments in outer suburbs. 

Outer suburb levels (82.2 µg m- 2 d-1 of copper, 15.3 µg m-2 d-1 of zinc, 43.8 µg m-2 d-1 

of lead, and ::=;:5.5 µg m-2 d-1 for cadmium) were of the same general order as semi-rural 

sites in the United Kingdom. 

However, within urban areas, patterns of atmospheric deposition increase in com

plexity, as a result of a larger variety of heavy metals being released into the atmosphere, 

in greater quantities, and from a wider range of sources. Therefore, the sampling frame 

used to measure patterns of atmospheric deposition in urban areas has to be more 

intricate to account for the greater complexity in sources and deposition patterns. 

Granier et al. (1992) reported measurements for total atmospheric lead, zinc, nickel, 

copper, and cadmium deposition in Paris. The annual mean total atmospheric deposi

tion was 0.01 µg m-2 d-1 for lead, 0.23 µg m-2 d-1 for zinc, 0.05 µg m-2 d-1 for nickel, 

0.009 µg m-2 d-1 for copper, and 0.007 µg m-2 d-1 for cadmium. Spatial variability of 

deposition was low and could result from the very small number (5) of sampling sites 

used. Similarly, Kleinman et al. (1975) found no consistent spatial pattern of cadmium, 
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TABLE 2.3: Total Deposition of Heavy Metals (µgm- 2 d-1 ) in Copenhagen, Denmark 

\ Metal \ City Centre \ Residential \ Rural ) 

Copper ::;0.1 ::;0.1 ::;0.1 

Nickel ::;0.1 ::;0.1 ::;0.1 

Zinc 0.3 0.2 ::;0.1 

Lead 0.2 0.1 ::;0.1 

Source: Andersen et al. (1978) 

copper, chromium, nickel, zinc and lead deposition in New York city. As in the Paris 

study, the lack of spatial patterns in this study can be attributed to the small number of 

sample sites (5). Spatial patterns may have been present, but the small sampling frame 

was not sufficiently detailed to measure the variations. 

Using a greater number of measurement sites increases the probability that spatial 

variability will be detected. Andersen et al. (1978) measured atmospheric deposition 

of cadmium, chromium, copper, iron, nickel, lead, vanadium, and zinc at 17 sites in 

Copenhagen during a twelve month period. Total deposition rates for city centre, resi

dential, and rural locations are presented in Table 2.3. Deposition peaked in the central 

and industrial areas of the city, and decreased towards suburban, and rural areas; the 

peaks were attributed to greater human activity in these areas. 

Similarly, Walther et al. (1990) determined aluminium, copper, iron, lead and zinc 

deposition patterns in Baton Rouge, Louisiana, by measuring their accumulation in two 

lichen species located on the bark or limbs of live oak trees at 30 sites. Significant 

differences in concentration were found between industrial and non-industrial areas (Fig 

2.lb., page 8). Highest concentrations, 0.35 µg g-1 d-1 1 of copper, 2.25 µg g-1 d-1 of 

lead, and 2. 76 µg g-1 d-1 of zinc, were found in industrial areas, and decreased with 

distance from the main sources identified for each metal (Walther et al. 1990). 

As discussed earlier, topography exerts a marked influence on urban deposition pat

terns. As topography becomes more complex, so too do spatial patterns. Therefore, to 

represent deposition patterns accurately, the sampling frame must account for topogra

phy. 

1The surface area of the lichen was not measured, thus these units represent the metal content of the 

lichen on a dry weight basis only 
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In order to monitor the dispersal and destiny of zinc-, lead-, and cadmium-rich 

dust and fumes from a zinc- and lead-smelting complex near Bristol, England, Little 

& Martin (1974) used moss-filled nylon hair-nets to measure metal accumulation. Use 

of moss in this way allowed deposition to be measured over a complex field area (50% 

over 60m a.s.i.) on a monthly basis for ten months. Moss at different locations was 

found to be subject to varying degrees of contamination from month to month, and this 

was attributed to emission changes from the source, varying meteorological conditions, 

rainfall, and topography. Generally deposition was greatest close to sources (152.1 

µg m- 2 a-i for zinc, 79.9 µg m-2 a-1 for lead, and 1261.2 µg m-2 a-1 for cadmium) and 

decreased with distance (26.7 µg m- 2 a-1 for zinc, 5.5 µg m-2 a-1 for lead, and 278.3 

µg m-2 a-1 for cadmium). 

In evaluating spatial deposition patterns over urban areas, the sampling frame used 

must account for the complexity of source location, landuse patterns, topography, and 

meteorology. The greater the complexity of the field area, the more complex the sam

pling frame must be. 

2.5.3 Traffic Related Deposition Patterns 

The simplest patterns of deposition from traffic are found near roads m areas where 

few other sources are located. Hewitt & Rashed (1991) investigated the deposition of 

cadmium, copper, and lead adjacent to the M6 motorway in rural Cumbria, northwest 

England. Transects sampling bulk deposition were established perpendicular to the 

motorway and extended 140 m from either side over level ground. Daily traffic flows 

averaged 37,000 vehicles during the study period. Deposition was highest near the 

motorway (1.43 µg m-2 a-1 for lead, 0.17 µg m-2 a-1 for copper, and 0.017 µg m-2 a-1 

for cadmium), but decreased sharply with distance from both sides of the motorway as 

a result of the rapid deposition of large particles close to the source (Fig 2.2., page 12). 

However, wet deposition was thought to increase with distance, presumably because 

of increasing vertical dispersal of pollutants with distance, and increased efficiency of 

precipitation processes (Hewitt & Rashed 1991). 

In urban areas these patterns are also evident about individual roads. However, over 

an urban area the pattern of atmospheric deposition from traffic sources is integrated 

over many roads and is more related to traffic density. Collins (1986), investigating 

the sources and spatial distribution of lead in the Kaikorai catchment, Dunedin, used 
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sphagnum moss to measure atmospheric deposition near roads and driveways (22 sites) 

and at positions sheltered from roads (80 sites). Lead deposition from vehicles was 

strongly dependent on traffic volume, with maximum deposition rates reaching more 

than 10,000 µg m-2 d-1 immediately beside roads with high traffic volumes (2:: 8,000 

vehicles/ day ( v d-1 
) ) and steep inclines. Deposition rates were found to decrease rapidly 

with distance from roads. Backyard deposition rates of 80-100 µgm- 2 d- 1 were commonly 

found adjacent to isolated, but busy roads (2:: 4,000 vd-1 
). Deposition patterns became 

more complicated in areas of heavier traffic volumes, where backyard lead deposition 

rates rose in excess of 120 µg m-2 d-1 in residential properties (Collins 1986). Takala 

& Olkkonen (1981) also found highest lead levels in lichens (308 ppm) where traffic was 

the heaviest (2:: 100,000 v d-1 ) in the urban area of Kuopio, east central Finland (Fig 

2.3). 

2.5.4 Temporal Patterns 

Spatial deposition patterns do not remain static over time; seasonal fluctuations reflect 

changes in source emissions and the influence of meteorologic and topographic factors. 

Moreover, the extent of seasonal fluctuations is different for each metal. Generally, 

deposition is heaviest during winter when the atmosphere is more frequently stable and 

combustion for heating is highest. In summer, strong atmospheric instability and lower 

emissions result in lower metal deposition. 

Kleinman et al. (1975) found no consistent temporal deposition pattern in dustfall in 

New York city although a slight winter maximum was evident for chromium, nickel, zinc 

and lead. Cadmium exhibited no seasonal pattern but showed large monthly variations. 

Copper levels were very low during the year, but large sporadic concentrations were 

evident on a few occasions (Kleinman et al. 1975). Little & Martin (1974), monitoring 

dispersal and destiny of zinc-, lead-, and cadmium-rich dusts from a smelting complex, 

showed contamination varied from month to month at different sampling locations. A 

summer maximum in deposition, evident for all three metals, was attributed to emission 

changes from the source, varying meteorological conditions, rainfall, and topography 

(Little & Martin 1974). 

In New Zealand, seasonal variations in lead, zinc, copper, and cadmium deposition 

in and around Christchurch exhibited a winter maximum at most locations, and was 

attributed to winter windspeed and air temperature minima (Fergusson & Stewart 1992). 
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FIGURE 2.3: Lichen Lead Contents and Traffic Density Kuopio, Finland. 
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However, in Dunedin, no significant seasonal pattern in lead deposition was found over 

the Kaikorai catchment ( Collins 1986). This is sup rising considering the increased use 

of domestic fires and prolonged periods of temperature inversions common over the area 

in winter, and Collins concluded that any seasonal effect may have been masked by 

anomalously high deposition rates found at many sites. 

Seasonal deposition patterns also occur with traffic related emissions. Hewitt & 

Rashed (1991) found summer lead deposition to be twice that of winter adjacent to the 

M6 in Cumbria, England, and attributed this to seasonal variations in traffic flows along 

the road. No seasonal patterns were apparent for cadmium or copper. 

2.6 Visualisation of Deposition Patterns 

Many studies investigating patterns of atmospheric deposition in urban areas are limited 

by the methods of data presentation,which vary from tables to computer-generated maps 

showing contours of deposition. 

In order to display deposition patterns in the most effective manner, the principles 

of data visualisation should be followed (Tufte 1983). These ensure that geographically 

referenced data are displayed in a small space and in a coherent form. Methods of 

presentation should force the viewer to consider the display rather than the method 

used to create it. In the context of this study, readers should be encouraged visually 

to compare deposition levels with source location, landuse patterns and topography . 

The presentation method should also enable comparison between deposition patterns at 

different times of the year (Blackett 1994). 

If the visualisation objectives are based on showing spatial patterns, then the most 

appropriate visualisation methods are various types of maps. Andersen et al. (1978) 

presented bulk precipitation data for lead and zinc in Copenhagen as two dimensional 

isopleth maps (Fig 2.lb., page 8). The isopleths are superimposed over landuse maps and 

showed the patterns of deposition very clearly. Similarly, Little & Martin (1974) used 

computer-generated maps to show cadmium, lead, and zinc deposition patterns from 

a smelting complex near Bristol, England (Fig 2.4). This method depicts deposition 

using contour lines, allowing comparison of deposition patterns with windroses and 

topography, and also makes possible the analysis of changes to deposition patterns with 

time. In both cases, the visualisation techniques employed were most effective and made 

subsequent interpretation of deposition patterns easier. However, to make this form of 
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FIGURE 2.4: Zinc Deposition Near Bristol, England. 
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visualisation effective, an intensive network of measurement sites is necessary. 

2.7 Summary 

• Heavy metals found in the atmosphere give rise to well defined toxic effects in 

humans, interfering with cellular biochemical systems and affecting organ function. 

Although ambient air does not contribute significantly to total exposure, except 

in the vicinity of strong sources, inhalation is the main exposure pathway in urban 

areas. 

• Toxic exposure affects workers and inhabitants in the immediate vicinity of the 

source, and the removal of the source, in most cases, is enough to prevent serious 

or permanent damage to bodily function. Chronic exposure is more widespread 

though the actual level of metals in the environment may not be cause for concern. 

When effects become apparent it is too late to prevent damage. Heavy metal 

poisoning poses a greater risk to children and pregnant woman, where the effects 

of early exposure can become evident at birth via transplacental transfer. Effects 

usually appear within the first 20 years of life and take many different forms, such 

as behavioural, functional, and mental impairment. 

• Heavy metals can be deposited from the atmosphere by either wet ( associated 

with precipitation) or dry deposition processes. The relative importance of wet 

and dry deposition is a function of distance from the source, especially in the 

case of traffic, although it has been estimated that dry deposition accounts for 

30% to 60% of total deposition. Measured values of deposition, by either process, 

show large spatial and temporal variations. but reach highest concentration in the 

vicinity of strong sources. 

• Atmospheric heavy metals mainly result from human activities in urban areas, 

and most are associated with industrial landuses. However, traffic sources are 

concentrated in commercial, areas and coal combustion for home heating is a 

significant source in residential areas during winter. 

• The processes of atmospheric deposition are influenced by topographic and mete

orologic factors. These factors can reduce atmospheric ventilation, and increase 

atmospheric deposition, through the development of inversions and valley wind 
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systems. Meteorology further influences deposition by wind diffusion and heavy 

metal transport, and may increase deposition through precipitation. 

• The resulting pattern of deposition in urban areas is characterised by higher de

position rates close to sources, and deposition decreasing with increasing distance. 

In terms of landuse, the highest concentrations are found in industrial areas. A 

temporal component to deposition exists, but has rarely been shown statistically. 

Seasonal deposition maxima are characteristic of residential areas,and result from 

increased combustion for home heating and the increased frequency of inversions 

in winter. 

• In the case of traffic related deposition of lead, deposition decreases rapidly with 

distance from roads. Overall, the pattern of deposition is closely correlated to the 

linear road pattern, and to traffic density in urban areas. 

• The accuracy of any spatial deposition patterns determined in an urban area 

depends on the sampling frame used. To measure urban deposition patterns accu

rately, the sampling frame must account for source location, landuse, topography, 

and meteorology. 

The primary aim of this study is to measure the patterns for atmospheric deposition 

of six heavy metals in the central Dunedin area. Any sampling strategy employed must 

be representative of the entire study area and variables affecting deposition patterns, 

such as topography, landuse patterns, source location, and climate, need to be accounted 

for. 

In the next chapter, these theories are applied to the Dunedin study area, and 

expected patterns of deposition are outlined. 
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3 
Expected Heavy Metal Deposition 

in Dunedin 

No previous research has investigated the patterns of atmospheric deposition of heavy 

metals in the central Dunedin area. Consequently, deposition patterns in this area are 

unknown. However, the studies conducted in other cities outlined in the preceding 

chapter can be used to build an expected deposition pattern for the field area, which 

may be used in the sampling design. 

3.1 The Study Area 

The location of the urban study area is shown in Fig 3.1. Dunedin is located at the 

head of the Otago harbour and had a population of 109,503 as at the 1991 cencus (New 

Zealand Official Yearbook 1996). The actual study area is the central city, excluding 

Kaikorai Valley. 

3.2 Topography 

The topography of the urban study area is shown in Fig 3.2. Highest elevations (200m 

a.s.i.) are found in the north and northeast, on the the lower slopes of Mt Cargill and 

Signal Hill. These slopes change abruptly to the extensive flat land stretching from 

Dunedin North through the central city area to South Dunedin and the flat suburbs of 

St Kilda and St Clair. To the west, the steep slopes of the low hills extend from Pinehill 

to St Clair, and form the western extent of the study area. 
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The high ground surrounding the study area is not continuous. Caversham Valley, 

in the south-west, and Leith and North East Valleys to the north, extend into the hills. 

To the east, the Otago Harbour splits the high ground between Signal Hill (191m a.s.i.) 

and the Peninsula (166m a.s.i.). Extensive land reclamation has occurred along the 

edge of the harbour basin. The beaches of St Clair, St Kilda, and Tomahawk form the 

southern boundary of the field area. 

3.3 Landuse and Source Location 

The location of possible sources of heavy metals is shown in Fig 3.3, and the landuse 

pattern of the study area is shown in Fig 3.4. Landuse in the field area may be divided 

into industrial, commercial, residential, and recreational. 

3.3.1 Industrial 

The majority of likely heavy metal sources are located in industrial landuse areas (16% 

of the total study area). Industrial activities are concentrated along the edge of the 

harbour from Andersons Bay to Logan Park and in South Dunedin. 

Industrial processes located in these areas include the production and fabrication 

of plastics, fibreglass, chemicals, paper, glass, and ceramics, together with oil storage, 

light and heavy engineering, secondary metal production, galvanising and electroplating, 

production of concrete, storage of coal, quarrying, brewing of beer and whiskey, and 

incineration of waste. The variety of industrial activities located within these areas is 

likely to result in the emission of a wide range of metals at a variety of rates. 

Isolated pockets of industry are also located in North East Valley, Willowbank, and 

MacLaggan St areas, and are surrounded by residential areas. These industries include 

fur and wool processing, concrete manufacture and fabrication, light engineering, and 

laundry services. 

Many non-industrial sources, consisting mostly of smoke-stacks from boilers used 

for heating large buildings, are not located in industrial landuse areas. The majority 

are located in residential and commercial areas, where most non-industrial sources are 

associated with schools. 
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3.3.2 Commercial 

Heavy volumes of vehicular traffic are associated with commercial areas, therefore emis

sions from vehicles are likely to be the main source of heavy metals in commercial 

landuses (Section 3.3.4). Four areas of commercial landuse exist within the study area, 

making up 4% of the total study area. The largest area stretches from the Oval to Knox 

Corner along Princes and George Sts, and is the main office and shopping area in the city. 

This commercial area is surrounded by industrial activities to the east and residential 

areas to the west. A secondary commercial shopping area is centred on King Edward St, 

between Hillside Rd and Oxford St, in South Dunedin, and is surrounded by industrial 

activities. Small suburban shopping centres located in Mornington, Caversham, and at 

the Gardens Corner, are within residential and recreational landuse areas. 

3.3.3 Residential 

The residential category is the largest landuse category within the field area, representing 

an estimated 50% of the total field area. Coal and wood combustion for home heating is 

the major source of heavy metals in this landuse. Two distinct areas of housing exist in 

the field area. The first is located in the central city area between the town belt and the 

main areas of commercial and industrial activity, and includes high density housing in 

the student area of North Dunedin. A second area surrounds the town belt and industrial 

areas, and extends beyond the field area in an arc from Ravensbourne to Highcliff. It 

is mostly low density housing although a small area of very high density housing exists 

in South Dunedin. Included are the suburbs of Leith Valley, North East Valley, and 

Caversham, which have a history of air stagnation and air pollution problems. 

3.3.4 Traffic Sources 

Emissions from vehicles have historically been the main source of lead in urban areas, 

and although this will decline steadily with the removal of lead additives from petrol, 

fieldwork for this study was carried out when leaded petrol was still in use. With leaded 

petrol, the level of emissions is a function of traffic density. Fig 3.5 shows the varied 

density of traffic over the field area, and is based on vehicle counts taken by the Dunedin 

City Council. 

The highest vehicle counts, greater than 10,000 vehicles per day ( v a-1 ), are found 

in the central commercial area, along the Southern Motorway, the One Way Street 
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System, and the main feeder route from the city to Kaikorai Valley via Stuart St. Traffic 

volumes within the central commercial district are high during business hours. Along 

the Southern Motorway and the One Way Street System volumes are lower as a result 

of higher traffic speeds, but congestion peaks during the morning and evening rush hour 

periods. A similar congestion pattern applies to Stuart St, although reduced traffic 

speeds because of the steepness of this street increases emission levels. 

Medium to high vehicle numbers (5,000-9,999 v d- 1 ) are representative of suburban 

commuter routes, such as High St, Portsmouth Dr, Highgate, Hillside Rd, and North 

Rd. Traffic flows along these roads peak in diurnal rush hour periods, while at other 

times congestion is generally low, and consists mainly of commercial traffic. 

On main roads in residential areas, medium to low traffic flows (l,000-4,999v d- 1 
) 

are found, with rush hour periods of peak traffic occurring. Low traffic flows, less than 

1000 v d- 1 
, occur along minor residential roads and secondary routes out of the city 

(North Rd, Forbury Rd, and Highcliff Rd). 

3.3.5 Recreational Sources 

Dunedin City possesses extensive areas of land set aside for recreation purposes, ac

counting for approximately 30% of the field area. A large band of recreational land 

surrounds the central city area, extending from the reclaimed Logan Park, in an arc 

through the Botanic and Woodhaugh Gardens and following the hill slopes along the 

western boundary of the study area to the Oval. This is known as the Town Belt and 

is dominated by well established native tree species. Small sports fields are scattered 

throughout the Town Belt, with larger sports facilities at the Oval and Logan Park. 

A second area of recreational land is situated along the coast from St Clair to Tom

ahawk Lagoon. This land consists mainly of beach and dune features although several 

playing fields, a golf course and a cemetery are located within. There are other recre

ational areas, mostly spor_ts fields and golf courses, that are located within residential 

areas, while Carisbrook and the Caledonian Ground are located in the South Dunedin 

industrial area. 

Areas of recreational land are mostly free of heavy metal sources, with the Dunedin 

City Council Crematorium at the Andersons Bay Cemetery, and the heating plant at 

Logan High Park School being the only exceptions. However, a number of industrial 

sources are located close to recreation areas and may lead to contamination (Palmer's 
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Quarry near Logan Park, and the Willowbank industrial area near the Botanic and 

Woodhaugh gardens) . 

3.4 Meteorology 

Meteorology influences atmospheric deposition through the effects of atmospheric stabil

ity on dispersal, wind diffusion on transport, and precipitation scavenging of pollutants. 

The effect of atmospheric stability on pollutant dispersal is often the result of inversion 

strength and frequency. This has not been studied over the entire field area, although 

work has been done in North East Valley (Gunn 1975), Kaikorai Valley (Collins 1986), 

and at Aramoana near the harbour entrance (Cosgrove 1980, Fitzharris et al. 1988). 

The frequency of inversions for 1977 to 1979 at Kaikorai Valley and North East 

Valley has been assessed from daily maximum and minimum temperatures collected by 

a Dunedin meso-scale weather network operated by the University of Otago. Inversions 

form in Kaikorai Valley on 38% of all nights, and on 23% of all nights in North East 

Valley. The strength of these inversions averages :::;3.0 °C lOOm-1 but may be up to 

8.0 °C lOOm-1 
. Inversions in both valleys occur at all times of the year, although the 

frequency and strength of the inversions is greater in winter, and their depth is greatest 

on cold nights (Fitzharris & Cosgrove 1980). 

The study area also experiences subsidence inversions under anticyclonic conditions, 

the frequency of these inversions at Taieri Aerodrome being 38%. Most are over 1000-

1600m but may extend down to 150m or up to 3300m. Subsidence inversions resulting 

from harbour winds also occur, with cap clouds developing over Mt Cargill and the 

Peninsula (Lusk 1967, Fitzharris et al. 1988). The altitude of the cloud base suggests 

that the inversion height is 600m, although with lower winds the inversion height is 

lower (Fitzharris & Cosgrove 1980). 

Analysis of windrose data illustrates the typical wind pattern for Dunedin. The dom

inant wind in the warm season is from the northwest, although westerlies are frequent. 

In the cool season, westerlies are the most frequent winds, but northeasterlies are still 

prominent. Wind strength is greater in the warm season, although the percentage of 

calms is very similar in both seasons (Fig 3.6) ( Collins 1986). 

Removal of pollutants from the atmosphere is achieved during precipitation. The 

annual pattern of rainfall over the field area averages 784 mm/yr (1918-1980 mean) 
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with a slight summer maximum (New Zealand Meteorological Service 1981). At eleva

tions greater than 300m, fog and drizzle associated with northeasterly airflows are an 

important component of precipitation (Wardle & Mark 1956). 

3.5 Expected Patterns of Deposition in Dunedin 

3.5.1 Spatial Patterns 

• Rates of atmospheric deposition are expected to be significantly lower than for 

other cities, as a result of the smaller number of sources and the lower levels of 

emissions in the Dunedin field area. 

• Deposition is expected to be greater at urban sites than rural locations. 

• Highest deposition rates are anticipated near sources, and deposition rates are 

expected to decrease with distance from these sources. Since most of the sources 

in the field area are located in industrial zones of South Dunedin and the wharf 

area, deposition rates should decrease with distance from these zones. 

• The deposition pattern of lead is expected to.be more linear, and reflect the spatial 

pattern of traffic density. Rates of lead deposition should be proportional to traffic 

load and decrease with distance from streets. Highest lead deposition is expected 

along the Southern Motorway and the One Way Street System. Lead deposition 

in the commercial area and along main feeder routes to the city (Stuart Street, 

Portsmouth Drive, and High Street) are also expected to be high 1 . 

3.5.2 Temporal Patterns 

• Atmospheric deposition over Dunedin is expected to be greater in winter than in 

summer. This largely results from the effects of topography, seasonal meteorolog

ical patterns, and changes in source emissions. 

• Seasonal meteorological patterns, characterised by greater occurrences of wind 

during the summer and increased strength and frequency of inversions in winter, 

indicate deposition will peak during winter, especially in confined topographical 

areas (North East Valley, Leith Valley and Caversham Valley). 

1 Fieldwork was carried out before lead additives in petrol were banned. 
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• The seasonal wind pattern, predominantly westerlies in winter and northwesterlies 

in summer, suggest deposition will be greater in the southwest in summer, and in 

the east in winter. 

• Source emissions will not be measured, but seasonal changes are expected to be 

small in industrial, commercial, or recreational areas. However in residential areas, 

strong increases in emissions from the combustion of coal and wood for home 

heating in winter are expected to increase winter deposition rates in these areas. 
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4 
Methodology 

4.1 Atmospheric Deposition 

4.1.1 Choice of Sampling Strategy 

The primary aim of this study is to measure the patterns for atmospheric deposition of 

six heavy metals in the central Dunedin area. Any sampling strategy employed must be 

representative of the entire study area and variables affecting deposition patterns, such 

as topography, land use patterns, source location, and climate, need to be accounted 

for. 

It was decided that the best way to ensure sample coverage of the entire study 

area was to use a sampling grid. Grids of various sizes were considered before a grid 

with sample sites 600m apart was chosen. It gave adequate sample density while not 

producing too many sample sites. The grid was placed over a map of the study area 

and was oriented so as not to be in alignment with the street pattern. Sample sites were 

located at the intersection of the lines in the grid. 

The study area was surveyed and the location of all suspected sources was mapped 

(Fig 3.3., pg 31 ). Information obtained from business directories ( Universal Business 

Directories 1992) was used to help identify possible heavy metal sources. A high degree 

of source clustering was evident in the wharf area next to the harbour, so it was decided 

to sample this area more intensively than other parts of the study area. A smaller sized 

sample grid was employed in this area with sites only 400m apart, compared with 600m 

in the rest of the study area; thereby creating a two stage sampling grid, one nested in 

the other. 
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The topography of the study area was mapped (Fig 4.1) and classified as either ridge 

tops (above 110m a.s.i), hillsides (30m-110m a.s.i), or valley floors Om-30m a.s.i). The 

percentage of the total study area covered by each of the three classes was estimated. 

Finally, information on landuse was obtained from the Dunedin City Council (Fig 3.4., 

pg 32), classified as either commercial, industrial, recreational, or residential, and the 

percentage of the total study area for each was estimated. 

The maps of topography and landuse were laid over the two stage sampling frame. 

The number of sampling sites located in each of the classes for topography and landuse 

were counted. Adjustments were made to the location of the sampling sites until the 

number of sites in each class was proportional to the percentage of the total study area 

covered by that class. 

A problem became apparent with the distribution of lead sources. Unlike the other 

metals being studied, lead sources were not stationary point sources but were produced 

mainly by vehicles along roads. Because of the height of emission, it was expected 

to be transported only a short distance from the road (s;30m). The distribution of 

lead sources was therefore expected to reflect the linear road pattern, and the sampling 

strategy needed to accommodate this. 

According to Collins (1981 ), the amount of lead produced along a road was dependent 

on the traffic volume, the lead content in the petrol, and the mode of driving. Large 

numbers of vehicles, high lead content in petrol, and large amounts of work done by 

vehicles ( starts and hills) would all cause greater production of lead (Blackett 1994). 

The sampling frame had already been adjusted so that it would not be aligned with 

the street pattern. This was designed to prevent too many sites from being located next 

to roads, and alone would not be sufficient to compensate for the distribution pattern of 

this metal. The lead content of petrol was constant during sampling, but traffic volumes 

and driving conditions had to be considered in the sampling frame. 

Information on traffic counts was obtained from the Dunedin City Council. To 

provide a general overview of the traffic load over the city the traffic counts were divided 

into four categories representing high-use main routes (2:10,000 vehicles/ day ( v d-1 
) ), 

medium-use main routes (5,000 - 9,999 v d-1 
), lower-use main routes (1,000 - 4,999 

v d-1 
), and low-use streets (s;l,000 v d-1 

) (see Fig 3.5). Lead production by cars was 

expected to be highest along roads with heaviest traffic volumes. Traffic densities were 

also known to be high in areas of commercial land uses during business hours, and along 

major commuter routes at diurnal rush-hour periods. Driving modes in these areas, and 
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on hilly sections of road, were expected to enhance lead production. Samples sites were 

allocated to cover all classes of traffic densities, commercial areas, and hill sections of 

suburban commuter routes. Measurements were taken, with the permission of Dunedin 

Electricity, on roadside power poles at each site. 

The final sampling frame consisted of 108 sampling sites (Fig 4.2). There were 64 at 

roadside locations and 44 at non-roadside sites. The majority of the non-roadside sites 

were in residential areas (50%) with fewer sites in recreational (30%), industrial (16%), 

and commercial ( 4%) land uses. 

All sites were visited before data collection began, and the exact position of each 

site was determined according to strict criteria, with security and degree of exposure 

to the atmosphere being the main concerns. Site descriptions and possible heavy metal 

sources in the vicinity were recorded. The location of field sites and site descriptions 

are given in Appendix A. Measurements were taken approximately three metres above 

the ground. 

In addition to the sample sites in central Dunedin, four sites were located outside the 

urban area, well away from any sources of heavy metals. The purpose of these sites was 

to establish the 'true' background deposition rates. The four sites were located at Signal 

Hill, Swampy Summit, Osborne, and Allans Beach (Fig 1.1., pg 3). The suitability of 

these sites as indicators of background deposition rates was tested in a small pilot study 

conducted in 1991, and found to be satisfactory. 

4.1.2 Choice of Sampling Medium 

An inexpensive and simple medium was required to collect the heavy metals as they 

were deposited from the atmosphere over the study area. Moss is considered to be a 

useful monitor of atmospheric deposition of metals, because it has no root system and 

must rely on nutrient supply from the atmosphere. Moss also has a high capacity to 

retain metals from solution, and also intercepts particles from dry deposition. 

Ruhling & Tyler (1973) showed that moss had cation exchange properties for many 

heavy metals similar to that of artificial ion exchangers, and demonstrated the feasibility 

of the moss technique for mapping atmospheric deposition patterns for a number of 

metals on a large geographical scale (Schaug et al. 1990). Collins (1986) used sphagnum 

moss as a sampling medium to intercept the fallout of lead from the atmosphere 
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FIGURE 4.3: A Moss Tray Ready For Exposure in the Field 

near ground level in the adjacent Kaikorai catchment. The network of sphagnum moss 

deposition gauges used was found to be an efficient and inexpensive system for mea

suring lead deposition ( Collins 1986). Consequently sphagnum moss also chosen as the 

collection medium for the present study, and the procedure developed by Collins in t he 

Kaikorai catchment was followed. 

4.1.3 Preparation of Moss Samples 

The moss was prepared by soaking it in two washes of 0.5 M nitric acid (HN03 ) for 

24 hours each. This cleans the moss and protonates ion exchange sites . The moss was 

then soaked in three washes of deionised water for 24 hours each, then dried. 

Approximately 2.5-3.5g of dry moss was placed in each polystyrene tray, sufficient 

to form a continuous layer in the tray. The moss was held in place with plastic netting, 

secured by strong adhesive tape (Fig 4.3). Each tray was sealed in two polythene bags 

to prevent contamination while in transit between the laboratory and the field . 

4.1.4 Exposure at Field Sites 

Ideally measurement trays were sited approximately three metres above the ground, 

though this was not possible at all sites, and height of exposure ranged from lm-5m. 
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TABLE 4.1: Dates of Sampling for the Eight Sampling Periods 

Sampling Period Dates of Accumulation Season 

1 20/12/92 - 07 /02/93 Mid-Summer 92/93 

2 08/02/93 - 28/03/93 Late Summer 93 

3 29/03/93 - 16/05/93 Autumn 93 

4 17 /05/93 - 03/07 /93 Early Winter 93 

5 04/07 /93 - 23/08/93 Late Winter 93 

6 24/08/93 - 19/10/93 Spring 93 

7 20/10/93 - 28/11/93 Late Spring 93 

8 29/11/93 - 09/01/93 Early Summer 93/94 

Trays were attached using plastic brackets and nylon nuts to power poles at roadside 

sites, and to clotheslines, fences, and downpipes at sites away from roads (Fig 4.4a-d). 

Each tray was left exposed for seven weeks, which was considered to be sufficient time 

for metal concentrations in the moss to rise to detectable levels. Exposure time was 

tested in a small pilot study conducted in June and July 1991. Moss and trays were 

returned to the laboratory inside the same polythene bags used to take the samples into 

the field. 

A sample blank was transported in the van during sample changeover, to test for 

contamination. This blank was prepared in the same manner as the experimental sam

ples, being carried into the field and exposed at a randomly selected field site, before 

being returned immediately to the laboratory for analysis. 

Continuous moss tray monitoring of heavy metal fall-out in the field area was carried 

out during eight consecutive sampling periods, from December 20th 1992 to January 9th 

1994 (Table 4.1). At the end of each sampling phase, the new replacement moss tray 

was fixed in exactly the same position as the tray being collected for analysis. Four to 

five days were required to replace all the samples, and the new sampling period began 

the day the last tray was changed. 

4.1.5 Laboratory Analysis of Moss Samples 

It was necessary to take precautions to guard against contamination of the samples dur

ing laboratory analysis. Deionised water was used throughout analysis, and all glassware 

46 



' -)' 

' -4, 

FIGURE 4.4: Moss Trays at Sample Sites in the Field 
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was washed in 2M nitric acid (HN03 ) for 24hrs, and rinsed with two washes of deionised 

water before use. 

In order to measure rates of deposition, the surface area of the moss exposed to 

the atmosphere had to be measured. A five mm grid was placed over samples and the 

number of squares covered by the moss recorded (Fig 4.3., pg 45). This gave a surface 

area measure for each sample, and was used later when converting samples to units of 

atmospheric deposition (µg m-2 d- 1 ). 

The total moss sample was transferred into 50ml conical flasks, and 25ml of 6M nitric 

acid (HN03 ) added. The moss and acid mixture was left to soak for 24hrs, covered 

by reflux tops to help break down the moss. The samples were then digested between 

110 °C -120 °C for at least three hours, until the moss had totally broken down. After 

digestion, the samples were filtered through Whatman No.44 filter paper into 50ml 

volumetric flasks, and deionised water added to make samples up to 50mls. Sample 

blanks, containing acid only, were included with each batch of samples digested, to test 

for contamination during processing. Typically three to four blanks were used for each 

sample series. 

The samples were analysed using a Zeeman Z6100 Polarised Atomic Absorption 

Spectrophotometer (AAS) with standard analytical settings (Appendix B). A series of 

standards was made from stock solutions, and used to create calibration curves for the 

calculation of metal concentrations in the samples (Appendix B). 

One drop of hydrogen peroxide (20% solution) was added to all samples while in 

test tubes just before chromium AAS analysis in order to convert all chromium to the 

oxidised Cr(VI) state. Hydrogen peroxide was the only interference reagent used in 

analysis, and chromium was always analysed last. 

4.2 Climate Data 

The most important climate variables effecting atmospheric deposition of heavy metals, 

rainfall, inversion frequency and strength, and wind direction and strength, were outlined 

in Chapter Two. Inversion frequency and strength, and windspeed and wind direction 

effect dispersal and dilution in the atmosphere, and determine heavy metal deposition 

rates. Rainfall cleanses the atmosphere, thereby increasing the rate of atmospheric 

heavy metal deposition. 

The climate station at Musselburgh (Fig 4.5) provided the rainfall data for the 
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period of the study, and a special climate station was established to collect the wind 

and inversion data. 

4.2.1 Location of the Special Climate Station 

A suitable site was found for this climate station in the New Zealand Rail shunting yards 

south east of the Octagon (Fig 4.5). This location was in the centre of the study area 

and away from the turbulent effects of any buildings that could disrupt windflows. 

The special climate station was located on a tower holding the flood-lights used 

at night for shunting and security of the yard (Fig 4.6). The tower was tall enough in 

height (36m) to allow for the measurement of atmospheric lapse rates for the calculation 

of inversion frequency and strength. The frame of the tower itself was not substantial, 

so it is unlikely to have affected the instruments. 

4.2.2 Arrangement of Instrumentation 

A wind-vane and anemometer measuring wind direction and speed were located at the 

top of the tower, on an additional mast that extended a further two metres vertically (Fig 

4. 7). The mast lifted the instruments clear of any turbulence created by the structure 

of the tower. 

Thermocouples were used to measure temperature at the top and bottom of the 

tower (Fig 4.6). These were suspended 1.5m horizontally out from the tower, to negate 

the possibility of any temperature influence caused by the tower's structure. The ther

mocouples were 30m apart vertically, and shielded from the effects of the wind, sunlight, 

and any heat generated by the flood-lights (Fig 4.8). Using data collected from these, 

environmental lapse rates were calculated. 

4.2.3 Collection of Data 

The wind-vane, anemometer, and both thermocouples were wired to a data-logger which 

continually recorded the data every 30 seconds. The data were down-loaded to a portable 

laptop computer every two weeks, and the battery supplying power to the station was 

replaced at the same time. The climate station operated continuously from December 

20th 1992 until January 9th 1994, except for a brief period between June pt 1993 and 

July 22nd 1992, as a result of a power failure. 
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FIGURE 4.5: The Location of the Climate Stations 
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FIGURE 4.6: The Special Climate Station Site. 

~~-\ .·-- ,-
\ / 

I 

I 

'.,, 

I> 

'"' 
FIG U RE -L 7: The 'v\/incl-vane a.ncl Anemometer Ma.st 



./ 

' . 

~-

FIG URE 4.8: The Top Shielded Thermocouple on the Special Climate Station 

4.3 Analysis Of Data 

4.3.1 Atmospheric Deposition Data 

The data from the spectrophotometer were loaded in a Lotus 1-2-3 spreadsheet package 

for analysis . The data were in eight files, representing each of the eight sampling periods. 

In each file , the data were expressed as concentrations of the six metals in each sample 

solution (µg mz-1 
) . These units were converted to units of atmospheric deposition 

(f.l9 m-2 d- 1 
). Any sites with negative deposition values, indicating below detection 

levels, were given a value of zero. 

Field and laboratory analysis of moss samples created 4,698 data values in total. To 

obtain an overall picture of this large dataset , the median, mean, standard deviation , 

variance of the mean, maximum, and minimum values were calculated for each sampling 

period. Plots of mean deposition against time allowed the identification of seasonal 

trends in deposition to be identified for each metal at both rural and urban sites . The 

deposition data sets were not normally distributed and contained outliers, so Mann 

Whitney U-tests were used to determine ifrural-urban deposition rates were significantly 

different. 
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4.3.2 Creation of Deposition Maps 

The present study is investigating the atmospheric deposition patterns of six heavy 

metals in central Dunedin. The best way of displaying the changes in atmospheric 

deposition rates of metals across the study area, the relationships between deposition 

patterns, topography, source location, and changes in deposition patterns with time is 

through the use of a Geographic Information System (GIS). This type of analysis is well 

suited for the visualisation of large sets of geographically referenced data. Developing 

GIS procedures for a study such as this is a project in itself. Accordingly, the GIS 

analysis was developed on ARC/INFO by Tessa Blackett as a dissertation project for a 

Diploma in Spatial Information Science, Department of Surveying, University of Otago. 

Initally, Blackett (1994) used zinc and lead data to test the GIS, which was then applied 

to data for the other four metals later. A brief summary of the stages of the analysis is 

outlined here; for further details regarding the analysis refer to Blackett (1994). 

The deposition patterns were analysed first. These patterns were expected to be 

related to source location, the amount of metal emitted at the source, and the rele

vant dispersal mechanisms and distances. Five of the six heavy metals being studied 

( cadmium, chromium, copper, nickel, and zinc) have similar dispersal characteristics 

according to the research literature. These five metals are released into the atmosphere 

from stationary sources, most commonly from smoke-stacks. Emissions in this form are · 

at a greater height, and are therefore dispersed further from the source, and influenced 

by weather patterns and topography to a greater extent. 

For these five metals each sampling site represented a point within the study area, 

and the dense network of sampling points represented deposition over the whole central 

Dunedin study area. Therefore, by interpolating between the sampling points, it was 

possible to create a representation of deposition over the study area as a 3-D isopleth 

surface. To make the visual display clearer, isopleth lines were coloured. All the data 

collected for each metal, during all the sampling periods, were ranked and separated 

into twelve, equally-sized classes of 63 data values. Defining the classes in this manner 

ensured that the deposition values were classed according their rank, relative to all other 

values (Blackett 1994). 

A scale of twelve colours was created to shade the ranges produced, using the new 

classes. This number of colours was found to be sufficient to show patterns over the 

study area, but not too many to confuse the eye. The colour range consisted of three 
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general shades, yellow, pink, and blue, which represent low, medium, and high depo

sition values respectively (Blackett 1994). The resulting deposition coverages could be 

compared to topography and source location, when draped over the appropriate cover

ages of topography and source location. Changes in deposition patterns with time were 

apparent when deposition coverages from different sampling periods were compared. 

In the case of lead, the pattern of dispersal differed. Lead is produced mainly by 

the combustion of fuel in vehicles, therefore the dispersal pattern is closely related to 

road pattern. The emission is close to ground level, so dispersal from the source is 

not actually great. The pattern of lead deposition had to be analysed in a different 

way, as interpolation between the sites, as used for the other five metals, would not be 

appropriate . 

Only those roadside sites within 30m of roads were selected for analysis, as these 

sites could be expected to represent rates of deposition at the road. The other non

roadside sites were deleted. All the data collected for lead from the roadside sites 

during all the sampling periods were ranked, and twelve equally sized classes created. 

Each class was assigned a colour from the scale of colours created for the other five 

metals. A coloured marker was placed at each roadside site, and a 200m radius was 

chosen. This size shows the colour of the markers clearly, but did not cover an area 

so great as to suggest deposition values in areas between sites were known. The colour 

of each symbol represented the appropriate class of deposition val~es. The resulting 

deposition coverages could be compared with topography in the same manner as the 

other five metals, when draped over the appropriate coverages of topography. Changes 

in deposition patterns with time were apparent when deposition coverages from different 

sampling periods were compared. 

However, to determine any relationship between patterns of lead deposition and the 

pattern of source locations, the sources of lead had to be displayed in a different manner 

from the other five metals. To provide a general picture of traffic load on each street, 

the streets were classified according to their estimated traffic use. The classification was 

derived by extending the point traffic counts along streets. As the basis for the classes, 

the counts were separated into groups of 2:10,000 vehicles/ day ( v d- 1 
), 5,000 - 9,999 

v d- 1 
, l,000 - 4,999 v d-1 

, and :Sl,000 v d-1 . The counts were extended along streets 

using a hard copy 1988 1:20,000 Department of Survey and Land Information (DOSLI) 

map of Dunedin, and local knowledge. The DOSLI map distinguished 'through' routes 

(major routes through the city), and 'main' routes (routes to the suburbs), from other 
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streets. Colours similar to those used for deposition were used for the streets. Similar 

colours enabled easier comparisons, as some correlation was expected between deposition 

and street pattern. The lines representing higher use classes of streets are slightly wider 

than those for the lower use streets. The lead deposition coverages were compared with 

lead sources when draped over the coverage of lead sources. 

4.3.3 Analysis of Climate Station Data 

After down-loading from the datalogger to a laptop computer in the field, the data 

were transferred to the VAX computer system. The wind direction and windspeed 

data from these files were used to generate a windrose for each sampling time period. 

These windroses show the percentage of total wind from a particular direction, and of 

a particular speed. 

Temperatures measured at the top and. bottom of the tower were used to determine 

the frequency and strength of inversions. Temperatures recorded at the top of the tower 

were subtracted from temperatures measured at its base. From these differences (.6.
T), the frequency of inversion occurrence was determined by counting the percentage 

frequency of the total records that were negative. The occurrence of inversions of dif

ferent strength was determined by reclassifying the negative records into weak (~1.0 °C 

lOOm-1 ), medium (1.0 °C -3.0 °C lOOm-1 ), and strong (2:3.0 °C lOOm-1 ) inversions . 
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5 
Results 

5.1 Rural and Urban Deposition Rates 

The distribution of deposition rates for all the heavy metals analysed are highly skewed 

because of a low frequency of very large values, resulting in high standard deviations. 

Consequently, median deposition rates will be used in analysing the data as they are 

better indicators of the central tendency of the distributions. 

Median rural deposition rates for each sampling period are presented in Table 5.1 

(see Appendix C for deposition statistics). At rural measurement sites, zinc had the 

highest median deposition rate of 13.6 µgm- 2 d- 1 
. Copper had the next highest median 

deposition rate (7.6 µg m-2 d- 1 ), and was followed by chromium (2.1 µg m-2 d- 1 ), lead 

(1.9 ;tg m- 2 d-1 ), cadmium (:SO.l µg m-2 d-1 ), and nickel :SO.l µg m-2 d-1 ). 

Median urban deposition rates for each sampling period are presented in Table 5.2 

(see Appendix C for deposition statistics). Of the metals studied at urban locations, 

zinc had the highest median deposition rate of 298.3 µg m-2 d-1 . Roadside lead (75.9 

µg m-2 d-1 ) followed zinc, and backyard lead (27.4 µg m-2 d-1 ) and copper (21.3 

µg m- 2 d- 1 ) were next. These were followed by chromium (3.6 µg m-2 d-1 ), cadmium 

(0.1 µg m-2 d-1 ), and finally nickel (:SO.l µg m-2 a-1 ). 

Heavy metal deposition was hypothesised to be greater in the Dunedin urban area 

and to decrease rapidly with increasing distance into surrounding rural areas. Median 

cadmium, chromium, copper, zinc, and backyard lead deposition rates measured were 

found to be higher in the Dunedin urban area than at surrounding rural sites, though 

only copper, zinc, and lead differences were statistically significant (Table 5.3). Median 

nickel deposition rates were the same at both rural and urban sites. 
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TABLE 5.1: Median Atmospheric Deposition Rates and Ranges for Rural Measurement 
Sites a 

)__ 

Mid-Summer Late Summer Autumn Early Winter Late Winter Spring Late Spring Early Summer Dec-Jan 

92/93 93 93 93 93 93 93 93/94 92-94 

0.2 s;o.1 '0.1 s;o.1 s;o.1 s;o.1 1.7 0.2 s;o.1 

7.9 4.3 3.0 26.7 s;o.1 0.7 s;o.1 s;o.1 2.1 

4.6 s;o.1 8.9 9.2 s;o.1 21.0 7.0 5.1 7.6 

so.1 0.7 97.3 5.6 so.1 208.3 1610.0 so.1 s;o.1 

7.6 so.1 107.7 37.0 S:0.1 so.1 21.0 3.2 13.6 

1.7 0.5 4.7 7.4 s;o.1 s;o.1 6.2 40.4 1.9 
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TABLE 5.2: Median Atmospheric Deposition Rates and Ranges for Urban Measure

ment Sites 

Mid-Summer Late Summer Autumn Early Winter Late Winter Spring Late Spring Early Summer 

92/93 93 93 93 93 93 93 93/94 

0.2 :::;0.1 0.1 :::;0.1 0.2 sO.l 1.9 0.2 

2.4 19.8 5.8 20.2 sO.I 3.0 2.1 0.1 

23.9 :::;0.1 29.8 30.5 :::;0.1 45.3 25.8 36.7 

:::;0.1 :::;0.1 sO.l sO.l sO.l 83.8 92.6 ::::0.1 

210.2 85.9 321.4 435.5 180.2 323.8 364.6 632.1 

Lead (backyard)b 30.3 26.6 28.4 21.7 21.0 29.7 25.8 41.3 

Lead (roadside)° 88.6 73.8 84.0 55.0 58.6 78.3 62.7 88.1 

"n=l08 

b n=44 

C n=64 

_;.._ 

-" 

Dec-Jan 

92-94 

0.1 

3.6 

21.3 

:::;0.1 

298.3 

27.4 

75.9 



'( 

( 

. \ 

( 

\ 

TABLE 5.3: Comparison of Median Deposition Rates at Rural and Urban Measurement 

Sites 

Metal I Rurala I Urbanb I U-testc I 
Cadmium :::;0.1 0.1 njsd 

Chromium 2.1 3.6 n/s 

Copper 7.6 21.3 ** e 

Nickel :::;0.1 :::;0.1 -

Zinc 13.6 298.3 ** 
Lead 1.9 27.4! ** 

a n=4 

b n=108 

c Mann-Whitney U-Tests 

d not significant 

e significant at 95% 

f n=64 

5.2 Spatial Patterns of Urban Deposition 

Heavy metal deposition coverages for the Dunedin field area during the eight sampling 

periods are presented in Appendix D. In all there are 48 coverages. From these cover

ages it is possible to identify underlying 'typical' patterns. Examples of those 'typical' 

deposition patterns for each metal are presented next, and possible source relationships 

are suggested. Meteorological influences on patterns will be discussed later . 

A number of factors can combine to affect deposition, including source location, to

pography, and meteorology. For the purpose of discussion each will be viewed separately, 

but in reality their influence is interconnected, and this should be kept in mind. 

5.2.1 Cadmium Deposition Patterns 

The deposition coverage for the spring sampling period (Fig 5.1) shows the 'typical' 

deposition pattern for cadmium. Deposition rates were low (rose and yellow shades) for 

the majority of the field area, especially in the south. Peaks of high deposition were 

located over the wharf industrial area, the Glen Valley, and the suburbs of St Clair, 
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Roslyn, and Ravensbourne. 

Most cadmium produced is used in electroplating, pigments, stabilisers, or battery 

production (Nriagu 1980a). Such activities are located along the edge of the harbour 

basin on industrial land, and could account for the deposition peak located over the 

wharf industrial area. Industrial activities located in Kaikorai Valley, on the western 

boundary of the field area, may contribute to the area of high cadmium deposition 

located over Roslyn. 

Cadmium is also associated with the production of phosphate fertilisers, and the 

deposition peak over the suburb of Ravensbourne could be attributed to the location 

of a fertiliser works. This area of high deposition may also be affected by dust from a 

quarry and cement plant located next to Logan Park. Another cement plant located in 

the Glen Valley, near Caris brook, may contribute to the area of high cadmium deposition 

there. However, the area of high deposition in St Clair is not associated with any known 

sources of cadmium. 

5.2.2 Chromium Deposition Patterns 

The typical pattern for chromium deposition is illustrated in the spring coverage (Fig 

5.2). Deposition peaks were regularly located over the industrial South Dunedin and the 

wharf areas. High spots also occurred at the top of Caversham Valley and the bottom 

of North East Valley, over Ocean Grove, and at St Kilda Beach. A further deposition 

peak was located in the Tainui/ Andersons Bay suburb although it is not shown in this 

coverage (see the early-summer coverage in Appendix D). The deposition peak over 

Roslyn, on the western boundary of the field area, was apparent during spring only. 

Most chromium is used in the manufacture of stainless steel, and when galvanis

ing other metals with chromium to prevent corrosion (Langard 1980). These activities 

are located in the wharf and South Dunedin industrial areas and could contribute to 

chromium deposition peaks located there. Such industries are also located in the Wil

lowbank area at the entrance to of North East Valley, and are likely to contribute to this 

high deposition area. The location of a waste incineration plant in the wharf industrial 

area may contribute to that deposition peak, although the heavy metal composition of 

material incinerated by the plant not known. 

Transport of metals from industrial activities located in Kaikorai Valley and Green 

Island may contribute to deposition in Roslyn and Caversham. However the peak at St 
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Kilda Beach is not associated with any known chromium sources, and the early-summer 

peak in the Tainui/ Andersons Bay suburb does not appear at any other time of the 

year. 

5.2.3 Copper Deposition Patterns 

Large areas of high deposition are easily identifiable in the autumn coverage (Fig 5.3). 

The largest was centred over Caversham Valley, but also included the suburbs of For

bury, Kew, northern parts of St Clair, the South Dunedin industrial area, and extends 

northward along the western boundary of the field area towards Roslyn. Localised cop

per peaks were located over Mornington, Leith Valley and Dunedin North, and small 

hot-spots were centred over the wharf area, City Rise, and near Knox corner. An area 

of high deposition also occurred over Shiel Hill and down to Ocean Grove. 

The three principal sources of pollutant copper in the atmosphere are copper produc

tion and handling, iron and steel production, and fossil fuel combustion. About 95% of 

anthropogenic copper comes point sources such as these. Kneip et al. (1973) estimated 

that the majority of the copper in New York city aerosols came from incinerators, while 

automobiles and oil burners were also important sources of copper. 

There are no copper production or handling facilities in the field area, although iron 

and steel production is present in the South Dunedin and wharf industrial area, and may 

contribute to high copper deposition in these areas. A waste incineration plant in the 

wharf industrial area may also add to copper deposition there, although the composition 

of waste burnt is not known. The combustion of coal and oil to heat various university 

buildings may account for the high copper deposition over Dunedin North and near 

Knox corner on George St. Heavy traffic loads may also contribute to copper deposition 

at Knox corner, although other areas of high traffic congestion are not associated with 

peaks of copper deposition (the One Way System, Stuart St, or High St). 

Deposition peaks at Shiel Hill and Ocean Grove may be influenced by the operation 

of the Andersons Bay Cemetery's crematorium. However, the Mornington and Leith 

Valley peaks do not correspond with any known copper sources. 

5.2.4 Nickel Deposition Patterns 

Nickel deposition was suprisingly low over most of the field area during most sampling 

periods, however 'typical' deposition patterns are most evident in early-winter (Fig 5.4). 
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Peaks occurred over the South Dunedin industrial area, and near the Oval. Deposition 

was low over the wharf industrial zone, but a peak was located just to the north near 

Logan Park. In suburban areas, peaks were located in St Clair, Musselburgh, Morn

ington, Waverley, and Pine Hill. Caversham Valley was regularly associated with nickel 

deposition peaks, as was North East Valley occasionally. However, these peaks do not 

appear in all the sampling periods. 

Nickel is used mainly in the production of metal alloys, usually iron and steel, and is 

also used in electroplating (Sevin 1980). Such industrial activities are located in South 

Dunedin and may contribute to this peak. The absence of high deposition over the 

wharf is unexpected, especially as iron and steel production, electroplating, and waste 

disposal by incineration, often sources of nickel in urban areas, are located in that area. 

The low rates of deposition over so much of the field area is surprising, especially as 

reasonably sized nickel sources were identified in the field area. Andersen et al. (1978) 

also found relatively small maximum nickel values of equal size in central and industrial 

areas of Copenhagen. Combustion of fuel oil was thought to be the main source in that 

city. Oil fired boilers are not as common in Dunedin as coal fired ones, which may help 

explain low nickel deposition in Dunedin. 

The combustion of coal and oil for heating, especially school boilers, may also ex

plain the appearance of nickel deposition peaks in residential areas away from expected 

sources. The Waverley peak may also be affected by the peak located near Logan Parle 

5.2.5 Zinc Deposition Patterns 

'Typical' zinc deposition patterns are best illustrated by the spring coverage (Fig 5.5). 

Deposition was medium to high over most of the field area (red and purple shades), and 

areas of consistently high deposition were found in the Caversham, Leith, and North East 

valleys, and adjacent to Kaikorai Valley. Peaks also occurred regularly in the suburbs 

of St Clair and over South Dunedin, the Oval, Dunedin North, and along Ravensbourne 

Road to Ravensbourne. Deposition was also high on hillsides where air can pond (Pine 

Hill, City Rise, Sheil Hill, and Ocean Grove). 

Most anthropogenic zinc emissions, nearly 50%, are associated with extraction and 

industrial uses (Nriagu 1980c). However, there is no extraction of zinc in the field area, 

though industrial uses of zinc, primarily in the iron and steel industries, are located 

in the wharf and South Dunedin industrial areas. However, deposition over the wharf 
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industrial area is not as high as expected, so perhaps industrial uses may not contribute 

to zinc deposition in this area. This is suprising as similar industries are located in 

South Dunedin where zinc deposition is high. 

Zinc is also released by wood and coal combustion. As most of the high deposition 

peaks are located in suburban areas (St Clair, Dunedin North, Ravensbourne, Pine Hill, 

City Rise, Sheil Hill, and Ocean Grove), widespread coal and wood combustion may 

provide more important sources of zinc than industrial emissions. Both wood (12%) 

and coal (5%) combustion have been shown to contribute significantly to anthropogenic 

zinc emissions in urban areas (Nriagu 1980c). 

Waste incineration has been shown to be a large contributor (24%) to atmospheric 

zinc loads in other urban areas (Nriagu 1980c). In Dunedin, disposal of waste by incin

eration is not common, and where incinerators are located, such as the wharf industrial 

area, zinc deposition is not large. Therefore, waste incineration appears not to be a 

major source of zinc emissions in Dunedin. 

5.2.6 Lead Deposition Patterns 

In urban areas, vehicular traffic is the greatest source of lead. Deposition rates of lead 

decrease rapidly with distance from roads, and so patterns of lead deposition correlate 

closely with linear road patterns and traffic density. As a result, individual roadside 

sites used in this study are displayed as coloured dots over a traffic density coverage1 . 

In the Dunedin urban area median lead deposition was greater along high and 

medium-use main routes, and decreased with distance from the central city (Fig 5.6). 

Highest deposition (189-1,200 µg m-2 d-1 ) was commonly found along the One Way 

System, a~d on George and Princes St's. High lead deposition was found on medium-use 

main routes between the suburbs and the central city: Stuart St, High St, Rattray St, 

and Anzac Ave. On streets in the immediate vicinity, or downwind of industrial areas, 

in North East Valley, and in hill suburbs surrounding the central city (Maori Hill and 

City Rise) lead deposition was high (red shades). Low roadside lead deposition was 

characteristic of sheltered suburban roads away from industrial and central city areas. 

Typical examples include roads in the suburbs of Ravensbourne, Waverley, St Clair, and 

Maori Hill. 

1The GIS analysis by Blackett (1994) resulted in a few non-roadside sites being included in these lead 

coverages. However this does not distract from the overall picture. 
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5.3 Temporal Patterns of Urban Deposition 

Usually, deposition is heaviest during winter, when the atmosphere is more frequently 

stable and combustion for heating is highest. In summer, strong atmospheric instability 

and lower emissions result in lower metal deposition. 

e The deposition of cadmium, chromium, copper, nickel, zinc, and lead in this study 

was greater at urban measurement sites than at rural sites, although seasonal 

trends in median deposition over the eight sampling periods were similar at both 

rural and urban locations (Fig 5. 7 a-g). 

e Only median chromium deposition peaked during winter (early-winter, especially 

in the north) (20.2 µg m-2 d- 1 ), although median deposition in late-summer was 

also high (19.8 µg m-2 d- 1 
). Generally, median chromium deposition at urban 

sites decreased during the measurement period (Fig 5.7b). Deposition was low to 

moderate (yellow and red shades) over most of the field area, during the majority 

of the sampling periods. 

e The level of median cadmium deposition showed little variation during the mea

surement period, but peaked during late-spring (1.9 µg m-2 d- 1 ) (Fig 5.7a). 

Cadmium deposition was also heavy and widespread during early-summer and 

late-winter periods, and especially in the southern half of the field area. 

• Median deposition of copper was moderate over the majority of the field area most 

of the time, but was most widespread during the early-winter and early-summer 

periods, and peaked in spring (21.3 µg m-2 d- 1 ). Copper deposition increased 

slightly during the measurement period (Fig 5.7c). 

• Nickel deposition was very low in late winter and three summer sampling periods 

(Fig 5.7d), although moderate peaks were located in North East Valley and Wa

verley. During autumn and early winter, deposition was moderate, and in early 

winter, deposition peaks were more to the south. Highest median nickel deposition 

occurred in late-spring (92.6 µg m-2 d- 1 ), and spring deposition was also high. 

• Median zinc deposition increased during the period of sampling (Fig 5.7e), and me

dian deposition was highest and most widespread in early-summer (632.1 µgm- 2 d- 1 

). Median zinc deposition was also high during early-winter ( 435.5 µ,g m-2 d- 1 ). 
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FIGURE 5.7: Seasonal Trends m Urban and Rural Metal Deposition 
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• Lead deposition was generally higher in summer and lower in winter at both road

side and backyard sites (Fig 5.7f and g). Deposition at backyard sites was highest 

and most widespread in early summer ( 41.3 µg m-2 d- 1 
). Roadside deposition 

was high in autumn (84.0 µg m-2 d- 1 ) and early summer (88.1 µg m-2 d- 1 ), but 

was greatest in mid-summer (88.6 µg m-2 d- 1 
). 

Clearly, each metal had a different seasonal pattern. Therefore each was affected by 

source emissions, topography, and meteorology to a different extent. Source emissions, 

including seasonal traffic volumes, were not measured during the period of sampling, so 

the influence of changes in emissions on deposition could not be determined. However, 

greater deposition in winter is expected owing to increased coal and wood combustion 

for home heating, especially in residential areas. 

5.4 The Role of Meteorology 

5.4.1 Frequency and Strength of Inversions 

Atmospheric stability determines the dispersion of heavy metals in the atmosphere. The 

best conditions for dispersion occur with strong winds, marked instability, and a deep 

mixing layer, and are characteristic of sunny summer day time conditions. The worst 

conditions for dispersion occur when there is a temperature inversion and the lower 

atmosphere is stable, which usually happen in winter or at night. 

Percentage frequency and strength of inversions recorded during the measurement 

period are presented in Table 5.4. Inversions were frequent during the autumn, early 

winter, late winter, and spring sampling periods, and least frequent during the mid

summer, late summer, and late spring sampling periods. However, the highest frequency 

of inversions ( 48% of the time) occurred during the early summer sampling period (Fig 

5.8). 

As expected, inversion strength was greatest during periods of high inversion fre

quency, when the most were classified as 'strong'(~3.0 °C lOOm-1 
). However, in au

tumn, early winter, and spring 'weak' (:Sl.O °C lOOm-1 ) inversions were also frequent. 

The highest frequency of strong inversions occurred in late winter and early summer 

(19.7%). Weak inversions were most frequent during early winter and early-summer 

(17.9%), and the highest frequency of moderate inversions was in late winter (13%). 
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FIGURE 5.8: Percentage Inversion Frequency and Mean Windspeed during the Mea

surement Period 
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TABLE 5.4: Percentage Inversion Frequency and Strength During Sampling 

Season I Total I Weaka j Moderateb I Strongc I 

Mid-Summer 92/93 11.1 6.6 3.8 0.7 

Late Summer 93 11.1 5.2 4.1 1.8 

Autumn 93 23.2 10.5 6.9 7.8 

Early Winter 93 41.6 17.9 4.0 19.7 

Late Winter 93 35.0 3.3 13.1 18.5 

Spring 93 25.0 8.3 7.2 9.5 

Late Spring 93 11.3 4.7 3.6 3.0 

Early Summer 93/94 48.3 17.9 10.7 19.7 

a :Sl.0 °C lOOm- 1 

b l.O °C -3.0 °C lOOm- 1 

C 2:3.0 oc 10om-l 

Although inversions occurred frequently during winter months in Dunedin (Gunn 

1975, Cosgrove 1980, Collins 1986, Fitzharris et al. 1988), the highest frequency of 

inversions measured during sampling occurred during early summer. This pattern of in

version frequency coincided with the period of highest zinc, backyard lead, and roadside 

lead deposition, and high cadmium and copper deposition. 

However, the expected strong correspondence between inversion strength or fre

quency and deposition is not evident. During other periods of high inversion frequency 

( autumn, winter, and spring) high deposition is not recorded for all metals. In periods 

of low inversion occurrence, mid and late summer and the late spring periods, deposition 

rates of all metals was hypothesised to be low. However this is not always the case, for 

cadmium and copper deposition is heaviest during late spring, and the deposition of the 

other metals is high during at least one of these periods (Fig 5.7c and e). 

5.4.2 Windspeed and Direction Patterns 

Winds peed 

Wind is critical to horizontal atmospheric dispersion. Higher windspeed means greater 

down-wind transport, dilution, and turbulent activity. For example, el Gandour et al. 
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(1982) measured dustfall in Cairo, and identified windspeed as the principal factor af

fecting atmospheric concentrations. 

Seasonal patterns of windspeed recorded in this study are as expected for Dunedin. 

Average windspeed is high during the summer and spring periods, and peaks in mid

summer (7.8 m s-1 ) when the strongest winds (2: 14 m s-1 
) are most frequent. Lowest 

mean windspeed occurs during late-winter (5.8 m s-1 
), though average windspeed is 

also low during autumn and early-winter (Fig 5.8). The occurrence of calms is very 

small throughout the year, ranging from 0.1 % of the time in mid-summer and spring 

to 0.6 % of the time in autumn. 

Accordingly, greater metal deposition would be expected in winter, when average 

windspeed was at a minimum. Yet only chromium exhibits a winter deposition peak, 

although copper and zinc deposition was also high in winter. This trend agrees with the 

findings of Fergusson & Stewart (1992) in Christchurch, where the greatest potential 

for pollution existed when winds were weak. In addition, greatest cadmium, nickel, and 

lead deposition occurred during the spring and summer periods when windspeeds were 

higher. 

Windspeed was also related to inversion frequency, with inversions more frequent 

during periods of low windspeed (Fig 5.8). Greater deposition is expected during these 

periods, yet the highest frequency of inversions was in early summer, when average 

windspeed was high (7.0 m s-1 
). At this time zinc, backyard lead, roadside lead, 

cadmium and copper deposition are also high. 

The effect of windspeed on lead deposition was expected to be minimal because of the 

low height of emissions and the heavy nature of the metal. However, windspeed appears 

to be related to both roadside and backyard lead deposition. In the winter sampling 

periods, when weak winds were more frequent, lead deposition is low, and confined 

to major-use roads and the central city area. Stronger windspeeds, more frequent in 

summer, coincide with higher, more widespread deposition of lead. Unfortunately, traffic 

flows were not measured during sampling, so the effect of seasonal changes in traffic 

volumes is unknown. 

Wind Direction 

Wind direction is also an important determinant of horizontal dispersal, and it deter

mines the path heavy metals will follow, while wind variability influences the extent 

of cross-wind spreading. The typical seasonal wind pattern in Dunedin, predominantly 
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westerlies in winter and northeaster lies in summer, suggests deposition will be greater 

in the southwest in summer and in the east in winter. 

Windroses for the eight sampling periods are presented in Fig 5.9. The wind pattern 

measured at the special climate station differs from the typical Dunedin wind pattern 

outlined by Collins (1986). Northeasterly winds dominated during the summer sampling 

periods as expected, however southwesterlies, not westerlies, dominated winter periods. 

Westerly winds remained an important component of the winter wind field, though not 

as dominant as the southwesterlies. Spring and autumn represented transition periods 

where the wind pattern changed between summer and winter phases. 

Northeasterly winds dominated during the three summer sampling periods. In late 

summer, southwesterly winds became more frequent, while southerlies were less frequent. 

Metal deposition during the summer periods is heavy for cadmium, copper, and zinc, 

especially in the southwest and west, as expected. Moderate peaks occur in North East 

Valley, which is sheltered from northeast winds. 

During autumn, the most frequent winds were from the southwest and northeast di

rections, with winds from the north less frequent. This variable wind pattern is reflected 

in deposition patterns. Cadmium deposition is high in the north, but copper peaks are 

more to the south. Zinc and chromium deposition are more widespread over the field 

area in autumn. Peaks are also more frequent on hillsides than exposed hill tops. 

Very different wind patterns characterise the two winter sampling periods. South

westerlies dominated the early winter period. However, during the late winter period, 

the frequency of southwesterlies decreased and the occurrence of northerly and north

easterly winds increased. Similarly, different deposition patterns characterise the winter 

periods. Deposition is heavier in early winter, especially for chromium in the north, as 

expected, but copper and zinc peak in the west. In late winter, deposition is confined 

to the location of typical peaks. 

During the two spring sampling periods, the northeast and southwest winds are still 

the most frequent, but southerly winds increased in frequency. Northeasterly winds 

gained in strength during spring, while the southwesterlies became less frequent and 

weaker. This spring wind pattern represented the change from winter to summer wind 

fields. Cadmium deposition, high in the north in spring and peaking in the south in 

late spring, reflects this change in wind fields. The other metals behave differently. 

Chromium peaks in the central city, and copper and zinc are high to the west in both 

periods. Nickel peaks move from the west in spring to the east in late spring. 
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TABLE 5.5: Rainfall and % Rainday Data 

Season \ Rainfall (mm) \ % Rain days \ 

Mid-Summer 92/93 162.2 42 

Late Summer 93 144.4 47 

Autumn 93 47.9 33 

Early Winter 93 50.7 39 

Late Winter 93 50.7 18 

Spring 93 109.8 33 

Late Spring 93 73.4 33 

Early Summer 93/94 111.9 45 

5.4.3 Precipitation 

Precipitation processes are the best cleanser of heavy metals from the atmosphere, 

whether by in cloud 'rain-out' or the more efficient 'wash-out' process below clouds. 

Precipitation data are presented in Table 5.5. The highest rainfall was recorded in the 

summer and spring sampling periods, when it was approximately twice that of the other 

sampling periods. The mid-summer sampling period was the wettest (162.6mm) and 

the autumn sampling period was the driest ( 4 7. 9mm). 

The frequency of rain, as represented by percentage of raindays, also affects scav

enging of heavy metals. The greatest percentage of raindays occurred during the late 

summer sampling period (47%) when rainfall was 144.4mm, and the least during the 

late winter period (18%) when 50.7mm of rain fell. 

High rainfall coincides with heavy deposition of copper, zmc, roadside lead, and 

backyard lead. However, only roadside lead and backyard lead deposition is heavy 

during late summer when rainfall is heaviest. Conversely, during the low rainfall periods 

of winter, deposition of roadside lead and backyard lead are low. Copper and zinc 

deposition are low during late winter as well, but higher deposition of these metals is 

recorded in early winter. 

5.5 Summary 

• Cadmium, chromium, copper, zinc, and backyard lead deposition are greater in 
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the Dunedin urban area than at surrounding rural measurement sites. However, 

there is no difference in nickel deposition between urban and rural sites. 

• Deposition peaks are usually located near known sources, but this is not always 

the case; for example, cadmium deposition in St Clair, chromium deposition in St 

Kilda, and copper deposition in Mornington, Shiel Hill, and Ocean Grove. Most of 

these sources are located iri industrial zones, however deposition does not always 

decrease with distance from these areas. Copper and zinc deposition are more 

widespread as a result of high coal combustion in the field area. 

• Lead deposition is more linear and reflects the spatial pattern of traffic density. 

Rates of lead deposition are higher where traffic is heaviest, along the Southern 

Motorway and the One Way System, in the commercial area, and along main feeder 

routes to the city (Stuart St, Portsmouth Drive, and High St). Lead deposition 

tends to be higher at roadside sites than at backyard locations, although the 

difference is not statistically significant. 

• Atmospheric deposition over Dunedin was expected to be greater in winter than 

in summer. However, each metal has a different seasonal pattern. Only chromium 

deposition was found to peak in winter, with cadmium, copper, and nickel depo

sition peaking in spring, and zinc and lead deposition greatest in summer. 

• The influence of topography was strong. In the confined areas of North East Valley, 

Leith Valley and Caversham Valley, deposition of heavy metals was noticeably and 

more frequently higher than elsewhere 

• The expected strong correspondence between inversion strength or frequency, and 

heavy metal deposition was only evident in early summer. Periods of low inversion 

frequency did not necessarily lead to low metal deposition. 

• Periods of low windspeed are associated with frequent inversion and high chromium, 

copper, and zinc deposition. However, highest inversion frequency and greater 

copper, zinc, and lead deposition, occurred in early summer when windspeed was 

high. 

• The seasonal wind pattern, predominantly southwesterlies in winter and north

westerlies in summer, differed from that which was expected (westerlies in winter 
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and northwesterlies in summer). Cadmium deposition in spring, and copper and 

zinc deposition in summer and early winter, reflected seasonal wind patterns. 

• The seasonal pattern of precipitation, summer maximum, was evident. High rain

fall coincided with periods of high depositon of copper, zinc, and lead during some 

summer periods but not others. Low winter rainfall coincided with periods of low 

deposition, although copper and zinc depositon is low only for some of the time. 

80 



6 
Discussion 

Generally, New Zealand's air environment is of a high standard, with only localised air 

quality problems mainly in urban areas. The atmospheric depositon of six metals has 

been measured in Dunedin and spatial patterns have been outlined in the previous chap

ter. These patterns may now be compared with results from similar studies undertaken 

in Europe and in Christchurch, New Zealand. 

6.1 Rural Deposition Rates 

Median rural deposition values measured near Dunedin are compared with rural areas 

in Europe, and near Christchurch, New Zealand, in Table 6.1. 

Median rural cadmium, nickel, and lead deposition near Dunedin is lower than that 

measured in Europe, however, copper and zinc deposition is greater near Dunedin (An

dersen et al. 1978, Nguyen et al. 1990, van Daalen 1991). Rural deposition measured 

in the Netherlands and in the Denmark studies is comparable with deposition in those 

rural regions of western Germany that are free of serious pollution problems (Nguyen 

et al. 1990). Rural lead and cadmium deposition near Dunedin is lower than near 

Christchurch, but zinc and copper deposition is again higher (Fergusson & Stewart 

1992). 

The lower lead and cadmium deposition in rural Dunedin agrees with European 

figures, and suggests background deposition. Higher zinc and copper deposition may 

result from a closer proximity of rural measurement sites to the Dunedin urban area, 

where coal combustion is widespread, especially in winter. Chromium deposition appears 

to be higher in rural Dunedin, but there is a lack of comparable data in the literature. 
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TABLE 6.1: Rural Atmospheric Deposition Rates (µg m-2 d- 1 ) 

Study Cadmium Chromium Copper Nickel Zinc Lead 

Present (median) 0.0 2.1 7.6 0.0 13.6 1.9 

Present (maximum) 1.9 28.5 81.7 3090.1 461.5 45.8 

Andersen et al. (1978) - - ::;0.1 ::;0.1 ::;0.1 ::;0.1 

Schroeder et al. (1987) <0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 

Nguyen et al. (1990) 0.4 - 6.2 2.4 34.7 11.6 

van Daalen (1991) <0.1 - ::;0.1 ::;0.1 ::;0.1 ::;0.1 

Fergusson & Stewart (1992) 0.2 - 3.2 - 11.5 36.5 

Maximum rural deposition rates are unexpectedly high at rural sites near Dunedin, 

particularly for nickel and zinc. In all cases, maximum metal deposition is higher near 

Dunedin than that reported in European and other New Zealand rural areas. This is 

suprising, as particular care was taken to locate rural sites away from possible sources, to 

ensure a good estimate of background deposition levels. There is an unanswered question 

as of where these metals are coming from, but they could be a result of atmospheric 

transport from the nearby urban areas of Dunedin and Mosgiel. 

The resulting rural heavy metal deposition sequence (zinc 2 copper 2 chromium 

2 lead 2 cadmium 2 nickel) is similar to that reported by both Nguyen et al. (1990) 

and van Daalen (1991) in Holland. Their sequence is zinc 2 lead 2 copper 2 nickel 

2 cadmium, although lead and nickel deposition are higher in the Dutch sequences. 

Cadmium is elevated in the deposition sequence near Christchurch ( cadmium 2 zinc, 

lead2 copper) as reported by Fergusson & Stewart 1992). 

6.2 Urban Deposition Rates 

Deposition of cadmium, chromium, copper, zinc, and lead measured at urban locations 

in Dunedin is greater than at rural sites surrounding the city, although this difference is 

statistically significant only for copper, zinc and lead. This contrast between urban and 

rural sites agrees with findings elsewhere. Fergusson & Stewart (1992) found the dry 

deposition of lead, zinc, copper and cadmium decreased with distance from Christchurch 

city in approximately exponential fashion. Similar findings were reported by van Daalen 

(1991) in The Netherlands. Deposition peaks of cadmium, copper, chromium, lead, and 
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zinc in industrial and urban areas were higher than surrounding rural areas, though the 

differences were seldom statistically significant. 

Nickel deposition was also found to decrease with distance from the industrial and 

urban centres of South Holland (van Daalen 1991). However, no difference was found 

between median nickel deposition at rural and urban sites in this study. This is an 

unexpected result as identifiable sources of nickel ( electroplating and incineration) are 

located in the city. This could be related to the high laboratory blanks used in the nickel 

analysis, and the low nickel deposition values during some sampling periods ( autumn, 

late winter, and early summer). These problems were not encountered with the other 

metals studied. 

Zinc tops the urban heavy metal deposition sequence in Dunedin, and is followed 

by roadside and backyard lead. Copper is next, then chromium, followed by cadmium 

and nickel. The elevated position of lead in this sequence, compared with the rural 

sequence, is not suprising, because of the greater traffic density in urban areas. This 

Dunedin sequence is similar to sequences of deposition measured in European cities 

(Cawse 1974, Pattenden 1974, Andersen et al. 1978, Revitt et al. 1990). However, in 

Christchurch, roadside lead had the greatest deposition rate of the metals studied, and 

this may be attributed to greater density of traffic in that city. 

Median and maximum urban deposition rates for each metal are presented in Table 

6.2, along with comparable deposition values measured in other cities. Median cadmium, 

nickel, and backyard lead deposition measured in Dunedin are less than deposition 

measured in other European cities, whereas median copper, zinc, and roadside lead 

deposition rates in Dunedin are equal to those in urban areas in Europe, and median 

chromium deposition is higher in Dunedin. This result is suprising as deposition in 

Dunedin was expected to be lower because of to a smaller number of sources and a 

cleaner atmosphere. 

Maximum deposition values for all metals measured in Dunedin are higher than :fig

ures reported in the other studies, especially copper, nickel, zinc, and roadside lead. 

Compared with Christchurch, median cadmium and roadside and backyard lead deposi

ton are lower in Dunedin, but copper and zinc deposition are higher in Christchurch. 

Maximum deposition of all metals in Dunedin is higher than average deposition in 

Christchurch. 

Therefore, on average, atmospheric deposition rates in the Dunedin urban area are 

similar in magnitude with those of European and other New Zealand cities, though 
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Study 

Median 

Maximum 

Cawse (1974) 

Pattenden (197 4) 

Duggan & Burton (1974) 

Andersen et al. (1978) 

el Ghandour et al. ( 1982) 

Collins (1986) 

Schroeder et al. ( 1987) 

Revitt et al. (1990) 

van Daalen (1991) 

Fergusson & Stewart (1992) 

Grainer et al. ( 1992) 

TABLE 6.2: Urban Atmospheric Deposition Rates (pg m-2 cZ-1 ) 

City Cadmium Chromium Copper Nickel Zinc Backyard Lead Roadside Lead 

Dunedin ::;0.1 3.6 21.3 ::;0.1 298.3 27.4 75.9 

Dunedin 16.4 576.0 3232.7 4482.1 15,187.7 734.8 1157.1 

London - - 21.1-125.2 - 95.9-575.3 49.9-186.3 -

Wales - - 39.7-164.4 - 117 .8-375.3 68.5-169.9 -

London 1.6-3.3 - 4.9-65.8 - 197 .3-989 .3 49.3-493.2 -

Copenhagen - - 8.3 3.3 103.0 64.0 -

Cairo ::;0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 

Dunedin - - - - - 40.0 120.0 

- ::;0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 ::;0.1 

London 2.0 - 8.3 - 98.9 88.1 -

South Holland ::;0.1 - ::;0.1 ::;0.1 ::;0.1 ::;0.1 -

Christchurch 4.9 - 16.2 - 160.5 157.0 343 

Paris ::;0.1 ::;0.1 - 0.1 0.2 0.1 -



perhaps higher than expected given the comparatively small size of Dunedin. At some 

Dunedin sites, rates of deposition are much higher than expected, and greater than 

average deposition rates in larger, more polluted cities. 

6.3 Spatial Deposition Patterns 

Accurate representation of spatial deposition patterns requires the measurement of depo

sition at many locations. For greater accuracy and to enable the effects of contaminant 

discharge on the environment to be assessed, an intensive sampling scheme is needed. 

The present study employed 108 urban sampling sites in a 35km2 field area to measure 

deposition in Dunedin, and represents one of the most intensive deposition sampling 

programmes undertaken in such studies. The use of sphagnum moss deposition gauges 

proved to be an efficient and inexpensive system for measuring atmospheric deposition 

throughout the study area. 

In urban areas, patterns of cadmium, chromium, copper, nickel, and zinc deposition 

are characterised by highest deposition in industrial areas, and decreasing rates with 

increasing distance into the suburbs. Vehicles are the largest source of lead and lead 

deposition is expected peak where traffic is heaviest, decreasing rapidly with decreasing 

traffic density and distance from roads. 

Clear deposition patterns are evident for each of the metals measured in the present 

study. Cadmium and chromium deposition patterns in Dunedin are broadly similar 

to those reported elsewhere, peaking near known metal sources. Cadmium deposition, 

measured in plastic raingauges, decreased with distance from a steel works in Wollon

gong, Australia (Beavington 1977), and chromium, measured in lichens and bryophytes, 

and cadmium, measured in bryophytes, decreased with distance from central Copen

hagen, where sources are concentrated (Andersen et al. 1978). In Christchurch Fer

gusson & Stewart (1992) found urban cadmium deposition was greatest near the high 

traffic zones of the city. However, this was not always the case in Dunedin, where cad

mium and chromium peaks occasionally occurred where no known sources are located. 

This reflects the finer spatial detail shown in the present study, allowing more complex 

patterns, including peaks not associated with known sources, to be seen, whereas other 

studies identify broad patterns, using broad sampling schemes. 

Nickel deposition decreased with distance from the city centre of Copenhagen (An

dersen et al. 1978). However, this is not the case in Dunedin, where sources of nickel, 
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such as electroplating and incineration, are located in industrial areas, but do not seem 

contribute as much as expected to nickel deposition in these areas. Instead, most of the 

nickel peaks are located in residential areas away from known industrial sources. These 

peaks appear to be associated with the locations of coal and oil fired boilers used to heat 

schools and other non-industrial buildings. These sources, especially oil fired ones, may 

account for the majority of nickel deposition peaks in the city. Although large sources of 

copper and zinc are located in industrial areas, the widespread nature of copper and zinc 

deposition is more a reflection of the combustion of coal for home heating in residential 

areas, especially during winter. 

These deposition patterns apparent in Dunedin are broadly similar to deposition 

patterns reported elsewhere. Beavington (1977) found the deposition of cadmium, cop

per, zinc, and lead to decrease quickly with distance from a major source located in 

Wollongong, Australia. Similarly the deposition patterns of cadmium, chromium, cop

per, nickel, zinc, and lead peaked in the central and industrial areas of Copenhagen and 

decreased towards suburban and rural areas of the city (Andersen et al. 1978). Indus

trial peaks are also characteristic of copper, lead, and zinc deposition in Baton Rouge, 

Louisiana (Walther et al. 1990), and cadmium, zinc, and lead deposition near Bristol, 

England (Little & Martin 1974). In both those cases, deposition decreased with distance 

from the main sources identified for each metal. 

The pattern of lead deposition measured in Dunedin agrees with previous studies 

made by Takala & Olkkonen (1981) and Collins (1986). Takala & Olkkonen (1981) 

found the highest lead deposition measured in Kuopio, Finland, corresponded with 

areas of high traffic density, and Collins (1986) found lead deposition from vehicles in 

Kaikorai Valley, Dunedin to be strongly dependent on traffic volume. Lead deposition 

of 40 µg m-2 d- 1 was reported by Collins in residential backyards near roads with a 

traffic load of 300 vehicles/day (v d- 1 
), and a median of 27.4 µg m-2 d-1 for backyard 

lead. This compares with values ranging from :SO.l µgm- 2 d-1 to 189 µgm- 2 d- 1 of lead 

measured near similarly used roads in the present study. Lead deposition measured by 

Collins (1986) at backyard sites near heavy-use roads averaged 120 µgm- 2 a-1 , peaking 

at 275 µg m-2 d- 1 near the Stuart St/Taieri Rd/Kaikorai Valley Rd intersection. Those 

figures are lower than lead deposition measured in this study at roadside sites on medium 

to high-use roads in the central city area (82-1,200 µg m-2 d- 1 ). These differences are 

probably the result of the difference in location of measurement sites used by Collins. 

86 



6.4 Temporal Deposition Patterns 

Each of the six metals in the present study has a different seasonal pattern of deposition, 

even though their seasonal trends are similar at rural and urban sites. Many factors, 

including source emissions, topography, and meteorology, combine to influence seasonal 

deposition patterns. Generally, deposition is heaviest during the winter season, when 

the atmosphere is more frequently stable and combustion for heating is highest. 

Source emissions were not measured in this study, so their influence on any sea

sonal :fluctuation is unknown. Future research should combine these results with rates 

of emissions from possible sources over an equivalent period of time. A broad seasonal 

trend in emissions in residential areas was postulated, with greater and more widespread 

deposition in winter. This is based on increased coal and wood combustion for heating 

in cooler months. This seasonal trend is evident in seasonal zinc and copper patterns, 

especially in residential areas during the winter periods. Similar seasonal trends, re

sulting from greater winter combustion for heating, were reported in Salamanca, Spain 

(Fidalgo et al. 1988), Santiago, Chile (Prendez & Ortiz 1989) and Valladolid, Spain 

(Pascual et al. 1989). 

A strong topographic influence is very evident in the deposition patterns. Depo

sition tends to be higher in places such as Caversham, Leith Valley, and North East 

Valley, which are topographic depressions. Meteorological conditions are conducive to 

air stagnation, with frequent inversions. This is consistent with the findings of Gunn 

(1975), who identified North East Valley as an air pollution problem area. The weak 

dispersive capabilities of the atmosphere in that area were attributed in part to the con

fined topographic nature of the valley. The cooler climate, lower sunshine hours and the 

occurrance of valley winds, and the older housing in these areas increases the likelihood 

of coal combustion for heating. 

6.5 The Role of Meteorology 

The most favourable meteorological conditions for deposition are when high rainfall and 

inversion frequency coincide with low windspeed. Such conditions are characteristic 

of winter in Dunedin, although these conditions are rare in combination (Table 6.3). 

Instead, high rainfall (162mm and 144mm) coincided with periods of low and weak 
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inversions (11.1 % of the time), and high windspeed (7.8 m s-1 and 7.4 m s-1 ) in mid

summer and late summer. This led to high deposition for copper, roadside lead, and 

backyard lead. These same metals, and zinc, also showed heavy deposition during early 

summer and spring, when high rainfall (109mm and 111mm) was associated with high 

inversion frequency (48% and 25% of the time), and with high windspeed (7.00 m s-1 

and 7.03 m s-1 ). 

During late winter, when the deposition of all metals was low, inversion frequency 

was high (35 % of the time), and rainfall (50mm) and windspeed (5.81 ms-1 ) low. These 

conditions persist during autumn and early winter as well, but chromium, copper, zinc, 

roadside lead, and backyard lead deposition was high during at least one of these periods 

(Table 6.3). 

It is suprising that these three meteorological factors do not appear to work in 

combination with each other to influence seasonal deposition patterns, as Fergusson & 

Stewart (1992) reported in Christchurch. There, pronounced cadmium, copper, and zinc 

deposition peaks were measured in winter. These seasonal patterns in deposition were 

strongly linked to meteorologic influences, in particular windspeed and the height of the 

mixing layer. 

In Dunedin, inversion frequency and strength, windspeed and direction, and pre

cipitation appear to be better related, individually, to the deposition patterns of some 

metals, during some periods of the year. However, this does not exclude other factors, 

such as topography and source emissions, from influencing deposition in the Dunedin 

area. 

Seasonal patterns of inversion frequency have been shown to affect heavy metal 

deposition patterns in other urban areas. Fergusson & Stewart (1992) reported that 

large seasonal variations in cadmium, copper, zinc, and lead in Christchurch were often 

controlled by persistent periods of strong inversions, leading to higher metal deposition in 

winter. Similarly, Prendez et al. (1993) showed the increased deposition of lead during 

autumn and winter in Santiago, Chile, resulted from the higher frequency of strong 

thermal inversions during these periods. In contrast, Negi et al. (1987) attributed the 

low level of metal deposition in Indian cities to high insolation, a deep mixing layer, and 

hence few inversions. 

In Dunedin, periods of frequent, strong inversions are linked to high deposition rates 

for most of the metals studied, especially in winter. Suprisingly, the greatest frequency 

of inversions occurred in early summer, and coincided with high copper, zinc, and lead 
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TABLE 6.3: Summary of Meteorological Influence on Seasonal Deposition of Heavy 

Metals 

Season Inversion Freq Windspeed Predom. Wind Rainfall IJigh Deposition Low deposition 

Mid-summer low high NE high Cu, Pb Cd, Cr, Ni, Zn 

Late Summer low high NE high Cr, Pb Cd, Cu, Ni, Zn 

Autumn high low SW 2:: NE low Cd, Zn, Pb Cd, Cr, Ni 

Early Winter high low SW low Cr, Cu, Zn Cd, Ni, Pb 

Late Winter high low SW low - Cd, Cr, Cu, Ni, Zn, Pb 

Spring high high NE 2:: SW high Cu, Ni, Zn, Pb Cd, Cr, Zn 

Late Spring low high NE low Cd, Cu, Ni, Zn, Pb Cr 

Early Summer high high NE high Cu, Zn, Pb Cd, Cr, Ni 



deposition. However, periods of infrequent and weak inversions (mid and late summer, 

and late spring) did not necessarily coincide with low metal deposition. At least one 

metal had high deposition during these periods of infrequent and weak inversions. 

Windspeed determines the distance of downwind transport and dilution, and in 

combination with surface roughness, establishes the intensity of mechanical turbulence. 

Greater windspeed leads to greater transport and dilution, greater turbulent activity in 

the atmosphere, and hence reduced metal depositon from the atmosphere. 

El Candour et al. (1982), who measured heavy metal dustfall in industrial zones 

of Cairo, found a strong relationship between metal concentrations and windspeed. 

Similarly, Fergusson & Stewart (1992) linked the greatest potential for pollution in 

Christchurch to weak winds in winter, when horizontal transport and turbulent diffusion 

were less. Windspeed measured in Dunedin was greater in summer and lower in winter, 

but only lead deposition, and chromium deposition in winter, peaked during periods 

of weak winds. The behaviour of lead may also be attributed to seasonal traffic flows, 

which were not measured during sampling, as Hewitt & Rashed (1991) have reported. 

Deposition of the other metals peaked during periods of higher windspeed. The period 

of highest copper and zinc deposition, high roadside and backyard lead deposition, and 

highest inversion frequency ( early summer) was also a period of high average windspeed 

(7.03 m s-1 ). 

Takala & Olkkonen (1981) found the shape of high concentration lead zones in Kuo

pio, Finland, reflected the prevailing wind direction. The seasonal wind pattern mea

sured for Dunedin, southwesterly in winter and northeasterlies in summer, suggests 

deposition should be greater in sheltered areas, to the southwest of main sources in 

summer, and to the northeast of main sources in winter. 

Only occasionally was wind direction related to the deposition pattern of particular 

metals. Cadmium in the spring periods, and copper and zinc deposition in summer and 

early winter serve as examples. Metal deposition did not consistently reflect expected 

deposition patterns during all sampling periods, and areas of peak deposition consis

tently appeared, regardless of the wind field. This may be a reflection of the variable 

nature of wind during each sampling period obscuring any seasonal wind effects. While, 

northeasterlies and southwesterlies dominate in each sampling period, all other wind 

directions were represented at the same time. 

Precipitation can have a large influence on seasonal deposition patterns. Remoudaki 

et al. (1991) measured the heavy metal content of rainfall in Corsica, and attributed 
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daily and seasonal variations in metal content to precipitation rather than fluctuations 

in source emissions. Revitt et al. (1990) reported that in London, precipitation was 

linked to greater lead and zinc deposition, but not to cadmium and copper. Hewitt & 

Rashed (1991) found precipitation increased lead deposition with distance from roads, 

but was only significant at distances greater than 20m from the road. In Dunedin, 

seasonal trends in precipitation coincided with seasonal trends in both roadside lead 

and backyard lead deposition throughout the year, but coincided with high zinc and 

copper deposition only during summer. The deposition of cadmium, chromium, and 

nickel appears not to be related to rainfall. 

6.6 Implications for Health 

The six metals in this study are known to cause well defined toxic effects in humans. 

Usually ambient air does not contribute significantly to total exposure, except in the 

vicinity of strong sources. However, exposure over a long period of time may result in 

accumulation in bones, blood, and organs, eventually affecting their function. 

Dunedin lacks large heavy metal sources, such as big metal production and smelting 

facilities, chemical plants, and refineries. As a result, the chance of toxic heavy metal 

poisoning on the scale reported by Nordberg et al. (1972) and Friberg et al. (1974) is 

not great. However, the possibility of chronic exposure, similar to that described by 

Landrigan et al. (1975) and Young et al. (1992) is greater, especially in areas of high 

deposition: such as industrial areas, Caversham, Leith Valley, North East Valley, and 

sheltered residential areas in winter. 

Lead levels are of particular concern, especially for schools near high and medium 

use roads, and in the central city area. Subsequent to this study, lead additives have 

been banned in New Zealand petrol, consequently the future risk of lead pollution from 

vehicles is much reduced. However, the effect of increased aromatics, especially benzene, 

in lead-free petrol has yet to be determined. 

While the deposition loads of the individual metals studied is of concern, the effects 

of the combined load of all six metals are potentially more disquieting. Especially as 

the deposition rates reported here represent an average level of deposition over periods 

of up to 56 days. 
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TABLE 6.4: Recommended Air Quality Guidelines 

Metal \ Ambient Air (µg m-3 
) I Deposition (µg m-2 d- 1 ) I 

Cadmium 10-2oa 2.0-7.5b 

Chromium 1.oa -

Copper l.OC -

Nickel 1.oa -

Zinc - 400.0b 

Lead 0.7-2.0b 100.0-500.0b 

a World Health Organisation (1977, 1988, 1991, 1992) 

b Ewers (1991) 

c U.S. Occupational Safety and Health Administration (In Wagner, W.L. 1975) 

Selected air quality standards in force in Switzerland, Germany and the former Yu

goslavia (Ewers 1991), and recommended guidelines from the World Health Organisa

tion and the U.S. Occupational Safety and Health Administration are presented in Table 

6.4. Most standards relate to ambient air concentrations, although there is no ongo

ing monitoring of ambient heavy metals in Dunedin at present. Deposition and dustfall 

standards are available for some metals, especially lead. Median cadmium, zinc and lead 

deposition measured in Dunedin are lower than guidelines in Switzerland, Germany and 

the former Yugoslavia. However, maximum values exceed those standards, especially 

for lead. Therefore, where deposition is high in the city (industrial areas, Caversham, 

Leith Valley, North East Valley, and sheltered residential areas in winter) heavy metal 

deposition would constitute a pollution and health problem in these countries. 

In these high deposition areas in Dunedin, heavy metal poisoning poses the greatest 

risk to children and pregnant women. Therefore, research into possible health problems 

resulting from metal deposition should focus on these groups. 
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7 
Conclusions 

Patterns of cadmium, chromium, copper, nickel, zinc, and lead deposition from the 

atmosphere were determined over a twelve month period in central Dunedin. The in

fluence of landuse patterns, topography, and broad seasonal weather patterns were also 

determined, in an attempt to explain the deposition patterns. 

The 35 km2 field area, containing a variety of landuses and a mixture of identifiable 

sources, was sampled using 104 measurement sites. Four sites outside the urban area 

measured rural deposition levels, while the urban sampling scheme covered public use 

areas such as recreation grounds, schools, footpaths, and backyards, as well as source 

areas. 

Sphagnum moss, used to collect deposition over the field area, proved to be an 

efficient and inexpensive system for measuring atmospheric deposition. The deposition 

patterns here show greater detail as a result of the high sampling density, and are more 

representative of deposition over the field area than studies reported elsewhere. 

7 .1 Main Findings 

The main findings of this study are: 

• Median rural cadmium, nickel, and lead deposition rates near Dunedin are lower 

than those measured in Europe and near Christchurch, and provide a useful esti

mate of background deposition for the Dunedin area. However, median copper and 

zinc deposition near Dunedin are greater than in rural European and New Zealand 

areas. High maximum deposition rates were measured for all metals, despite a lack 
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of obvious sources in the rural area. 

• Median cadmium, chromium, copper, zinc, and lead deposition is greater at urban 

measurement sites, though only copper, zinc, and lead differences are significant. 

This difference is attributable to the larger size and number of sources in the urban 

area. No difference was found in median nickel deposition between rural and urban 

locations. 

• Compared with European and New Zealand urban areas, median deposition rates 

of cadmium, nickel and backyard lead within Dunedin are lower. Suprisingly, 

median copper, zinc, and roadside lead deposition are equal to those European 

and New Zealand figures. Maximum depositon rates measured in Dunedin are 

higher than average deposition from European and New Zealand urban areas. 

• Clear deposition patterns are evident for each of the metals measured in this 

study. Cadmium, and chromium deposition patterns are mostly confined to peaks 

near known metal sources, though this is not always the case. Their deposition is 

similar to patterns reported elsewhere. Nickel is suprisingly low in urban areas and 

peaks are mostly located in residential areas away from known industrial sources. 

These peaks seem to reflect the locations of coal- and oil-fired boilers used to heat 

schools and other non-industrial buildings. Copper and zinc deposition patterns 

are more extensive, and are probably a reflection of the frequent combustion of 

coal for home heating in residential areas, especially during winter. The pattern 

of lead deposition measured in Dunedin agrees with the previous studies, and was 

found to be strongly dependent on distance from roads and traffic density. 

• Each of the six metals in this study has a different seasonal pattern of depo

sition, even though their seasonal trends are similar at rural and urban sites. 

Only chromium peaked as expected in winter, whereas roadside and backyard 

lead peaked in summer. Cadmium, copper and nickel deposition is greatest in 

the spring periods. Zinc deposition increases during sampling, peaking in early 

summer. 

• A strong topographic influence is very evident in Caversham, Leith, and North 

East Valleys, when meteorological conditions are conducive to air stagnation. 
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• The most favourable meteorological conditions for deposition (high rainfall, inver

sion frequency and low windspeed) never occurred during sampling. 

• Periods of frequent and strong inversions contribute to high deposition for most 

of the metals studied, especially in winter. Suprisingly, the greatest frequency of 

inversions occurred in early summer, coinciding with high copper, zinc, and lead 

deposition. Periods of low frequency and weak inversions did not coincide with 

low metal deposition. 

e Windspeed was not consistently related to the deposition of any metal studied. 

The relationship between windspeed and inversion strength and frequency was not 

as strong as expected. 

e The seasonal wind field differs from expectations. Metal deposition reflects the 

prevailing wind direction some of the time; however other peaks of deposition 

appear regardless of the prevailing wind direction. 

o Seasonal precipitation patterns relate well to temporal deposition patterns, espe

cially roadside and backyard lead, and also copper and zinc to some extent. 

7.2 Further Research 

This study aims to provide an accurate broad-scale picture of atmospheric heavy metal 

deposition in the central Dunedin urban area, upon which further research could be 

based. The sphagnum moss deposition gauges proved to be an efficient and inexpensive 

system for measuring atmospheric heavy metal deposition. The patterns measured of 

deposition over the field area are more detailed and comprehensive than reported in 

other studies elsewhere. Therefore, this method of measuring atmospheric deposition 

could be applied to the measurement of heavy metals in other urban and rural areas. 

The Resource Management Act emphasises controlling the effects on the environment 

of discharges of contaminants, and the management of the air as a resource, although 

just how this is to be achieved is not clear. Measuring atmospheric deposition using moss 

deposition guages allows for simultaneous measurement at many sites over a large area, 

making it possible to determine the effects of emissions on the environment. However, 

source emissions, which were not measured during this measurement period, must be 

known in order to determine the effects of contaminants on the environment under the 
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Resource Management Act. Consequently, there is a need to quantify emissions, and to 

determine their seasonal fluctuation. 

The health effects of chronic exposure to metals in areas of peak deposition in 

Dunedin (industrial areas, Caversham, Leith Valley, North East Valley, and sheltered 

residential areas in winter) require urgent investigation. In these peak areas, the atmo

spheric deposition of cadmium, zinc and lead exceeds air quality standards in force in 

Switzerland, Germany, and the former Yugoslavia. Research should focus on possible 

risks to children and pregnant women, groups to whom heavy metal poisoning poses the 

greatest risk. 
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TABLE A.l: Measurement Site Descriptions 

Site No. Location Land-use Exposure Topography 

Urban Measurement Sites 

1 19 Campbells Rd, Pinehill road low-use top 

2 423 North Rd, NEV road low-main floor 

3 2 Egmont SL, Pinehill residential backyard top 

3a 2 Wilkinson SL, Pinehill residential school grounds top 

4 10 Selwyn St, NEV road low-use f1oor 

s 46 Watts Rd, NEV residential backyard slope 

6 12 Harold St, NEV residential backyard slope 

7 12 Royston Cres, NEV road low-use slope 

8 190 Evans St, Opoho road low-use slope 

9 103 Malvern St, Leith Valley residential camping ground noor 

IO 8 Willowbank, Dunedin Nlh industrial distillery floor 

11 Dalmore Cres, Dalmore residential walkway slope 

I 
12 19 Know SL, NEV residential hall of residence lloor 

I 

13 12 Grandview Cres, Opoho road low-use slope 

14 cnr Highgate and Grendon Pl road med-main slope 

IS 12 To!carne Av, Maori Hill residential hall of residence slope 

16 Stonelaw Cres, Maori Hill road low-use Lop 

18 16 Titan St, Dunedin Nth road med-main Boor 

19 Dunedin Bot.anical Gardens recreational gardens noor 

20 Dunedin Botanical Gardens recreational cemetery floor 

21 Opoho Rd, Opoho road low-use top 

22 I Fern Rd, Maia residential school grounds slope 
')~ __ ) 339 Highme, Roslyn road high-main top 

24 7 Merlin St, Roslyn residential backyard top 

25 2 Albany St road low-use iloor 

26 University campus, Dunedin Nth residential Staff Club floor 

27 14 Agnew SL, Dunedin Nlh road low-use Boor 

28 Logan Park, Dunedin Nlh recreational tennis centre floor 

29 46 Totara SL, Ravensboume residential backyard slope 
30 75 London SL residential backyard slope 

31 opp 12 Pill St road med-high slope 
32 Cemre City Mall, Gt King St commercial roof noor 
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Site No. Location Land-use Exposure Topography 
,..,,.., 

2 Claredon St road high-main floor .) .) 

34 Parry St road high-main floor 

35 Art School, Albany St industrial tennis court floor 

36 Li4uigas Ltd, Wickliffe St industrial gas storage facility floor 

37 cnr Ravensboume and Butts Rds road high-main floor 
3X Ravensbourne Rd road high-main floor 

39 4A Bellevue Cres road low-main Lop 
40 7 Bruce St residential walkway slope 
41 cnr Arthur and Cargill Sts, City Rise road low-main slope 
42 St Pauls Cathedral, The Octagon commercial garden floor 
43 opp 61 Preston Cres, Mornington road low-main slope 
44 115 Russell St, City Rise road low-main slope 

45 Tennyson St, City Rise commercial school grounds slope 
4(1 Railway Station industrial carpark fence floor 
,--, 

I 
SturdCL: St road med-main floor -t I 

4X Fryatt St road med-main floor 
49 rnr fryatl and Halsey S ts road med-main floor 
50 19 Mateora St, Momington road low-main top 
5 l opp 4 Queens Drive, City Rise road med-main slope 
52 cnr Graham and High Sts road med-main slope 
53 Market Reserve, Princes St industrial bus depot slope 
55 cnr bu Iler and White S ts road low-main floor 
56 9 Benhar St Mornington road low-main top 
57 56 Glenpark Ave, Mornington road low-main slope 
5:,-; 65 Glen Rd road med-main slope 
59 Stafford St road med-main slope 
61 Grosvenor St, South Dunedin road med-main floor 
63 cnr Strathallen and Otaki Sts, S. Dunedin road med-main floor 
64 Portobello Rd. road low-main floor 
65 61 Belford St, Waverly residential back-yard top 
66 12 Calvert Pl, Waverly residential back-yard top 
67 I 137 Belford SL, WavL:rly residential school grounds Lop ----·· --
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Site No. Location Land-use Exposure Topography 

67 137 Belford St, Waverly residential school grounds top 

68 31 Coolock Cres, Waverly residential back-yard top 

69 Rotary Park, Sheil hill recreation public park top 

70 115 Warwick St, Mary Hill road low-main top 

71 173 Glenpark Ave, Mary Hill residential back-yard slope 

72 17 Walther St road low-main slope 

73 36 Eglinton Rd road med-main slope 

74 cnr Hillside Rd and Fox St, S. Dunedin road med-main floor 

76 110 Melbourne St, S. Dunedin industrial school grounds floor 

77 Portsmouth Drive road high-main floor 

78 Ponobello Rd, industrial empty section floor 

79 54 Every SL, Andersons Bay residential back-yard slope 

I 
80 93 Risclaw Rd, Corstorphine road med-ma.in slope 

:-, I 97 Caversham Valley Rd road high-main slope 
X, 
·' opp 34 Hazel Ave, Cavcrsham road low-main floor 

0-+ 11 Edwin St, Caversham road low-main lloor 

c,S 74 Loyalty SL, S. Dunedin road low-main floor 

86 9 Bradshaw SL, S. Dunedin road med-main Jloor 

87 155 Melbourne St, S. Dunedin road med-main floor 

89 opp 76A Bay View Rd, St Kilda road med-ma.in floor 

90 19B Royal Tee, SL Kilda road med-main Jloor 

91 50 Moana Cres, Musselburgh residential back-yard Jloor 

92 33 Tainui Rd, Tainui residential back-yard Jloor 

93 39 Elliot St, Andersons Bay residential back-yard Jloor 

94 83 Tomohawk Rd, Andersons Bay residential back-yard floor 

95 50 Puketai Rd, Andersons Bay residential back-yard top 

96 Milburn SL, Corstorphine residential back-yard slope 

97 Easther Cres, St Clair residential back-yard slope 

98 270 Bay View Rd, St Clair residential school grounds floor 

99 46 Calder St, S. Dunedin road low-main floor 

100 cnr Grove and Market Sts, SL Kilda road med-ma.in floor 

IO I I Auld St, St Kilda residential school grounds floor 
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Site No. Location Land-use Exposure Topography 

102 16 Tainui Rd, Tainui recreational golf course floor 

103 285 Tomohawk Rd, Ocean Grove road low floor 

104 20 Oregan St, Ocean Grove road low slope 

105 102 Clemiston Av, CorsLorphine road low-main top 

107 cnr Pretoria and Ings Av, SL Clair road low floor 

108 84 Moreau St, St Kilda road low-main floor 

109 John Wilson Drive, St Kilda recreational rugby ground floor 

111 Isadore Rd, St Clair recreational golf course top 

112 48 Norfolk St, St Clair road low floor 

Rural Measurement Sites 

A Saddle Hill rural fence post slope 
i 

B Swampy SummiL recreational fence post top 

C Osborne rural fence post slope 

D Allens Beach rural fence post slope 
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I-' 
I-' 
(;l 

Median 

Range 

Mean 

Std Dev 

a n=4 

Mid-Summer 

92/93 

0.2 

0.1-0.2 

0.2 

0.1 

Late-Summer Autumn 

93 93 

0.0 0.1 

0.0-0.1 0.0-0.4 

0.1 0.1 

0.1 0.2 

TABLE C.l: Rural Cadmiuma 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

0.0 0.0 0.0 1.7 0.2 0.3 

0.0-0.0 0.0-0.0 0.0-0.0 1.0-1.9 0.0-0.3 0.0-1.9 

0.0 0.0 0.0 1.5 0.1 0.2 

0.0 0.0 0.0 0.4 0.1 0.5 



f---' 
f---' 
0) 

Median 

Range 

Mean 

Std Dev 

a n=108 

Mid-Summer 

92/93 

0.2 

0.0-1.3 

0.2 

0.2 

Late-Summer Autumn 

93 93 

0.0 0.1 

0.0-0.5 0.0-2.4 

0.1 0.2 

0.1 0.3 

TABLE C.2: Urban Cadmiuma 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

0.0 0.2 0.0 1.9 0.2 0.1 

0.0-0.8 0.0-1.5 0.0-2.0 0.2-16.1 0.0-16.4 0.0-16.4 

0.1 0.2 0.1 2.5 0.9 0.53 

0.2 0.2 0.3 2.5 1.8 1.25 



f-' 
f-' --, 

Median 

Range 

Mean 

Std Dev 

a n=4 

Mid-Summer 

92/93 

7.9 

3.9-11.8 

7.9 

3.2 

Late-Summer Autumn 

93 93 

4.3 3.0 

3.1-13.4 2.4-28.5 

6.3 9.2 

4.2 11.1 

TABLE C.3: Rural Chromiuma 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

26.7 0.0 0.7 0.0 0.0 5.3 

23.8-27.8 0.0-0.0 0.0-0.8 0.0-2.1 0.0-0.1 0.0-28.5 

26.3 0.0 0.4 0.7 0.0 6.4 

1.6 0.0 0.3 1.0 0.1 9.8 



1---' 
1---' 
00 

Median 

Range 

Mean 

Std Dev 

a n=I08 

Mid-Summer 

92/93 

2.4 

0.0-16.2 

3.3 

3.1 

Late-Summer Autumn 

93 93 

19.8 5.8 

0.0-576.0 0.0-42.2 

60.7 7.6 

86.6 6.9 

TABLE C.4: Urban Chromiuma 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

20.2 0.0 3.0 2.1 0.1 3.6 

0.0-334.2 0.0-13.2 0.0-29.1 0.0-12.0 0.0-47.9 0.0-576.0 

20.5 0.2 4.4 2.7 3.0 13.1 

35.3 I .4 4.8 2.9 6.2 197.8 



1--' 
1--' 
(0 

Median 

Range 

Mean 

Std Dev 

a n=4 

Mid-Summer 

92/93 

4.6 

0.0-9.2 

4.6 

4.6 

Late-Summer Autumn 

93 93 

0.0 8.9 

0.0-9.1 6.4-11.5 

2.3 9.0 

3.9 2.0 

TABLE C.5: Rural Coppera 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

9.2 0.0 21.0 7.0 5.1 7.0 

7.2-32.3 0.0-0.0 15.3-38.1 0.0-81.7 0.0-16.3 0.0-81.7 

14.5 0.0 23.9 5.2 6.6 8.6 

10.3 0.0 8.9 3.8 6.5 9.6 



I-' 
tv 
C) 

Median 

Range 

Mean 

Std Dev 

a n=108 

Mid-Summer 

92/93 

23.9 

0.0-550.4 

69.0 

108.5 

Late-Summer Autumn 

93 93 

0.0 29.8 

0.0-24.7 3.5-914.6 

0.4 86.5 

2.6 152.9 

TABLE C.6: Urban Coppera 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

30.5 0.0 45.3 25.8 36.7 21.3 

0.0-2598.7 0.0-13.3 4.3-3232.7 0.0-2325.0 0.0-864.5 0.0-3232.7 

90.2 0.2 131.2 112.4 108.4 83.3 

267.3 1.4 350.6 279.5 117.3 342.8 



I---' 
tv 
I---' 

Median 

Range 

Mean 

Std Dev 

a n=4 

Mid-Summer 

92/93 

0.0 

0.0-0.0 

0.0 

0.0 

Late-Summer Autumn 

93 93 

0.7 97.3 

0.0-18.0 0.0-316.9 

4.8 127.9 

7.6 127.1 

TABLE C.7: Rural NickeP 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

5.6 0.0 208.3 1610.0 0.0 240.3 

0.0-56.3 0.0-0.0 0.0-730.9 312.2-3090.1 0.0-66.4 0.0-3090.1 

16.9 0.0 286.8 1670.8 16.6 235.3 

23.2 0.0 307.6 1134.9 28.7 629.1 



I---' 
l:'-J 
l:'-J 

Median 

Range 

Mean 

Std Dev 

a n=108 

Mid-Summer 

92/93 

0.0 

0.0-69.4 

1.5 

8.3 

Late-Summer Autumn 

93 93 

0.0 0.0 

0.0-76.1 0.0-369.8 

2.5 48.6 

9.0 85.3 

TABLE C.8: Urban Nickela 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

0.0 0.0 83.8 92.6 0.0 0.0 

0.0-164.9 0.0-0.0 0.0-1604.6 0.0-4482.1 0.0-238.8 0.0-4482.1 

13.4 0.0 201.1 529.2 2.3 101.9 

34.0 0.0 266.9 902.6 23.5 108.1 



f-' 
I:'-' 
c,:, 

Median 

Range 

Mean 

Std Dev 

a n=4 

Mid-Summer Late-Summer 

92/93 93 

7.6 0.0 

0.5-14.8 0.0-0.0 

7.6 0.0 

7.1 0.0 

TABLE C.9: Rural Zinca 

Autumn Early-Winter Late-Winter 

93 93 93 

107.7 37.0 0.0 

77.0-118.7 13.6-461.5 0.0-1.6 

102.8 137.3 0.4 

17.3 187.4 0.7 

Spring Late-Spring Early-Summer Dec-Jan 

93 93 93/94 92-94 

0.0 21.0 3.2 25.6 

0.0-25.4 10.5-45.1 7.5-423.7 0.0-461.5 

6.4 25.5 124.4 54.4 

11.0 14.5 173.1 111.2 



f--' 
N 
>+'" 

Median 

Range 

Mean 

Std Dev 

a n=I08 

Mid-Summer 

92/93 

210.2 

0.0-1194.6 

370.3 

343.6 

Late-Summer Autumn 

93 93 

85.9 321.4 

0.0-2290.2 0.0-1366.7 

313.6 426.3 

350.3 341.5 

TABLE C.10: Urban Zinca 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

435.5 180.2 323.8 364.6 632.1 298.3 

0.0-6200.0 0.0-8677.9 0.0-8357.1 0.0-2047.8 9.2-15,187.7 0.0-15,187.7 

925.5 397.3 717.4 496.6 1384.4 648.0 

1288.3 920.1 1273.9 487.9 2060.1 1017.8 



I-' 
t,..? 
CJl 

Median 

Range 

Mean 

Std Dev 

a n=4 

Mid-Summer Late-Summer 

92/93 93 

1.7 0.5 

1.7-1.8 0.0-2.3 

1.7 0.8 

0.1 1.0 

TABLE C.11: Rural Leada 

Autumn Early-Winter Late-Winter 

93 93 93 

4.7 7.4 0.0 

1.9-7.2 0.2-45.8 0.0-0.0 

4.6 15.2 0.0 

2.0 18.5 0.0 

Spring Late-Spring Early-Summer Dec-Jan 

93 93 93/94 92-94 

0.0 6.2 40.4 3.2 

0.0-5.7 4.7-10.4 7.2-44.7 0.0-45.8 

1.4 7.1 24.3 7.25 

2.5 2.4 16.4 12.5 



f
t 
C 

Median 

Range 

Mean 

Std Dev 

a n=45 

Mid-Summer 

92/93 

30.3 

0.0-174.2 

47.1 

43.0 

Late-Summer Autumn 

93 93 

26.6 28.4 

0.0-705.8 0.0-512.7 

52.7 60.6 

108.1 89.6 

TABLE C.12: Urban Backyard Leada 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

21.7 21.0 29.7 25.8 41.3 27.4 

0.0-227.5 0.0-196.1 0.0-185.5 3.2-196.5 0.9-734.8 0.0-734.8 

34.5 32.8 39.9 44.6 74.6 48.5 

40.6 36.6 40.6 45.4 113.4 74.0 



f--' 
tv 
-:i 

Median 

Range 

Mean 

Std Dev 

a n=63 

Mid-Summer 

92/93 

88.6 

8.3-816.3 

104.6 

65.6 

Late-Summer Autumn 

93 93 

73.8 84.0 

0.0-403.5 11.1-928.2 

83.6 113.8 

65.4 161.6 

TABLE C.13: Urban Roadside Leada 

Early-Winter Late-Winter Spring Late-Spring Early-Summer Dec-Jan 

93 93 93 93 93/94 92-94 

55.0 58.6 78.3 62.7 88.1 75.9 

0.0-486.6 0.0-442.1 14.5-726.5 4.0-772.6 0.9-1157.1 27.1-1157.1 

80.4 72.5 112.8 68.6 136.2 110.6 

77.5 54.6 125.0 43.2 139.9 33.1 
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FIGURE D.3: Autumn 
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;/ FIGURE D.4: Early Winter 
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FIGURE D.6: Spring 

t;( 

"' (!) 

::;; " :5 "" :5 0 ~ 0 en .. ..c N 
o:i "' cii -€ <;I-

tO ..... C') (J) "St (J) co C') I (!) ..... 
Cl 0 0 U) C"l r-, ::;; 

i!: (!) N r-, (0 "" -0 ..... ~ 2 c:i c:i c:i c:i c:i ci ~ ~ 
C en 

C <ti ;,.. 
p C > 0 0 <;I- U) 0 U) (J) <ti ·co <ti ·..; q 0 0 <.O N <;I- r-, r-, -0 (!) (!) 'cii ~ ~ 

iii(/) ~ I 0 0 c:i c:i c:i c:i c:i ci ,...: ::;; .- C. "" fjLJG ~OG:J tll ll•• • • .. 

< 

1 

135 



FIGURE D.7: Late Spring 
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•! FIGURE D.8: Early Summer 
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FIGURE D.9: Mid-Summer 
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FIGURE D.11 : Autumn 
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FIGU RE D.12: Early Winter 
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FIGURE D.13: Late Winter 
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FIGURE D.14: Spring 
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FIGURE D.16: Early Summer 
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t\ FIGURE D.20: Early Winter 
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FIGURE D.25: Mid-Summer 
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FIGURE D.26: Late Summer 
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FIGURE D.27: Autumn 
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FIGURE D.28: Early Winter 
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FIGURE D.29: Late Winter 
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FIGURE D.30: Spring 
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FIGURE D.31: Late Spring 
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FIGURE D.32: Early Summer 
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D.5 Zinc 
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FIG URE D.34: Late Summer 
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FIGURE D.37: Late ·winter 
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FIGURE D.38: Spring 
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F IGURE D.40: Early Summer 
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Raw Atmospheric Deposition Data 
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TABLE E.l: Mid-Summer 
Urban Measurement Sites 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 
1 0.19 0.00 42.93 0.00 90.37 400.15 
2 0.32 2.16 35.75 0.00 139.49 1101.33 
3 0.29 0.00 14.44 0.00 35.02 867.46 

3.1 0.05 0.00 1.59 0.00 23.25 20.61 
5 0.21 0.00 21.32 0.00 25.16 44.87 
7 0.16 0.30 25.57 10.26 82.94 90.52 

11 0.38 0.54 27.26 0.00 174.16 154.42 
12 0.21 1.19 11.94 0.00 30.29 131.74 
13 0.13 0.14 99.24 0.00 47.27 305.69 
14 0.08 1.17 5.49 0.00 100.88 65.25 
15 0.00 0.00 0.00 8.72 0.00 0.00 
19 0.17 1.07 18.33 0.00 39.52 32.50 
20 0.47 1.06 39.97 0.00 106.30 325.75 
23 0.51 1.33 244.72 0.00 153.93 929.98 
24 0.23 2.58 7.03 0.00 52.23 795.78 
28 0.13 1.18 6.87 0.00 14.93 180.07 
29 0.16 2.78 11.13 3.25 24.46 43.35 
32 0.17 3.47 15.54 0.00 102.96 177.47 
34 0.21 5.80 22.41 0.00 124.79 203.87 
38 0.36 4.40 45.69 0.00 86.20 453.13 
42 0.18 3.42 25.36 0.00 132.82 99.58 
45 0.26 2.44 11.45 0.00 96.10 235.68 
46 0.24 6.48 57.61 0.00 118.80 126.67 
47 0.17 9.82 46.25 0.00 106.84 741.29 
48 0.55 5.62 159.45 0.00 102.56 776.94 
49 0.17 11.25 50.89 0.00 119.99 611.52 
50 0.16 1.68 184.48 0.00 39.75 954.74 
51 0.12 1.19 12.51 0.00 20.73 274.55 
52 0.24 3.19 74.42 0.00 224.41 606.32 
53 0.00 0.77 0.00 0.00 7.44 34.00 
55 0.18 13.76 112.82 0.00 88.38 614.18 
56 0.38 1.58 119.37 0.00 59.14 210.15 
57 0.20 1.76 8.94 0.00 59.28 40.93 
58 1.30 2.12 184.81 0.00 88.58 651.25 
59 0.18 1.88 35.98 0.00 42.08 107.84 
61 0.22 6.35 93.13 0.00 134.88 852.67 
63 0.25 16.24 41.32 0.00 115.83 793.51 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
64 0.06 0.77 15.91 0.00 8.34 126.74 
66 0.08 1.75 0.00 69.43 6.87 24.93 
67 0.13 1.75 5.37 0.00 22.88 57.19 
68 0.13 1.58 5.47 0.00 4.50 6.69 
69 0.17 1.47 8.95 0.00 20.83 82.59 
70 0.21 2.15 297.44 0.00 41.19 955.96 
71 0.26 3.27 10.98 0.00 38.07 184.28 
72 0.18 2.03 15.26 0.00 53.40 93.92 
73 0.24 3.32 37.08 0.00 261.56 630.10 
74 0.00 9.87 34.67 7.70 165.41 259.20 
76 0.17 2.95 43.19 0.00 57.70 121.54 
77 0.10 5.45 27.35 6.90 80.23 76.84 
78 0.11 3.56 19.24 0.00 71.38 120.32 
79 0.28 3.21 15.63 0.00 23.37 236.12 
81 0.31 7.32 427.97 0.00 816.26 1027.31 
83 0.21 4.81 408.02 0.00 63.86 946.84 
84 0.23 4.62 59.07 0.00 123.20 1194.58 
85 0.39 4.11 22.12 0.00 150.32 479.13 
86 0.18 5.90 65.33 0.00 269.85 0.00 
89 0.29 5.74 130.40 0.00 161.30 574.27 
90 0.30 4.95 20.90 0.00 246.18 1021.91 
96 0.00 2.21 2.32 0.00 68.86 155.25 
97 1.03 2.49 228.10 0.00 21.91 341.92 
98 0.14 3.03 550.37 0.00 96.77 81.36 
99 0.26 2.93 22.75 0.00 68.94 150.07 

100 0.13 2.35 25.76 0.00 52.34 315.43 
102 0.17 2.98 7.28 0.00 8.47 18.38 
103 0.11 3.67 72.25 0.00 87.04 470.06 
104 0.07 2.50 12.61 0.00 18.60 59.55 
105 0.05 1.41 0.00 0.00 9.33 372.56 
107 0.17 1.90 23.93 0.00 61.79 322.42 
108 0.19 3.48 19.05 0.00 66.39 795.24 
111 0.13 2.24 1.18 0.00 11.80 15.22 
112 0.22 2.80 347.60 0.00 204.13 914.19 

Median 0.18 2.44 23.93 0.00 66.39 210.15 
Mean 0.22 3.24 68.05 1.48 89.93 365.11 
Std Dev 0.20 3.06 108.02 8.25 106.75 343.89 
Min 0.00 0.00 0.00 0.00 0.00 0.00 
Max 1.30 16.24 550.37 69.43 816.26 1194.58 
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Rural Deposition Sites 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 
A 0.12 3.93 0.00 0.00 1.84 0.49 
D 0.24 11.81 9.22 0.00 1.65 14.77 

Median 0.18 7.87 4.61 0.00 1.75 7.63 
Mean 0.18 7.87 4.61 0.00 1.75 7.63 
Std Dev 0.06 3.94 4.61 0.00 0.09 7.14 
Min 0.12 3.93 0.00 0.00 1.65 0.49 
Max 0.24 11.81 9.22 0.00 1.84 14.77 
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TABLE E.2: Late Summer 

Urban Measurement Sites 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 
1 0.01 17.10 0.00 0.00 26.64 585.88 
2 0.22 43.76 0.00 4.69 223.18 586.49 
3 0.05 15.48 0.00 0.00 31.43 78.35 

3.1 0.00 11.45 0.00 0.00 12.54 6.77 
4 0.00 10.18 0.00 0.00 18.11 81.72 
5 0.00 12.00 0.00 76.07 7.75 5.02 
7 0.00 8.22 0.00 0.00 55.08 25.60 
8 0.02 42.30 0.00 0.00 14.59 14.80 
9 0.00 6.87 0.00 0.00 6.12 20.41 

10 0.14 56.41 1.70 0.00 50.17 41.67 
11 0.02 43.58 0.00 0.00 14.53 320.80 
12 0.02 21.74 3.34 28.92 25.67 117.53 
13 0.00 40.22 0.00 0.00 22.44 439.64 
14 0.00 16.07 0.00 0.00 94.56 44.42 
15 0.12 13.61 0.00 2.28 23.44 76.67 
16 0.00 213.51 0.00 0.00 95.77 691.05 
18 0.05 28.16 0.00 0.00 113.39 251.23 
19 0.09 29.86 0.00 22.02 41.32 65.04 
20 0.07 29.75 0.00 0.00 100.63 847.54 
21 0.13 28.92 0.00 15.72 96.47 241.08 
22 0.00 24.82 0.00 0.00 32.20 93.84 
23 0.38 239.44 0.00 0.00 184.39 629.35 
24 0.03 19.43 0.00 0.00 54.79 641.60 
27 0.39 252.98 0.00 12.59 113.95 258.85 
28 0.00 17.33 0.00 12.63 11.17 119.63 
29 0.01 8.09 0.00 0.00 9.51 0.00 
30 0.00 12.85 0.00 0.00 16.90 0.00 
31 0.10 35.81 0.00 0.00 245.28 296.11 
32 0.00 9.95 0.00 0.00 21.66 64.91 
33 0.03 30.03 0.00 0.00 64.14 696.79 
34 0.00 17.96 24.73 0.00 166.11 77.61 
35 0.00 9.63 0.00 0.00 23.35 633.46 
36 0.00 6.80 0.00 0.00 7.48 747.81 
37 0.00 75.08 0.00 0.00 90.91 789.04 
38 0.05 29.32 0.00 0.00 64.10 688.22 
39 0.27 110.95 0.00 0.00 36.04 236.23 
40 0.00 15.71 0.00 0.00 47.59 59.34 
41 0.00 40.16 0.00 0.00 98.82 759.26 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
42 0.00 16.25 0.00 0.00 118.57 147.66 
43 0.00 40.29 0.00 0.00 73.83 663.50 
44 0.00 69.96 0.00 0.00 56.28 375.13 
45 0.00 12.32 0.00 2.20 97.64 65.97 
46 0.00 32.23 0.00 0.00 89.42 55.09 
47 0.00 43.51 5.86 14.31 111.12 406.53 
48 0.30 168.80 0.47 9.01 122.64 546.56 
49 0.00 44.54 0.00 0.00 76.00 243.39 
50 0.10 96.62 0.00 0.00 34.01 409.74 
51 0.05 15.17 0.00 0.00 92.21 175.44 
52 0.02 32.36 0.00 0.00 104.65 810.62 
53 0.05 25.52 0.00 0.00 68.44 216.23 
55 0.04 194.24 1.44 2.56 82.56 0.00 
56 0.36 138.49 0.00 0.00 33.04 349.77 
57 0.00 9.22 0.00 0.00 34.61 9.50 
58 0.52 84.50 0.00 8.41 125.01 0.00 
61 0.04 120.13 0.00 8.94 156.43 850.83 
63 0.00 13.03 0.00 0.00 31.48 192.36 
64 0.04 76.75 0.00 1.19 47.78 792.83 
65 0.00 8.43 0.00 0.00 1.72 17.53 
66 0.00 4.02 0.00 0.00 0.88 17.60 
67 0.00 4.92 0.00 13.11 9.59 47.21 
68 0.00 0.00 0.00 0.00 0.00 0.00 
69 0.00 16.05 0.00 0.00 7.05 11.75 
70 0.00 576.00 0.00 0.00 30.89 572.52 
71 0.00 10.20 0.00 0.00 30.41 34.15 
72 0.44 67.60 0.00 0.00 67.99 70.25 
73 0.15 55.61 0.00 0.00 354.57 762.93 
74 0.00 53.43 0.00 4.91 166.35 245.96 
76 0.00 222.33 0.00 0.00 59.70 267.89 
78 0.00 26.69 0.00 0.00 81.42 108.84 
81 0.00 272.46 0.00 0.00 403.52 560.82 
83 0.00 211.18 0.00 0.00 24.34 891.96 
84 0.00 0.00 0.00 0.00 0.00 0.00 
85 0.00 52.31 0.00 0.00 71.51 363.76 
86 0.00 63.74 0.00 0.00 144.91 0.00 
87 0.00 58.77 0.00 0.00 46.41 336.44 
89 0.00 66.78 0.00 0.00 83.13 639.70 
90 0.00 17.80 0.00 0.00 41.90 665.33 
91 0.00 20.16 0.00 0.00 44.83 93.18 
92 0.02 18.10 0.00 0.00 705.78 59.01 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
. .) 93 0.05 14.57 0.00 0.00 20.56 14.77 

94 0.10 23.56 0.00 Q.00 25.73 34.90 
95 0.00 116.45 0.00 0.00 67.34 849.61 
96 0.00 8.98 0.00 0.00 76.06 90.14 
97 0.50 291.36 0.00 0.00 27.41 412.09 
98 0.00 227.55 0.00 0.00 43.14 68.09 
99 0.00 30.96 0.00 0.00 47.69 613.44 

100 0.00 3.62 0.00 0.00 3.99 156.77 
102 0.00 1.51 0.00 0.00 4.33 12.50 
103 0.00 29.14 0.00 0.00 25.71 213.99 

' ' 104 0.00 0.00 0.00 0.00 0.00 0.00 
105 0.00 39.93 0.00 0.00 0.00 2290.15 
107 0.00 25.78 0.00 0.00 43.55 384.53 
108 0.00 24.84 0.00 0.00 99.08 667.46 
109 0.00 71.43 0.00 0.00 119.05 47.62 
111 0.00 11.54 0.00 0.00 12.87 14.21 
112 0.00 204.72 0.00 0.00 92.93 825.92 

Median 0.00 20.16 0.00 0.00 34.01 90.14 
Mean 0.05 59.51 0.38 2.44 71.47 307.22 
Std. Dev 0.11 86.14 2.57 8.90 93.40 349.52 
Min 0.00 0.00 0.00 0.00 0.00 0.00 
Max 0.52 576.00 24.73 76.07 705.78 2290.15 

Rural Measurement Sites 

A 0.06 5.56 0.00 17.95 1.07 0.00 
B 0.17 3.08 0.00 0.00 0.00 0.00 
C 0.03 3.11 0.00 1.30 2.31 0.00 
D 0.02 13.40 9.07 0.00 0.00 0.00 

Median 0.05 4.32 0.00 0.75 0.53 0.00 
Mean 0.07 6.29 2.27 4.81 0.84 0.00 
Std. Dev 0.06 4.23 3.93 7.60 0.95 0.00 
Min 0.02 3.08 0.00 0.00 0.00 0.00 
Max 0.17 13.40 9.07 17.95 2.31 0.00 
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TABLE E.3: Autumn 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 

' 1 0.07 0.79 12.92 223.23 26.96 743.17 
2 0.24 0.00 25.99 235.00 83.96 1006.23 
3 0.19 2.39 8.60 0.00 20.90 1005.38 

3.1 0.12 0.68 4.28 126.04 14.31 16.33 
4 0.11 1.68 15.21 85.52 40.24 195.71 

' . 5 0.12 1.43 8.61 32.77 7.61 34.87 
6 0.24 5.55 25.48 0.00 512.68 298.35 
7 0.13 5.77 17.91 119.95 73.17 99.33 
8 0.19 2.93 16.78 194.64 31.76 98.45 
9 0.13 3.31 3.53 37.08 11.37 50.65 

10 0.32 3.32 548.59 0.00 35.42 611.51 
11 0.40 8.24 24.61 149.41 86.44 347.41 
12 0.05 42.18 64.92 0.00 174.03 873.34 
13 0.14 2.42 80.80 5.68 41.91 476.93 
14 0.11 0.62 16.49 369.82 110.19 74.96 
16 0.16 5.65 123.75 41.86 109.56 873.60 
18 0.27 7.41 17.37 0.00 69.23 576.39 
19 0.16 4.53 8.49 0.00 21.51 35.34 
20 0.36 3.87 11.61 87.21 85.15 592.31 
21 0.21 5.19 30.22 0.00 16.49 321.53 
22 0.06 1.79 18.82 134.96 12.75 24.54 
24 0.30 11.85 17.53 30.92 50.82 524.94 
25 0.45 9.00 211.05 15.22 48.32 972.09 
26 0.00 0.00 8.60 0.00 17.90 0.00 
27 0.26 10.02 914.55 65.78 56.76 992.23 
29 0.12 9.17 4.41 54.20 13.58 20.37 
30 0.15 9.19 5.77 0.00 39.83 40.53 
31 0.19 12.21 23.08 0.00 214.71 584.54 
33 0.11 11.20 34.52 0.00 126.48 1108.96 
34 0.20 15.17 15.89 36.55 94.36 208.91 
35 0.12 10.62 8.62 0.00 37.86 68.34 
36 0.10 10.57 4.75 1.66 16.16 922.31 
37 0.29 19.18 68.82 0.00 95.33 958.15 
38 0.28 12.44 32.78 175.42 66.50 345.50 
39 1.12 5.77 259.22 358.67 52.32 780.13 
40 0.11 4.63 9.98 0.00 104.78 130.91 
41 0.07 3.44 35.62 20.14 98.38 774.87 
42 0.12 8.81 12.27 29.30 97.80 69.80 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
43 0.05 7.75 20.35 0.00 40.69 734.16 
44 0.16 4.62 85.01 186.06 164.68 469.03 
45 0.19 6.70 21.36 0.00 146.99 183.01 
46 0.10 12.31 30.79 0.00 97.76 96.51 
47 0.23 19.19 31.63 94.89 80.56 842.91 
48 0.69 25.01 196.19 0.00 178.44 973.44 
49 0.08 14.30 45.42 0.00 63.62 871.05 
50 0.21 8.60 288.15 10.71 43.60 1017.81 
51 0.09 7.32 17.09 0.00 120.90 584.28 

\_.a, 

53 0.00 0.12 51.45 0.00 164.19 600.02 
56 0.50 5.86 157.51 78.52 177.66 207.08 
57 0.00 5.09 41.06 19.58 117.59 262.27 
58 1.22 6.33 125.51 11.72 336.58 407.95 
59 0.00 4.50 447.10 263.24 253.17 308.73 
61 0.03 4.84 22.45 303.69 27.52 321.19 
63 0.06 10.81 88.21 0.00 155.59 892.67 
64 0.04 3.08 70.13 0.00 48.81 774.20 
65 0.01 3.51 9.57 0.00 4.84 89.74 
66 0.00 9.37 5.65 0.00 7.91 201.92 
67 0.00 2.70 16.09 0.00 13.76 113.85 
68 0.00 2.63 6.45 0.00 0.00 134.26 
69 0.00 2.43 19.31 0.00 16.03 97.04 
70 0.11 3.99 259.30 0.00 27.17 979.95 
71 0.00 6.39 11.74 0.00 21.51 187.63 
73 0.31 8.95 73.31 64.82 757.49 380.98 
74 0.00 41.40 106.79 51.78 264.21 410.68 
76 0.00 5.93 58.13 0.00 46.73 221.93 
78 0.00 5.73 27.59 0.00 60.56 224.32 
79 0.05 3.33 17.46 12.95 15.80 276.43 

;. 80 0.02 4.71 252.39 47.48 208.32 286.91 
81 0.02 12.74 503.97 0.00 928.24 776.41 
83 0.03 7.75 603.97 103.11 67.78 486.54 
84 0.03 9.66 58.31 0.00 89.20 879.00 
85 0.05 9.65 49.74 165.89 134.19 519.36 
86 0.01 20.55 94.68 0.00 355.09 0.00 
87 0.09 7.15 68.21 280.68 178.37 915.15 
89 0.00 5.93 68.36 90.56 114.28 413.97 
90 0.00 4.65 21.86 12.09 162.29 609.74 
91 0.00 4.77 15.00 0.00 57.54 134.27 
92 0.07 19.34 23.91 138.52 273.76 344.78 
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" Site No. Cadmium Chromium Copper Nickel Lead Zinc 
94 0.00 7.94 13.86 0.00 11.22 134.72 
95 0.00 3.47 117.37 0.00 26.29 1366.67 
96 0.00 4.68 17.32 0.00 42.85 232.31 
97 2.40 4.57 596.86 0.00 34.69 475.33 
98 0.00 6.93 196.49 0.00 107.73 169.42 
99 0.11 5.87 43.48 0.00 72.28 217.50 

100 0.00 6.63 31.16 0.00 58.71 452.57 
101 0.00 3.76 13.98 0.00 17.16 0.47 
102 0.00 8.14 15.23 0.00 13.37 96.37 
103 0.00 5.67 65.89 0.00 63.31 274.66 
104 0.00 5.51 5.63 0.00 11.15 138.52 
105 0.02 3.81 29.81 0.00 37.88 92.00 
107 
108 0.00 4.30 44.41 0.00 71.96 906.18 
109 0.00 5.68 50.44 0.00 55.56 201.19 
111 0.00 4.59 15.94 0.00 18.48 113.29 

Median 0.08 5.77 25.99 0.00 58.71 321.19 
Mean 0.16 7.48 85.60 48.08 100.13 421.77 
Std Dev 0.31 6.87 152.38 84.99 138.88 342.51 
Min 0.00 0.00 0.00 0.00 0.00 0.00 
Max 2.40 42.18 914.55 369.82 928.24 1366.67 

Rural Measurement Sites 
; 

A 0.09 2.87 6.48 316.93 5.73 118.72 
B 0.00 2.39 10.24 170.32 3.59 97.06 
C 0.41 3.04 7.60 0.00 7.25 118.40 
D 0.00 28.48 11.51 24.30 1.86 76.96 

Median 0.20 2.96 8.92 75.71 4.66 107.73 
Mean 0.12 9.19 8.96 127.89 4.61 102.79 
Std Dev 0.17 11.14 2.01 127.11 2.05 17.30 
Min 0.00 2.39 6.48 0.00 1.86 76.96 
Max 0.41 28.48 11.51 316.93 7.25 118.72 
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TABLE E.4: Early Winter 

Urban Measurement Sites 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 
1 0.00 22.60 25.93 0.00 22.33 1487.06 
2 0.66 22.19 91.43 0.00 422.00 3094.43 
3 0.00 21.26 9.08 0.00 13.46 31.52 

3.1 0.00 21.85 10.46 0.00 55.55 38.01 
4 0.14 23.66 22.16 35.37 14.66 220.19 
5 0.13 21.68 33.43 0.00 4.85 28.46 
6 0.13 22.79 30.50 0.00 49.74 423.01 
7 0.13 22.53 58.00 0.00 35.28 85.09 
8 0.13 21.85 64.43 0.00 43.40 174.06 
9 0.12 20.84 21.98 0.00 65.72 2402.21 

10 0.00 334.21 0.00 0.00 0.00 744.90 
11 0.12 20.20 26.55 0.00 46.38 154.03 
12 0.00 23.19 12.29 0.00 14.08 110.75 
13 0.00 21.67 124.12 0.00 47.84 2546.89 
14 0.00 23.06 13.41 0.00 69.65 57.90 
15 0.00 21.44 9.16 0.00 7.61 192.83 
16 0.00 20.82 177.09 0.00 82.06 1145.00 
18 0.00 21.12 8.01 15.25 9.77 39.28 
19 0.53 21.86 2598.68 0.00 227.45 605.18 
20 0.00 35.81 33.35 0.00 11.66 2166.18 

" 21 0.00 55.77 83.63 0.00 2.85 516.06 
22 .. 0.00 20.93 18.53 0.00 0.43 25.50 
23 0.00 19.84 12.68 0.00 4.23 421.36 
24 0.00 18.75 376.31 0.00 38.19 718.72 
25 0.25 20.66 7.80 0.00 46.37 1574.74 
26 0.00 20.03 8.60 0.00 5.59 45.37 
27 0.25 20.43 3.52 3.52 116.91 4996.86 
28 0.00 21.00 9.94 0.00 0.75 95.95 
29 0.00 21.15 5.77 0.00 0.00 11.76 
30 0.00 0.00 12.30 0.00 27.01 20.81 
31 0.00 22.10 45.31 0.00 241.21 3469.16 
33 0.00 21.52 30.53 0.00 96.06 2346.99 
34 0.00 20.67 23.18 0.00 101.88 112.98 
35 0.00 22.19 23.41 0.00 29.75 63.18 
36 0.00 22.07 14.10 0.00 8.03 435.45 
37 0.00 20.84 37.43 164.90 65.48 637.13 
38 0.00 22.28 4.93 0.00 0.00 21.55 
39 0.62 20.77 175.40 0.00 66.81 954.67 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
40 0.00 20.84 8.99 0.00 31.61 66.91 
41 0.00 21.23 52.18 0.00 104.14 2050.52 
42 0.00 21.35 21.64 0.00 122.56 65.93 
43 0.00 20.06 32.76 0.00 45.32 1343.59 
44 0.00 21.12 168.20 0.00 182.69 454.03 
45 0.00 21.59 11.65 86.95 116.34 158.06 
47 0.00 21.34 37.65 0.00 136.81 840.97 
48 0.30 24.28 193.52 0.00 162.62 862.42 
49 0.00 21.86 59.63 0.00 97.02 559.57 
50 0.00 46.40 168.37 0.00 82.85 981.05 

l A 51 0.00 20.96 12.40 0.00 129.47 552.78 
52 0.00 21.83 40.47 0.00 208.90 2629.90 
53 0.00 21.77 17.49 136.51 80.38 622.88 
55 0.00 11.21 87.40 0.00 86.10 713.80 
56 0.14 6.92 97.71 0.00 35.07 4056.11 
57 0.00 2.22 10.31 139.53 42.37 59.67 
58 0.87 6.16 122.56 0.00 69.20 2363.73 
59 0.00 0.67 59.12 0.00 55.01 182.79 
61 0.00 10.85 207.21 94.49 111.04 926.81 
63 0.00 26.17 34.40 17.95 67.09 833.17 
64 0.00 3.30 86.42 75.36 32.53 1183.89 
65 0.00 6.31 10.12 0.00 11.76 42.23 
66 0.00 4.49 8.47 41.94 13.67 67.14 
67 0.00 10.88 12.19 97.49 27.80 121.62 
68 0.00 6.74 11.19 0.00 9.81 44.38 
69 0.00 6.38 11.94 0.00 21.92 73.98 
70 0.03 6.43 180.74 0.00 31.80 928.85 
71 0.00 5.99 7.95 0.00 15.56 57.47 
72 0.00 5.71 10.30 0.00 39.20 157.31 
73 0.15 3.70 77.25 27.67 357.12 2064.00 
74 0.00 50.96 71.71 5.24 136.28 601.99 
76 0.00 4.04 40.71 74.59 36.57 141.72 . ,, 
77 0.00 134.63 108.95 6.03 76.37 175.33 
78 0.00 14.89 21.29 0.00 48.65 213.79 
79 0.00 8.36 23.43 0.00 17.71 291.33 
80 0.00 0.00 42.57 0.00 58.75 379.10 
81 0.01 8.91 357.89 62.27 486.61 1263.88 
83 0.00 44.58 249.21 0.00 28.54 1536.20 
84 0.00 6.27 58.33 0.00 48.62 1577.99 
85 0.04 2.66 36.46 0.00 7.44 608.84 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
86 0.00 9.01 63.73 21.35 144.25 38.70 
87 0.00 19.09 33.69 0.00 39.09 831.04 
89 0.00 13.72 121.29 0.00 78.14 3306.94 
90 0.00 5.75 24.21 0.00 29.53 128.96 
91 0.00 6.92 28.68 109.07 31.07 82.54 

\ 92 0.00 5.02 18.88 0.00 55.88 89.27 
93 0.00 8.93 26.45 0.00 18.29 45.50 
94 0.00 3.84 7.33 0.00 21.28 2388.28 
95 0.00 5.31 116.29 0.00 42.63 43.23 
96 0.00 4.01 15.08 18.88 10.44 37.76 
97 0.67 3.22 253.81 13.96 21.48 777.44 
98 0.00 6.71 483.42 0.00 53.90 207.77 
99 0.01 9.13 27.40 0.00 39.69 6200.02 

100 0.00 4.68 41.60 0.00 34.35 733.58 
102 0.00 4.75 20.98 0.00 8.78 32.86 
103 0.00 4.46 53.13 0.00 30.26 472.44 
104 

', 
0.00 0.00 0.00 0.00 0.00 0.00 

105 0.00 50.42 58.42 0.00 66.43 5872.75 
107 0.00 4.95 29.57 104.80 43.18 4749.31 
108 0.00 8.54 15.86 0.00 38.38 869.34 
109 0.00 15.21 38.11 0.00 44.58 120.19 
111 0.00 11.85 15.99 0.00 13.98 34.44 
112 0.00 7.01 486.35 0.00 84.08 2339.77 

Median 0.00 20.20 30.50 0.00 42.37 435.45 
Mean 0.05 20.32 89.36 13.27 63.90 916.40 
Std. Dev 0.15 35.16 266.15 33.83 80.05 1285.16 
Min 0.00 0.00 0.00 0.00 0.00 0.00 
Max 0.87 334.21 2598.68 164.90 486.61 6200.02 

Rural Measurement Sites 

A 0.00 27.48 32.27 0.00 45.83 461.52 
B 0.00 27.83 9.46 11.17 0.23 40.82 
C 0.00 26.02 8.96 0.00 14.04 33.26 
D 0.00 23.82 7.21 56.33 0.79 13.64 

7' 

Median 0.00 26.75 9.21 5.59 7.41 37.04 "' 
Mean 0.00 26.29 14.48 16.88 15.22 137.31 
Std. Dev 0.00 1.58 10.30 23.23 18.52 187.45 
Min 0.00 23.82 7.21 0.00 0.23 13.64 
Max 0.00 27.83 32.27 56.33 45.83 461.52 
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TABLE E.5: Late Winter 

Urban Measurement Sites 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 
1 0.00 0.00 0.00 0.00 0.00 698.96 
2 0.22 0.00 8.11 0.00 134.53 134.98 
3 0.00 0.00 0.00 0.00 10.63 295.32 

3.1 0.00 0.00 0.00 0.00 196.08 58.02 
4 0.00 0.00 0.00 0.00 11.13 90.22 
5 0.00 0.00 0.75 0.00 87.78 264.52 
6 0.25 0.00 0.00 0.00 72.46 252.41 

. ' 7 0.00 0.00 0.00 0.00 33.22 41.39 
8 0.02 0.00 13.57 0.00 17.83 252.31 
9 0.00 0.00 0.00 0.00 13.26 80.27 

' 10 0.25 0.00 35.14 0.00 13.15 1876.01 
11 0.27 0.00 14.09 0.00 59.23 295.96 

. . 12 0.00 0.00 0.00 0.00 27.98 91.61 
13 0.00 0.00 22.99 0.00 39.11 271.69 
15 0.00 0.00 0.00 0.00 24.48 105.13 
18 0.14 0.00 17.55 0.00 73.52 165.49 
19 0.14 0.00 0.00 0.00 36.31 37.81 
20 0.00 0.00 0.00 0.00 13.18 8677.95 
21 0.05 0.00 30.14 0.00 10.48 239.78 
23 0.37 0.00 1552.12 0.00 164.75 885.77 
24 0.23 0.00 0.00 0.00 31.18 681.69 
25 0.22 0.00 206.54 0.00 20.16 604.26 

, 26 0.10 0.00 0.00 0.00 21.28 41.06 
27 0.48 0.00 1489.03 0.00 55.39 110.97 
28 0.09 0.00 0.00 0.00 6.04 102.50 

' ; 29 0.09 0.00 0.00 0.00 14.99 21.35 
30 0.13 0.00 0.00 0.00 29.08 34.56 

, ~ 31 0.14 0.00 0.00 0.00 230.16 489.79 
33 0.11 0.00 5.29 0.00 78.08 521.35 

> 
34 0.28 0.00 0.00 0.00 91.04 321.42 
35 0.16 0.00 0.00 0.00 30.87 63.20 
36 0.14 0.00 0.00 0.00 7.90 241.22 

" ~ 37 0.26 0.00 0.00 0.00 38.57 449.37 
38 0.31 0.00 0.00 0.00 61.52 840.14 
39 0.23 0.00 0.00 0.00 35.74 101.82 
40 0.23 0.00 12.54 0.00 41.29 45.34 
41 0.00 0.00 0.00 0.00 53.17 896.15 
42 0.06 0.00 

' ' 0.00 0.00 118.30 53.87 

196 



Site No. Cadmium Chromium Copper Nickel Lead Zinc 
44 0.07 0.00 0.00 0.00 23.51 180.19 
45 0.07 0.00 16.69 0.00 92.31 146.91 
46 0.10 0.00 0.00 0.00 118.95 88.24 
47 0.22 0.00 0.00 0.00 95.81 540.66 
48 0.29 0.00 0.00 0.00 145.00 494.02 
49 0.30 0.00 4.22 0.00 93.40 869.28 
50 0.03 0.00 57.61 0.00 35.05 573.78 
51 0.03 0.00 0.00 0.00 120.31 659.91 
52 0.00 0.00 22.28 0.00 109.94 506.08 
53 0.00 0.00 0.00 0.00 0.00 0.00 .. 55 0.01 0.00 33.88 0.00 75.94 401.70 
56 0.55 0.00 89.47 0.00 51.33 64.52 
57 0.12 0.00 0.00 0.00 52.68 34.51 

' ' 
58 0.24 0.00 9.83 0.00 84.57 447.95 
59 0.07 0.00 205.03 0.00 127.82 85.74 

' 61 0.52 0.00 14.92 0.00 170.65 603.25 
63 0.18 2.19 18.39 0.00 94.12 400.99 
64 0.39 0.00 69.58 0.00 44.51 706.58 
65 0.15 0.00 0.00 0.00 8.55 12.07 
66 0.10 0.00 0.00 0.00 3.93 26.33 
67 0.27 0.00 0.00 0.00 17.19 62.10 
69 0.51 0.00 0.00 0.00 17.02 20.09 
71 0.46 0.00 0.00 0.00 11.08 95.58 
72 0.43 0.00 0.00 0.00 42.84 47.78 
73 0.57 0.00 30.08 0.00 442.11 562.06 
74 0.45 13.27 54.85 0.00 235.48 574.07 
77 0.64 0.00 69.60 0.00 110.60 99.04 

> 
78 0.47 0.00 1.92 0.00 41.96 87.66 
79 0.90 0.00 0.00 0.00 5.49 238.63 
83 0.45 0.00 247.48 0.00 29.28 829.47 
84 0.46 0.00 0.00 0.00 52.57 552.00 
86 0.31 0.00 10.83 0.00 155.35 1.08 

' 87 0.43 0.00 8.91 0.00 55.61 534.52 
A~ 89 0.43 0.00 98.72 0.00 142.27 219.95 
' C 90 0.51 0.00 0.00 0.00 70.19 714.54 

91 0.41 0.00 0.00 0.00 12.77 21.22 
92 0.46 0.00 0.00 0.00 29.93 59.65 
93 0.29 0.00 0.00 0.00 17.45 16.96 
94 0.43 0.00 0.00 0.00 4.50 13.51 

( & 95 0.29 0.00 7.08 0.00 26.11 684.30 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
96 0.38 0.00 0.00 0.00 54.15 85.49 
97 1.46 0.00 158.69 0.00 20.74 0.00 
98 0.38 0.00 123.12 0.00 45.20 59.65 
99 0.36 0.00 0.00 0.00 50.37 65.76 

100 0.43 0.00 0.00 0.00 71.84 568.98 
101 0.29 0.00 203.51 0.00 19.77 47.30 
102 0.30 0.00 0.00 0.00 6.22 28.78 
103 0.27 0.00 0.00 0.00 21.22 178.35 
104 0.50 0.00 0.00 0.00 0.00 242.02 
105 0.08 0.00 0.00 0.00 16.85 768.94 
107 0.23 0.00 0.00 0.00 30.29 0.00 

'' 108 0.30 0.00 0.00 0.00 74.83 875.03 
109 0.00 0.00 0.00 0.00 50.31 679.25 
111 0.13 0.00 0.00 0.00 3.80 11.09 
112 0.25 0.00 578.99 0.00 39.47 629.87 

~ 

Median 0.23 0.00 0.00 0.00 39.47 180.19 
Mean 0.24 0.16 58.97 0.00 59.33 393.12 
Std. Dev 0.23 1.38 228.39 0.00 64.88 916.10 
Min 0.00 0.00 0.00 0~00 0.00 0.00 
Max 1.46 13.27 1552.12 0.00 442.11 8677.95 

Rural Measurement Sites 

A 0.00 0.00 0.00 0.00 0.00 0.00 
B 0.02 0.00 0.00 0.00 0.00 0.00 
C 0.01 0.00 0.00 0.00 0.00 1.64 
D 0.06 0.00 0.00 0.00 0.00 0.00 

Median 0.02 0.00 0.00 0.00 0.00 0.00 
Mean 0.02 0.00 0.00 0.00 0.00 0.41 
Std. Dev 0.02 0.00 0.00 0.00 0.00 0.71 

" -, 
Min 0.00 0.00 0.00 0.00 0.00 0.00 

' , Max 0.06 0.00 0.00 0.00 0.00 1.64 
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• a TABLE E.6: Spring 

Urban Measurement Sites 

· Site No. Cadmium Chromium Copper Nickel lead Zinc 
1 0.03 1.21 23.81 0.00 48.18 2055.18 
2 0.52 3.15 108.19 0.00 650.39 317.75 
3 0.09 3.24 22.35 0.00 24.78 221.09 

3.1 0.04 1.86 31.26 0.00 22.43 372.53 
4 0.15 3.05 46.23 0.00 64.37 252.81 
5 0.02 1.70 29.64 0.00 7.53 0.00 

-' . 6 0.36 1.89 14.83 0.00 40.41 359.41 
7 0.00 2.07 77.10 0.00 153.82 150.21 

- > 

8 0.08 2.08 23.55 113.84 14.55 5060.81 
\ . 9 0.01 1.97 8.45 0.00 16.69 101.31 

10 0.23 5.08 38.37 23.43 67.03 436.00 
11 0.22 3.72 37.69 0.00 43.79 371.40 
12 0.04 2.85 39.47 0.00 30.01 189.83 . . 
13 0.00 2.29 130.56 0.00 46.52 2148.38 
14 0.07 3.82 20.83 341.36 136.35 90.30 
15 0.06 1.42 6.43 565.23 5.45 80.69 
16 0.13 1.56 135.58 184.59 160.68 1674.34 
18 0.05 3.70 21.15 0.00 79.19 6285.12 

,} -
19 0.04 2.99 11.39 0.00 24.83 32.87 

. , 20 0.57 2.86 77.14 0.00 38.93 8357.14 
21 0.10 2.97 22.15 0.00 32.58 369.18 
22 0.12 3.23 42.03 0.00 27.02 65.42 
23 0.72 10.62 3232.74 0.00 323.91 510.91 
24 0.10 3.31 11.51 367.47 49.51 1844.84 
25 0.34 2.64 225.62 367.70 52.33 1222.83 

·, 26 0.09 2.42 15.84 0.00 16.13 82.14 
27 0.32 3.46 1054.19 0.00 91.13 3925.49 
28 0.00 3.08 9.04 0.00 17.86 50.20 

~- 29 0.00 4.09 9.53 0.00 6.28 0.00 
30 0.06 4.04 16.45 0.00 50.79 5.33 

~ 
31 0.09 4.63 45.95 39.51 226.27 2866.24 . 
32 0.12 5.81 34.55 565.15 97.46 140.22 
33 0.18 4.58 54.42 224.71 129.03 2192.40 
34 0.17 7.39 49.75 0.00 121.26 322.66 
35 0.00 4.76 22.35 0.00 52.55 98.16 
36 0.12 3.94 11.54 16.39 13.37 654.76 
37 0.00 9.89 97.58 0.00 76.85 1881.38 
38 0.45 2.95 632.65 0.00 76.69 1032.37 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
39 0.68 2.96 168.53 1604.58 92.28 1143.79 
40 0.00 1.47 73.78 0.00 40.26 116.60 
41 0.10 2.92 48.37 167.49 140.99 3305.63 
42 0.06 4.70 18.65 136.87 130.80 22.75 
43 0.06 3.45 51.04 308.23 75.10 324.88 
44 0.13 3.79 255.24 59.17 39.02 677.20 

- y 45 0.06 4.45 11.82 0.00 77.66 55.07 
46 0.16 16.70 73.19 0.00 60.08 369.13 
47 0.13 14.10 34.71 0.00 80.27 625.83 

' y 

48 0.69 15.29 228.28 0.00 200.70 646.76 
49 0.23 15.12 114.29 29.07 137.38 622.92 

" ' 50 0.10 4.74 214.77 0.00 38.68 1227.93 
51 0.00 2.32 

' . 18.24 67.33 85.19 405.84 
52 0.00 7.69 181.28 64.04 319.32 490.51 
53 0.00 2.33 49.55 0.00 67.81 723.94 
55 0.00 9.57 132.40 141.57 77.46 408.62 
56 0.00 1.60 89.17 418.98 222.67 49.54 
57 0.00 0.93 21.34 250.39 54.96 27.83 
58 2.00 2.46 239.61 95.71 105.25 513.98 
59 0.00 0.64 112.29 40.22 116.71 49.07 
61 0.00 10.49 680.29 1026.55 162.83 1276.63 
63 0.00 23.68 101.72 0.00 117.75 657.68 
64 0.00 1.24 65.54 340.25 55.55 577.16 
65 0.00 0.73 10.66 391.32 6.57 0.00 . 66 0.00 1.51 31.57 344.95 35.95 25.51 
67 0.00 0.97 17.49 390.10 35.47 55.07 
68 0.00 0.24 8.58 644.88 0.00 0.00 
69 0.00 0.00 60.15 0.00 185.46 0.00 
70 0.00 0.68 118.74 134.82 21.91 138.76 
71 0.00 1.55 23.37 416.44 16.34 55.46 

. 72 0.00 2.88 19.44 0.00 47.82 175.60 
73 0.00 13.74 79.15 610.34 726.54 1206.56 

,k 

74 0.00 29.06 135.28 533.36 272.91 353.77 
, . 

77 0.00 11.64 90.16 88.33 92.86 92.86 
78 0.00 4.68 35.95 412.25 59.60 108.80 
79 0.00 0.00 12.09 440.58 10.77 151.07 
81 0.00 12.05 344.35 569.40 621.33 393.79 
83 0.00 2.03 497.39 344.61 28.25 1075.78 
84 0.00 2.18 50.26 296.61 69.09 1147.68 

\ ' 85 0.00 3.61 46.88 345.89 64.43 481.42-
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
86 0.00 7.64 99.31 0.00 403.95 0.00 
87 0.00 3.50 44.72 83.33 44.18 328.91 
89 0.00 3.60 86.62 164.08 117.64 1323.62 
90 0.00 1.09 14.64 339.21 . 42.81 379.56 
91 0.00 2.63 18.65 467.09 16.61 39.43 
92 0.00 2.62 21.66 517.93 40.18 8.78 
93 0.00 2.04 6.53 215.65 22.64 0.00 

7 94 0.00 1.05 12.97 503.44 6.41 0.00 
95 0.00 3.96 243.60 328.50 84.06 1726.75 
96 0.00 0.35 4.35 54.11 29.66 56.68 

\ 
97 0.98 0.97 332.39 649.95 18.45 63.07 
98 0.00 1.94 154.59 910.45 29.77 29.32 

~ } 99 0.00 3.24 34.27 267.78 75.69 75.61 
- .. 100 0.00 2.19 48.01 575.33 61.67 283.34 

101 0.00 2.18 33.15 221.37 13.23 0.00 
\ 

' 102 0.00 3.09 12.72 639.64 0.00 0.00 
103 0.00 2.04 51.95 84.18 34.29 307.25 
104 0.00 5.50 52.68 45.98 36.16 29.02 

. . 105 0.00 2.90 36.25 183.21 29.11 444.64 
107 0.00 2.21 22.55 70.96 64.41 329.55 
108 0.00 4.51 24.97 156.21 62.18 608.41 
109 0.00 13.33 126.37 0.00 170.33 206.04 
111 0.00 1.39 7.64 141.79 2.75 0.00 
112 0.00 2.97 829.24 364.95 110.02 1326.96 

Median 0.00 2.97 44.72 83.33 54.96 322.66 
Mean 0.11 4.40 129.88 199.12 91.72 710.39 
Std. Dev 0.26 4.75 349.13 266.31 123.03 1269.67 
Min 0.00 0.00 0.00 0.00 0.00 0.00 
Max 2.00 29.06 3232.74 1604.58 726.54 8357.14 

. , 
Rural Measurement Sites 

·' 

A 0.00 0.70 15.32 730.85 0.00 0.00 
B 0.00 0.00 17.40 0.00 5.70 25.40 
C 0.00 0.79 24.70 0.00 0.00 0.00 
D 0.00 0.22 38.12 416.54 0.00 0.00 

Median 0.00 0.50 21.05 208.27 0.00 0.00 
. ' Mean 0.00 0.43 23.88 286.85 1.42 6.35 

Std. Dev 0.00 0.33 8.93 307.62 2.47 11.00 
Min 0.00 0.00 15.32 0.00 0.00 0.00 
Max 0.00 0.79 38.12 730.85 5.70 25.40 
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TABLE E.7: Late Spring 
Urban Measurement Sites 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 
1 0.25 1.11 23.91 0.00 64.37 1168.40 

7 2 1.14 2.44 194.50 116.70 772.60 98.31 
3 0.26 0.00 7.20 68.62 22.47 469.14 

' 4' 

3.1 0.22 0.00 23.44 29.91 25.80 79.24 
4 0.21 1.16 16.20 39.96 67.90 333.69 
5 0.21 1.10 16.46 63.58 23.62 58.64 

.l.. 6 0.53 0.00 0.00 2161.18 152.11 460.53 
7 0.25 7.68 7.31 419.62 96.37 320.46 

- " 9 0.31 1.23 8.03 85.55 16.61 88.30 
'< 10 0.54 2.52 943.11 73.30 67.13 994.53 

11 0.42 4.17 549.41 28.59 196.52 1041.18 
12 0.43 2.89 25.13 44.22 46.23 169.60 
13 0.40 2.50 21.74 111.41 37.57 2047.83 

. . 
15 0.37 0.00 6.21 2233.33 25.26 103.52 
16 0.64 2.95 202.05 1812.53 84.50 930.95 
18 0.47 3.75 25.37 108.67 116.36 122.62 
20 0.93 2.34 16.23 186.31 41.05 502.03 
21 0.60 3.62 46.94 105.61 84.65 817.35 
22 0.62 2.47 36.48 45.92 13.99 52.58 
23 1.20 3.03 2325.00 82.76 176.32 1071.05 
24 1.04 3.63 7.89 1871.29 96.53 1301.26 

' 25 1.06 0.00 410.85 1152.33 70.28 1167.96 
26 0.57 3.65 21.60 0.00 22.80 103.91 
27 1.00 3.06 751.33 25.93 104.26 1211.44 

, 28 0.71 3.64 72.90 0.00 12.81 123.20 
29 0.83 2.69 5.84 88.79 22.24 58.41 
30 0.89 3.10 6.72 1274.06 42.80 48.39 

' 31 1.17 4.50 35.53 4482.11 254.21 917.51 
}• - 32 0.87 6.24 16.88 875.19 65.25 162.34 

33 0.82 6.24 25.97 2584.29 82.18 1245.45 
34 0.86 11.62 24.19 48.12 83.55 266.13 
35 0.61 7.63 121.37 10.48 59.25 100.62 
36 0.94 4.96 4.19 211.31 18.99 850.56 

'"" 37 0.85 6.98 82.76 0.00 88.83 826.44 
38 1.22 7.91 48.18 30.21 66.04 1964.84 
39 1.95 3.66 304.12 29.59 72.58 535.05 
40 0.74 1.15 11.83 99.25 66.84 131.18 

., 41 0.94 6.70 38.63 0.00 108.79 592.72 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
42 0.90 7.11 14.05 259.72 101.26 83.14 
43 0.96 6.62 67.54 0.00 40.17 915.03 
44 1.05 8.30 113.39 234.43 27.98 938.52 
45 1.42 4.71 21.22 969.50 86.79 190.98 
46 1.35 11.88 61.81 2212.77 79.23 126.37 
47 1.13 9.63 13.09 19.50 48.27 408.38 
48 1.24 12.02 148.19 21.32 52.45 555.44 
49 1.95 4.88 34.21 184.47 63.16 592.11 
50 3.45 2.75 544.84 222.20 61.08 1747.76 
52 1.58 3.96 50.11 82.09 4.01 1683.37 
53 2.23 3.66 45.13 1722.57 5.89 543.94 

~ > 55 2.53 1.63 84.91 10.11 28.89 935.31 
57 1.99 0.64 18.01 0.00 17.80 91.10 

- ' 58 4.73 0.00 151.16 144.19 54.97 250.53 
59 2.84 2.50 413.93 378.28 137.92 127.05 
63 2.39 6.61 32.49 13.31 35.30 523.06 
64 2.63 0.00 93.62 0.00 74.13 367.02 
65 1.52 1.88 0.00 0.00 53.74 0.00 
66 2.52 0.00 10.51 1562.91 3.96 19.52 
68 2.89 0.00 10.15 109.64 3.25 25.38 

,, 69 2.77 0.00 54.67 991.73 26.13 32.00 
70 3.36 1.17 173.11 0.00 21.59 622.82 
71 2.88 0.65 4.30 461.51 15.40 94.62 
72 3.41 0.00 31.25 0.00 40.83 385.42 

4 74 3.83 3.27 42.67 2453.20 125.97 725.33 
76 2.93 0.00 77.32 2939.95 39.28 112.11 
77 3.13 2.31 46.84 1063.80 88.00 88.61 
78 2.83 1.19 25.64 0.00 48.76 207.10 
79 3.07 0.00 6.74 327.90 10.78 78.17 
80 5.41 0.00 148.15 21.76 101.39 930.56 
81 2.99 0.00 25.67 11.94 33.04 646.21 
83 3.50 0.00 119.66 0.00 20.68 655.98 
84 2.97 2.53 35.12 0.00 54.21 0.00 
85 3.74 2.80 41.10 96.58 54.98 640.41 
86 3.26 0.64 41.40 0.00 95.37 28.66 
89 4.61 0.00 29.41 749.89 60.36 570.14 
90 16.11 0.00 0.00 903.51 44.56 1793.86 

" 91 3.36 0.00 7.54 227.39 13.27 50.25 
-- ' 92 3.68 0.00 0.00 189.90 41.13 49.87 

93 4.56 0.00 0.00 1022.01 13.82 26.46 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
95 4.58 1.60 73.88 50.13 23.85 1021.11 
96 3.96 1.97 10.78 10.02 33.28 117.46 
97 10.78 0.00 394.32 0.00 22.00 942.05 
98 4.92 0.00 193.03 3185.52 194.42 81.77 
99 3.36 . 1.33 14.22 24.29 46.30 173.96 

100 4.80 0.00 9.67 874.59 52.49 696.13 
101 4.65 0.00 11.36 1018.61 13.07 18.47 
102 3.77 0.00 11.81 3474.93 8.50 24.93 
103 4.61 0.00 68.91 493.27 89.62 362.18 
104 9.27 0.00 22.58 96.45 21.68 119.35 

'. ·105 4.17 4.94 21.59 0.00 31.00 629.55 
107 3.57 0.00 16.34 0.00 55.34 525.05 

A. ' 108 4.21 1.39 19.50 3.56 62.29 761.47 
- ~ 109 11.14 4.70 0.00 264.34 63.88 77.52 

111 2.80 1.92 1.05 0.00 12.08 68.13 
112 4.57 0.00 373.68 40.79 59.47 663.16 

Median 1.95 1.97 25.67 88.79 48.76 362.18 
. . Mean 2.48 2.67 111.23 523.63 65.14 491.39 

Std. Dev 2.51 2.93 278.30 899.42 85.85 488.01 
Min 0.00 0.00 0.00 0.00 0.00 0.00 , 
Max 16.11 12.02 2325.00 4482.11 772.60 2047.83 

Rural Measurement Sites 

A 1.68 0.00 0.00 1610.24 6.19 21.00 
B 1.88 0.00 8.68 3090.10 10.42 45.14 
C 1.03 2.13 6.98 312.21 4.74 10.47 

' Je Median 1.68 0.00 6.98 1610.24 6.19 21.00 
Mean 1.53 0.71 5.22 1670.85 7.12 25.53 
Std. Dev 0.36 1.00 3.76 1134.88 2.41 14.51 
Min 1.03 0.00 0.00 312.21 4.74 10.47 
Max 1.88 2.13 8.68 3090.10 10.42 45.14 

. ' 
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. ~ TABLE E.8: Early Summer 
Urban Measurement Sites 

Site No. Cadmium Chromium Copper Nickel Lead Zinc 
1 0.00 0.00 63.03 0.00 113.17 4351.54 
2 0.00 0.00 145.30 0.00 645.79 426.13 

,, 3 0.00 0.00 0.00 0.00 20.24 201.30 
3.1 0.08 1.75 0.00 0.00 11.28 17.36 

4 0.00 0.00 21.27 0.00 84.27 379.64 
5 0.00 0.00 7.68 0.00 10.31 23.04 
6 0.00 0.00 138.80 238.80 57.45 949.34 
7 0.00 0.00 7.73 0.00 61.76 71.82 
8 0.00 0.00 34.78 0.00 81.80 15187.72 

\ 9 0.00 0.00 0.00 0.00 222.22 2397.06 
10 0.00 0.00 736.12 0.00 87.02 1790.39 
11 0.00 0.00 12.30 0.00 68.30 663.98 
12 0.00 0.00 9.90 0.00 34.45 216.81 
13 0.00 0.00 71.01 0.00 59.00 5364.45 
14 0.00 0.00 38.54 0.00 83.43 49.73 
15 0.00 0.00 0.00 0.00 17.72 89.21 
16 0.00 0.00 337.09 0.00 97.49 2245.61 
18 0.00 0.00 7.50 0.00 133.73 8888.89 

~ 

19 0.00 0.00 6.35 0.00 52.19 19.05 
20 0.00 0.00 25.12 0.00 149.24 3518.58 
21 0.00 0.00 44.18 0.00 27.12 403.78 
22 0.00 0.00 25.18 0.00 16.94 9.16 
23 0.00 0.00 571.63 0.00 194.79 951.35 
24 0.00 0.00 0.00 0.00 51.71 1577.68 
25 0.00 0.00 167.11 0.00 106.80 1742.68 
26 0.00 0.00 1.22 0.00 39.95 28.01 
27 0.00 0.00 864.51 0.00 65.79 2953.33 
28 0.00 0.00 0.00 0.00 0.90 109.72 
29 0.00 0.00 1.30 0.00 17.74 28.70 
30 0.00 0.00 3.78 0.00 27.46 12.60 
31 0.00 0.00 31.99 0.00 226.53 4149.13 
32 0.00 0.00 10.52 0.00 113.79 107.87 
33 0.00 0.00 73.93 0.00 146.24 2302.01 

' > 34 0.00 0.00 10.05 0.00 70.74 91.72 
35 0.00 5.73 6.20 0.00 35.96 40.92 
36 0.00 0.00 0.00 0.00 17.75 533.77 
37 0.00 0.00 75.36 0.00 111.07 1656.84 
38 0.00 4.97 50.64 0.00 122.93 1010.56 

{ > 
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Site No. Cadmium Chromium Copper Nickel Lead Zinc 
39 0.00 0.00 375.31 0.00 274.98 1466.54 
40 0.00 0.00 4.34 0.00 64.32 86.78 
41 0.00 0.00 92.12 0.00 191.77 4050.86 
42 0.00 0.00 30.89 0.00 138.22 72.07 
43 0.00 0.00 54.54 0.00 94.50 3201.17 
44 0.00 0.00 197.76 0.00 48.01 1303.67 
45 0.00 0.00 47.14 0.00 94.27 221.17 
46 0.00 4.07 40.55 0.00 64.23 111.20 
47 0.00 9.79 47.19 0.00 63.06 1803.95 
48 0.00 0.15 339.35 0.00 124.11 1398.47 
49 0.00 2.00 40.92 0.00 68.70 1010.66 
50 0.00 0.00 508.82 0.00 115.18 2316.90 
51 0.28 0.00 0.00 0.00 118.78 749.50 
52 0.67 23.15 59.14 0.00 1157.13 3224.23 
53 0.33 2.02 40.10 0.00 98.87 577.69 
55 0.59 3.62 102.21 0.00 45.76 807.20 
56 3.12 0.00 142.60 0.00 58.22 5183.15 
57 0.12 0.11 2.04 0.00 42.72 81.57 
58 5.03 0.12 140.37 0.00 52.05 1627.25 
59 0.56 0.00 237.00 0.00 257.85 230.41 
61 0.83 3.92 131.02 0.00 88.06 1148.90 
63 0.66 11.57 20.66 0.00 116.44 1709.07 
64 1.41 0.00 258.96 0.00 83.33 1831.12 
65 0.56 0.13 14.50 0.00 19.10 82.19 
66 0.92 14.72 10.91 0.00 255.42 219.31 
67 0.33 0.13 2.50 0.00 30.12 419.95 
68 0.84 0.13 31.98 0.00 19.07 39.09 
69 2.35 0.00 12.43 0.00 41.28 325.75 
70 2.31 0.14 362.12 0.00 65.66 2357.08 
71 0.92 0.00 0.00 0.00 28.88 153.53 
72 5.17 0.00 65.31 0.00 127.42 993.94 
73 4.50 1.59 138.31 0.00 834.12 2822.56 
74 0.87 47.92 50.13 0.00 214.35 600.18 
76 1.05 0.13 76.29 0.00 56.48 362.99 
78 1.02 1.93 32.30 0.00 61.86 266.81 
79 1.18 1.90 9.43 0.00 23.69 228.67 
80 0.53 0.12 228.29 0.00 178.48 562.67 
81 2.09 7.77 572.70 0.00 494.98 967.62 
83 1.45 6.35 524.36 0.00 106.94 3567.30 
84 1.31 2.00 89.52 0.00 112.27 1575.28 
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k Site No. Cadmium Chromium Copper Nickel Lead Zinc 
85 1.33 3.95 34.29 0.00 87.49 546.03 
86 1.49 3.87 75.84 0.00 301.13 72.11 
87 1.36 4.03 40.11 0.00 82.30 500.78 
89 1.64 1.96 61.95 0.00 118.32 4873.66 
90 1.19 1.91 0.00 0.00 55.93 805.13 
91 0.65 8.86 24.39 0.00 51.45 147.50 
92 1.23 20.51 22.15 0.00 734.83 198.11 
93 1.11 5.70 4.93 0.00 37.01 77.72 
95 1.77 5.85 197.57 0.00 84.98 2427.81 
96 0.85 5.96 0.00 0.00 73.56 175.51 
97 16.38 7.90 690.41 0.00 37.94 931.73 
98 1.24 9.90 468.41 0.00 116.78 291.94 
99 0.98 7.96 44.24 0.00 77.93 5187.35 

100 0.87 3.83 6.15 0.00 70.63 869.94 
101 0.95 3.92 56.69 0.00 25.70 52.91 
102 0.56 16.67 6.11 0.00 23.20 96.46 
103 1.50 5.57 63.89 0.00 82.82 1352.62 
104 1.00 7.61 6.22 0.00 34.81 358.08 
105 1.55 5.99 20.76 0.00 54.37 2584.66 
107 2.01 5.82 5.04 0.00 87.81 1797.68 
108 0.93 1.98 16.00 0.00 61.52 1251.38 
109 1.78 3.97 7.66 0.00 82.98 91.92 
111 1.18 1.90 0.00 0.00 31.59 42.43 
112 2.10 3.86 467.51 0.00 214.66 2160.22 

Median 0.12 0.11 34.78 0.00 73.56 600.18 
Mean 0.84 2.98 107.33 2.32 118.89 1371.01 
Std. Dev 1.84 6.21 176.78 23.42 167.47 2054.55 
Min 0.00 0.00 0.00 0.00 0.00 0.00 
Max 16.38 47.92 864.51 238.80 1157.13 15187.72 

Rural Measurement Sites 

A 0.00 0.00 0.00 0.00 36.05 33.76 
B 0.33 0.00 8.80 0.00 9.30 32.67 
C 0.09 0.14 1.31 66.38 44.73 423.72 
D 0.00 0.00 16.33 0.00 7.16 7.54 

Median 0.05 0.07 5.05 0.00 22.67 33.21 
Mean 0.11 0.04 6.61 16.59 24.31 124.42 
Std. Dev 0.14 0.06 6.54 28.74 16.39 173.12 
Min 0.00 0.00 0.00 0.00 7.16 7.54 
Max 0.33 0.14 16.33 66.38 44.73 423.72 
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