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Abstract 
A year long study in the Hunter at two near-mine rural sites and at two rural 
town sites has examined possible sources for atmospheric particles. The 
sites sampled are in areas believed to be impacted by nearby significant 
open-cut coal mining operations. As well as measuring events of particulate 
matter concentrations a series of 443 filter samples were collected and 
chemically analysed using a multi-element ion beam analytical (IBA) 
technique. Filter samples were also examined using scanning electron 
microscopy (SEM) and individual particles chemically analysed with electron 
dispersive spectroscopy (EDS). 
 
The presence of seasalt particles in the Muswellbrook region has previously 
been noted and although all sampling sites are a significant distance from 
the Australian East Coast the current data show evidence of a substantial 
contribution of seasalt and its degraded products to the atmospheric 
particulate loading. 
 
The Na and Cl content of both the fine and coarse particles was found to be 
strongly related (as might be expected), although there is a significant Cl 
deficit when compared to the sea water from which the seasalt evolved. 
These Cl deficient salts have been observed previously and have been 
postulated to be due to the availability of strong S-acidity in the aerosol. This 
interpretation is strongly supported by the results of the present study, 
particularly the SEM and chemical analysis of individual particles. 
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1. Introduction 
The impact of atmospheric fine particle 
concentrations, on human health, has now been 
well established. This has led to increasing interest 
in many communities of origin of the fine particle 
loadings present in the atmosphere. This paper 
reports the contribution of sea salt to particle 
loadings in the Hunter Valley of NSW. 

2. Methodology 
Samples of particulate matter (PM) were collected 
on filters during a year long study in the Hunter 
Valley, NSW, at two near-mine rural sites and at 
two rural town sites. The sites sampled were in 
areas believed to be impacted by significant open-

cut coal mining operations. The samplers provided 
particles in two size ranges; ‘fine’ defined as 
PM<2.5 μm and ‘coarse’ defined as 10>PM>2.5 
μm. A series of 443 filter samples were collected 
during the study and chemically analysed using a 
multi-element ion beam analytical (IBA) technique 
(Cohen et al., 2004a). Some of the filter samples 
were also analysed using scanning electron 
microscopy (SEM) and individual particles 
chemically analysed with energy dispersive 
spectroscopy (EDS). 

Results and Discussion 
The sampling sites are a significant distance (70-
120km) from the Australian East Coast. Seasalt 



emissions might be expected to provide only a 
minor contribution to particulate loadings given the 
proximity of the sampling sites to operating open 
cut coal mines (1-5kms), major rail and road 
transport corridors with significant numbers of 
diesel emitters (~1km) and domestic fuel 
combustion (<1km for urban sites).  

Results from the IBA measurements of the 
‘coarse’ particles (-10+2.5µm) showed that they 
contained on average 12.4% Na and 6.4% Cl , 
while the ‘fine’ particles (PM<2.5 μm) contained 
6.3% Na and 3% Cl, both particle sizes also 
contained other elements such as Ca, K and Br 
which may in part have come from oceanic rather 
than terrestrial sources. 

Using positive matrix factorisation (PMF) the 
chemistry of the filter samples collected were  

‘fingerprinted’ to determine potential sources 
(Buzcu et al., 2003, Cohen et al., 2005).  Six 
physically interpretable factors were identified from 
PMF. Of these, two factors contained the majority 
of the filter Na.  The first of these (labelled “Sea”) 
contained 56% of the Na and most of the Cl (99%), 
and lesser proportions of the S, K, Ca and Br and is 
likely to have originated directly from seasalt 
emissions.  The second factor (labelled “Secondary 
Sulfate”) contained 44% of the Na and most of the 
S (~98%) and lesser amounts of a range of a 
number of other elements. The Na in this factor is 
considered to be indicative of a seasalt reaction 
product. 

Figure 1 shows a plot of the estimated mass 
percent of the “Sea” component captured on filters 
at Muswellbrook following sampling from February 
to August 2005..  
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Figure 1. Mass percent of “Sea” component estimated by PMF from the analysis of -2.5µm filters collected 
at Muswellbrook in the Upper Hunter Valley, NSW showing cyclically high levels of contribution to particulate 
loadings. 
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The data in Figure 1 show evidence of a 
substantial periodic contribution of seasalt and its 
degraded products to the atmospheric particulate 
loading: an occurrence which is common across 
the region. 

Cohen et al. (2004b) have previously noted the 
presence of seasalt in the Muswellbrook region and 
have suggested that the salt, as well as originating 
from the east coast, can also originate from 1500 
km away in the Great Australian Bight. 

Figure 2 shows that while the Na and Cl content 
of both the fine and coarse particles is, as might be 
expected, strongly correlated (r2=0.85) there is a 
significant Cl deficit when compared with the sea 
water from which the seasalt evolved (Pilson, 
1998).  

Cl deficits in seasalt have been observed 
previously (Ayers et al., 1999, Cohen et al., 1996)  

Figure 2. Plot of Na and Cl concentrations 
measured in both fine and coarse filters at RC, GC 



and SS for both easterly and westerly wind 
directions. 

and both Ayers et al (1999) and Newberg et al 
(2005) suggest that they are the result of acid 
displacement or catalysis. Ayers et al (1999), 
however, further concluded that the deficit was 
linked to the availability of strong, S-acidity in the 
aerosol.  

Figure.3. – Plot showing calculated filter Cl deficit 
as a function of filter S  

Figure 3 shows the calculated Cl deficit, 
determined from the measured Na of the filter and 
the measured filter Cl, plotted against filter S 
concentration. (Note that for the purposes of this 
calculation and plot, where Cl or S levels were 
below the minimum detection limit (MDL) a value of 
50% MDL was assumed). 

Figure 3 demonstrates that in the presence of S 
the residual Cl from seasalt decreases rapidly until 
above levels of 10 nmoles/m3 (in the sampled air) 
the residual Cl decreased to near zero (ie a deficit 
of around 100%). The Cl deficits always exceeded 
approximately 50% in the filter samples. As there 
are significant sources of S in the Hunter Valley (ie 
Liddell and Bayswater power stations), as well as 
from industrial activities and power generation in 
the Sydney-Newcastle–Wollongong conurbation 
(Ayers et al., 1995, Bridgman, 1992, Robinson et 
al., 1995), the data in Figure 3 are consistent with 
the findings of Ayers et al (1999) of an S- acid 
intermediary being responsible for the Cl deficit. 

Further analysis of the seasalt content of the 
samples can be pursued by plotting Ca and K 
concentrations against the Na values as a function 
of broad wind direction. These results are shown in 
Figure 4. 

0

20

40

60

80

100

0 10 20 30 40 5
S (nmoles/m3)

C
l d

ef
ic

it 
(%

)

0

coarse particles
fine particles

0

2

4

6

8

0 50 100 150 200
[Na] nmoles/m3

[C
a]

 n
m

ol
es

/m
3

Westerly winds (180-360°)

Seawater Line
[Ca]/[Na] = 0.022 

0

2

4

6

8

0 50 100 150 200
[Na] nmoles/m3

[K
] n

m
ol

es
/m

3

Westerly winds (180-360°)

Seawater Line
[K]/[Na] = 0.022 

0

2

4

6

8

0 50 100 150 200

[Na] nmoles/m3

[C
a]

 n
m

ol
es

/m
3

Easterly winds (0-180°)

Seawater Line
[Ca]/[Na] = 0.022 

0

2

4

6

8

0 50 100 150 200

[Na] nmoles/m3

[K
] n

m
ol

es
/m

3

Easterly winds (0-180°)

Seawater Line
[K]/[Na] = 0.022 

0

2

4

6

8

0 50 100 150 200
[Na] nmoles/m3

[C
a]

 n
m

ol
es

/m
3

Westerly winds (180-360°)

Seawater Line
[Ca]/[Na] = 0.022 

0

2

4

6

8

0 50 100 150 200
[Na] nmoles/m3

[K
] n

m
ol

es
/m

3

Westerly winds (180-360°)

Seawater Line
[K]/[Na] = 0.022 

0

2

4

6

8

0 50 100 150 200

[Na] nmoles/m3

[C
a]

 n
m

ol
es

/m
3

Easterly winds (0-180°)

Seawater Line
[Ca]/[Na] = 0.022 

0

2

4

6

8

0 50 100 150 200

[Na] nmoles/m3

[K
] n

m
ol

es
/m

3

Easterly winds (0-180°)

Seawater Line
[K]/[Na] = 0.022 

(a) Ca (b) K

Figure 4. – Relationship between filter Ca (a) and K (b) and Na for westerly and easterly wind directions for 
sites RC, GC and SS 



When compared with the data in Figure 2 where 
a distinct linkage between the Na and Cl content of 
the filters can be established and linked to their 
seasalt origin, the plots in Figure 4. show two 
distinct groupings of results. The first grouping 
follow the trend which might be expected from 
seasalt derived particles, with analysis of the [Ca] 
versus[Na] and [K] versus [Na] following 
approximately the seawater line (Pilson, 1998). The 
second grouping of data falls above the seawater 
line on the graph, suggesting a terrestrial rather 
than oceanic origin.  

This hypothesis is in agreement with 
measurements carried out by (Cohen et al., 2000) 
at the Cape Grim global baseline station. At this 
coastal location [K] versus [Na] ratios fell along the 
seawater line excepting for a relatively small 
number of outliers associated with bushfires and 
domestic wood heating. It is also supported by PMF 
analysis of samples from another sampling site in 
the Hunter Valley from the same time period. Those 
results suggests that on average fine Ca was about 
0.78% of the total fine mass with about 34% of this 
associated with the “Soil” fingerprint, 6% with 
“Smoke” 14% with “Sea” and between 22% and 
23% with “Secondary Sulfate” and “Auto” 
fingerprints.  Fine K was about 2.4% of the fine 
mass with 73% of this in “Smoke”, 16% in “Soil”, 
5% in “Auto” and about 4.3% in “Sea”. 

Following on from the work of Hinkley et al 
(2003) and Hinkley (2005), a number of the 
particles were analysed using the Macquarie 
University high-performance, scanning electron 
microscope (SEM). The SEM has a resolution of 
3.0 nm and can be used in combination with an 
energy dispersive X-ray spectrometer (EDS). In 
addition some samples were also analysed using 
the automated advanced SEM technique 
QEMSCAN developed for the quantitative analysis 
of mineral related materials (Creelman and Ward, 
1996). The resolution of QEMSCAN is around 1-2 
μm, so it was recognised at the outset that there 
were some potential limitations to the analysis of 
the PM2.5 filter samples. 

Figure 5 shows an SEM micrograph of fine 
filtrates in which a range of particle morphologies 
can be seen.  When analysed using EDS, the edge 
of a larger siliceous particle (~4µm) can be seen 
(top left), to the bottom right is a brighter 
carbonaceous chain, probably soot and in the 
central area are a number of grey circular particles 
of varying size (~0.2-0.4µm). Particles of this latter 
morphology (grey circular) were most often found to 
contain only Na and O i.e. it is likely that they are 
the degraded remnants of seasalt particles which 
have been completely chlorine depleted. Care has 
to be taken with identification purely from 

morphology as occasionally particles which appear 
identical to those spherical particles in Figure 5 are 
found to be highly siliceous with varying amounts of 
alumina and are most probably power station flyash 
which could derive from stack emissions or wind 
eroded from ash dams. 

QEMSCAN analysis of a limited number of filters 
further confirms the general conclusions drawn 
from the IBA chemistry that sea salt derived 
products are at times major contributors to 

particulate loadings. 

Figure 5. SEM micrograph of fine filtrate (nominally 
PM2.5) showing a range of particle morphologies 
(dark circular areas are 0.4µm filter pores). 

Conclusions 
Seasalt and its degraded products are a 

substantial periodic component of filter particulate 
loadings (PM10, PM2.5) measured at a number of 
sites in the Hunter Valley. Although Na and Cl 
contents of the filters were strongly correlated a 
significant Cl deficit is obvious when compared to 
the seawater from which the salt evolved. The 
availability of S appears to control the amount of 
residual Cl. This result provides further confirmation 
for an atmospheric model which suggests that the 
Cl displacement occurs as a result of S-acid 
displacement.  Small particles observed by 
SEM/EDS are often completely depleted of Cl. 
Other seasalt components such as Ca and K are 
less amenable for use in the Hunter to determine 
the magnitude of the seasalt particulate contribution 
because they appear more likely to be sourced 
from terrestrial than marine environments. 
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