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There are numerous localized peat deposits on the Swan Coastal Plain, an urban and rural bioregion
otherwise dominated by wetland ecosystems in southwestern Australia. Hydrological change is signifi-
cant in the bioregion: urban development encroaches on wetlands, groundwater extraction provides
the city population with most of its water, and rainfall declines will not recharge aquifers in the future.
The wetland processes which contribute to the formation of these peat deposits have therefore changed
and are becoming vulnerable to fire events with residents increasingly exposed to peat smoke. There is an
imperative to characterise this peat smoke to determine if exposures are harmful or toxic, and opportu-
nities to do so in this setting arise due to the absence of bushfire smoke which has confounded other
international studies. We have measured volatile organic compounds (VOCs) and particulate concentra-
tions from an opportunistic assessment of two peat fires. SUMMA canister grab samples and a portable
GCMS were used to determine the VOCs with high 1 h benzene concentrations of 16 and 30 ppm v/v.
PM10 and PM2.5 particulate data were collected using an Osiris continuous analyser with 24 h concen-
trations recorded at varying time periods (within a 5 months timeframe) ranging from 1 h maximums of
between 23–37 lg m�3 for PM10 and 50.5–106 lg m�3 for PM2.5. While the 24 h averages were gener-
ally below national air quality standards, elevated 1 h concentrations were observed on numerous occa-
sions and on most days. Given the proximity of residential development to many peat deposits, a drying
climate and the increased risk of arson in peri-urban environments, the health impacts of exposure to
peat smoke need to be determined and if necessary measures developed to prevent exposure (which
would include maintaining wetland sediment integrity so as to reduce its vulnerability to fire).

Crown Copyright � 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Peat deposits associated with inland freshwater ecosystems of
the Swan Coastal Plain (SCP), a bioregion dominated by wetland
ecosystems in southwestern Australia, are becoming increasingly
vulnerable to fire events. Changes in climate, hydroperiod and
urbanisation and the incendiary habits of humans are all factors
which have led to an increased vulnerability and incidence of fire
in these wetland systems (Horwitz et al., 1998; Horwitz and Som-
mer, 2005; Semeniuk and Semeniuk, 2005; Smith and Horwitz,
2005). Apart from the obvious threat to wetland function, wetland
biodiversity and water quality, there are also considerations for
human health associated with the resultant smoke from peat fires:
people are living adjacent to wetlands in urban and peri-urban
settings.

Over the last two decades changes in rainfall patterns for the
bioregion have shown a significant decline, reducing the recharge
of the superficial aquifer which supports numerous wetland eco-
systems (Appleyard et al., 2004). Coupled with a history of rela-
tively unregulated and unconstrained abstraction of groundwater
009 Published by Elsevier Ltd. All r

: +61 8 6304 5509.
ood).
for drinking and irrigation supplies, groundwater levels continue
to decline (Appleyard et al., 1999, 2004), resulting in a vulnerabil-
ity of organic rich sediments to fire events as the amount of sedi-
ments exposed to drying, and the duration for which they
remain dry, both increase. Incendiary events associated with
peri-urban fronts have increased the number of fire events occur-
ring in the region, with a consequent increase in the frequency of
wetland fires.

By their very nature peat fires are difficult to extinguish and
tend to burn for extended periods, generally from the summer fire
period until extinguished by winter rains. Persistent fires burning
in peat sediments bring complaints from nearby residents, high-
lighting the imperative to investigate the characteristics of smoke
emanating from these fires particularly in the Australian context
where urban development is expanding, increasing the risk of fire
and also the opportunity for exposure to resultant smoke.

Smoke from peat fires can be intense and episodic and is
strongly linked to the rate of combustion. Combustion and the sub-
sequent products are therefore influenced by sediment type, mois-
ture content of the soil and climatic conditions such as
temperature and humidity and incomplete combustion processes
(DeBano et al., 1998; Grishin et al., 2006). In addition the smoke
from burning peat can be intermixed with smoke from burning
ights reserved.
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fallen vegetation. The resultant smoke can have an impact on near-
by residents over a long period of time as well as presenting a risk
to those charged with managing the fire scene.

Peat smoke is made up of a complex mixture of gases and fine
particles (Itkonen and Jantunen, 1983; NCDENR, 1998). Studies of
the composition of peat smoke report that in addition to carbon
(the element that dominates the atmospheric release), sulphur,
potassium, oxides of nitrogen, particulates, polycyclic aromatic
hydrocarbons and volatile organic compounds (VOCs) are also pro-
duced (Ramadan et al., 2000; Gebhar et al., 2001). Both PM2.5 and
PM10 have been associated with peat smoke with PM2.5 being
considered the predominant fraction (Joseph et al., 2003).

Silica may also be involved where diatomaceous sediments are
burnt (Semeniuk and Semeniuk, 2005). These chemicals in isola-
tion have been shown to have a range of health effects in a range
of occupational settings (IPCS, 1993; WHO, 1999; Merget et al.,
2002; Newhook et al., 2003).

Although plausible that there might be health effects associated
with exposure to smoke from burning peat, few epidemiological
studies have focused specifically on the health impacts of peat
smoke. A few studies of the impacts of smoke arising from fires
which originated from peat have been conducted (Emmanuel,
2000; Hamilton et al., 2000; Ikegami et al., 2001; Page et al.,
2002). These studies in terms of measured population level effects
are confounded by the burning of vegetation and there is little
information on peat fire smoke, individual components within
smoke and measured human exposure.

The aim of this work was to characterise the constituents of
peat smoke as the first step in determining the potential health
risks associated with exposure to the burning of organic soils in a
drying environment and where residential development was being
impacted. Opportunistic downwind sampling for VOCs and partic-
ulate matter (PM10, particles with a size diameter of <10 lm;
PM2.5, fine particles with a size diameter of <2.5 lm and PM1, ul-
tra fine particles with a diameter of <1 lm) was undertaken during
two peat fires in 2004 and 2005/2006 in the northern metropolitan
area of Perth, Western Australia.
2. Methods

2.1. Study areas

Lake Wilgarup is situated within Yanchep National Park approx-
imately 45 km NNW of the city of Perth. The wetland sits within
the Spearwood Dune system (Bolland, 1998), where it has formed
within an interdunal depression and is filled with organic rich
sediments (to depths in excess of 2 m in some places), subject to
fluctuations in groundwater levels such that surface water expres-
sion occurs during wetter times (Water Authority of Western
Australia, 1995).

On Thursday 6th January 2004 a fire, ignited by arsonists,
spread quickly throughout areas of the Yanchep National Park,
burning approximately 1200 ha. The fire entered sediments in Lake
Wilgarup. The sediments continued to smoulder for some time,
with smouldering still visible 3 months later.

Lake Neerabup is situated within Neerabup National Park,
approximately 36 km North of Perth. The wetland is situated with-
in a peri-urban environment and is surrounded by residences and
horticultural properties. Lake Neerabup also formed within the
Spearwood Dune system (Bolland, 1998) and is some 94.7 ha in
area (Hill et al., 1996).

Lake Neerabup has been subject to a number of fires in the last
decade, with a large conflagration associated with the lake and
surrounding bushland in 2001. In November 2005 fire entered
the organic sediments, at the northern portion of the lake, when
rubbish was set alight on top of dry sediments, and continued in
a southerly direction. A limestone trench was installed approxi-
mately 2.5 km from the northern end of the lake in an attempt to
prevent the fire spreading further south. In February 2006, with
the northern part of the lake still burning, fire from neighbouring
bushland entered the lake, south of the trench. This resulted in
two smouldering fronts moving towards each other, and the loss
of extensive amounts of organic matter.

2.2. Sampling for VOCs

Two 1 h SUMMA canister samples were taken at Lake Wilgarup,
one sample close to the peat smoke (within sediment smoke plume
at groundlevel) and another 1–2 m downwind of the smoke,
approximately 1.5 m above ground level. A Hapsite portable GC–
MS (gas chromatograph–mass spectrometer) (INFICON) was also
deployed and sampled smoke at the site of release to air in order
to characterise the composition. Due to health and safety concerns
and safety concerns relating to unstable nature of burnt/burning
sediments, access and instrument deployment times were re-
stricted thus preventing the acquisition of accurate instrument
location and extended sampling times.

2.3. Analysis

SUMMA canister samples were analysed using USEPA TO-14
method. The samples were quantified against a four point calibra-
tion curve with USEPA TO-14 calibration mixture at 0, 0.84, 8.4 and
16.8 ppb v/v. Several samples exceeded the calibration range and
re-sampling of diluted samples was undertaken.

2.4. Particulate sampling

An Osiris Airborne particle sampler (Turnkey Instruments Ltd.)
was deployed 400 m west of Lake Neerabup and 200 m north of
Menchetti Road. The Osiris is an optical particulate analyser capa-
ble of indicating PM10, PM2.5 and PM1 concentrations at a resolu-
tion of 0.1 micrograms per cubic metre. Data were collected during
different sampling periods in response to community complaints
during the fires hence the lack of continuous data.
3. Results

The results of SUMMA canister analysis are shown in Table 1.
Most compounds detected were below the detection limit however
several such as chloromethane and BTEX (benzene, toluene, ethyl-
ene and xylenes) were elevated compared with other studies of
source (Hinwood et al., 2006).

The Hapsite GCMS data detected many more volatile organic
compounds and non VOC compounds than were quantified using
the SUMMA canisters (Table 2). A number of the compounds are
highly odorous and irritant as well as being considered
carcinogens.

Measurements of particulates from a property close to the Lake
Neerabup fire showed the consistent presence of elevated particu-
lates in ambient air however there was no exceedence of the 24 h
National Environmental Protection Measure (NEPM) (Ambient Air)
standards for either PM10 or PM2.5 (Table 3). The NEPM standard
for PM10 is 50 lg m�3 for a 24 h period and the advisory reporting
standard for PM2.5 is 25 lg m�3 for a 24 h period. It should be
noted that the NEPM is based on gravimetric analysis which would
yield different results to those presented here which are based on
nephelometry although the magnitude of the concentrations re-
corded are likely to be similar. The comparison used is for explor-
atory purposes to indicate the range in particulate concentrations



Table 1
Volatile organic compounds sampled from Lake Wilgarup in SUMMA canisters and
analysed by USEPA method TO14. Sample results (ppb v/v).

Compound Sample 1.2 m
off ground and
downwind of peat fire

Sample taken
close to emission
of smoke from fire

Dichlorodifluoromethane 1.2 1.2
Chloromethane 21.6 27.4
Dichlorotetrafluoroethane <0.2 <0.2
1,3-Butadiene <0.2 <0.2
Ethene, chloro- <0.2 <0.2
Methane, bromo- 1.2 1.7
Trichloromonofluoromethane 0.7 0.7
Ethene, 1,1-dichloro-, (E)- <0.2 <0.2
Methylene chloride <0.2 1.6
Ethane, 1,1,2-trichloro-1,2,2-

trifluoro-
0.5 0.7

Ethane, 1,1-dichloro- <0.2 <0.2
Ethene, 1,2-dichloro-, (E)- <0.2 <0.2
1,2-Dichloroethane <0.2 <0.2
Ethane, 1,1,1-trichloro- <0.2 <0.2
Benzene 16.9 30.5
Carbon tetrachloride 0.4 <0.2
Propane, 1,2-dichloro- <0.2 <0.2
Trichloroethylene <0.2 <0.2
1-Propene, 1,3-dichloro-, (E)- <0.2 <0.2
1-Propene, 1,3-dichloro-, (Z)- <0.2 <0.2
Ethane, 1,1,2-trichloro- <0.2 <0.2
Toluene 6.6 11.2
Ethane, 1,2-dibromo- <0.2 <0.2
Tetrachloroethylene <0.2 <0.2
Benzene, chloro- 0.4 0.6
Ethylbenzene 1.1 1.9
m- and p-Xylene 0.6 1.0
Styrene 0.8 1.4
o-Xylene 0.9 1.4
1,1,2,2-Tatrachloroethane <0.2 0.6
Benzene, 1-bromo-2fluoro- <0.2 <0.2
1,3,5-Trimethyl-benzene <0.2 0.3
1,2,4-Trimethylbenzene 0.2 0.6
Benzene, 1,3-dichloro- <0.2 <0.2
Benzene, 1,4-dichloro <0.2 <0.2
Benzene, 1,2-dichloro <0.2 <0.2
Benzene, 1,2,4-trichloro- <0.2 <0.2
1,3 Butadiene,

1,1,2,3,4,4-hexachloro-
<0.2 <0.2

Table 2
Hapsite GCMS data, sample taken 15 cm above smouldering peat at lake Wilgarup.

CAS Volatile organic compound RT (min)

5/09/7446 Sulfur dioxide 1.39
74-87-3 Methane, chloro- 1.443
107-02-8 2-Propenal 1.784
67-64-1 Acetone 1.822
106-88-7 Oxirane, ethyl- 1.917
75-18-3 Dimethyl sulfide 2.011
78-83-1 1-Propanol, 2-methyl- 2.038
504-60-9 1,3-Pentadiene 2.055
75-15-0 Carbon disulfide 2.153
107-12-0 Propanenitrile 2.273
108-05-4 Acetic acid ethenyl ester 2.428
78-94-4 Methyl vinyl ketone 2.448
78-93-3 2-Butanone 2.557
110-82-7 Cyclohexane 2.628
64-19-7 Acetic acid 3.068
71-43-2 Benzene 3.488
556-64-9 Thiocyanic acid, methyl ester 3.847
110-83-8 Cyclohexene 3.874
108-94-1 Cyclohexanone 4.05
2758-18-1 2-Cyclopenten-1-one, 3-methyl- 4.207
556-61-6 Methane, isothiocyanato- 4.448
822-86-6 Cyclohexane, 1,2-dichloro-, trans- 4.647
624-92-0 Disulfide, dimethyl 4.831
110-86-1 Pyridine 5.017
108-88-3 Toluene 5.331
98-00-0 2-Furanmethanol 5.516
60-35-5 Acetamide 5.785
98-01-1 Furfural 6.29
100-41-4 Ethylbenzene 7.146
106-42-3 p-Xylene 7.313
110-43-0 2-Heptanone 7.56
100-42-5 Styrene 7.661
108-38-3 Benzene, 1,3-dimethyl- 7.751
95-47-6 o-Xylene 7.764
98-82-8 Benzene, (1-methylethyl)- 8.373
123-31-9 Hydroquinone 8.753
100-52-7 Benzaldehyde 8.796
103-65-1 Benzene, propyl- 8.925
496-16-2 Benzofuran, 2,3-dihydro- 8.934
526-73-8 Benzene, 1,2,3-trimethyl- 9.058
100-47-0 Benzonitrile 9.122
108-95-2 Phenol 9.271
271-89-6 Benzofuran 9.656
124-18-5 Decane 9.892
95-87-4 Phenol, 2,5-dimethyl- 10.006
108-68-9 Phenol, 3,5-dimethyl- 10.016
105-67-9 Phenol, 2,4-dimethyl- 10.025
91-20-3 Naphthalene 10.411
95-48-7 Phenol, 2-methyl- 10.609
106-44-5 Phenol, 4-methyl- 10.971
108-39-4 Phenol, 3-methyl- 10.971
90-05-1 Phenol, 2-methoxy- 11.193
150-76-5 Mequinol 11.2
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arising from these peat fires. It should be noted there were some
elevated hourly concentrations for all PM size fractions for which
is no current national or international standard. Fig. 1 shows that
on most days over a 4 weeks period there was a period of time
where a high concentration of PM10 and/or PM2.5 occurred. These
results are important in terms of exposure of residents in the pre-
vailing wind direction and hence the increased risk of exposure.

4. Discussion

A range of VOCs and non VOCs such as sulphur dioxide were de-
tected by GCMS in the smoke arising from the peat fire at Lake Wil-
garup. SUMMA canister concentrations of selected VOCs were in
high concentrations compared with other studies of VOCs in Perth
(Department of Environment, 1988; Hinwood et al., 2006), noting
the limitations in making such comparisons with differing sampling
periods, and factors such as distance from source. In particular the
concentrations of benzene were significantly elevated when com-
pared with samples of indoor open fire places (12 h 2.7 ppb), indoor
pot bellied stove (12 h 2.2 ppb) (Hinwood et al., 2006). These levels
are in contrast to the two SUMMA canisters 1 h concentrations of 16
and 30 ppb, respectively, noting the 30 ppb represents the source
and was sampled over only 1 h, not 12 h. Toluene concentrations
in the peat smoke were significantly lower than other sources as
were xylene concentrations (Hinwood et al., 2006).
Many compounds detected using the HAPsite GCMS were
highly irritant and odorous, while some are known carcinogens.
Benzene is of interest due to its classification as a human carcino-
gen and studies suggesting a link between benzene exposure and
childhood cancers (Nordlinder and JÃrvholm, 1997; International
Programme on Chemical Safety (IPCS); Harrison et al., 1999; Raasc-
hou-Nielsen et al., 2001). Methylene chloride (dichloromethane)
was also present in the smoke and while it is known to be a prob-
able human carcinogen, its acute toxicity is considered low proba-
bly due to its rapid absorption and extraction (Dell et al., 1999; Bos
et al., 2006). The concentrations of these compounds found in the
peat smoke are significantly lower than those reported where
health effects are observed in the occupational setting and methy-
lene chloride on its own is therefore not thought to represent a sig-
nificant exposure risk.

Possible carcinogens include vinyl acetate and acetamide, while
probable carcinogens include carbon tetrachloride. A number of



Table 3
Twenty-four hours average and hourly PM10, PM2.5 and PM1 concentrations (units lg m�3) from Lake Neerabup 2005–2006 for discreet sampling periods.

Dates PM10 PM2.5 PM1

Min Max 24 h Min Max 24 h Min Max 24 h
1 h 1 h Ave 1 h 1 h Ave 1 h 1 h Ave

25/11/05–26/11/05 5.20 111 37.3 2.37 24.7 11.5 0.58 4.57 2.56
9/12/05–12/12/05 8.2 143 33.5 3.64 106 17.1 0.04 21.1 1.4
20/12/05–03/01/06 5.20 122 27.9 1.53 52.2 10.4 0.23 16.32 2.3
03/02/06–03/03/06 3.00 148 30.8 0.46 52.6 8.3 0.04 21.1 1.6
30/02/06–09/03/01 1.4 143 23.1 0.27 50.6 8.3 0.06 15.3 1.7
13/03/06–15/03/06 3.0 148 31.1 0.46 52.6 7.3

Note that the ambient NEPM standard for PM10 is 50 lg m�3 (averaged over 1 d), and advisory reporting standard for PM2.5 is 25 lg m�3 (averaged over 1 d).

Fig. 1. Continuous PM10 and PM2.5 concentrations from the Lake Neerabup peat fire 15/02/06–15/03/06.
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the compounds as mentioned are irritants for skin, eye, nose and
throat and include the trimethylbenzenes, carbon tetrachloride
and ethyl benzene. The sulfides are known to be odorous and many
are known toxins.

Markers of bushfire smoke were also present with both the
guaicols and syringols (methoxyphenols) detected using GCMS
indicating the presence of burnt lignins, of both soft and hard
woods (Simoneit, 2002).

PM10, PM2.5 and the ultrafine fraction PM1 will be produced in
smoke, and will also be generated within the smoke plume as a re-
sult of chemical reactions and physical processes. International lit-
erature includes examples of smoke plumes where the particle size
has increased with time and distance from the source (Eck et al.,
2003). This can have implications for the health effects of the
smoke, as harmful substances can attach to small particles and
be carried into the lungs, but additionally, larger particles will tend
not to be carried as deeply into the lungs (Pope et al., 2002; Joseph
et al., 2003). PM10 and PM2.5 have been reported in the smoke
arising from peat fires where PM2.5 is the major fraction (Joseph
et al., 2003). In this study the PM10 and PM2.5 concentrations
did not exceed national standards for the duration of the sampling,
however high concentrations were recorded for a number of hours
and daily throughout the sampling period raising concern about
the risks of exposure to the smoke.

There have been many studies reporting significant associations
between increases in particle concentrations and increases in
health outcomes such as hospitalisation, mortality, asthma presen-
tations and heart rate variability (Pope et al., 1999, 2002; Mar et al.,
2005; Peled et al., 2005). Recent Australian studies investigated the
relationship between asthma presentations and PM10 concentra-
tions principally arising from bushfires in the region, finding a sig-
nificant increase after adjustment for influenza and day of the
week (Johnston et al., 2002; Bowman and Johnston, 2005; Chen
et al., 2006).

The main limitations of this study are the few samples taken
and hence the ability to draw firm conclusions and the limitations
relating to sampling methods. While most pollutants are signifi-
cantly decreased from locations downwind of the source compared
with the sources, several compounds do not show this trend. This
is likely due to the concentrations being at the limit of detection of
the instrument, co-elution of peaks and analytical variation. In
addition it was not possible to measure the pollutants form source
to receptor which would have provided valuable information on
the compounds, concentrations, duration and frequency of expo-
sure from which to assess human risk.

This study has however highlighted possible constituents of
smoke emanating from peat fires many of which are known to
be detrimental to human health. The concentrations recorded for
VOCs and particulates indicate that at least emergency response
personnel and those living in close proximity to the fire (i.e. within
500 m) are potentially most at risk. The short and longer term risks
associated with exposure to particulate matter, benzene formation,
along with other compounds of interest highlighted in this work, as
well as the potential complicating factors associated with different
fire management practices all need further assessment given the
likelihood of increased frequencies of peat fires.

Given the rapid urbanisation and associated expansion of the
peri-urban fringe and continued water extraction to meet the
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requirements of a burgeoning population it is likely there will be
an increasing drying of the environment and increased potential
for fire in wetland systems. As a result management strategies
need to be devised to protect the environment and subsequently
human health until these ecosystems achieve a ‘steady state’ once
again. Above all, the study highlights the potential human health
implications from peat smoke arising from ecosystem change.
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