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Abstract: High concentrations of trihalomethanes (THMs) in public water supplies potentially pose a
health hazard, but exposure assessment remains a complex task. To interpret research findings and
monitoring data for THMs, it is important to evaluate spatial and temporal variations in both total
THM and the individual constituent compounds (including brominated species). We therefore aimed
to determine the concentrations, and spatial and temporal variability of concentrations, of THMs
public water supplies in Perth, Western Australia, which is known historically to have high brominated
THM concentrations. We analysed water samples from 21 water distribution zones around Perth
(including Busselton and Bunbury) across different seasons over a period of two years. A total of
250 samples provided a median total THM of 72 µg/L (range of 0–157 µg/L), which falls well within
Australia’s National Health and Medical Research Council guidelines. The concentration of all
species, including brominated forms, also fell the World Health Organization’s guidelines. Total THM
concentrations were typically higher in spring and summer. A high degree of spatial variability was
detected and appears to relate to the source water. Both the temporal and spatial variability in THM
concentrations have implications for epidemiological studies, and monitoring.

Keywords: trihalomethane; temporal variation; spatial variation; public health; water quality;
water supply

1. Introduction

Trihalomethanes (THMs) are a group of disinfection by-products produced when halogen-based
compounds react with anthropogenic contaminants or natural organic matter [1]. Health impacts that
have reportedly been associated with exposure to THMs include adverse birth outcomes [2–4] and
cancer [5,6]. The current evidence is not sufficiently strong to definitively determine the safety of THMs,
with inconsistencies in the current evidence base [2–6]. These reported inconsistencies in previous
analyses may relate to different cut-points for high versus low THM exposure, different dominant THM
species, differences in the exposure assessment (e.g., using THM concentrations for the residential
water distribution zones (WDZs) or individual exposure estimates), and differences in the confounders
accounted for in the risk estimates. Further research is required to better understand the potential
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role of THM exposure in adverse health outcomes, and to set appropriate safety limits. Any potential
risks associated with THM exposure are also a critical issue for the future, given that climate change
is predicted to contribute to an average increase in THM concentrations of 39% by 2050 [7]. It is
therefore crucial to investigate current THM concentrations and their variability to provide a baseline
assessment for future studies, and to guide future data collection methods for ongoing monitoring
and research. Such monitoring will be more important in the future with these higher anticipated
THM concentrations. To develop a strong evidence base for managing THMs in public water supplies,
accurate exposure estimates are required.

The present study is part of a larger project that builds on a previous registry-based prevalence study
conducted in Perth, Australia, where total THM (TTHM) concentration within WDZs was correlated with
adverse birth outcomes within these zones [8]. To overcome the limitations in exposure estimation of
previous studies, our project utilises individual exposure estimates. This required estimates of THMs within
public water supplies, as well as from other water sources (e.g., bottled water [9]). Spatial and temporal
variability in THM concentrations may occur both between and within WDZs. Variability may result from
differences in the characteristics of the source water (namely soil variability, geology, whether it is surface or
groundwater, and concentrations of natural organic matter, dissolved organic matter, and halide ions [10]),
concentration of total and residual chlorine [11], season [12–14], temperature [11,14], as well as water
residence time in WDZ [14], and pipe distance (i.e., from the treatment plant to sampling point) [11,12].
A local appreciation of the temporal and spatial variation in THM concentrations through WDZs also has
implications for monitoring THM concentration in public water supplies. Furthermore, these exposure
estimates should investigate both TTHMs and distinct THM species, as they each have different ‘safe’
limits [15,16]. The differences in the safe limits relate to the different effects that individual THM species
may have on biological tissues, with, for example, chloroform being cytotoxic, and brominated THMs
identified as mutagenic, cytotoxic, and genotoxic [17]. To optimise both THM monitoring and studies on
health effects, the spatial and temporal variability of THM concentrations should first be established.

Although the spatial and temporal variability of THM concentrations in public water supplies has
been investigated previously [10–14], these studies have not been done in locations where brominated
THMs (BrTHMs) account for >90% of TTHMs, such as in Perth, Australia [18]. The Swan Coastal
Plain of Western Australia, including the metropolitan area of Perth, provides an ideal site for such an
investigation due to high concentrations of BrTHMs in treated surface water, groundwater, and mixed
water [19]. Bromide, a precursor to BrTHMs, may occur naturally in groundwater from seawater
intrusion, or due to run-off with soil which has been treated with brominated pesticides [20,21].
Since 2006, Perth has additionally been supplied with desalinated seawater, which can also contain
high concentrations of BrTHMs [22].

The purpose of this study was therefore to determine the concentrations, and temporal
and spatial variability in concentrations of THMs (TTHMs, BrTHMs, chloroform, bromoform,
bromodichloromethane (BDCM), and dibromochloromethane (DBCM)), across metropolitan Perth,
Bunbury, and Busselton (Western Australia), to provide the necessary background for accurately
assessing exposure to THM concentrations in bromine-rich public water supplies, both for monitoring
purposes and epidemiological studies.

2. Materials and Methods

2.1. Water Sampling and Analysis

Water sampling was undertaken across three time points in 2012 and 2013: summer (February),
winter (June and August in 2012, and July in 2013), and spring (November). The greater Perth
metropolitan region was separated into WDZs based on the historical locations of the supply network
to each group of suburbs. Sampling occurred at 1–5 sites within each of the 21 WDZs studied across
Perth and in the regional centres of Bunbury and Busselton, resulting in a total of 250 samples (between
6 and 22 for each WDZ; Figure 1).
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Figure 1. Map of the water sampling sites. Circles indicate sampling sites within water distribution
zones (WDZs) with total trihalomethane (TTHM) concentrations in the lowest tertile, triangles indicate
sampling sites within WDZs with TTHM concentrations in the middle tertile, and squares indicate
WDZs with TTHM concentrations in the highest tertile. (Source: Jessica Stanhope, developed using
ArcGIS 10 6 Arc Map).

Samples were collected from publicly accessible taps in highly populated areas, including drinking
fountains, outdoor taps close to picnic areas in public parks, and cold water taps from public toilets,
public parks, popular restaurants, and private homes. Sampling sites were chosen where the taps were
receiving frequent use, thereby limiting the storage time of water within the pipe network system.

Each water sample (in duplicate) was collected in a 50mL glass vial, which contained the quenching
agent, sodium thiosulphate, to prevent further THM formation in the vial. Prior to sampling, each tap
was flushed for a timed period of two minutes before collection of the water sample. Each vial was
filled to maximum capacity to prevent formation of air bubbles and subsequent loss of THMs to
volatilisation. Samples were stored on ice in an insulated container and delivered to MPL Laboratories
in Perth. All samples were collected within an 8 h period, kept at 4◦C, and analysed within 24–36 h
of sampling.
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Each sample was analysed for THM concentration (in micrograms per litre) and for the four
individual THM species: chloroform, bromoform, BDCM, and DBCM at a National Association of
Testing Authorities, Australia (NATA) accredited laboratory [23]. The THM analysis used the “purge
and trap” technique for sample concentration and delivery, followed by gas chromatography with
mass spectrometric detection (GC/MS) for the separation and quantification of each of the four analyses,
as per the United States Environmental Protection Agency (U.S. EPA) 5030C method [24].

2.2. Data Analysis

Descriptive statistics were used to summarise the variability of TTHMs, BrTHMs, and their distinct
species (chloroform, bromoform, BDCM, and DBCM) over the sampling period. Temporal variability
(across years and seasons) was analysed using the Kruskal–Wallis test, as the assumptions of analysis
of variance were not met and could not be rectified with data transformation. A 5% level of
significance was used. All analyses were conducted in Stata 15 [25]. The raw data are available
(doi:10.25909/5d9c14798186b).

3. Results

The median TTHM concentration across all time points and WDZs was 72 µg/L, with the highest
recorded concentration being 157 µg/L. Brominated THMs predominated, accounting for 97.59% of
THMs overall. The highest concentrations of the individual THM species were 62 µg/L for chloroform,
81 µg/L for bromoform, 51 µg/L for BDCM, and 69 µg/L for DBCM (Table 1; Supplementary Materials).

3.1. Temporal Variability

The temporal variability was first examined between the two years, with no significant
differences detected in the concentrations of TTHMs, BrTHMs, or the four individual THM species.
The second temporal element examined was the seasonal pattern for winter, spring, and summer.
The concentrations of TTHMs, BrTHMs, bromoform, and DBCM appear highest in summer, in terms
of the mean, median, and maximum concentrations. Chloroform and BDCM concentrations appear
highest in spring (Table 2). However, comparisons of concentrations across the three time periods using
the Kruskal–Wallis test only achieved statistical significance (p < 0.05) for chloroform and bromoform.
Statistical analyses were not conducted to compare seasons within WDZs, owing to the small number
of samples following stratification, although for most sites, THM concentrations peaked in summer
and were lowest in winter (Supplementary Materials).

3.2. Spatial Variability

Spatial variability (between WDZs) was detected for all estimated THM concentrations.
Median concentrations within WDZs ranged from 4 µg/L (Busselton) to 112 µg/L (South Perth—Kewdale)
for TTHMs; 4 µg/L (Busselton) to 110 µg/L (South Perth—Kewdale) for BrTHMs; 2.5 µg/L (Busselton)
to 55 µg/L (Mount Eliza) for bromoform; 0 µg/L (Bunbury and Busselton) to 28 µg/L (Lexia) for BDCM;
1 µg/L (Busselton) to 46 µg/L (South Perth—Kewdale) for DBCM; and from 0 µg/L (Mundaring, Busselton,
and Bunbury) to 11 µg/L (Lexia) for chloroform. The concentrations of THMs were typically higher in the
northern regions of Perth, and lower in the southern regions of Perth and regional centres (Busselton and
Bunbury; both of which are located south of Perth; Table 2 and Figure 1). This pattern was however less
consistent when considering the percentage of TTHMs comprised of BrTHMs (Supplementary Materials).
There was also some degree of spatial variability within selected WDZs, where multiple sites were sampled,
although the ranges detected were typically less than 30 µg/L (Supplementary Materials).
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Table 1. Summary of the concentrations (µg/L) of total trihalomethanes, total brominated trihalomethanes, and the four species of trihalomethanes across the 21 water
distribution zones (ordered from north to south).

Water Distribution
Zone

(Number of
Samples)

Total Trihalomethanes
(µg/L)

Chloroform
(µg/L)

Total Brominated
Trihalomethanes (µg/L)

Bromoform
(µg/L)

Bromodichloromethane
(µg/L)

Dibromochloromethane
(µg/L)

Median
(IQR) Maximum Median

(IQR) Maximum Median
(IQR) Maximum Median

(IQR) Maximum Median
(IQR) Maximum Median

(IQR) Maximum

Lexia (n = 6) 111.0
(97.0–116.0) 142.0 11.0

(8.0–51.0) 62.0 84.0
(64.0–103.0) 130.0 24.0

(2.0–38.0) 2.0–38.0 28.0
(20.0–37.0) 41.0 38.5

(21.0–44.0) 59.0

Whitfords (n = 6) 94.5
(88.0–111.0) 112.0 6.5

(3.0–7.0) 8.0 92.0
(81.0–103.0 105.0 37.5

(24.0–44.0) 24.0–44.0 14.0
(11.0–20.0) 23.0 38.0

(37.0–48.0) 53.0

Mirrabooka
(n = 13)

106.0
(83.0–133.0) 157.0 7.0

(5.0–9.0) 27.0 97.0
(81.0–124.0) 153.0 31.0

(22.0–38.0) 22.0–38.0 24.0
(17.0–26.0) 51.0 45.0

(33.0–58.0) 69.0

Greenmount
(n = 12)

112.0
(102.5–124.5) 157.0 3.0

(3.0–4.5) 10.0 109.0
(98.5–120.0) 147.0 54.0

(50.0–57.0) 50.0–57.0 14.5
(13.0–17.0) 24.0 43.5

(40.5–49.0) 58.0

West Yokine
(n = 11)

108.0
(102.0–131.0) 152.0 4.0

(3.0–8.0) 9.0 105.0
(99.0–127.0) 143.0 52.0

(44.0–55.0) 44.0–55.0 14.0
(12.0–20.0) 24.0 43.0

(39.0–51.0) 55.0

Mount Yokine
(n = 12)

105.0
(99.0–113.0) 137.0 3.0

(3.0–4.5) 9.0 102.0
(95.5–110.0) 128.0 49.5

(45.0–52.5) 45.0–52.5 13.5
(12.5–17.0) 22.0 41.5

(39.5–45.0) 50.0

Darlington (n = 6) 100.0
(87.0–115.0) 122.0 2.0

(2.2–2.0) 8.0 95.0
(85.0–115.0) 120.0 52.0

(36.0–66.0) 36.0–66.0 9.0
(8.0–10.0) 23.0 33.5

(30.0–40.0) 43.0

Mundaring (n = 6) 15.5
(15.0–21.0) 31.0 0.0

(0.0–1.0) 1.0 15.5
(14.0–21.0) 30.0 8.5

(7.0–11.0) 7.0–11.0 2.0
(2.0–2.0) 4.0 5.5

(5.0–8.0) 11.0

Bold Park (n = 6) 79.0
(68.0–102.0) 119.0 1.5

(1.0–3.0) 9.0 78.0
(67.0–99.0) 110.0 38.0

(30.0–45.0) 30.0–45.0 8.0
(5.0–11.0) 27.0 30.5

(20.0–38.0)
53.0

(continued)
South Perth—

Kewdale (n = 19)
112.0

(105.0–131.0) 155.0 5.0
(3.0–8.0) 10.0 110.0

(96.0–122.0) 149.0 50.0
(36.0–59.0) 36.0-59.0 16.0

(13.0–20.0) 25.0 46.0
(36.0–52.0) 57.0

Mount Eliza
(n = 14)

94.5
(74.0–108.0) 151.0 2.0

(1.0–3.0) 6.0 93.5
(72.0–105.0) 145.0 55.0

(45.0–67.0) 45.0–67.0 7.0
(4.0–12.0) 21.0 29.0

(16.0–32.0) 53.0

Foothills (n = 12) 85.0
(58.5–96.5) 140.0 2.0

(1.0–3.5) 13.0 84.0
(57.0–90.5) 127.0 36.0

(25.5–48.5) 25.5–48.5 7.0
(5.5–12.0) 34.0 27.5

(20.0–38.0) 58.0

Buckland Hill
(n = 6)

91.5
(58.0–111.0) 125.0 1.0

(1.0–2.0) 6.0 91.0
(57.0–109.0) 119.0 49.5

(36.0–60.0) 36.0–60.0 6.5
(4.0–8.0) 20.0 28.5

(17.0–36.0) 49.0

Melville (n = 13) 59.0
(43.0–87.0) 114.0 2.0

(1.0–3.0) 7.0 57.0
(43.0–87.0) 109.0 34.0

(16.0–47.0) 16.0–47.0 6.0
(5.0–10.0) 17.0 22.0

(18.0–26.0) 45.0

Hamilton Hill
(n = 12)

69.5
(43.0–87.0) 110.0 2.0

(1.0–2.0) 7.0 67.5
(51.5–79.5) 108.0 40.5

(28.0–48.0) 28.0–48.0 6.0
(5.0–9.0) 16.0 20.5

(18.0–27.0) 39.0

Thomson’s Lake
(n = 12)

48.0
(42.0–56.0) 83.0 1.0

(0.0–2.0) 4.0 46.0
(41.5–55.5) 81.0 27.0

(24.5–34.5) 24.5–34.5 4.0
(3.0–5.0) 8.0 13.5

(11.5–18.0) 27.0

Hills Direct (n = 18) 49.5
(34.0–69.0) 112.0 2.0

(1.0–6.0) 12.0 45.5
(32.0–59.0) 100.0 19.5

(12.0–23.0) 12.0–23.0 6.5
(4.0–16.0) 28.0 18.0

(14.0–28.0) 50.0

Tamworth Hill
(n = 15)

34.0
(19.0–46.0) 71.0 1.0

(0.0–2.0) 8.0 34.0
(18.0–44.0) 63.0 11.0

(8.0–13.0) 8.0–13.0 6.0
(3.0–10.0) 19.0 17.0

(8.0–20.0) 31.0

Mandurah (n = 15) 31.0
(17.0–56.0) 77.0 1.0

(0.0–4.0) 9.0 31.0
(16.0–52.0) 68.0 10.0

(7.0–14.0) 7.0–14.0 5.0
(3.0–11.0) 21.0 17.0

(6.0–23.0)
34.0

(continued)
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Table 1. Cont.

Water Distribution
Zone

(Number of
Samples)

Total Trihalomethanes
(µg/L)

Chloroform
(µg/L)

Total Brominated
Trihalomethanes (µg/L)

Bromoform
(µg/L)

Bromodichloromethane
(µg/L)

Dibromochloromethane
(µg/L)

Median
(IQR) Maximum Median

(IQR) Maximum Median
(IQR) Maximum Median

(IQR) Maximum Median
(IQR) Maximum Median

(IQR) Maximum

Bunbury (n = 22) 7.0
(6.0–27.0) 55.0 0.0

(0.0–0.0) 2.0 7.0
(6.0–26.0) 55.0 5.0

(3.0–12.0) 3.0-12.0 0.0
(0.0–2.0) 7.0 2.0

(2.0–10.0) 18.0

Busselton (n = 14) 4.0 (1.0–6.0) 16.0 0.0
(0.0–0.0) 0.0 4.0 (1.0–6.0) 16.0 2.5 (1.0–3.0) 1.0-3.0 0.0

(0.0–0.0) 2.0 1.0
(0.0–2.0) 4.0

Notes: Shading indicates the tertiles based on the median (dark—high; light—medium; no—low). IQR—interquartile range. See Supplementary Materials for further information.

Table 2. Summary of the concentrations (µg/L) of total trihalomethanes, total brominated trihalomethanes, and the four species of trihalomethanes across all sampling
periods together, and winter, spring, and summer.

Concentration (µg/L)
Kruskal-Wallis Test

All Time Periods Winter Spring Summer

Total trihalomethanes Mean (SD) 69.32 (43.26) 61.71 (39.43) 69.33 (42.61) 77.67 (46.42) χ2 (2) = 5.28, p = 0.071
Median (IQR) 72.00 (31.00–105.00) 57.00 (21.00–98.00) 76.00 (30.00–104.00) 83.50 (40.50–115.00)

Range 0.00–157.00 2.00–155.00 0.00–155.00 0.00–157.00
Chloroform Mean (SD) 3.44 (5.89) 2.51 (2.63) 4.01 (4.21) 3.76 (8.86) χ2 (2) = 7.23, p = 0.027*

Median (IQR) 2.00 (0.00–4.00) 2.00 (1.00–3.00) 3.00 (1.00–7.00) 2.00 (0.00–3.00)
Range 0.00–62.00 0.00–12.00 0.00–27.00 0.00–62.00

Total brominated trihalomethanes Mean (SD) 66.20 (40.94) 59.20 (37.44) 65.32 (40.12) 73.90 (44.06) χ2 (2) = 4.58, p = 0.101
Median (IQR) 67.00 (30.00–102.00) 56.00 (20.00–94.00) 70.50 (30.00–99.00) 81.00 (39.50–109.50)

Range 0.00–153.00 2.00–149.00 0.00–145.00 0.00–153.00
Bromoform Mean (SD) 30.40 (20.77) 28.70 (18.04) 26.98 (19.55) 35.48 (23.54) χ2 (2) = 6.28, p = 0.043*

Median (IQR) 28.00 (11.00–48.00) 30.00 (10.00–39.00) 22.00 (11.00–47.00) 38.50 (14.00–55.50)
Range 0.00–81.00 2.00–78.00 0.00–71.00 0.00–81.00

Bromodichloromethane Mean (SD) 10.00 (8.60) 8.44 (7.72) 11.45 (9.41) 10.07 (8.41) χ2 (2) = 5.01, p = 0.082
Median (IQR) 8.00 (3.00–15.00) 5.00 (3.00–12.00) 12.00 (3.00–18.00) 8.00 (5.00–14.00)

Range 0.00–51.00 0.00–33.00 0.00–51.00 0.00–41.00
Dibromochloromethane Mean (SD) 25.80 (17.19) 22.06 (16.01) 26.89 (17.40) 28.36 (17.65) χ2 (2) = 5.42, p = 0.067

Median (IQR) 24.00 (11.00–40.00) 17.50 (8.00–35.00) 29.50 (10.00–41.00) 27.00 (16.50–40.50)
Range 0.00–69.00 0.00–59.00 0.00–61.00 0.00–69.00

Notes: SD—standard deviation; IQR—interquartile range; *p < 0.05, **p < 0.01, ***p < 0.001
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4. Discussion

We explored the overall concentrations, as well as the spatial and temporal variability of THM
concentrations, in public water supplies, where a predominance of BrTHMs has previously been
reported [19]. A high degree of variability of THM concentrations across metropolitan Perth and the
two regional centres of Bunbury and Busselton were detected, with implications for both interpreting
and conducting exposure assessments in public health research, as well as safety monitoring.

4.1. Temporal Variability

Temporal variability was considered between the two sampling years (2012 and 2013) and three
seasons (summer, winter, and spring). There were no significant differences in THM concentrations
between the two sampling years, but seasonal differences were detected for chloroform and bromoform.
Chloroform typically peaked in spring and was lowest in winter, whereas bromoform typically peaked
in summer and was lowest in spring. However, these findings were not necessarily generalisable
across WDZs. Concentrations of THMs are known to vary with season [12–14], consistent with our
study findings. Reasons for seasonal variation in THM concentrations may include temperature
differences [11,14], which are known to influence THM concentrations, as well as seasonal changes in
water usage which may impact upon water residence times that also affect THM concentrations [14].
Because of issues with access to water sources, not all of the same sites in the same WDZs were
available at all sampling events. This sampling variability was unavoidable and may have resulted in
a degree of variability in THM concentrations within the WDZs, which could in turn have influenced
our findings. Nonetheless, our results indicate that when estimating THM exposures, the temporal
variability of THM concentrations in public water supplies should be considered.

4.2. Spatial Variability

Our findings suggest a relationship between latitude and THM concentrations that was largely
evident across the species of THMs, as well as total THMs and BrTHMs. Supplies in northern regions
had higher THM concentrations compared with southern parts of Perth, and the two southern regional
centres (Figure 1). This general pattern was also evident in a report on the 2002/2003 financial year
for TTHMs (although the species of THMs were not reported) [19], and appears to have persisted
despite changes to Perth’s Integrated Water Supply over the last 10 years, with greater mixing of water
sources and the introduction of seawater desalination in 2006 [26]. As of 2017–2018, 48% of Perth’s
Integrated Water Supply was from desalinated seawater, 40% from groundwater, 10% from surface
water, and 2% groundwater replenishment [27]. By comparison, in 2005, 55% of Perth’s water was
sourced from groundwater [19,28]. Most of Perth’s groundwater supplies are situated in the northern
areas, whereas southern areas tend to be surface water (and more recently, desalinated). An exception
to this pattern is Mundaring, which is supplied by surface water, accounting for the lower THM
concentrations in this WDZ compared with those at a similar latitude. The water source can influence
the formation of THMs as a result of different concentrations of natural organic matter [10]. Typically,
treated surface water has higher concentrations of THMs than groundwater because it contains
higher concentrations of precursors for disinfection by-products, including natural organic matter [29],
although this comparison depends on the type of aquifer. Perth’s groundwater has historically been
extracted from a large, shallow, unconfined sandy aquifer system located approximately 25 kilometres
north of the City of Perth [30]. These characteristics may explain the relatively high THM concentrations
in the northern areas in our study, as well as previous studies into THM concentrations in Perth’s
water supplies [19]. The sandy nature of the system, where soils have low water and nutrient retention,
also increases the contamination risk [30]. Given the aquifer system is also shallow and unconfined,
it may potentially be contaminated by run-off [31]. Our findings indicate that common assumptions
regarding the differences in THM concentrations between WDZs supplied by surface and groundwater
must consider the type of aquifer from which the water is sourced. Monitoring for water quality
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should focus particularly on the WDZs where THM concentrations are typically higher, and therefore,
more likely to exceed safe limits—in this case, in the northern WDZs of Perth.

While within-WDZ variability of THM concentrations was not the focus of the present study,
data from multiple sites within particular WDZs suggest that a relatively small degree of variability
of THM concentrations may occur. The variability detected may relate to water residence time in
WDZ [14], and pipe distance (i.e., from treatment plant to sampling point) [11,12]. For the most part,
the range of values (within-season) did not exceed 30 µg/L. This is a difference that is unlikely to
have major public health implications, particularly given that maximum values were still well within
safe limits.

4.3. Water Safety

All water samples taken had concentrations of TTHMs within the limits (250 µg/L) suggested
by the National Health and Medical Research Council (NHMRC) [32] in Australia, and chloroform
(300 µg/L), bromoform (100 µg/L), BDCM (60 µg/L), and DBCM (100 µg/L) concentrations within
the limits suggested by the World Health Organization (WHO) [16]. The WHO and NHMRC
guidelines regarding THM concentrations are typically more relaxed than those in some countries [15].
There is wide variation internationally in the ‘safe’ limits for THM concentrations in drinking water,
which suggests that evidence-based approaches to setting such limits have not necessarily been
adopted. For TTHMs, the limits range from 25 to 250 µg/L, while the ranges of limits are 16–80 µg/L
for BDCM, 60–150 µg/L for DBCM, 80–100 µg/L for bromoform, and 60–300 µg/L for chloroform [15].
Using the most conservative (i.e., lowest) THM concentration limits, the median concentrations exceed
the safe limits for TTHMs in 19/21 WDZs, 2/21 for BDCM, and no WDZs for DBCM, chloroform,
or bromoform. Although the current concentrations for TTHMs are within the current limits in
Australia, almost all WDZs could be interpreted as unsafe by international standards, indicating a
potential human health risk. As the evidence base is strengthened regarding THM exposure and human
health outcomes, these limits will have to be revised internationally, such that an evidence-based
approach is adopted. With a 39% increase in THM concentrations predicted by 2050 [7] due to climate
change, ongoing monitoring and strategies to further reduce THM concentrations will be necessary.

Interestingly, the mean concentrations of TTHMs by WDZ detected in our study are lower than
those previously reported for the 2002/2003–2003/2004 financial years [19] (Figure 2). A reduction
in maximum TTHM concentrations was also observed, with the maximum TTHM concentrations
ranging from 68 to 227 µg/L in 2002/2003 and 31 to 157 µg/L in 2012–2013 (for comparable WDZs).
These findings reflect mean reductions of between 17 and 82 µ/L, representing decreases of 13 to 65%.
These changes in TTHM concentrations may relate to the changes to Perth’s Integrated Water Supply
Scheme which shifted to the introduction of seawater desalination [26], accounting for 48% of the water
supply in 2017–2018 [27]. In 2017–2018, 40% of Perth’s Integrated Water Supply Scheme was sourced
from groundwater, 10% from surface water and 2% groundwater replenishment [27]. Our findings
suggest that these changes in water supply have been effective in reducing TTHM concentrations
in Perth, despite a higher water demand because of an increasing population [33] and a reduction
in rainfall [34]. Even with the less stringent NHMRC guidelines in Australia compared to other
countries with lower TTHM safety limits, these supply changes and TTHM reductions are consistent
with protecting the public from any potentially adverse effects of exposure to high THMs in public
water supplies.
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Figure 2. Mean total trihalomethane concentrations (µg/L) from 2002/2003 to 2003/2004 financial
years (July–June) [19] and 2012–2013 calendar years (January–December) by water distribution zone.
Only water distribution zones with data available at both time points are reported.

5. Conclusions

There is a degree of spatial and temporal variation in THM concentrations in Perth and the
surrounding regional centres of Busselton and Bunbury. The magnitude of temporal variation,
while statistically significant, was relatively small. Nevertheless, it is recommended that water quality
monitoring should focus on those seasons (notably spring and summer, based on our results) when
THM concentrations are most likely to exceed safe limits. A high degree of spatial variability was
detected and appears to relate to the source water. Importantly, there have been substantial decreases
in the TTHM concentrations in Perth in the last 10 years, which may relate to the introduction of
seawater desalination and greater mixing of water sources. Overall, our findings contribute to the
necessary background understanding required to accurately assess exposure. When considering the
most conservative TTHM concentration safe limits for drinking water internationally, 19 of the 21
WDZs in Perth exceed these limits. There is an urgent need for future research into the human health
effects of exposure to THMs in drinking water to inform evidence-based guidelines regarding safe
limits. Ongoing vigilance and targeted testing are recommended in the context of predicted future
increases in THM concentrations with climate change. Water departments thus have an ongoing
responsibility to work towards further reducing THM concentrations in public water supplies.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-4601/17/19/7280/s1,
Table S1: Summary of concentrations of trihalomethanes across the 21 water distribution zones (ordered north
to south), Figure S1: Seasonal variability in the median total trihalomethane concentrations (µg/L) by water
distribution zone, Figure S2: Seasonal variability in the median total brominated trihalomethane concentration
(µg/L) by water distribution zone, Figure S3: Seasonal variability in the median chloroform concentration (µg/L)
by water distribution zone, Figure S4: Seasonal variability in the median bromoform concentration (µg/L) by water
distribution zone, Figure S5: Seasonal variability in the median bromodichloromethane concentrations (µg/L)
by water distribution zone, Figure S6: Seasonal variability in the median dibromochloromethane concentrations
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(µg/L) by water distribution zone, Table S2: Variability of trihalomethane concentrations within water distribution
zones. The raw data are available: doi:10.25909/5d9c14798186b

Author Contributions: Conceptualization, A.C., P.W. and K.M.; methodology, A.C., P.W., K.M., G.D., and J.S.;
software, not applicable; validation, not applicable; formal analysis, G.D. and J.S.; investigation, A.C., P.W., K.M.,
G.D., and J.S.; resources, A.C. and P.W.; data curation, G.D. and J.S.; writing—Original draft preparation,
J.S.; writing—Review and editing, A.C., P.W., K.M., G.D., and J.S.; visualization, J.S.; supervision, A.C.;
project administration, A.C. and P.W.; funding acquisition, A.C. and P.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This project was funded by a National Health and Medical Research Council Project Grant (1002887).

Acknowledgments: The authors thank MPL Laboratories for conducting the water quality analyses.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Richardson, S.D.; Plewa, M.J.; Wagner, E.D.; Schoeny, R.; DeMarini, D.M. Occurrence, genotoxicity,
and carcinogenicity of regulated and emerging disinfection by-products in drinking water: A review
and roadmap for research. Mutat. Res. Mutat. Res. 2007, 636, 178–242. [CrossRef] [PubMed]

2. Nieuwenhuijsen, M.J.; Martínez, D.; Grellier, J.; Bennett, J.E.; Best, N.; Iszatt, N.; Vrijheid, M.; Toledano, M.B.
Chlorination disinfection by-products in drinking water and congenital anomalies: Review and meta-analyses.
Environ. Health Perspect. 2009, 117, 1486–1493. [CrossRef] [PubMed]

3. Mashau, F.; Ncube, E.J.; Voyi, K. Drinking water disinfection by-products exposure and health effects on
pregnancy outcomes: A systematic review. J. Water Health 2018, 16, 181–196. [CrossRef] [PubMed]

4. Rivera-Núñez, Z.; Wright, J.M.; Meyer, A. Exposure to disinfectant by-products and the risk of stillbirth in
Massachusetts. Occup. Environ. Med. 2018, 75, 742–751. [CrossRef] [PubMed]

5. Aslani, H.; Hosseini, M.-S.; Mohammadi, S.; Naghavi-Behzad, M. Drinking water disinfection by-products
and their carcinogenicity; A review of an unseen crisis. Int. J. Cancer Manag. 2019, 12, e88930. [CrossRef]

6. Benmarhnia, T.; Delpla, I.; Schwarz, L.; Rodriguez, M.J.; Levallois, P. Heterogeneity in the relationship
between disinfection by-products in drinking water and cancer: A systematic review. Int. J. Environ. Res.
Public Health 2018, 15, 979. [CrossRef]

7. Valdivia-Garcia, M.; Weir, P.; Graham, D.W.; Werner, D. Predicted impact of climate change on trihalomethanes
formation in drinking water treatment. Sci. Rep. 2019, 9, 9967. [CrossRef]

8. Chisholm, K.; Cook, A.; Bower, C.; Weinstein, P. Risk of birth defects in Australian communities with high
levels of brominated disinfection by-products. Environ. Health Perspect. 2008, 116, 1267–1273. [CrossRef]

9. Stanhope, J.; McAuley, K.; Cook, A.; Weinstein, P. Estimating trihalomethane concentrations in bottled spring
water. Expo. Health 2020. [CrossRef]

10. Richardson, S. Disinfection by-products and other emerging contaminants in drinking water. Trends Anal.
Chem. 2003, 22, 666–684. [CrossRef]

11. Feungpean, M.; Panyapinyopol, B.; Elefsiniotis, P.; Fongsatitkul, P. Development of statistical models for
trihalomethane (THM) occurrence in a water distribution network in Central Thailand. Urban Water J.
2014, 12, 275–282. [CrossRef]

12. Charisiadis, P.; Andra, S.S.; Makris, K.C.; Christophi, C.A.; Skarlatos, D.; Vamvakousis, V.; Kargaki, S.;
Stephanou, E.G. Spatial and seasonal variability of tap water disinfection by-products within distribution
pipe networks. Sci. Total. Environ. 2015, 506, 26–35. [CrossRef] [PubMed]

13. Guilherme, S.; Rodriguez, M.J. Occurrence of regulated and non-regulated disinfection by-products in small
drinking water systems. Chemosphere 2014, 117, 425–432. [CrossRef] [PubMed]

14. Rodriguez, M.J.; Sérodes, J.-B.; Levallois, P. Behavior of trihalomethanes and haloacetic acids in a drinking
water distribution system. Water Res. 2004, 38, 4367–4382. [CrossRef] [PubMed]

15. Jackson, P.; Hall, T.; Young, W.; Rumsby, P. A Review of Different National Approaches to the Regulation of THMs
in Drinking Water; Water Research Centre Swindon: Swindon, Wiltshire, 2008.

16. World Health Organization. Guidelines for drinking-water quality; World Health Organization: Geneva,
Switzerland, 2017.

http://dx.doi.org/10.1016/j.mrrev.2007.09.001
http://www.ncbi.nlm.nih.gov/pubmed/17980649
http://dx.doi.org/10.1289/ehp.0900677
http://www.ncbi.nlm.nih.gov/pubmed/20019896
http://dx.doi.org/10.2166/wh.2018.167
http://www.ncbi.nlm.nih.gov/pubmed/29676755
http://dx.doi.org/10.1136/oemed-2017-104861
http://www.ncbi.nlm.nih.gov/pubmed/30061312
http://dx.doi.org/10.5812/ijcm.88930
http://dx.doi.org/10.3390/ijerph15050979
http://dx.doi.org/10.1038/s41598-019-46238-0
http://dx.doi.org/10.1289/ehp.10980
http://dx.doi.org/10.1007/s12403-020-00350-z
http://dx.doi.org/10.1016/S0165-9936(03)01003-3
http://dx.doi.org/10.1080/1573062X.2013.871042
http://dx.doi.org/10.1016/j.scitotenv.2014.10.071
http://www.ncbi.nlm.nih.gov/pubmed/25460936
http://dx.doi.org/10.1016/j.chemosphere.2014.08.002
http://www.ncbi.nlm.nih.gov/pubmed/25194329
http://dx.doi.org/10.1016/j.watres.2004.08.018
http://www.ncbi.nlm.nih.gov/pubmed/15556212


Int. J. Environ. Res. Public Health 2020, 17, 7280 11 of 11

17. Medeiros, L.D.C.; De Alencar, F.L.S.; Navoni, J.A.; De Araujo, A.L.C.; Amaral, V.S.D. Toxicological aspects of
trihalomethanes: A systematic review. Environ. Sci. Pollut. Res. 2019, 26, 5316–5332. [CrossRef] [PubMed]

18. McAuley, K. Disinfection by-products and public health concerns. Ph.D. Thesis, University of Western
Australia, Perth, Australia, 2008.

19. Joyce, S. Demographic, clinical, and environmental risk factors for prelabour rupture of membranes in
Western Australia. Ph.D. Thesis, University of Western Australia, Perth, Australia, 2008.

20. Magazinovic, R.S.; Nicholson, B.C.; E Mulcahy, D.; E Davey, D. Bromide levels in natural waters:
Its relationship to levels of both chloride and total dissolved solids and the implications for water treatment.
Chemosphere 2004, 57, 329–335. [CrossRef]

21. Kampioti, A.A.; Stephanou, E.G. The impact of bromide on the formation of neutral and acidic disinfection
by-products (DBPs) in Mediterranean chlorinated drinking water. Water Res. 2002, 36, 2596–2606. [CrossRef]

22. Kim, D.; Amy, G.L.; Karanfil, T. Disinfection by-product formation during seawater desalination: A review.
Water Res. 2015, 81, 343–355. [CrossRef]

23. National Association of Testing Authorities, Australia. Available online: https://www.nata.com.au/

(accessed on 28 June 2020).
24. United States Environmental Protection Agency. Validated test method 5030C: Purge-and-trap for aqueous

samples; United States Environmental Protection Agency: Washington, DC, USA, 2003.
25. StataCorp Stata Statistical Software: Release 14; StataCorp LP: College Station, TX, USA, 2015.
26. Water Corporation. Drinking Water Quality. Annual Report 2017–2018; Water Corporation: Perth, Australia, 2018.
27. Water Corporation. What is the Integrated Water Supply Scheme? Available online: https://www.watercorporation.

com.au/home/faqs/water-supply-and-services/what-is-the-integrated-water-supply-scheme (accessed on
25 September 2019).

28. Water Corporation. Catchment to tap; Water Corporation: Perth, Australia, 2005.
29. Keegan, T.J.; Whitaker, H.; Nieuwenhuijsen, M.J.; Toledano, M.B.; Elliott, P.; Fawell, J.; Wilkinson, M.;

Best, N. Use of routinely collected data on trihalomethane in drinking water for epidemiological purposes.
Occup. Environ. Med. 2001, 58, 447–452. [CrossRef]

30. Sharma, M.; Herne, D.; Byrne, J.; Kin, P. Nutrient discharge beneath urban lawns to a sandy coastal aquifer,
Perth, Western Australia. Hydrogeol. J. 1996, 4, 103–117. [CrossRef]

31. Appleyard, S. The impact of urban development on recharge and groundwater quality in a coastal aquifer
near Perth, Western Australia. Hydrogeol. J. 1995, 3, 65–75. [CrossRef]

32. National Health and Medical Research Council. Australian Drinking Water Guidelines 6; National Health and
Medical Research Council: Canberra, Australia, 2017.

33. Australian Bureau of Statistics. Regional Population Growth, Australia, 2016-2017; 3218.0; Australian Bureau of
Statistics: Canberra, Australia, 2018.

34. Water Corporation. Our Groundwater Future in Perth: Securing Gnangara Groundwater and Adapting to Climate
Change; Water Corporation: Perth, Australia, 2018.

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1007/s11356-018-3949-z
http://www.ncbi.nlm.nih.gov/pubmed/30607849
http://dx.doi.org/10.1016/j.chemosphere.2004.04.056
http://dx.doi.org/10.1016/S0043-1354(01)00470-5
http://dx.doi.org/10.1016/j.watres.2015.05.040
https://www.nata.com.au/
https://www.watercorporation.com.au/home/faqs/water-supply-and-services/what-is-the-integrated-water-supply-scheme
https://www.watercorporation.com.au/home/faqs/water-supply-and-services/what-is-the-integrated-water-supply-scheme
http://dx.doi.org/10.1136/oem.58.7.447
http://dx.doi.org/10.1007/s100400050100
http://dx.doi.org/10.1007/s100400050072
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Water Sampling and Analysis 
	Data Analysis 

	Results 
	Temporal Variability 
	Spatial Variability 

	Discussion 
	Temporal Variability 
	Spatial Variability 
	Water Safety 

	Conclusions 
	References

