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Legionella Exposure Risk In
Groundwater Treatment Plants

Aeration systems used in groundwater treatment plants are
perceived as a potential source of Legionella exposure, an
opportunistic pathogen of significant public health concern.
Building on the Legionella High Level Risk Assessment
Initiative (LHLRAI) developed by Water Corporation
Western Australia, this study aims to further quantify the
potential of Legionella exposure. Characterisation of
fouling samples from seven aerators concluded that iron
was the most abundant element in the foulant (up to 80%)
which promotes Legionella growth.

Guided by the LHLRAI, sampling analysis, and site
observations, Legionella exposure risk was modelled using
Bayesian Networks (BN). The input variables — nutrient
availability, stagnant water, system deficiencies, and
location and access, as well as their associated weighting
scores — were represented in the BN model. The output
states of Legionella exposure were uniformly discretised
into three states: low, medium, and high. A low state
requires no mitigative action; the medium state prompts
the review of operational parameters and high state calls
for immediate decontamination. The model predicted
Legionella exposure risk for tray and spray aerators to be
medium and low respectively. Subsequent sensitivity
analysis indicated that poor water quality presented the
strongest influence on Legionella exposure followed by
location and access to the system for maintenance. This
initial assessment demonstrates the potential of BN
modelling to improve risk assessments that support
practical decision-making in managing Legionella
exposure.

Keywords — Opportunistic pathogen, Groundwater
treatment, Risk assessment, Cleaning and Maintenance

Legionella occurs naturally in freshwater environments (at
low concentration) but grows in a wide variety of
engineered water systems that provide favourable
conditions (van Heijnsbergen et al., 2015). Human
exposure is via the inhalation of aerosols contaminated
with the bacteria (Fraser, 1980). Outbreaks of
Legionnaires’ disease have been tracked in engineering
water systems such as plumbing systems (e.g. showers,
faucets, and toilets), cooling towers, respiratory devices
(e.g. humidifiers, vaporisers, and nebulisers), swimming
pools (including spas/hot tubs and whirlpools), steam-
producing appliances, and ornamental fountains) (van
Heijnsbergen et al., 2015).

Despite, the significant improvement in our understanding
of Legionella ecology including the emergence of
standards and guidelines (aimed at preventing their
multiplication in risky systems) (AS/NZS 3666, 2011; AS
5059, 2006), managing their exposure remains a critical
challenge. Legionnaires’ disease outbreak is on the rise
globally with cooling towers being the common source of
transmission (Walser et al., 2014). Studies indicated many
other potential sources of Legionella exposure have been
overlooked (Coleman, 1998; Prussin et. al, 2017).

Engineered aeration systems commonly used in drinking
water plants are perceived as one of such overlooked
Legionella transmission sources. Aeration units are
employed to treat groundwater for potable uses. In
Western Australia, tray and spray aeration systems are
commonly employed as a pre-treatment process in
drinking water plants (Figure 1)

Until now, no Legionella outbreak has been linked to the
treatment plants, largely due to the multiple and robust
treatment barriers in place.
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Figure 1: (a) Spray aeration and (b) Multi-tray aerator units in groundwater treatment plants in Western Australia.

However, there is a growing concern that fouling deposits
after prolonged aeration operation can provide favourable
conditions for Legionella growth, which is exacerbated by
its preferred growth in warm water (37 — 42°C). Thus,
Water Corporation Western Australia (WCWA) deems
these assets to pose an unacceptable Legionella risk to
the health of operators and the local community.

The potential of Legionella growth in aerators is expected
to be significantly under-recognised across the water
sector and likely affects most drinking water treatment
plants in hot climate regions worldwide.

Aerators have been shown to provide optimal growth
conditions for aquatic bacteria with an aerobic metabolism,
an example being the detection of Burkholderia in a spray
aeration unit within a water treatment plant in Northern
Australia (Inglis et al., 2000). Water quality parameters
frequently associated with poor microbial quality such as
organic carbon and turbidity as well as certain metals such
as iron and manganese have shown positive effects on
Legionella growth (Bargellini et al., 2011). Also, specific
water system deficiencies, such as insufficient disinfection
and improper maintenance have been implicated in
numerous outbreaks across the world (Atlas, 1999; Walser
et al., 2014). The possibility of similar events occurring in
aeration units and facilitating rapid microbial population
“blooms” resulting in transmission and subsequent
increased risk of Legionellosis is not unrealistic
considering that aerators are widely used as a pre-
treatment option by water utilities (Munter et. al, 2005).

To ensure that aeration systems continue to serve their
purpose of treating potable groundwater supplies in many

communities in Australia, without contributing to the health
burden of the public, WCWA initiated a Legionella High
Level Risk Assessment Initiative (LHLRAI) to determine
the risk level present in these assets. The assessment
recognises that the current set of standards available for
microbial management in air handling and water systems
(AS/NZS 3666, 2011; AS 5059, 2006) is not fully
appropriate for acceptable risk management of aerator
systems.

Developed through expert elicitation, LHLRAI is a risk
matrix that facilitates the inspection and assessment of
aeration assets to ensure compliance with regulated
conditions prescribed in the AS 3666, more specifically
examining the presence of stagnant water, nutrient
availability and growth, poor water quality, deficiencies in
the system, as well as location and access points of the
asset.

As a result, this study in collaboration with WCWA, builds
on the LHLRAI to further quantify the potential for
Legionella exposure in aeration assets through a range of
risk management activities. A comprehensive inspection of
existing aerator assets in Groundwater Treatment Plants
(GWTPs) in Western Australia, covering the mid-west and
south-west Perth regions, was completed to assess the
potential risk. Targeted sampling and advanced
characterisation of water and fouling deposits were
conducted to systematically investigate and provide a
better understanding of the parameters that promote and
contribute to Legionella growth. The potential for
Legionella growth leading to exposure through
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aerosolisation was characterised using a proposed
predictive Bayesian Network (BN) model.

The aeration assets were inspected to identify potential
events that may lead to Legionella exposure. Legionella
growth in the aerator system is the ‘source’ with aerosol
generation acting as the transmission ‘pathways’ to reach
potential ‘receptors’ (plant operators and nearby
communities). The presence of a source-receptor-pathway
establishes the potential Legionella exposure risk.

The configuration of the aerators falls into two categories:
tray and spray aeration systems (Figure 1), with
intermittent operation in the regional plants and continuous
operation in the metro spray aerator depending on the
demand.

Due to the variations in the feed water quality, the age of
the asset, and material composition, a wide range of
aerator conditions were observed resulting in the
maintenance and sampling from aeration systems fraught
with challenges. Typically, the aerators were not
adequately designed to allow convenient isolation from
downstream equipment (filters and clearwater tanks) in
order to enable efficient and safe in-situ flushing and
cleaning. Particularly, tray aeration systems required
cutting out the grills to allow for sample collection and
maintenance access.

Like other dynamic water systems, biofouling slime, iron
precipitates, and biofilms in the aeration sump were clearly
visible (Figure 2) despite the routine cleaning and
maintenance conducted by the water utility. The observed
slime slurries and solid deposits were sampled from
different locations within the spray and tray aeration
systems for characterisation.

Figure 2: Spray aeration system with slime deposits and reddish-brown deposit from tray aeration units resulting in

fouling.
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To determine the constituents of the deposits, gravimetric
analysis described the moisture content (MC), total solids
concentration (TS), and volatile organic solids. The
elemental compositions were quantitatively analysed using
inductively coupled plasma optical emission spectroscopy
(ICP-OES), while the formation, composition, and
structural patterns of the deposits were assessed via
scanning electron microscope (SEM) and x-ray powder
diffraction (XRD) analytical techniques. The elemental
composition of the top five (5) most abundant elements is
presented in Table 1.

For the GWTPs studied, the common matrix elements
were iron, silicon, calcium, phosphorus, sodium,
potassium, sulfur, barium, and magnesium. lron was the
most prevalent element constituent in most of the samples
tested. The prevalence of iron in the elemental composition
is considered predictable as aerators are designed to
oxidise and precipitate iron from groundwater, which also
explains the commonly observed phenomenon of reddish-
brown staining of internal and external aerator surfaces.

The other common elements, in decreasing order of
prevalence, were Si, P, Na, K, S, Ba, and Mg. The
abundant concentration of iron in the deposit is likely to
significantly influence habitat and nutrient conditions which
support Legionella growth while Phosphorus, the fourth
most abundant element found in the deposits sample, can
be associated with the uptake of biofilm and cellular
materials. The residual ash proportion after ignition at
550°C in the muffled furnace is representative of the total
amount of inorganic substances within a sample. The ash
proportion for most of the aerator samples was above
80%, indicating minimal levels of organic substances and
further suggesting that most of the fouling samples were
inorganic precipitates.

It is obvious that deposits within aerators at GWTPs may
retain inorganic contaminants that promote the growth of
Legionella with iron having been implicated to be a source
of nutrient for Legionella (Portier et. al., 2016)

Slurry 98.8 115 88.9 111 Fe (6,295), Si (526), Ca (390), P (386), K (197)
1 Tray system

Solid 10.9 891.0 90.6 9.4 Fe (243,217), Si (35,398), Ca (17,831), P (13,122), Ba (4,448)

Slurry 99.9 1.4 78.8 21.2 K (195), Na (183), Ca (134), S (75), Fe (48)
2 Tray system

Solid 50.5 494.5 92.3 7.7 Fe (326,846), Si (25,634), P (7,719), Ca (7,412), Mn (2963)

Solid 81.2 187.5 66.5 335 Ca (81,474), Fe (16,593), P (2,320), Si (1,703), K (1,338)
3 Spray system

Slurry 99.0 9.9 733 26.7 Ca (676), K (177), Na (131), Fe (123), Al (8)

Solid 87.4 126.5 54.6 45.4 Fe (50,989), P (3,641), Si (3,447), Ca (3,262), Ba (1,016)
4 Spray system Slurry 99.9 1.1 77.6 22.4 Fe (444), Ca (182), K (168), Na (115), S (78)

Solid 84.8 151.5 45.7 54.3 Fe (51,210), Si (6,010), Ca (3,592), P (2,196), Ba (1,094)

Solid 8.4 916.3 90.8 9.2 Fe (10,1677), Si (17,146), Ca (2,067), Ba (1,611), P (858)
5 Tray system

Solid 10.1 899.2 91.8 8.2 Fe (71,911), Si (8,854), S (1,324), Ca (1,278), Na (693)

Solid 422 577.7 91.6 8.3 Fe (394,090), Si (29,837), P (5,357), S (1,993), Ca (1,439)
6 Tray system

Slurry 81.5 185.0 91.7 8.3 Fe (54,672), Na (5,945), Si (5,072), K (671), Mg (631)

Slurry 70.2 298 76.1 23.9 Fe (123,530), Ca (4,4445), Si (14,553), Mg (3,382), Na (1,473)
7 Tray system

Solid 51.1 489.1 91.9 8.0 Fe (336,503), Si (40,380), Ca (5,299), S (1,041), Na (630)

Table 1: Characteristics of slurry and solid deposits sampled from aerator systems.
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The SEM images (Figure 3) of the deposits show a uniform
fouling distribution and the presence of fouling diatoms
attributed to the development of biofilms (Molino, et.al,
2009). The XRD graphs (Figure 4) showed that calcite
(CaCO0s,), silicate (SiOz2), and iron (Fe) were the major
phases present.

This observation is consistent with the findings of Peng et
al. and suggests that precipitation of calcite was from hard
water (Peng et al., 2010). XRD characterisation of the
samples used in this study provided an important insight
into the nature of the prevalent solid phases formed in
deposits from aeration systems.

To better assess the risk factor of iron precipitation at a
site, further examination of the correlation between the
levels of iron in the feedwater and the net amount of
precipitation is required. Presence of a significant
relationship would suggest that feedwater analysis can be
used to predict aerator fouling propensity. The abundance
of iron shows potential for Legionella growth in aerators,
which is exacerbated by the uneven precipitation of calcite
and silicate, will promote water stagnation. It is expected
that deposition rates are inextricably linked to aerator
design, which has not been traditionally considered in
effective management of fouling and maintenance
regimes.

Figure 3: Micrograph of the sampled deposit showing uniform formation and fouling diatoms.
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Figure 4: Primary crystalline phases from the sampled deposits.

Online journal of the Australian Water Association




Pathogens

EXPOSURE RISK
CHARACTERISATION

The LHLRAI (as described in section 1) has provided some
insights to understanding and quantifying Legionella
exposure. However, the approach is limited by its inability
to categorise the risk of different exposure levels and
account for uncertainties in its predictions. As a result, a
predictive BN model that incorporated the data collected
during the site visits was introduced.

BNs are robust visualisation models that integrate
probabilistic reasoning with graphical representation to
successfully capture explicit causality relationships and
different elements of uncertainty with a probabilistic
outcome. BN modelling has shown great promise and is
becoming an increasingly popular method for monitoring

complex environmental systems (Barton et al., 2012;
Carvajal et al., 2017; Beuzen et. al, 2018). BNs are also
capable of developing predictive indicators to replace
routine microbial monitoring of Giardia lamblia and
Cryptosporidium parvum (Carvajal et al., 2015).

In this study, we present the initial development stage of
the proposed BN model. The aim of the model is to
improve understanding of the system parameters as well
as identify knowledge and data gaps related to Legionella
exposure in aeration systems. Guided by the LHLRAI as
well as observations and findings from the site visits, the
variables and their associated weighting scores were
encoded and represented in the BN. The rationale and
description of the variables in the model are summarised in
Table 2.

Prolonged operation resulting in
sediments and biofilm build up is serve
as source of nutrients.

Presence of nutrients can promote
Legionella growth.

Poor and improper drainage systems
promote scale formation leading to
uneven surfaces.

Uneven surface promotes water
stagnation.

Aerator operation generates aerosols.

Aerosol is pathway for
Legionella exposure in humans.

Tray aerator placed at height (up to 5m)
resulting in difficulty to access and
maintain.

Frequent contact by operators working
near or on aeration assets

High elevation impact on aerosol drift,
increasing the risk of exposure for
operators and nearby communities.

System access increases human
exposure risk.

Abundant of Fe, Mn, Ca and organic
carbon by foulants characterisation.

Legionella count in the feedwater.

Increase presence of organic and
inorganic constituents and microbial
count are prime indicators of water
quality.

Table 2: Rationale and description of model nodes.

The input variables are nutrient availability, stagnant water,
system deficiencies, and location and access. The output
parameter ‘Legionella exposure’ represents the level of
risk that was, so far, inadequately established within the
LHLRAI. For the reason explained earlier, the BN offers a
more accurate estimation of the level of that risk.

6 Water e-Journal o0niine Jjournal of the Australian Water Association

The weighted score for each of the variables was
discretised into three states using a uniform distribution as
summarised in Table 3. The BN model was built using the
Netica software (Norsys Software Corp.) and calibrated
with water quality and operational parameters obtained
from the site visits and the LHLRAI.
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0-33 No mitigative action is required
Investigation and review of operational
34-66
parameters
Immediate isolation and decontamination
67-100 of the asset
Table 3: Description of states in the model nodes and their implications.
Figure 5 shows the output BN model. The variables are relationships. Each state of the variable showed a
graphically displayed with arcs depicting the causality probability distribution indicating the chance of occurrence

of that particular state.
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Nutrient Availability and Gro... Legionella exposure Deficiencies in the System
High 28.2 High
Medium 70.0 Medium
Low 1.80 |:[ D Low
Poor Water Quality Location and Access to System
5.62 High 342
Medium 50.0 Medium 16.7
Low L Low 491

5 4

Figure 5: Bayesian network of Legionella exposure, with the five input nodes as defined in Table 2.

The model output and interaction between variables are To address this limitation, initial assessment of the model
clearly displayed in a transparent manner compared to using case scenarios and sensitivity analysis are generally
traditional black-box models. This promotes system recommended (Aguilera et. al, 2011).

learning and allows users to interrogate the reasoning . . .
behind the model outputs (Chen and Pollino, 2012). The model (Figure 5) was evaluated using two scenarios

developed by assessing a set of input variables as
summarised in Table 4. Field observation of parameters
contributing to each of the model variable were assessed,

However, the defensibility of the interactions between the
variables and the outcomes still need to be evaluated.

Ideally, the accuracy of the model is to be tested with and their corresponding weighed scores applied to derive
empirical data. While the actual concentration of Legionella states for the nodes. Applying the different inputs

in the asset were used to populate node 5 (poor water variables, the probabilities in the network were examined.
quality), there was no existing empirical data to quantify The interaction of the variables and subsequent outcome
the Legionella exposure node (due to the lack of is expected to provide insights into the consistency of
approximate measuring strategies used so far). As a result, the model’s predictions with current understanding about
it was not possible to fully test the accuracy of the model. the system.

6 Water e-Journal  Online journal of the Australian Water Association
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Scenario High Medium

Scenario Medium Low Low Low Low
Table 4: Two different scenarios developed from the field inspection of the aeration systems.
Through belief propagation using Bayes’ Theorem, the shown in Figure 6 and Figure 7 respectively. The state in

model absorbed the input scenarios, facilitated the variable with the highest probability is considered the
interactions, and produced diagnoses for the Legionella model prediction.

exposure nodes of spray and tray aeration assets as

Stagnant water
High 0
Medium 100
Low 0

Location and Access to System

High
Medium

Figure 7: Scenario assessment of a field inference from a Tray aeration site.

6 Water e-Journal  Online journal of the Australian Water Association



Pathogens

The model predicted the risk of Legionella exposure to be
medium and low for the two scenarios, which reflected the
ability of the model to update the output prediction based
on the changes and interactions between the input
variables. The difference between the spray and tray
aerator scenarios are in their nutrient availability and
stagnant water states. The predicted outputs support the
current understanding that changes in variables including
nutrient availability and stagnant water are critical
determinants to Legionella exposure (van der Lugt et al.,
2019). However, to better understand how the variables
influence the outcome, a sensitivity analysis was
conducted.

Sensitivity analysis identified the most important variables
of the model and was used to calculate the sensitivity of
the Legionella exposure node to input variables in all other
nodes of the network. The result indicated that poor water
quality presented the strongest influence followed by
location and access to the system. The BN was built as a
direct translation of the LHLRAI, and as such, the
sensitivity analysis results reflected its definition and
connectivity between the variables. This further supports
the model consistency with existing knowledge (Schoen
and Ashbolt, 2011; Prussin et. al, 2017) despite the
present BN model containing some level of uncertainty.

The uncertainty is due to the limitations in current
understanding of Legionella exposure and the lack of
occurrence data to evaluate its performance accuracy.
Therefore, it should be noted that the BN model is part of
an ongoing iterative model development process which will
be improved as more knowledge and data about the
Legionella exposure becomes available.

The applicability of BN models to capture current
knowledge of variables and Legionella exposure shows
great potential to be developed into a decision-making
support system to promote a more consistent risk
assessment for aeration assets. The findings from the
model will also advise water utilities on how to optimise
cleaning and maintenance regimes to reduce the potential
for Legionella growth and its subsequent exposure.

The presence of nutrients and location and access for
maintenance in aeration assets used for groundwater
treatment could promote the growth and transmission of
Legionella, further confirmed these assets as potential
exposure sources. The subsequent risk of exposure from
these sources can be quantified with a BN model that
combined all the causal variables. The model was
evaluated using scenarios assessment and sensitivity
analysis, however, there is a lack of data to evaluate the
performance accuracy.

This initial assessment demonstrates the potential of BN
modelling to improve risk assessments that support
practical decision-making in managing Legionella
exposure. However, it is important that water utilities
collect more data through the incorporation of routine
Legionella quantification in their water safety plans. These
datasets will help improve predictive robustness and allow
for subsequent refinement of the model. An approach to
refining the model could be to delineate the exposure risk
model into two distinct sub-models of growth and
transmission as well as incorporating Legionella
occurrence data to improve the accuracy of prediction.
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