
291 © IWA Publishing 2019 Water Supply | 19.1 | 2019

Downloaded from http
by KWR WATERCYCL
on 02 January 2019
The origin and risks associated with loose deposits in a

drinking water distribution system

Amanda Mussared, Rolando Fabris, Jan Vreeburg, Jenny Jelbart

and Mary Drikas
ABSTRACT
Sediment accumulates in distribution systems over time, and can potentially result in dirty water

events. The primary origin of these particles in most networks has not been examined. Controlled

sediment resuspension (flushing) events were performed at 10 sites in a drinking water distribution

system and repeated six months later to observe redeposition. Different patterns of sediment

deposition observed are suspected to be related to particle origin. A large proportion of pipe

sediment resuspended during the first flushing event was composed of iron, most likely arising from

corrosion of distribution system infrastructure. This sediment appears to play a role in sheltering

microbial cells from secondary disinfection. In this study, a source of particles was identified that

may provide an alternate explanation for the presence of iron deposits in systems not dominated by

iron pipework.
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INTRODUCTION
Maintaining quality of drinking water supply remains a chal-

lenge for water utilities worldwide, as they strive to meet

more stringent health and aesthetic-based targets, as well

as higher consumer expectations. Optimisation of source

water and treatment processes are commonly employed to

address these challenges, with key aims being to eliminate

pathogens and minimise particulate content and organics

entering distribution networks. However, distribution

systems fed with high quality water are still subject to custo-

mer complaints of ‘dirty’ water, where consumers receive

water with high concentrations of particles.

Particles may form and accumulate in distribution sys-

tems over time as a result of a number of physical,

chemical and biological processes (Vreeburg & Boxall

). The risk of particulate presence in distribution net-

works is twofold; firstly, these accumulated particles may

be resuspended during unplanned velocity/flow increases

to produce dirty water events and result in poor customer
perception of drinking water quality. Additionally, sedi-

ments may pose an actual water quality/public health risk

to consumers by supporting microbiological growth

(Zacheus et al. ), providing a substrate or source of

other water contaminants such as metals (Friedman et al.

), and through supply of reactive material to potentially

accelerate disinfectant residual decay (Özdemir & Tüfekci

; Vikesland & Valentine ). During resuspension

events, these water quality impacts may be exacerbated.

Incidence of resuspendable pipe deposits as a cause of

dirty water events has been previously examined by

researchers in the Netherlands and the United Kingdom,

with tools such as the resuspension potential measure

(RPM), and prediction of discolouration in distribution

systems (PODDS) model developed to quantify discolour-

ation potential across distribution systems, so that

proactive maintenance programs can be developed (Boxall

& Saul ; Vreeburg ). Links between discolouration
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potential and particle origin may be of interest if certain par-

ticulates are more often implicated in causing discolouration

risk. Identification of the particle origins are also of impor-

tance in preventing formation of these deposits, and may

have relevance in identifying maintenance and/or replace-

ment of pipework infrastructure.

Several works have similarly sought to investigate water

quality and health risk posed by loose deposits based on

their physical/chemical/microbiological characteristics.

These studies often involve characterisation of pipe sedi-

ments collected during flushing events; however, some

studies have also focused on the composition of suspended

sediments in the bulk water (Gauthier et al. a). Analysis

of loose deposits has included examination of particle

number and volume, organic vs inorganic composition,

presence of metallic compounds, and occasionally, mineral

content (Seth et al. ; Verberk et al. , ; Echever-

ría et al. ). Additional work has investigated the

microbiological contribution and implications of loose

deposits, including examination of attached species

increased tolerance to disinfection, and the potential role

of sediment as sources of biota to the bulk water (Ridgway

& Olson ; LeChevallier et al. ; Gauthier et al.

b; Zacheus et al. ; Lehtola et al. ; Liu et al.

a, ). Only a few works have sought to characterise

both the physical–chemical and biological characteristics

of deposited particles together (Gauthier et al. b; Leh-

tola et al. ; Liu et al. b).

There is an ongoing need for a better understanding of

the links between discolouration potential and particle

composition/origin in distribution systems. If high discolour-

ation potential areas are related to known particle sources,

mitigation of particle accumulation may be possible. Mitiga-

tion activities may include removal of particulate sources, or

altering of network operational conditions to restrict particle

deposition and formation in these areas. Additionally, knowl-

edge of the potential water quality risks posed by sediments

may provide further justification for network cleaning and

maintenance strategies for the protection of public health.

In the current work, discolouration potential and par-

ticle character, including physico–chemical composition

and biological activity were examined in a large metropoli-

tan drinking water distribution system (DWDS). Despite

being supplied with low particulate water (turbidity
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�0.15 NTU), approximately half the customer complaints

in this system are attributed to dirty water events. Current

operational strategies to combat dirty water are generally

reactive (retrospective flushing of main). Better understand-

ing of the origin and characteristics of sediment across the

system will allow prioritisation of proactive management

initiatives based not only on discolouration risk (volume of

resuspendable sediment), as well as any potential water

quality risk posed by the sediment (e.g. microbiological).
MATERIAL AND METHODS

Adelaide DWDS

The Adelaide DWDS supplies approximately 486,000 custo-

mers over an area of 1,500 km2. It is a large, looped network

comprised of a wide variety of pipe materials including

asbestos cement (AC) (43%), cast iron cement lined

(CICL) (25%), ductile iron concrete lined (DICL) (4.5%),

unlined cast iron (CI) (2.4%) and polyvinyl chloride

(PVCM, PVCO and PCVC) (4.1%, 2.6% and 5.7%, respect-

ively). Customer supply mains are typically between

80 mm and 150 mm with ambient velocity ranging from

<0.1 m/s (normal) to 0.25 m/s (peak demand conditions).

The DWDS is supplied by four main water treatment

plants (WTPs); Happy Valley, Hope Valley Anstey Hill

and Myponga. These WTPs all treat a combination of

water from both the Mount Lofty Ranges, and River

Murray water supplied from large transfer pipelines. These

treatment plants employ conventional coagulation with alu-

minium sulphate, sedimentation, filtration and disinfection

with chlorine. Since 2011, filtered water from Happy

Valley has been blended with product water from the Ade-

laide Desalination Plant (ADP) prior to reticulation. The

Myponga WTP treats water from the lower Mount Lofty

ranges using a dissolved air flotation filtration (DAFF) treat-

ment process, followed by filtration and disinfection.

Study sites

Ten sites were selected for study across the Adelaide metro-

politan DWDS (referred to as S1–S10). The location of sites

was selected based on proximity to historical clusters of
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customer complaints. Other considerations included logisti-

cal characteristics that would allow an RPM measurement

to be accurately performed (i.e. unidirectional flow possible

with pipe isolation, hydrant/fire plug access, diameter

<150 mm, minimum continuous 200 m straight pipe sec-

tion). Initially, it was intended that pipe sections with

consistent characteristics (i.e. material, diameter, etc.) be

tested, predominantly so that velocity disturbance impact

would be consistent across the entire section tested. How-

ever, investigation of mains in the system showed that

many customer mains are a combination of materials and

ages, as streets over time have been expanded with popu-

lation increase. In all but one case, it was possible to

utilise mains of consistently 100 mm diameter (Table 1).

Resuspension potential measure

Discolouration potential in different areas of the network

was measured using the RPM tool defined in previous

works (Vreeburg ). The RPM method involves isolation

of a section of network pipe, and initiation of a controlled

velocity increase to simulate a real network disturbance.
Table 1 | Pipe characteristics of mains where RPM testing was carried out

Site Pipe materiala Pipe diameter (mm) Year of installation

S1 AC 100 1960
CICL 80 1940

S2 CICL 100 1966

S3 AC 100 1977
DICL 100 1990

S4 AC 100 1972
AC 100 1962

S5 CICL 100 1948
CICL 100 1958

S6 AC 100 1970
CI 100 1938

S7 AC 100 1986
AC 100 1984
AC 100 1978

S8 AC 100 1975
AC 100 1973

S9 CICL 100 1962
CI 100 1952

S10 AC 100 1975

aAC, asbestos cement; CICL, cast iron concrete lined; DICL, ductile iron concrete lined;

CI, cast iron.
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The velocity increase is not intended to achieve complete

pipe cleaning or scouring in the pipe, but to allow resuspen-

sion of loose deposits only, which are the particles generally

responsible for discolouration events. Before, during and

after the velocity disturbance, online turbidity is monitored.

Key steps of the method are described below.

A straight pipe section was isolated to provide uni-

directional flow, preferably in the normal flow direction of

the pipe. Valves to adjacent side streets were closed to

ensure that water drawn during the test came only from

the pipe section being monitored and from a single source

upstream of the pipe section. A standpipe was attached to

the fireplug and connected to a measurement pipe module

providing laminar flow for online turbidity and water quality

grab samples (Figure 1). Baseline turbidity was determined

prior to the velocity increase under normal low flow con-

ditions. The flow out of the pipe was increased to provide

a velocity increase in the pipe of 0.35 m/s above the ambient

velocity for a period defined by the volume of the pipe sec-

tion being monitored. Online turbidity was monitored

during the disturbance. Finally, the flow velocity was

restored to ambient conditions, and the rate at which turbid-

ity settles was monitored for a set period, usually 15 min.

The online turbidity data collected during the RPM

measurement define the discolouration potential by means

of an RPM scoring table (Vreeburg ). The scoring

table assigns values based on the maximum and average

turbidity values during the resuspension event and the

time taken for turbidity to return to ambient conditions

(Table 2). The values for each parameter are added to pro-

duce a total RPM score. Sites with high RPM scores

represent a higher discolouration potential.

RPM tests were performed on sites for the first time in

September 2014 and repeated six months later in March

2015. As the first RPM test mobilised, loose deposits accu-

mulated in the pipe over an unknown time period; it was

believed that RPM scores in March 2015 would represent

the discolouration potential created by the redeposition of

new sediments.

Water quality analysis

During the sediment resuspension phase of the RPM tests,

water samples were taken via a sampling port attached to



Figure 1 | RPM module and site set up.
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a standpipe for total metals, particle volume concentration

and heterotrophic plate counts (HPC). Water quality grab

samples were taken at set intervals during RPM tests to

characterise the physical, chemical and microbiological

components of bulk water and resuspended sediment.

Turbidity grab samples were taken every 2 min during the

RPM for laboratory analysis, to verify online turbidity

measurements. Turbidity was measured on a 2100AN

Laboratory Turbidimeter (Hach, USA) with results given in

nephelometric turbidity units (NTU). Turbidity was monitored

during the RPM using an online turbidity meter (Endressþ
Hauser, Switzerland). Flow was measured by an in line mag-

netic flow meter (Yokogawa, Japan). Online data (flow and

turbidity) were collected by a data logger (Simex, Poland).

Particle counting and size distribution analysis was per-

formed on samples taken before the disturbance, 3 and

6 min during the disturbance, and following the 15 minute

resettling period. Analysis was conducted using a Liquilaz
Table 2 | RPM ranking criteria, adapted from Vreeburg (2007) for 10 min resuspension period

Score 0 1

Maximum first 5 min <3 NTU 3–1

Average first 5 min <3 NTU 3–1

Maximum last 5 min <3 NTU 3–1

Average last 5 min <3 NTU 3–1

Time to clear <5 min 5–1
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S05 (Particle Measuring Systems, USA) particle counter

capable of measuring particles in twenty size channels

ranging from 0.5–20 μm. Particle volume concentration

analysis was performed by the method outlined in Vreeburg

et al. (), where the particles were assumed to be spheri-

cal in shape with diameter equal to the linear average of the

boundaries of the size channel.

Total suspended solids analysis (TSS), volatile sus-

pended solids (VSS) and inorganic suspended solids (ISS)

were determined according to method 2540 (APHA et al.

). Total metals analysis for five elements (aluminium,

iron, copper, calcium and zinc) was performed on samples

taken before, during and after the velocity resuspension.

Analysis was by inductively coupled plasma mass spec-

trometry (ICP-MS) according to method 3125B (APHA

et al. ), against reference standards.

Heterotrophic plate count (HPC) measurements were

taken on water collected in 300 mL sterilised polyethylene
2 3

0 NTU 10–40 NTU >40 NTU

0 NTU 10–40 NTU >40 NTU

0 NTU 10–40 NTU >40 NTU

0 NTU 10–40 NTU >40 NTU

5 min 15–60 min >60 min
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terephthalate (PET) bottles dosed with 1 mL of 1% w/v

sodium thiosulphate solution to reduce any residual chlorine.

HPCs were performed in accordance with the Australian

Standard AS/NZS 4276.3.1 (Australian Standard, 1995)

using R2A solid media (Oxoid, Australia). Dilutions, when

necessary, were performed in maximum recovery buffer

(0.1% (w/v) neutralised bacteriological peptone, 0.85%

(w/v) NaCl, pH 7.0). Incubation was performed under stan-

dard conditions of 20 �C for 72 h. Results for HPC were

presented as colony forming units per mL (CFU/mL).

Adenosine triphosphate (ATP) analysis was performed

on samples during the second RPM according to the

method of Hammes et al. (). A commercial bacterial

kit (BactTiter-Glo™, Promega) was applied with ATP cali-

bration standards of 1 × 10�8, 1 × 10�9, 1 × 10�10, 5 × 10�11

and 1 × 10�11M.
RESULTS AND DISCUSSION

Discolouration potential

There was considerable variation in RPM scores across dis-

tribution system sites (Table 3). RPM scores ranged from

4–12 during the first RPM measurements in September

2014. Three of the 10 sites measured had the maximum

RPM score of 12, representing a high discolouration poten-

tial, also reflected by high TSS in samples collected during

resuspension. There was an improvement in RPM score at

most (7/10) sites during the second RPM round, indicating

that despite flushing/scouring velocities not being reached,

the first RPM event had resulted in the mobilisation of a sig-

nificant portion of loose deposits from sampled pipes. This

was further supported by a reduction in TSS at 9 of the 10

sites during the March 2015 RPMs. At some sites, such as

S1, S5 and S6, the RPM score remained high after the six

month reaccumulation period, suggesting a greater input

of particulate material at these locations. Sites with very

low RPM scores after the second round (S3, S4, S7 and

S9) appeared to be located in areas of the network with

reduced sources of particle input and/or minimal opportu-

nity for particle transport due to consistently low velocity.

The RPM scores highlight that discolouration potential

varies widely across the distribution system. During the
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initial site selection, effort was made to select sites of

varied spatial distribution; however, geographical location

(and pipe length distance) did not appear to correlate well

with sediment deposition. Hydraulic retention times

(HRT) of the locations were similarly examined (data not

shown), but in addition to being extremely variable at each

site (HRTs ranging from 21 to 106 h at one location, depend-

ing on network operation), network complexity (location

and residence time of storages, differences in water path-

ways, etc.) upstream of each location limit HRT as a factor

to explain differences in deposition rate. The improvement

in RPM scores after one low-level flushing event (the first

RPM) indicates that proactive pipe flushing/cleaning is

likely to reduce the risk of discolouration, and subsequent

customer complaints. The variation in distribution and reac-

cumulation of loose deposits in different areas of the

network has implications for ongoing network maintenance

activities. As noted in Vreeburg et al. (), sites with a

lower reaccumulation of material will require less regular

maintenance/flushing programs, allowing prioritisation of

sites with a comparatively high particle input. Understand-

ing of the location of these high-deposit areas may, in

time, allow the identification of particulate sources so that

these can be mitigated.

Due to both the limited sample size in this study and

variation in pipe materials along mains, it was not possible

to assess whether pipe material related directly to discolour-

ation potential. Sites S6 and S9 both contained over 100 m

of unlined cast iron; however, the amount of resuspended

sediment and iron extracted from these pipes was vastly

different, although it should be noted that the CI main at

S6 was older than that at S9 (1938 vs 1952) (Table 1). Simi-

larly, site S8, which was composed solely of AC pipe, had

similar RPM to S9.

Mains containing either CI or CICL did not consistently

produce the highest RPM scores, contrary to the proposition

that discolouration potential is caused solely by cast iron

mains. Seth et al. () also noted the poor correlativity

between pipe characteristics and sediment accumulation,

with two mains in a distribution of similar age, pipe material,

diameter and condition displaying very different turbidity and

metal concentrations on flushing. In this study, flushing of

mains composed of multiple pipe materials in a looped net-

work also returned a high diversity of turbidity responses.



Table 3 | Physicochemical properties of flush water (early flush) from distribution RPMs

Site Flush cycle Turbidity (NTU) RPM Score TSS (mg/L) % ISS % VSS Total Al (mg/L) Total Fe (mg/L) Total Mn (mg/L) Total Cu (mg/L) Iron % of metals*

S1 Initial 125 12 220 76 24 17.6 23.2 7.0 1.4 47.1
þ6 months 35.0 9 72 72 28 3.8 33.2 0.8 0.2 87.4

S2 Initial 15.6 4 24 75 25 1.6 2.6 0.4 0.2 54.1
þ6 months 16.8 4 24 79 21 1.7 4.0 0.6 0.2 61.8

S3 Initial 14.8 7 12 75 25 0.2 1.4 0.2 0.1 71.6
þ6 months 2.1 2 1 >99 <1 0.1 0.8 0.1 <0.1 78.2

S4 Initial 25.7 8 26 69 31 1.0 7.0 1.0 0.3 74.1
þ6 months 5.3 2 8 50 50 0.3 1.7 0.3 0.1 72.1

S5 Initial 46.2 8 63 78 22 2.1 5.4 0.5 0.4 64.5
þ6 months 49.1 8 43 79 21 3.9 12.4 1.4 0.5 68.0

S6 Initial 191 12 70 73 27 7.5 21.0 2.7 1.4 64.3
þ6 months 128 12 25 68 32 0.8 4.7 0.3 0.2 77.7

S7 Initial 5.0 4 8 38 62 0.6 0.9 0.1 0.1 51.3
þ6 months 0.5 0 3 67 33 0.1 0.1 <0.1 <0.1 60.6

S8 Initial 23.1 7 53 58 42 3.8 13.8 1.1 0.8 70.6
þ6 months 20.3 6 7 71 29 0.4 0.6 0.1 0.1 52.6

S9 Initial 27.8 8 32 59 41 3.4 4.5 1.0 0.3 48.9
þ6 months 2.1 1 4 50 50 0.2 0.4 0.1 <0.1 53.3

S10 Initial 35.7 12 102 74 26 11.5 5.0 4.9 1.6 21.5
þ6 months 5.4 5 13 54 46 0.4 0.3 0.1 0.1 33.0

Metals* is sum (Al, Fe, Mn and Cu).
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Sediment composition

The composition of pipe sediment was primarily inorganic

across all sites measured with approximately 20–40% VSS

and 60–80% ISS (Table 3). The proportion of organic to inor-

ganic material remained the same for the second flushing

event (α¼ 0.01), indicating that similar material was redepo-

siting during this period. Other works investigating the

organic/inorganic composition of distribution system par-

ticles have generally yielded higher proportions of organics

than observed in this study. The proportion of organics in sus-

pended deposits in distribution systems measured in

Montreal, Quebec, Canada ranged from 43–65% (Gauthier

et al. a) to as high as 76% in a system in Nancy, France

(Gauthier et al. b). However, these measurements were

for suspended particles, rather than resuspended deposits.

Deposited particles in the Amsterdam DWDS were resus-

pended by flushing as described in Vreeburg et al. (),

and the organic proportion ranged between 42.5 and 60.6%

in distribution systems supplied with normal treated water

and particle-free water, respectively.

In this study, the dominant metals composition in the

sediment were iron and aluminium, with smaller amounts

of manganese and copper (Table 3). While detection of alu-

minium can be attributed to treated water, representing

either unremoved colloidal material from source water or

from the treatment process (aluminium is used as the pri-

mary coagulant at all Adelaide WTPs), iron may originate

not only from source/treated water, but also corrosion of

metallic network infrastructure. As iron was the dominant

metal at nearly all sites tested, it was of interest to identify

which mechanism was responsible for the deposition. In

several sites, manganese was also present in the resus-

pended sediments. The key source of manganese in pipe

sediments is expected to be due to input/accumulation

over time from source water (Sly et al. ). As a result,

the covariance between aluminium and manganese in pipe

sediment samples should be considerable. Data plotted

from the investigated sites strongly supported the contention

that these metals are depositing via similar mechanisms

(Figure 2(a)). Conversely, the relationship between alu-

minium and iron in pipe sediments is poor, suggesting that

they deposit by different, unrelated mechanisms (Figure

2(b)). The relationship between iron and other metals
s://iwaponline.com/ws/article-pdf/19/1/291/507259/ws019010291.pdf
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(such as Mn) in other systems has also been variable,

which may similarly indicate different input sources. In

Seth et al. (), the ratio of Fe to Mn in pipe sediments

varied by between 1 to 3 orders of magnitude.

Therefore, while it is possible that a portion of the iron

in the pipe sediment is derived from the treated water, it is

likely that the majority of particulate iron is actually the pro-

duct of corrosion of network infrastructure. Approximately

31.9% of mains in the Adelaide DWDS are pipes containing

iron; although only a small proportion of these are unlined

cast iron (2.4%). Other sources of corrodible iron also

exist, including treated water storages, isolation valves and

fireplugs. The latter has previously not been closely con-

sidered in relation to corrodible iron input to pipes;

however, sampling of water sitting in the tapping pipe

below these structures suggests they could be a significant

source (see Blackwater section below).

Iron has been shown to be a key component of loose

deposits in other distribution networks (Li et al. ).

Seth et al. () found iron to be the dominant material

mobilised during flushing of mains, regardless of pipe

material and pipe section being flushed. Significant

increases in iron were also noted following particle charac-

terisation in Dutch distribution systems (Gauthier et al.

a; Verberk et al. , ). In Verberk et al. (),

iron concentration in suspended deposits, measured by

large volume filtration of distributed water, were up to 40

times higher than the water leaving the treatment plant. In

some of these systems, unlined pipes also made up a negli-

gible amount of distribution system infrastructure. Only

2.4% of the Adelaide DWDS is comprised of unlined cast

iron main; however, given the age of lined cast iron pipes

in the system, it is highly probable that these also contribute

iron particles.

Particle deposition

Comparison of particulate volumes leaving the treatment

plants to that of bulk water in the distribution system (post

flush samples) shows that particulate content of water

increases during distribution transport. This trend has simi-

larly been observed in Dutch distribution systems (Verberk

et al. ). Possible sources of particles in distribution sys-

tems are through precipitation of dissolved components,



Figure 2 | Correlation between (a) Al and Mn and (b) Al and Fe during RPM events (early and late flush samples).
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resuspension of previously deposited sediment, microbial

growth (biofilm) or corrosion of network infrastructure.

Particle volume concentrations measured on water

sampled during RPM resuspensions revealed three distinct

patterns of sediment redeposition over a six month period

(Figure 3). At some sites, such as S9 and S10 (S10 shown

as an example, Figure 3), redeposition of sediment was evi-

dent but appeared to occur at a relatively slow rate. At

others, like S1 (shown), S2, S5 and S6, redeposition of

larger particles was noticeably higher. Sites that possessed

low volumes of particulate material initially (S3 and S7, pic-

tured) had negligible rates of redeposition. It is proposed

that these three patterns may be related to different mechan-

isms of sediment deposition at each site. Slow redeposition

rates may indicate that the primary source of particle input

is from distributed water components that would accumu-

late slowly over time. The higher proportion of aluminium

at S10 initially, compared to other sites, supports this

theory (Table 3). Conversely, fast redeposition of larger par-

ticles at sites like S1 may relate to input of large particles

from local sources, like network corrosion that would

supply particulates more rapidly. Further RPMs conducted

around deposition hotspots like these would confirm the

proximity and nature of these local sources. Sites with low

levels of particles prior to the first RPM had low levels of

redeposition and appear to be located in areas of the net-

work where sediment deposition/accumulation does not

occur, possibly due to localised hydraulic conditions

which may be too low to transport particles to this site, or

high enough to keep them suspended.
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Microbiology

Despite a history of continuous chlorine residuals, cultur-

able heterotrophic bacteria were present in the re-

suspended sediment of nearly all sites and were generally

considerably higher than abundances found in the overlying

water, represented by post-flush samples (Table 4). Attach-

ment of bacteria to surfaces or sediment has previously

been shown to increase protection of microbial cells from

disinfection, either due to reduced exposed surface area

for disinfectant attack or increased disinfectant demand cre-

ated by the particle surface (Ridgway & Olson ;

LeChevallier et al. ; Gauthier et al. b; Liu et al.

). Particles may additionally be a source of nutrient

rich media (Lehtola et al. ). In the Adelaide DWDS,

attachment to particles appears to increase the survival of

heterotrophic bacteria. As a large proportion of deposits

are iron based particles, it is possible that these particles

may create considerable localised chlorine demand, redu-

cing chlorine penetration to attached microbial cells.

Higher abundances of microbial activity in sediment

are relevant in the context of quantifying water quality

risk of these sediments. Current Australian and New

Zealand drinking water guidelines do not specify upper

limits for culturable bacteria in water, but rather that unu-

sual/significant increases in HPC should be investigated

(NHMRC NRMMC ). However, as shown in this

study, higher levels of culturable microorganisms could

occur due to the resuspension of deposited sediment,

rather than relating to changes in the overlying water



Figure 3 | Particle volume concentrations at three distribution system locations during

September 2014 and March 2015 RPM events.

Table 4 | HPC (cfu/mL) in early, late and post flush samples during RPM

Site

Early flush Late flush Post flush water

Sep-14 Mar-15 Sep-14 Mar-15 Sep-14 Mar-15

S1 140,000 200 1,400 0 3,000 0

S2 430 190 15 110 1 11

S3 47 81 27 26 8 44

S4 42 180 20 38 0 140

S5 6 0 3 0 0 0

S6 94 0 87 0 1 0

S7 88 11 12 0 0 0

S8 1,200 5 8 1 1 0

S9 340 240 16 5,400 83 12,000

S10 1 400 0 14 0 4
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quality or treatment efficiency. Similarly, the microbiologi-

cal health of distribution systems determined by examining

HPC of overlying water will likely underestimate the true

microbiological quality or potential microbiological

loading available to be transferred to customers. It is

recommended that this is examined further, with regular

sampling of pipe sediments undertaken, in addition to regu-

lar water quality samples.
s://iwaponline.com/ws/article-pdf/19/1/291/507259/ws019010291.pdf
E RESEARCH user
At some sites (S3, S4, S5, S6, S7), microbial numbers

found in Adelaide DWDS pipe sediments were lower than

those found in comparable systems elsewhere. In a Finnish

network supplied with water treated with coagulation/

rapid sand filtration and chlorine disinfection, average

HPC levels in loose deposits were between 100 and

400 CFU/mL (Lehtola et al. ). Conversely, at S1, S8

and S9, numbers were above the upper limit (�500 CFU/

mL) allowable in unchlorinated supplies by the US EPA

(US EPA , ). At one location (S9) HPC in post-

flush water was several orders of magnitude higher than

early-flush water (Table 4), which may be related to difficul-

ties in dispersing bacterial biofilms to achieve sample

homogeneity. The risk of higher active microbiology present

in the pipe sediments to consumers may be low; however,

testing to determine the presence or absence of pathogenic

species would be required to confirm this. In a Finnish net-

work sample (Lehtola et al. ), no Norwalk-like viruses

or coliform bacteria were detected in loose deposits.
Blackwater

During the RPMs, it was identified that a pocket of stagnant

water existed under all network fireplugs that required clear-

ing prior to commencing the RPMs. This material is termed

‘blackwater’ due to being dark in colour, and was composed

of particulate material from both above (dry) and below

the hydrant valve (Figure 4(a)). Due to the potential
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connectivity between this blackwater and the underlying

mains water, this material was sampled at all sites before

RPMs to determine composition.

Water quality analysis revealed blackwaters to consist of

mainly inorganic iron corrosion products (73–99% of total

metals) originating from continual contact with the unlined

cast iron hydrant valve. These suspended materials were

capable of regenerating to similar or higher levels in the

six months between RPM tests (Figure 4(b)). These iron-

rich particulates are responsible for the highly coloured

appearance, with the colour tone and intensity likely related

to the presence or absence of chemical and biologically
Figure 4 | Blackwater collected prior to RPM testing.

om https://iwaponline.com/ws/article-pdf/19/1/291/507259/ws019010291.pdf
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mediated reduction (anoxic) or oxidation reactions (Wang

et al. ; Li et al. ). They also provide a focused

example of the mechanisms through which high proportions

of iron deposition may be detected throughout the network,

even in the absence of iron-based pipe materials. Gravita-

tional settling would be sufficient to allow the particles to

transition from the hydrant body down into the main pipe

and be transported downstream by normal flow velocities.

Understanding the contribution of other, non-pipe iron

sources like fireplugs in the distribution system may

drive management strategies to address these, such as repla-

cement of network infrastructure with non- or less
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corrodible components, or proactive coating of legacy cast

iron infrastructure.

Implications for network management

In this study, discolouration potential varied and appeared

to be related to particle origin, as sites with the highest

RPM scores were characterised by large amounts of iron-

rich particles. The re-accumulation rate of iron at these

sites generally exceeded the re-accumulation rate of other

metals; consequently, the suspected origin of this iron is cor-

rosion of metallic network infrastructure. Presence of iron

pipes did not directly relate to sites of high iron deposition,

suggesting alternate input sources for these corrosion

products.

Particle size distribution was a useful technique for iden-

tifying different patterns of redeposition. Areas where re-

deposition of larger particles was rapid suggested a nearby

input source, such as corrosion particulates, rather than

slower re-accumulation of particles transported from the

treatment plant; this assertion was supported by metals

data. Further observation of particulate accumulation pat-

terns in conjunction with metals data may allow further

diagnosis of particle source in the network and identify pri-

ority areas to address.

This work supported a link between microbial water

quality and particulate presence, as has been observed in

other systems. HPCs detected in distributed water, both

before and after RPMs, were significantly lower than

during sediment resuspension periods. Current checks of

microbial water quality in distribution networks that

measure microbial presence/activity only in distributed

water may be underestimating risk. Conducting sampling

of pipe sediments via RPM or other techniques may allow

better overall risk quantification. Loose deposits may play

a direct role in deteriorating microbial quality of DWDS,

and increase the public health risk as customers may be

exposed to higher levels of microbes during dirty water

events.

Maintenance of a closed supply to protect distributed

water is an ongoing challenge for network operators, as

numerous points of ingress exist. Although identified black-

water does not appear to mix fully with bulk water when

pressurised, at the interface between the pipe sections,
s://iwaponline.com/ws/article-pdf/19/1/291/507259/ws019010291.pdf
E RESEARCH user
cross-contamination could occur. Further examination of

the microbiological composition of this water, and its poten-

tial for input into water supply, should also be investigated.

This study has provided an initial investigation into the

links between particulate source, discolouration potential

and microbial water quality risk in the Adelaide DWDS. A

key finding of this work is that the presence of loose deposits

occurs to some extent throughout the network, making dis-

colouration and customer complaints related to velocity

increase events highly likely. The initial sample size

measured in this study is limited; however, further RPM

analysis of loose deposits and measurement of discolour-

ation potential in the Adelaide DWDS will allow

identification of problem areas and particle sources so that

proactive management strategies can be developed. If iron

deposits are confirmed to be the primary cause of discolour-

ation in this network, longer-term management strategies to

address previously overlooked iron sources like fireplugs

could be implemented to significantly reduce discolouration

potential.
ACKNOWLEDGEMENTS

The authors gratefully acknowledge Allwater Network

Technician, Brian Bickle, who made the field trials

possible, and the SA Water WTDR laboratory. This

investigation was financially supported by the SUEZ

Environnement Innotech Program through Allwater JV

and SA Water.
REFERENCES
APHA (American Public Health Association), American Water
Works Association, Water Environment Federation 

Standard Methods for the Examination of Water and
Wastewater, 20th edn. APHA, Washington, DC, USA.

Boxall, J. B. & Saul, A. J.  Modeling discolouration in potable
water distribution systems. Journal of Environmental
Engineering 131 (5), 716–725.

Echeverría, F., Castaño, J. G., Arroyave, C., Peñuela, G., Ramírez,
A. & Morató, J.  Characterisation of deposits formed in a
water distribution system. Ingeniare. Revista chilena de
ingeniería 17 (2), 275–281.

Friedman, M., Hill, A., Booth, S., Hallett, M., McNeill, L.,
McLean, J., Stevens, D., Sorensen, D., Hammer, T., Kent, W.,

http://dx.doi.org/10.1061/(ASCE)0733-9372(2005)131:5(716)
http://dx.doi.org/10.1061/(ASCE)0733-9372(2005)131:5(716)


302 A. Mussared et al. | The origin of loose deposits in a water distribution system Water Supply | 19.1 | 2019

Downloaded fr
by KWR WATE
on 02 January
De Haan, M., MacArthur, K. & Mitchell, K.  Metals
Accumulation and Release Within the Distribution System:
Evaluation and Mitigation. Water Research Foundation,
Denver, CO, USA. Report #4509.

Gauthier, V., Barbeau, B., Millette, R., Block, J. C. & Prévost, M.
a Suspended particles in the drinking water of two
distribution systems. Water Science and Technology: Water
Supply 1 (4), 237–245.

Gauthier, V., Portal, J. M., Yvon, J., Rosin, C., Block, J. C.,
Lahoussine, V., Benabdallah, S., Cavard, J., Gatel, D. & Fass, S.
b Characterization of suspended particles and deposits in
drinking water reservoirs. Water Science and Technology:
Water Supply 1 (4), 89–94.

Hammes, F., Goldschmidt, F., Vital, M. & Wang, Y. 
Measurement and interpretation of microbial adenosine tri-
phosphate (ATP) in aquatic environments. Water Research
44 (13), 3915–3923.

LeChevallier, M. W., Cawthon, C. D. & Lee, R. G.  Factors
promoting the survival of bacteria in chlorinated water
supplies. Applied and Environmental Microbiology 54 (3),
649–654.

Lehtola, M., Nissinen, T. K., Miettinen, I. T., Martikainen, P. J. &
Vartiainen, T.  Removal of soft deposits from the
distribution system improved the drinking water quality.
Water Research 38 (3), 601–610.

Li, X., Wang, H., Hu, C., Yang, M., Hu, H. & Niu, J. 
Characteristics of biofilms and iron corrosion scales with
ground and surface waters in drinking water distribution
systems. Corrosion Science 90, 331–339.

Li, M., Liu, Z., Chen, Y. & Hai, Y.  Characteristics of iron
corrosion scales and water quality variations in drinking
water distribution systems of different pipe materials. Water
Research 106, 593–603.

Liu, G., Ling, F. Q., Magic-Knezev, A., Liu, W. T., Verberk, J. Q. J. C.
& Van Dijk, J. C. a Quantification and identification of
particle-associated bacteria in unchlorinated drinking water
from three treatment plants by cultivation-independent
methods. Water Research 47 (10), 3523–3533.

Liu, G., Lut, M. C., Verberk, J. Q. J. C. & Van Dijk, J. C. b
A comparison of additional treatment processes to limit
particle accumulation and microbial growth during drinking
water distribution. Water Research 47 (8), 2719–2728.

Liu, G., Bakker, G. L., Li, S., Vreeburg, J. H. G., Verberk, J. Q. J. C.,
Medema, G. J., Liu, W. T. & Van Dijk, J. C. 
Pyrosequencing reveals bacterial communities in
unchlorinated drinking water distribution system: an integral
study of bulk water, suspended solids, loose deposits, and
pipe wall biofilm. Environmental Science & Technology
48 (10), 5467–5476.

NHMRC, NRMMC  Australian Drinking Water Guidelines
Paper 6 National Water Quality Management Strategy.
om https://iwaponline.com/ws/article-pdf/19/1/291/507259/ws019010291.pdf
RCYCLE RESEARCH user

 2019
National Health and Medical Research Council, National
Resource Management Ministerial Council, Commonwealth
of Australia, Canberra, ACT, Australia.

Özdemir, M. & Tüfekci, M.  Removal of chlorine residues
in aqueous media by metallic iron. Water Research 31 (3),
343–345.

Ridgway, H. F. & Olson, B. H.  Chlorine resistance patterns of
bacteria from two drinking water distribution systems.
Applied and Environmental Microbiology 44 (4), 972–987.

Seth, A., Bachmann, R., Boxall, J., Saul, A. & Edyvean, R. 
Characterisation of materials causing discolouration in
potable water systems. Water Science and Technology 49 (2),
27–32.

Sly, L. I., Hodgkinson, M. C. & Arunpairojana, V.  Deposition
of manganese in a drinking water distribution system.
Applied and Environmental Microbiology 56 (3), 628–639.

US EPA  Surface Water Treatment Rule. United States
Environmental Protection Agency, Washington, DC, USA.

US EPA  The Effectiveness of Disinfectant Residuals in the
Distribution System. Office of Ground Water and Drinking
Water, Total Coliform issue paper. United States
Environmental Protection Agency, Washington, DC, USA.

Verberk, J. Q. J. C., Hamilton, L. A., O’Halloran, K. J., van der
Horst, W. & Vreeburg, J.  Analysis of particle numbers,
size and composition in drinking water transportation
pipelines: results of online measurements. Water Science and
Technology: Water Supply 6 (4), 35–43.

Verberk, J. Q. J. C., Vreeburg, J. H. G., Rietveld, L. C. & van Dijk,
J. C.  Articulate fingerprinting of water quality in the
distribution system. Water SA 35 (2), 192–199.

Vikesland, P. J. & Valentine, R. L.  Modeling the kinetics of
ferrous iron oxidation by monochloramine. Environmental
Science and Technology 36 (4), 662–668.

Vreeburg, J. H. G. Discolouration in Drinking Water Systems:
A Particular Approach. PhD Thesis, Delft University of
Technology, Delft, The Netherlands.

Vreeburg, J. H. G. & Boxall, J. B.  Discolouration in potable
water distribution systems: a review. Water Research 41 (3),
519–529.

Vreeburg, J. H. G., Schippers, D., Verberk, J. Q. J. Q. & van Dijk,
J. C.  Impact of particles on sediment accumulation in a
drinking water distribution system. Water Research 42 (16),
4233–4242.

Wang, H., Hu, C., Zhang, L., Li, X., Zhang, Y. & Yang, M. 
Effects of microbial redox cycling of iron on cast iron pipe
corrosion in drinking water distribution systems. Water
Research 65, 362–370.

Zacheus, O. M., Lehtola, M. J., Korhonen, L. K. & Martikainen,
P. J.  Soft deposits, the key site for microbial growth in
drinking water distribution networks. Water Research 35 (7),
1757–1765.
First received 7 June 2017; accepted in revised form 25 March 2018. Available online 19 April 2018

http://dx.doi.org/10.1016/j.watres.2010.04.015
http://dx.doi.org/10.1016/j.watres.2010.04.015
http://dx.doi.org/10.1016/j.watres.2003.10.054
http://dx.doi.org/10.1016/j.watres.2003.10.054
http://dx.doi.org/10.1016/j.corsci.2014.10.028
http://dx.doi.org/10.1016/j.corsci.2014.10.028
http://dx.doi.org/10.1016/j.corsci.2014.10.028
http://dx.doi.org/10.1016/j.watres.2016.10.044
http://dx.doi.org/10.1016/j.watres.2016.10.044
http://dx.doi.org/10.1016/j.watres.2016.10.044
http://dx.doi.org/10.1016/j.watres.2013.03.058
http://dx.doi.org/10.1016/j.watres.2013.03.058
http://dx.doi.org/10.1016/j.watres.2013.03.058
http://dx.doi.org/10.1016/j.watres.2013.03.058
http://dx.doi.org/10.1016/j.watres.2013.02.035
http://dx.doi.org/10.1016/j.watres.2013.02.035
http://dx.doi.org/10.1016/j.watres.2013.02.035
http://dx.doi.org/10.1021/es5009467
http://dx.doi.org/10.1021/es5009467
http://dx.doi.org/10.1021/es5009467
http://dx.doi.org/10.1021/es5009467
http://dx.doi.org/10.1016/S0043-1354(96)00240-0
http://dx.doi.org/10.1016/S0043-1354(96)00240-0
http://dx.doi.org/10.1021/es002058j
http://dx.doi.org/10.1021/es002058j
http://dx.doi.org/10.1016/j.watres.2006.09.028
http://dx.doi.org/10.1016/j.watres.2006.09.028
http://dx.doi.org/10.1016/j.watres.2008.05.024
http://dx.doi.org/10.1016/j.watres.2008.05.024
http://dx.doi.org/10.1016/j.watres.2014.07.042
http://dx.doi.org/10.1016/j.watres.2014.07.042
http://dx.doi.org/10.1016/S0043-1354(00)00431-0
http://dx.doi.org/10.1016/S0043-1354(00)00431-0

	The origin and risks associated with loose deposits in a drinking water distribution system
	INTRODUCTION
	MATERIAL AND METHODS
	Adelaide DWDS
	Study sites
	Resuspension potential measure
	Water quality analysis

	RESULTS AND DISCUSSION
	Discolouration potential
	Sediment composition
	Particle deposition
	Microbiology
	Blackwater
	Implications for network management

	The authors gratefully acknowledge Allwater Network Technician, Brian Bickle, who made the field trials possible, and the SA Water WTDR laboratory. This investigation was financially supported by the SUEZ Environnement Innotech Program through Allwater JV and SA Water.
	REFERENCES


