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Abstract: Managed aquifer recharge (MAR) is the intentional recharge of water to suitable aquifers
for subsequent beneficial use or to achieve environmental benefits. Well injection techniques for MAR,
such as Aquifer Storage and Recovery (ASR), rely on implementing appropriate design and defining
the operational parameters to minimise well clogging and maintain sustainable rates of recharge over
the long term. The purpose of this study was to develop water quality targets and pre-treatment
requirements for recycled water to allow sustained recharge and recovery in a medium-coarse
siliceous aquifer. The recharge water is a blend of 40% Class A recycled water and 60% reverse
osmosis (RO)-treated Class A recycled water. Four source waters for MAR were evaluated: (1) this
blend with no further treatment, and this blend with additional treatment using: (2) a 20 µm sediment
cartridge filter, (3) a 5 µm sediment cartridge filter, or (4) a 5 µm granular activated carbon (GAC)
cartridge filter. All four treatment options were also further disinfected with chlorine. The four
blended and treated recycled waters were used in laboratory columns packed with aquifer material
under saturated conditions at constant temperature (20.7 ◦C) with light excluded for up to 42 days.
Substantial differences in the changes in hydraulic conductivity of the columns were observed for the
different treatments within 14 days of the experiment, despite low turbidity (<2 NTU) of the blend
waters. After 14 days, the GAC-treated water had a 7% decline in hydraulic conductivity, which was
very different from the other three blend waters, which had declines of 39–52%. Based on these results
and consistent with previous studies, a target biodegradable dissolved organic carbon (BDOC) level
of <0.2 mg/L was recommended to ensure a biologically stable source of water to reduce clogging
during recharge.

Keywords: aquifer storage and recovery (ASR); managed aquifer recharge (MAR); well injection;
well clogging; recycled water

1. Introduction

Water recycling and reuse is becoming increasingly common throughout the world [1–3]. Coupling
water recycling with managed aquifer recharge (MAR) can optimise the volume of water available
for reuse by storing it in the aquifer for use in periods of high demand [4], provide water quality
treatment [5,6], and assist with public acceptance of recycled water [7]. Aquifer Storage and Recovery
(ASR) is a type of MAR that uses a single well for injection and recovery [4,8], which is successful in
storing water in deeper confined aquifers [9].

The most common operational issue affecting injection rate and well lifespan in all MAR
operations is aquifer clogging [10,11], which can be a result of biological, physical, and/or chemical
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processes [12,13]. Management strategies for clogging include both prevention (minimisation) and
remediation. Martin [11] reports that prevention through control of source water quality is the most
cost-effective solution for clogging but is unlikely to address all clogging processes. Operational
remediation strategies for ASR are challenging and include regular backflushing, airlift redevelopment,
vacuuming, chemical treatment, scrubbing, or well-enlargement, all of which require understanding of
the nature of clogging (biological, physical, chemical) [11].

For ASR to be feasible, the receiving aquifer must be of appropriate permeability to receive
recharge water [14], with appropriate management practices also needed to avoid irreversible well
clogging. Understanding the potential clogging mechanisms that may impact on an ASR operation
and how these may be managed through source water quality control (treatment prior to injection) are
knowledge gaps which are only just being understood in the uptake of recycled water ASR.

Multiple studies have assessed the impact and management of potential clogging mechanisms,
such as irrecoverable accumulation of particulate matter present in the recharge source water [4,8,15–19],
precipitation of minerals due to chemical or bacterial processes [20,21], swelling or dispersion of reactive
clays [22,23], bacterial biomass growth due to nutrients present in the source water [13,20,24–26],
and entrapment of gas through air entrainment, cavitation, or biological processes [27,28]. ASR in
Australia and Southeast USA often targets limestone aquifers for storage; notably, well clogging can be
offset by the dissolution of the carbonate aquifer matrix [6,25,29–31].

Recent studies [18,32,33] evaluated the potential for clogging when river water and urban
stormwater were used for ASR in siliceous aquifers, targeting an unconsolidated medium-coarse sand
aquifer or low transmissivity fractured rock aquifer, respectively. Both these studies recommended
source water pre-treatment to remove particulates and biodegradable dissolved organic carbon (BDOC)
in order to minimise physical and biological clogging. ASR in siliceous aquifers generally requires
a higher level of source water pre-treatment than for ASR in carbonate aquifers, where carbonate
dissolution can offset clogging impacts [25]. Previous studies have reported a greater tendency for
clogging when nutrient-rich recycled water is used in ASR, but the impact of clogging and source water
quality targets and pre-treatment requirements have only recently begun to be assessed in detail [18]
and to date have not been reported for recycled water ASR in a siliceous aquifer.

The objective of this study was to assess the potential for clogging processes to impact on the
feasibility of an ASR operation to store recycled water in the heterogeneous sand, silt, clay, and coal
Werribee Formation, located in Victoria, Australia. Specifically, a laboratory column experiment was
undertaken using four options for pre-treatment, to address two main objectives:

• To determine the dominant clogging mechanisms impacting recycled water ASR in the
Werribee Formation.

• To determine water quality targets to minimise clogging and allow sustainable operation of the
ASR scheme.

2. Materials and Methods

A laboratory column experiment was designed to compare the potential for clogging during ASR
in a heterogeneous sand, silt, clay, and coal aquifer using recycled water approved for non-potable
household use.

2.1. Aquifer Material and Groundwater

The study site has previously been documented by Stuyfzand and Osma [15]. Briefly, the Werribee
Formation comprises a complex, heterogeneous sequence of sand, silt, clay, and coal and is overlain by
200 m of unconsolidated sediments, including the marls of the Fyansford Formation intersected with the
Batesford Limestone, the Brighton Group clays and sands, the Newer Volcanics Basalt and the Werribee
Delta. The Werribee sands are typically found between 230 and 250 m below ground surface (bgs)
and are of varying thickness (3–22 m) over short horizontal distances. At this site, the Werribee sands
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are typically poorly sorted, and are composed of fine- to coarse-grained, sub-rounded to sub-angular
quartz grains, with 5–15% silt and traces of lignite. Pumping test-derived transmissivities range from
50 to 110 m2/d on the ASR field site [15,34].

Aquifer core material for the laboratory column study was collected from the Werribee Formation
(219–238 m depth) during drilling of ASR well 20 by rotary air hammer. On collection, the core was
wrapped in plastic film, placed in a sealed plastic crate, purged with nitrogen, and stored at 4 ◦C,
to minimise exposure to the atmosphere.

Aquifer column material was prepared by collecting 500 g sub-samples from the midway
point along each of four 1 m core depth intervals. These four intervals, 221–222, 222–223, 229–230,
and 234–235 m bgs, were composed largely of fine to coarse sand and gravel, with some traces of coal
and silt. The aquifer material was unconsolidated so required no crushing, but was tapped apart,
dried in an oven at 45 ◦C for three days, combined, and dry sieved to <2 mm (d50 530 µm).

The composite material was analysed for mineralogy using X-ray Diffraction (XRD),
major elemental composition using X-ray Fluorescence (XRF) [35], and minor elemental composition
using XRF and reverse aqua-regia acid extraction and optical emission spectroscopy. The chemical
properties total carbon and nitrogen were determined by high-temperature combustion [36], inorganic
carbon by acidification and measurement of pressure change due to CO2 production (method 19B2 [37]),
and exchangeable cations and cation exchange capacity were analysed using ammonium acetate
(method 15D2 [37]).

Groundwater for the study was pumped from ASR well 5 and kept in cold storage (<4 ◦C) until it
was used for initial packing of the columns, conducting tracer tests, and inoculating the columns.

2.2. Source Water and Treatments

The ASR scheme intended to recycle water from the Western Treatment Plant, Werribee, Victoria.
The scheme source water was a blend of 40% Class A recycled water and 60% reverse osmosis
(RO)-treated Class A water, which produces a fresh water supply suitable for non-potable supply.
The Class A water had been secondary treated, followed by maturation lagoons, ultraviolet (UV)
disinfection and chlorination to produce a high-class recycled water suitable for non-drinking water
purposes [15]. For the laboratory experiment, subsequent treatment was provided to produce four
different qualities of the blended source water to be evaluated within the laboratory clogging study
using a total of eight columns (four pairs):

i. Blend A: Recycled water blend (60% RO-treated Class A water and 40% raw Class A water),
no filtration, treated by chlorination (intended scheme source water).

ii. Blend F: Recycled water blend (60% RO-treated Class A water and 40% raw Class A water),
treated by filtration using 20 µm (F) sediment cartridge filter and chlorination.

iii. Blend UF: Recycled water blend (60% RO-treated Class A water and 40% raw Class A water),
treated by ultra-filtration using 5 µm (UF) sediment cartridge filter and chlorination.

iv. Blend G: Recycled water blend (60% RO-treated Class A water and 40% raw Class A water),
treated by filtration initially using 20 µm (F) then using 5 µm (UF) sediment cartridge filter,
granular activated carbon (GAC) (5 µm cartridge filter, plus a 0.005 m3 volume GAC column),
and chlorination.

The experiment commenced with 3 pairs of columns which applied Blends A, F, and G.
After 14 days, a fourth pair of columns was added for the Blend UF treatment, at which time
the Blend F column treatment ceased. The minimum target free chlorine residual for each of the
blended source waters during the experiment was >0.2 mg/L, which is a common target adopted
for drinking water distribution systems [38]. The average daily free residual chlorine measured was
0.29 mg/L, this was managed by adding a minimum of 200 µL hypochlorite to each of the 20 L water
reservoirs at the start of each day. Free residual chlorine was measured twice a day, and if at the end of
the day levels had dropped to <0.2 µg/L, another 200 µL was added for overnight [39].
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2.3. Column Construction and Packing

The columns were manufactured from polycarbonate tubes with dimensions of 160 mm length
and an internal diameter of 20 mm and were fitted with polyvinyl chloride (PVC) endcaps (Figure 1).
This ensures that the flow rate represents the expected radial velocity close to the perimeter of a fully
penetrating ASR well, where clogging impacts occur. The porous media has a median grain size
0.0265 mm smaller than the diameter of the column, which is consistent with published values for
column flow experiments and considered appropriate to minimise wall effects [40]. Each column had a
2 mm recess ground out of the internal wall at each end, to allow the installation of a 20 mm diameter
disc of stainless-steel mesh (0.16 × 0.1 mm). The mesh was held in place by a 2.5 mm thick × 20 mm
diameter rubber O-ring. To ensure a complete seal with the PVC endcap, a 2.5 mm thick × 30 mm
diameter rubber O-ring was also embedded in the outer wall of each end of the column. Columns
were run in saturated up-flow mode with pressure ports installed at the inlet at the base of the column,
outlet, and at 3, 8, and 13 cm intervals from the inlet, to enable changes in hydraulic conductivity to be
measured during the study.
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Figure 1. Diagram of column set-up showing source water reservoir, peristaltic pump, column,
and manometer board (not to scale) [18].

To pack the columns, groundwater was initially added to each column, then the bottom tap was
opened to drain some of the water to ensure removal of air bubbles from the base of the column, leaving
a 1 cm depth of groundwater in the column. Aquifer material was mixed with groundwater until
‘moist’ (~10% water), then the columns were packed at a steady rate, tapping the side of the column to
remove air bubbles, ensuring the aquifer material remained fully submerged in the groundwater as the
column was filled. Once columns were packed, groundwater was pumped through for a 48 h period;
however, loss of fine sediments (<20 µm fraction) which represent a minor component of the aquifer
material (~1%) was observed in the column effluent and pressure ports, resulting in preferential flow
paths forming in the column. To address this, the aquifer material was given a single wash to remove
the mobile fine material and enable a more stable pack of the columns, representing a 3% weight/weight
fraction of the total [39]. While it is recognised that removal of the finer fraction could potentially
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underestimate clogging of the aquifer, it was conceded that unless this material was excluded from
the samples, the results of column studies would be dominated by an artefact of packing, rather than
by the effects of source water quality [18]. Prior to the commencement of the study, tracer tests were
performed using a saline solution (0.05 M KCl) to determine the pore volume of each column. In this
study, the average pore volume was found to be 12.5 mL, with an effective porosity of 25% and a
coefficient of variation of <5%.

2.4. Column Operation and Monitoring

For each column, daily hydraulic conductivities (K) were calculated for each monitored section
(0–3, 3–8, 8–13, and 13–16 cm) and the entire column (0–16 cm), plus mean daily flow rates. To commence
the study, groundwater was pumped through the columns for a period of 48 h to initially inoculate
the columns with the groundwater native microbial community prior to introducing the source
water blends. To minimise light penetration, all columns were wrapped in aluminium foil and the
temperature was maintained at 21 ± 2 ◦C. At time zero (t0), the packed columns had an initial mean
hydraulic conductivity over the 0–16 cm interval of 2.9 m/d, with a coefficient of variation of 24% and
a flow rate of ~10 L/d, with a Darcy velocity of 31.8 m/d. This corresponds with the expected radial
velocity at a radius of 100 cm, that is, close to the perimeter of a fully penetrating ASR well recharging
at the designed injection rate of 23 L/s (2000 m3/d).

Blend A and G columns ran for the entire experiment to day 42, over this period, >33,000 pore
volumes passed through each column. Blend F ran for 14 days (>11,000 pre volumes) and was ceased
at day 14 due to evidence that this filtration was not an effective treatment. Blend UF ran for 21 days
(commencing at day 21 of experiment), equivalent to >16,000 pore volumes.

Daily measurements were made of water quality parameters entering and exiting the columns.
Electrical conductivity (EC), pH, and temperature were measured using a handheld multi-parameter
unit (WTW Multiline®, F/Set-3) and turbidity was measured using a HACH®2100P turbidimeter
(HACH®, Dandenong South, Australia). Total chlorine residual was measured in the influent using a
HACH®DR/890 colorimeter (method 8021; HACH®, Dandenong South, Australia). Daily sub-samples
of the influent and effluent were collected and composited on a weekly basis for more detailed water
quality analyses, which included particle size, total suspended solids (TSS), major ions, selected metals,
and nutrients [41]. The groundwater used to inoculate the columns at the start of the experiment was
also sub-sampled for the same suite of analyses.

2.5. End of Study Column Sectioning and Analysis

At the completion of the experiment, the columns were dismantled, and the aquifer material
sampled into three sections at 0–3, 3–8, and 8–16 cm. Each section was analysed for total carbon,
total nitrogen, plus indicators of biofilm presence, polysaccharide, and DNA content. The remaining
0–3 and 3–8 cm material was combined (0–8 cm) and along with the remaining 8–16 cm section,
were analysed for particle size (sand, silt, and clay), as determined by dispersion, wet and dry sieving,
and the pipette sub-sampling method [42], total iron, and manganese [43].

Two sub-samples of approximately 0.5 g from each column section and from the original
column packing material were collected, (i) for polysaccharide analysis and (ii) for DNA extraction.
The remainder of the material from each section was dried at 105 ◦C for 24 h to determine total
water content. Bacterial polysaccharide production was quantified using the phenol-sulphuric acid
method [44]. DNA was extracted from the 0.5 g sub-sample using the MoBio PowerSoil®DNA
Isolation kit (Qiagen, Chadstone, VIC, Australia) with a mechanical disruption step of 6 m/s for
30 s using a FastPrep-24®tissue and cell homogenizer (MP Biomedicals, Seven Hills, Australia).
The final elution volume was 100 µL. The DNA extracted was quantified using a NanoDrop™ND-1000
Spectrophotometer (Thermo Fisher Scientific, Brisbane, Australia) and concentrations were calculated
by the instrument software. Bacterial 16S genes were amplified in a TaqMan™ gene expression (qPCR)
assay (Thermo Fisher Scientific, Brisbane, Australia) [45].
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3. Results

3.1. Aquifer Material Properties

The Werribee Formation aquifer material was dominated by quartz, quantified as >99% by
XRD analysis, with <1% kaolin. Elemental compositions determined by XRF reported 0.26% Al2O3,
0.14% SO3, 0.07% MgO, 0.06% Na2O, 0.05% Fe2O3, and 0.03% K2O. Particle size analysis of the
composite material indicated that coarse sand was dominant at 82%, followed by fine sand (15%),
silt (1.4%), and clay (0.9%). Clay minerals (kaolinite) contributed to the cation exchange capacity (CEC)
of 2.7 meq/100 g. Total carbon and nitrogen levels of the composite material were very low at 0.5% and
0.02%, respectively.

3.2. Water Quality

Table 1 summarises the water quality for each of the four blend waters and the ambient groundwater
in the Werribee aquifer. Table 2 presents the quality of column study effluent for each of the four
source waters.

Mean turbidity for each of the blends ranged from 0.9 to 1.1 NTU, with TSS all below the analytical
detection limit (<1 mg/L), indicating very low particulate levels detected in each blend. Stuyfzand and
Osma [15] report that TSS above 0.1 mg/L presents a physical clogging risk in sandy aquifers. Particle
size analysis showed that the unfiltered blend (Blend A) had the highest average particle size (d50)
at 67 µm based on measurement of six samples, with the remaining three Blends, F, UF, and GAC,
reducing in turn to near below instrument detection, with only one sample being able to be measured
reliably: Blend F 6 µm, Blend UF 3 µm, Blend G 1 µm.

The TSS was slightly lower than field measured values [15] for an unfiltered blend of 33% Class A
recycled water and 67% reverse osmosis (RO)-treated Class A water of 1–2.5 mg/L. While the field trial
commenced without an additional pre-filtration step, most of the blended sample (67%) is expected to
have had filtration prior to RO treatment. The laboratory study focused on water quality treatment to
minimise clogging and does not include the potential for intermittent occurrences, such as mobilisation
of particulates during transit through pipe infrastructure, that can contribute to physical clogging in an
operational scheme. In the field trial [15], it was reported that physical clogging dominated due to
filtration of particulates present in the source water, with TSS up to 2.5 mg/L. Physical clogging was
significant enough to recommend the addition of pre-filtration [15], with further evaluation of the
effectiveness of filtration provided in this study.

The GAC blend had a ten-fold lower DOC (0.5 mg/L) than the three other source waters,
which averaged 3.8 mg/L DOC. It was also shown that BDOC was reduced by GAC treatment from
0.5 mg/L to 0.2 mg/L. Comparable DOC concentrations of 3.6 to 3.9 mg/L were reported from field
analysis, with BDOC ranging from 0.3 to 1.4 mg/L [15]. With the GAC treatment, pH was found to
increase from 7.3 in the Blend A, Blend F, and UF waters, to a mean of 8.5 in the GAC-treated water.
This artefact of GAC treatment was most likely from mineral ash washed from the GAC material.
The slightly higher pH was not maintained after passage through the column, with column effluent
pH ranging from 7.5 to 8.1, with the highest value for Blend UF. This compared to field values near
neutral pH of 7.2 to 7.6 for blended source water [15].

Iron (4–12 µg/L) and manganese (<0.3–7 µg/L) concentrations in source water were lower than
those measured in the field (iron 18–99 µg/L; manganese 14–38 µg/L) due to the lower TSS content.
Aluminium in the Blend G source water increased more than 10-fold from <5 to 80 µg/L, which exceeds
the range reported in field trials [15] and is attributed to mineral ash washed from the GAC filter
during treatment [15].
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Table 1. Water quality of source waters for assessment of the physical and biological clogging potential and hydraulic conductivities for the entire column (0–16 cm)
and inlet section (0–3 cm): n is the number of samples; SD is the standard deviation.

Groundwater Blend A † Blend F † Blend UF † Blend G †

(n = 1) n Mean SD n Mean SD n Mean SD n Mean SD

Electrical conductivity (µS/cm) 4090 43 847 26 15 847 9 21 855 26 43 860 38
pH (-) 6.6 42 7.3 0.1 15 7.3 0.07 21 7.3 0.1 43 8.5 0.2

Alkalinity (meq/L) 450 6 0.6 0.2 2 0.7 0.1 3 0.6 0.05 6 0.9 0.1
Calcium (mg/L) 88 6 13.1 0.5 2 12.3 0.4 3 13.5 0.3 6 14.0 1.5

Sodium Adsorption Ratio (SAR) 4.6 6 2.6 0.04 2 2.5 0.01 3 2.6 0.04 6 2.5 0.1
Chlorine residual (mg/L) 0 86 0.29 0.16 30 0.27 0.17 42 0.29 0.18 86 0.31 0.15

Turbidity (NTU) 2.3 43 1.0 0.3 15 0.9 0.3 21 1.1 0.3 43 0.9 0.2
Total suspended solids (mg/L) 10 7 <1 - 3 <1 - 4 <1 - 7 <1 -

Particle size d50 (µm) 127 6 67 8 1 6 - 1 3 - 1 1 -
Dissolved organic carbon (mg/L) <1–3 7 3.8 0.2 3 3.7 0.3 4 4.0 0.2 7 0.5 0.1

Biodegradable dissolved organic carbon (mg/L) <0.1–0.3 5 0.5 0.2 3 0.4 0.2 2 0.5 - 5 0.2 0.1
Total nitrogen (mg/L) 2 6 11.8 4.1 2 7.9 0.6 3 14.5 0.5 6 9.4 3.9

Total phosphorus (mg/L) 1.7 6 3.9 0.2 2 3.6 0.1 3 3.9 0.2 6 2.5 0.6
Total iron (µg/L) 0.79 6 12 2 2 11 0 3 10 4 6 5 1

Total manganese (µg/L) 0.13 6 6.5 0.5 2 6.1 1.1 3 2.5 3.3 6 <0.3 -
Total aluminium (µg/L) <0.01 6 <5 - 2 5 - 3 <5 - 6 80 14

K0 (0–16 cm, initial K/K0 = 1) - 2 2.95 0.97 2 3.43 0.73 2 2.23 0.58 2 2.89 0.27
K0 (0–3 cm, initial K/K0 = 1) - 2 2.23 0.17 2 2.85 0.1 2 2.17 0.95 2 2.23 0.28

K/K0 (0–16 cm, day 14) - 2 0.53 0.04 2 0.48 0.0 2 0.61 0.28 2 0.93 0.04
K/K0 (0–3 cm, day 14) - 2 0.37 0.09 2 0.39 0.02 2 0.49 0.21 2 1.04 0.06

K/K0 (0–16 cm, day 42) - 2 0.37 0.02 - - - - - - 2 0.65 0.07
K/K0 (0–3 cm, day 42) - 2 0.30 0.09 - - - - - - 2 0.69 0.02

† Blend A: Recycled water blend (60% RO-treated Class A water and 40% raw Class A water) treated by chlorination; Blend F: Recycled water blend treated by filtration using 20 µm (F)
sediment cartridge filter and chlorination; Blend UF: Recycled water blend treated by ultra-filtration using 5 µm (UF) sediment cartridge filter and chlorination; Blend G: Recycled water
blend treated by filtration, granular activated carbon (GAC) and chlorination.
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Table 2. Water quality of column effluent (average of the paired columns for each blend): n is number
of samples; SD standard deviation.

Blend A
(n = 12)

Blend F
(n = 4)

Blend UF
(n = 6)

Blend G
(n = 12)

Mean SD Mean SD Mean SD Mean SD

Electrical conductivity (µS/cm) 848 23 810 9 863 39 859 20
pH (-) 7.5 0.06 7.5 0.07 8.1 0.14 7.5 0.06

Temperature (◦C) 19.0 0.5 19.1 0.3 19.0 0.5 18.9 0.7
Alkalinity (meq/L) 0.6 0.1 0.6 0.04 0.5 0.03 0.9 0.1

Calcium (mg/L) 13.2 0.4 12.4 0.2 13.6 0.1 13.9 1.6
Turbidity (NTU) 0.9 0.3 1.0 0.8 1.4 1.4 0.8 0.2

Total suspended solids (mg/L) <1 - <1 - <1 - <1 -
Particle size d50 (µm) 1 (n = 4) 4 4 (n = 1) - 6 (n = 1) - 1 (n = 1) -

Dissolved organic carbon (mg/L) 3.9 0.2 3.7 0.3 4.1 0.2 0.6 0.1
Total nitrogen (mg/L) 12.1 3.6 8.58 1.7 15.5 0.2 9.1 3.7

Total phosphorus (mg/L) 3.9 0.2 3.69 0.1 4.0 0.1 2.4 0.6
Total iron (µg/L) 11.8 1.9 10.0 2.2 12.2 0.8 4.6 1.4

Total manganese (µg/L) 6.5 1.1 4.85 1.0 4.8 1.1 <0.3 -
Total aluminium (µg/L) 4.2 3.2 6.0 - 5.1 1.9 61 13.6

Blend A: Recycled water blend (60% RO-treated Class A water and 40% raw Class A water) treated by chlorination;
Blend F: Recycled water blend treated by filtration using 20 µm (F) sediment cartridge filter and chlorination; Blend
UF: Recycled water blend treated by ultra-filtration using 5 µm (UF) sediment cartridge filter and chlorination;
Blend G: Recycled water blend treated by filtration, granular activated carbon (GAC) and chlorination.

Turbidity remained relatively stable in the effluent compared with that in the source waters for all
columns except those for Blend UF, where one column (UF1) lost observable material throughout the
study, with turbidity averaging 1.9 NTU (with 1.4 NTU average for the pair of UF columns), double
the average of 0.9 NTU for other columns. The material lost from the column was likely mobilised silt,
resulting in an average 90th percentile (d90) particle size in the column effluent of 19 µm compared
with a d90 of 5 µm in the column influent. The material lost did not increase the gravimetrically
determined total suspended solids in the column effluent, which remained <1 mg/L, nor did it increase
the concentration of iron, manganese, or aluminium. Given the low carbonate content of the column
material, there were no increases in calcium or alkalinity in the column effluent to indicate calcite
dissolution had occurred.

3.3. Hydraulic Conductivity

To enable comparison between individual columns, all data were normalised to the starting
hydraulic conductivity (K0). Over the first 3 cm of column length (at the base of the column),
the mean initial hydraulic conductivity was 2.4 m/d and coefficient of variation (CV) of 23%, which was
systematically 17% lower than that over the whole column (0–16 cm), with a mean of 2.9 m/d (Table 1)
with CV of 24%, which would be due to settlement and migration of fines during the packing and
compaction of columns during their establishment.

After 14 days of operation, there were declines in hydraulic conductivity (K/K0) for all columns
receiving Blend A, Blend F, and Blend UF waters, with declines ranging from 51% to 63% at the 0–3 cm
interval (Figure 2) and 39–52% over the entire column (Figure 3), compared with no decline in the
Blend G columns at 0–3 cm and only a 7% decline over the 0–16 cm Blend G columns. The K/K0

values plotted are the mean of each pair of columns; between each of these pairs, there was some
variation for each water type, with average CV of 1.7% for GAC, 4.8% Blend UF, 8.9% Blend F, and 9.8%
Blend waters.
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On day 14, Blend F (20 µm filter) column operations ceased as they had shown a >50% decline in
K/K0, indicating that this filter size was not adequate to prevent clogging. Another pair of columns
was then prepared and after inoculation with groundwater for 2 days, commenced with a finer filter,
Blend UF (5 µm filter) on day 21, running until the end of the experiment (21 days). K/K0 for the Blend
UF is presented for 14 days prior to the loss of material which resulted in an increase in K/K0 over the
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final week of the experiment. Blend A and Blend G columns ran for the entire experiment to day 42
(6 weeks). At the end of the six week experiment, the Blend A columns showed a further 7% average
loss of conductivity at the inlet (0–3 cm) and 16% over the whole column (0–16 cm), whereas Blend G
columns showed an overall average 30% decline over the inlet and the whole column, since day 14.

3.4. Biofilm Analysis

The polysaccharide concentrations provide a quantitative measure of the presence of biofilm.
However, as polysaccharide production and consumption are dynamic processes in biofilms, measured
concentrations should be assessed as a relative rather than an absolute measure (reported as mg/g
aquifer material). Polysaccharides were detected throughout the length of each column, with the
highest concentrations generally found near the inlet 0–3 cm (Figure 4), which corresponds to the
greatest reduction in K/K0 permeability (Figure 2). However, levels were low, ranging from a minimum
of 0.04 to a maximum of 0.32 mg/g, compared with the original sample (pre-packing column material
mixed with groundwater) at a level of 0.003 mg/g. Blend A and Blend F had the highest polysaccharide
concentrations, and an accumulation of red/brown material was observed near the inlet, which is
indicative of iron precipitation within the biofilm. Based on the influent quality and K/K0 reduction,
there is no reason to expect lower polysaccharide concentration in Blend UF, unless this material was
mobilised and lost prior to column dissection. Other comparable column studies [13,18,33] reported
much higher polysaccharide concentrations of 1 mg/g at the inlet of columns associated with receiving
water with higher DOC concentrations over 15 mg/L and for river water [18] and higher BDOC
(2.5 mg/L) concentrations [33].Water 2020, 12, x FOR PEER REVIEW 11 of 17 
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The DNA analysis largely supports the polysaccharide results, with higher numbers near the
inlets and in columns receiving Blend A and Blend F. DNA numbers ranged from 5 × 104 to 1.3 × 106

(Figure 5) 16S copies/ng DNA across the four treatments and were comparable to the range reported in
similar studies [18] (5 × 103–6.3 × 107 16S copies/ng DNA) with untreated turbid river water, river water
treated by bank filtration, by conventional coagulation, and by coagulation and GAC. For the GAC
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columns, the numbers remained below 1.7 × 105 16S copies/ng DNA, compared with numbers up to
1.3 × 106 16S copies/ng DNA in columns receiving source water without GAC treatment [18].Water 2020, 12, x FOR PEER REVIEW 12 of 17 
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4. Discussion

4.1. Physical Clogging Potential Assessment

The physical clogging potential for each of the Blend source and effluent waters was assessed by
examining the levels of indicator parameters, such as total suspended solids, turbidity, and particle size
distribution (Tables 1 and 2). As described above, there were very low levels of particulate matter in
each of the four blended waters, with total suspended solids (TSS) below the analytical detection limit
(<1 mg/L) from all the weekly samples throughout the study. Turbidity was measured daily, with mean
turbidity ranging from 0.9 to 1.1 NTU (nephelometric turbidity units), with standard deviations of 0.2
to 0.3 NTU, and gave a similar result.

The median particle size (d50) varied by barely one order of magnitude across the different
composite samples of each of the source waters. The average d50 values were ~1 µm for Blend G water,
3 µm for Blend UF, 5 µm for Blend F, and 67 µm for the Blend A water. However, the readings for the
Blend F, UF, and G waters (influent and effluent) were close to the detection limit of the instrument,
thus no clear relationship between the particle size entering and exiting the columns could be discerned
with confidence. The available data showed some evidence for removal of the largest particles by
filtration, with a reduction in d50 from 67 to 1 µm observed for the Blend A source water. The remaining
source waters which contained smaller particle sizes illustrated removal, presumably by filtration,
only for the larger particle sizes (e.g., Blend UF d90 reduction from 32 to 7 µm). This is evidence of
particle straining occurring, which would contribute to physical clogging. This interpretation was also
supported by the field studies, where the median particle size of backflushed water increased by an
order of magnitude from 14.3 µm (unfiltered source water) to 127 µm [15]. This can be explained as
filtration of the larger particles in the source water (d90 269 µm) soon after injection with some recovery
during backflushing.
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The source water quality results shown in Table 2 reveal large differences in some parameters
thought to influence clogging. From the slope of the relative permeability vs. time graphs (Figures 2
and 3), it is inferred that for all columns, except GAC, the first 14 days resulted in a reduction of K/K0

from 1 to 0.4 (0–3 cm) and 1 to 0.5 (0–16 cm). Normally, physical clogging predominates over biological
clogging early in an experiment. However, as Blend F and UF were filtered through 20 µm and 5 µm,
respectively, and the relative permeability mimicked that of the unfiltered blend, it suggests that the
physical clogging was due to fine colloidal material (<5 µm), or another clogging mechanism was also
involved. The GAC columns were initially stable, then showed a decline in K/K0 after a period of 21
days from 1 to 0.8 (0–3 cm) and 0.9 to 0.7 (0–16 cm). This decline coincided with the GAC column
reaching the end of its adsorption capacity before it was replaced with a new GAC material.

4.2. Biological Clogging Potential Assessment

Microbial growth can be defined as the collective increase in the number of bacterial cells and
the extracellular polymeric materials (slimes) that they secrete, which occur where there are sufficient
organic and inorganic substrates present in the source water. Microbial clogging develops over
timescales of days to weeks but is typically slower than physical clogging [13].

Levels of dissolved organic carbon (DOC) in the unfiltered Blend A and filtered Blends F and
UF were moderate, ranging from a maximum of 4.3 mg/L to a minimum of 3.3 mg/L. Following
GAC treatment, DOC levels ranged from 0.4 to 0.7 mg/L, i.e., a ten-fold decrease in DOC on average.
The blended water DOC was slightly above the recommended DOC of <1.7 mg/L set for ASR operations
in a low-permeability fractured rock aquifer [32]. More transmissive carbonaceous aquifers have
been shown to operate with much higher organic carbon in the source water for ASR (total organic
carbon > 18 mg/L) as carbonate dissolution near the well-face can counteract the impact of biological
clogging [25].

The role of nitrogen in biological clogging is important if it is the nutrient limiting biological
growth [25]. Without the presence of biodegradable organic carbon, high nitrogen concentrations will
not lead to biological clogging. During the column study, total nitrogen (TN) levels were relatively
high with averages for all four waters ranging from 7.8 to 14.5 mg/L. C:N ratios < 1, much lower than
the Redfield ratio for aquatic biomass (C:N:P 106:16:1 [46]), indicate that nitrogen is not the limiting
nutrient. N:P ratios of 5–8 may be limiting in a carbon-rich environment.

BDOC provides an indicator of the bioavailability of the organic carbon in water samples that
may be analogous to microbial clogging of injection wells [25,47]. Average BDOC concentrations were
low for all source waters, with 0.5 mg/L for the Blend water, 0.4–0.5 mg/L for the Blend F and UF
waters, and 0.2 mg/L for the Blend G water, with 2 readings being below detection of <0.2 mg/L. Thus,
only the GAC-treated water was considered biologically stable [18]. The blended water BDOC was
slightly above the recommended BDOC of <0.2 mg/L set for ASR operations in a low-permeability
fractured rock aquifer [32] and in a medium to coarse sand aquifer [18]. Field observations of a
subsequent ASR injection cycle using the same blends of water had higher BDOC levels, and some
clogging of the injection wells was observed supporting this interpretation [15]. Suspended matter
recovered from the ASR trial during backflushing water was reported as having an organic carbon
concentration of 7000 mg/L (c.f. 0.23 mg/L in the source water), which further supports the observation
that biological clogging will impact this operation [15]. However, with particulate matter also present
in the source water during the field trial, management of physical clogging was deemed a higher
priority than biological clogging in the first instance. Nevertheless, this present study confirms that
neither mechanism can be discounted.

Distinct differences in polysaccharide profiles were observed between the GAC-treated columns
and all others. The polysaccharide presence in the Blend G columns was relatively constant throughout
the column, with an average of 0.05 mg/g across all depths. This same trend of a constant level of
polysaccharides was observed for GAC-treated river waters [18,33]. For both the Blend A and Blend F
columns, polysaccharides peaked in the 0–0.5 cm sections at 0.13–0.32 mg/g, decreasing near the centre
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and outlet of the columns to a range of 0.07–0.19 mg/g, however this was still higher than the average
for the Blend G columns. The Blend F columns showed the highest concentration of polysaccharides,
with 0.32 mg/g at the inlet down to an average of 0.16 mg/g at the outlet and had only been operating
for 14 days before clogging to >50% K/K0. The Blend A and Blend F source water quality, particularly
the concentration of BDOC, is comparable and does not explain why polysaccharides are higher in the
filtered columns. Blend F columns were subject to a chlorine residual levels <0.2 mg/L target for the first
week of operation, which may have provided an opportunity for biological growth. DOC (r2 = 0.98),
BDOC (r2 = 0.88), and free residual chlorine (r2 = 0.88) concentrations all exhibited a correlation with
the decline in average hydraulic conductivity over the first 14 days of the experiment, also suggesting
biological clogging as the cause. Turbidity in the source water, an indicator of physical clogging risk,
did not show a relationship (r2 = 0.33) with the decline in average hydraulic conductivity over the
same time period. Blend UF columns were relatively stable across the column, averaging 0.1 mg/g
over a 21-day period, but still double that was measured on average in the Blend G columns at 42
days. Less biological growth appears to be the dominant reason for higher hydraulic conductivity
in the GAC-treated columns based on the biomass data (Figure 5) and supported, but less distinctly,
by polysaccharide data (Figure 4). DOC was substantially lower than for all other columns, 0.5 mg/L
compared with an average of 3.8 mg/L (Table 2).

4.3. Water Quality Targets for Sustainable ASR Injection

ASR injectant water quality and associated pre-treatment to manage well clogging needed to be
defined. In this study, a conservative approach was adopted based on injectant water quality with
target BDOC levels of 0.2 mg/L and laboratory clogging trials. This is consistent with other previous
studies [18,32] for biologically stable water used for ASR. It is suggested that in the absence of specific
information, this could be used as a more general conservative indicator of biological stability of ASR
source water. Indeed, these targets were adopted for a subsequent field trial using the same source
water [15]. However, the water quality targets alone may not be enough to manage clogging due to
source water variability and the operational realities of water treatment and would need to be supported
by periodic ASR well backflushing during injection cycles. This combination of suitable water quality
and operational strategies has been found to be effective in managing clogging at many operational
ASR sites [8,25,32,48,49]. Field trials subsequently confirmed these observations as physical and
biological clogging were the dominant causes of ASR bore clogging at this site [15]. These observations
were further confirmed by hydraulic data, and geochemical and microscopic analysis of particles
in the backflushed water during well redevelopment [15]. The field experience also highlighted
how one clogging mechanism (in this case physical clogging) may appear dominant and mask other
potential operational risks (i.e., biological clogging). When evaluating uncertainties in developing
an aquifer storage and recovery (ASR) system, a staged approach to project development is needed
to prioritise investigations such as the clogging studies reported here. This study supports previous
observations [49] that clogging studies are invaluable as an adjunct to field trials and demonstrates
that the clogging mechanisms may be evaluated differently and show the evolving understanding of
operational viability of ASR schemes.

5. Conclusions

This study considered the pre-treatment requirements to allow sustained recharge of Class
A-treated recycled water at a sustainable rate in a medium–coarse-grained siliceous aquifer. The water
source intended for use in ASR is a blend of 40% Class A water with 60% reverse osmosis (RO)-treated
Class A water. Clogging was evident in both the blended and filtered waters, while the biologically
stable GAC-treated blend resulted in minimal reduction in column permeability. Polysaccharide
accumulation indicated the presence of biological clogging, while the rapid reduction in permeability
indicated some physical clogging due to filtration of particulate matter in the source water. In this study,
a conservative approach was adopted with target BDOC levels of 0.2 mg/L to ensure a biologically
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stable source of water for recharge. This is consistent with the previous recommendations to manage
biological clogging in siliceous aquifers with various source waters (stormwater, surface water).
Therefore, it is proposed that BDOC of 0.2 mg/L could be adopted internationally as a suitable water
quality target for sustainable injection of ASR schemes in non-carbonaceous aquifers to manage
biological clogging. As some physical clogging was evident with TSS < 1 mg/L, a more stringent target
for TSS is recommended to manage physical clogging.
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