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Abstract Wastewater reuse coupled to managed aqui-
fer recharge (MAR) provides a means to store and reuse
treated wastewater (TWW) year-round. Determining the
fate of nutrients in the subsurface during MAR remains
challenging for environmental regulation due to the
interaction of the MAR source water with site specific
aquifer conditions. To facilitate the understanding of
natural treatment processes, this study uses operational
monitoring data from a full-scale aquifer storage and
recovery (ASR) scheme using TWW to assess nutrient
(N and P) transformation and fate. Analysis of median
water quality injected into and recovered from the ASR
wells for two complete ASR cycles (June 2014 to
March 2016) was used to describe the removal of nutri-
ents in an anoxic carbonate aquifer. Total nitrogen (TN)
removal was dominated by redox processes, with medi-
an removal of 40 to 60% for TN and nitrate (the dom-
inant N species) and higher removal of ammonia (95%)
and total Kjeldahl nitrogen (TKN) (70%). Total phos-
phorous (TP) removal was also observed (~ 90%) due to

sorption (filterable reactive phosphorous median remov-
al of ~ 80%). A 40% increase in median salinity was
evident within each ASR cycle due to recovery of the
entire volume of injected water each year (ambient
groundwater is 200% higher in TDS, on average). A
reduction in salinity of the recovered water could be
achieved by leaving a residual of source water in the
aquifer to create a buffer zone between the ambient
groundwater and the fresher source water.

Keywords Managed aquifer recharge (MAR) . Aquifer
storage and recovery (ASR) .Nutrient removal . Salinity .
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1 Introduction

Wastewater reuse coupled to managed aquifer recharge
(MAR) provides a means to store and reuse treated
wastewater (TWW) for agricultural production through-
out the entire year. MAR takes advantage of suitable
aquifers to provide storage, which is important for se-
curity of supply and to balance the supply of wet season
runoff with dry season irrigation demand (Dillon et al.,
2008). Aquifer storage and recovery (ASR) is a MAR
technique that uses the same well for injection into and
recovery from a confined aquifer (Pyne, 2006), which
has been adopted extensively in the USA for storage of
drinking water (Pyne, 2006) and in Australia for storage
and use of urban stormwater (e.g. Page et al., 2015) and
treated wastewater (e.g. Vanderzalm et al., 2013). ASR
is often used to store high-quality water in brackish
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aquifers (Pyne, 2006) and requires creation of a buffer
zone to separate the stored water from the surrounding
brackish, ambient groundwater. The buffer zone is typ-
ically created by leaving a residual of the injectant in the
aquifer and may be done prior to commencement of the
ASR cycles, and/or in between ASR cycles (Pyne,
2006).

TWW represents a concentrated but reasonably uni-
form quality and quantity resource whose impact on
receiving environments requires management. Typical-
ly, most wastewater treatment plants are specifically
designed to remove nutrients such as nitrogen and phos-
phorus prior to aquatic discharge as nitrogen and phos-
phorus are associated with eutrophication and water
quality issues in receiving environments (Collins et al.,
2010). In response to this, environmental regulations
have evolved and generally require higher levels of
treatment, especially nutrient removal prior to
discharge. To date these regulations have not
considered that in addition to providing storage,
aquifers can serve as a treatment barrier providing
improvements in water quality. For example, Dillon
et al . (2008) reported nutr ient and organic
carbon removal from treated wastewater (Fox, 2002;
Kim et al., 2004; Sharma et al., 2011; Abel et al.,
2012; Vanderzalm et al., 2006, 2013, 2018) along with
various other potential contaminants such as pathogens
(Sidhu et al., 2015; Page et al., 2017), suspended solids
and turbidity (Page et al., 2015) and trace organic
chemicals (Patterson et al., 2011; Shareef et al., 2013).

Yet, to date the aquifer treatment is not considered as
a management option for nutrients (N, P) in TWW as
performance remains poorly quantified. As a direct re-
sult, environmental legislation and management re-
mains onerous but justifiably cautious in the absence
of enough robust long-term data. For example, legisla-
tive requirements in some Australian jurisdictions re-
quire that all recharged TWW, volumetrically at least, be
recovered annually. This leaves no opportunity for inter-
season water banking, freshening of naturally brackish
aquifers and creates poorer quality recovered water
when brackish groundwater is also extracted into the
water reuse supply system.

To facilitate the understanding of natural treatment
processes, this study uses operational monitoring data
from a full-scale ASR scheme using TWW to assess
nutrient (N and P) transformation and fate. The specific
aims of this study were the following: (i) to calculate the
removal of nitrogen and phosphorus at a TWW full-

scale ASR site used for irrigation; (ii) assess the treat-
ment performance of the aquifer as a treatment barrier;
(iii) compare the water quality after an activated sludge-
ASR treatment train to a membrane bioreactor with
respect to protection of a downstream environmental
receptor; and (iv) recommend operational measures to
maximise the benefit of water recycling via aquifers and
also protect the environment and human health.

2 Material and Methods

The Willunga Basin Water Recycling Scheme based in
South Australia, Australia, commenced in 1999 in re-
sponse to the Millennium drought, irrigation water scar-
city and increasing regulation to manage groundwater
use. Today, the customer base has now grown to > 180
irrigators, with > 120 km of pipeline supplying TWW
for drip irrigation of high economic value vineyards
(ISF, 2013; SA Water, 2013). The TWW used for irri-
gation is sourced from the Christies Beach wastewater
treatment plant (WWTP).

The Christies Beach WWTP receives ~ 30,000 m3/d
from mainly a residential urban sewage catchment (SA
Water, 2013). The WWTP consists of two activated
sludge treatment trains: A/B-plant uses the Modified
Ludzak-Ettinger (MLE) process and C-plant uses the
membrane bioreactor process (MBR) process. The A/B-
plant consists of primary treatment, secondary treatment
via MLE, clarification and chlorine disinfection. TWW
from A/B-plant is approved for irrigation use and must
meet the following regulatory values: biological oxygen
demand (BOD) < 20mg/L, total suspended solids (TSS)
< 30 mg/L and Escherichia coli < 1000 colony forming
units (cfu)/100 mL (annual median). The C-plant con-
sists of 2 mm screening, MBR and UV disinfection and
was commissioned in 2012 for improved nutrient re-
moval prior to discharge to the marine environment, the
Gulf of St Vincent.

The Aldinga ASR scheme was established to store
TWW, which would normally be discharged to the Gulf
of St Vincent (Fig. 1). The ASR scheme is located
adjacent to the Aldinga WWTP and recycled water
treatment plant (RWTP), approximately 18 km to the
south of the Christies Beach WWTP. The TWW from
the Christies Beach WWTP is injected into a confined
limestone aquifer within the Tertiary Port Willunga For-
mation at a target interval of 30–70 m below ground
during winter. The entire injected TWW volume is
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subsequently recovered in summer for irrigation, via
four production bores. The MAR component of the
scheme was commissioned in 2010 and is currently
approved by the EPA South Australia for injection and
recovery of 400,000 m3/year.

TWW quality is routinely monitored at the end of the
Christies Beach WWTP A/B-plant post chlorine disin-
fection and post UV disinfection at C-plant. As the
Aldinga ASR scheme is intended for storage when

irrigation water is not required, it follows that the source
water for use in ASR originates from A/B-plant. The
treated wastewater water is then injected into the target
aquifer and recovered via inlet and outlet pipe mani-
folds. Recovered water quality is monitored by an auto-
matic sampler and grab samples on the common outlet
manifold and represents the water quality of any of the
four production bores. Individual bores can be manually
sampled via the sample tap at each of the bores.

Fig. 1 The Aldinga aquifer storage and recovery (ASR) scheme
showing four ASR wells (6527–1770, 6527–1771, 6527–1772,
6527–1811). The ASR scheme receives treated wastewater
(TWW) from Christies Beach wastewater treatment plant
(WWTP) (not shown, ~ 18 km to the north) and is located adjacent

to Aldinga WWTP and recycled water treatment plant (RWTP).
Ambient groundwater quality is from observation well no. 6527–
1052, sampled July 2008 prior to commencement of ASR. See
Table 1 for ASR well details
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Water quality parameters are determined by the
NATA accredited Australian Water Quality Centre, Ad-
elaide, SouthAustralia, and in accordancewith Standard
Methods (APHA, 2005). The nutrients nitrogen and
phosphorus (N, P) and salinity (total dissolved solids,
TDS) are reported in this current study.

Water quality data for two complete ASR cycles
during the period of June 23, 2014 to March 22,
2016 for TWW (input) and ASR recovered water
(output ) were used . Dur ing th is in te rva l
530 ,000 m3 of TWW were in jec ted and
533,000 m3 recovered (Fig. 2). Prior to this, three
ASR cycles with smaller injection volumes (<
60,000 m3) had been undertaken between 2012
and 2014. The comparison of input and output
assesses nutrient removal during ASR, where the
same well is used for injection and recovery. In
these ASR cycles, the input originated from the
A/B-plant, meaning the TWW had been treated by
the MLE process. The C-plant, employing MBR
treatment, is intended to provide greater protection
to the marine environment through greater removal
of nutrients. The water quality recovered from
ASR is compared to the quality of TWW treated
by MBR, to determine if ASR can provide ade-
quate treatment prior to marine discharge.

The 5th, 50th (median) and 95th percentile water
quality data were used to describe the TWW and ASR
recovered water. The efficiency of natural treatment was
calculated from changes in the median water quality,
comparing ASR recovered water (ASR Out) to that after
MLE treatment (ASR In) for each of the two ASR
cycles.

The water recovered from an ASR well is a
mixture of source water and ambient groundwater.
The mixing fraction of the injected stormwater
present in recovered water samples, f, was estimat-
ed by the method described by following equation
(Pavelic et al. 2006) (Eq. 1). Chloride is typically
used in this calculation as it is a conservative
solute within the aquifer, assuming the injected
concentration is stable and comparable to the av-
erage concentration. Chloride data was not avail-
able, so the mixing fraction was estimated with
TDS, recognising that TDS comprises of both con-
servative and nonconservative solutes. However,
the high TDS concentrations of the end-members
reduce the significance of changes due to geo-
chemical reaction processes.

f ¼ TDSrecovered−TDSambient

TDSinjected−TDSambient
ð1Þ

where:

[TDS]recovered TDS in the recovered water
[TDS]ambient TDS in ambient groundwater; based

on median value
[TDS]injected TDS in injected water; based on

median value

3 Results and Discussion

TWWwas stored in a confined carbonate aquifer via an
ASR scheme during the wet season (winter) for recov-
ery and non-potable use in the dry season (summer). A
summary of the ASR injectant and recovered water
quality data and available ambient groundwater quality
data is provided in Table 2 and Table 3.

The ambient groundwater in the storage zone, the T2
aquifer, is brackish with TDS of ~ 2200 mg/L, anoxic
(< 0.5 mg/L dissolved oxygen) and low in nutrients
(Table 3). In contrast for the two ASR cycles, the
TWW was fresher (median TDS 680–730 mg/L), oxy-
genated and rich in nitrogen (median TN 14–16 mg/L)
and phosphorus (median TP 8.5–8.6 mg/L). The ASR
recovered water had a ~ 40% higher median TDS than
that injected (TDS 1000–1100 mg/L; Fig. 3) and was
typically lower in nutrients than that injected with me-
dian nitrogen TN 5.9–8.4 mg/L and TP 1.3 mg/L.

Based on median water quality, the water recovered
from ASR is a mixture of TWW and ambient ground-
water, and this mixing between two water sources leads
to higher salinity in the recovered water than that
injected. This same mixing can contribute to apparent
nutrient removal through dilution. A conservative tracer,
such as chloride, is typically used to quantify the frac-
tion of mixing between two water sources (Eq. 1). Sub-
sequently the role in reduction of nutrient concentration
of dilution or hydrogeochemical reaction can be quan-
tified. In the absence of a suitable conservative tracer,
TDS was used to estimate the fraction of TWW within
recovered water; ~ 70–80% on average (Table 4 and
Fig. 2). Notably, recovery of the entire volume of
injected TWW results in recovery of > 40% of the
higher salinity groundwater toward the end of the re-
covery period. Recovery of this brackish ambient
groundwater could be minimised by creation of a buffer
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zone that separates inter-recovery period stored water
from the surrounding ambient groundwater (Pyne,
2006). Creation and maintenance of this buffer zone
requires some residual TWW to remain in the aquifer
in between ASR cycles. Typically, recovery from an

ASR scheme would cease when a trigger value for
TDS is reached. However, the current Aldinga ASR
operation licence prevents creation of this buffer zone
or the use of TDS to trigger the end of recovery, due to
the requirement to recover all TWWinjectant and higher

Fig. 2 a Cumulative water volume during two complete aquifer storage and recovery (ASR) cycles between July 2014 and March 2016. b
Cumulative water volume recovered compared to estimates of cumulative water volume recovered of both recycled water and groundwater
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salinity ASR recovered water. While TDS may not be
conservative and gives only an approximation of the
mixing between injectant and ambient groundwater, it

is useful to consider if dilution can explain the observed
nutrient removal. Based on median concentrations, 30%
dilution with ambient groundwater would result in TN
in the recovered water of ~ 10–11 mg/L and TP of ~ 6–
7 mg/L. The measured concentrations were consider-
ably lower, with a reduction of > 3 mg/LTN and 5 mg/L
TP, indicative of removal via natural treatment
processes.

TN (Fig. 4) and TP (Fig. 5) concentrations in ASR
recovered water are reduced in comparison to the injec-
tant (after MLE treatment). Median TN is 14–16 mg/L
in the TWW injectant and 6–8 mg/L in the ASR recov-
ered water. This TN is predominantly present as

Table1 Aquifer storage and recovery (ASR) well details

ASR well
unit-number

Date
drilled

Maximum
depth (m)

Ambient
TDS (mg/L)

Yield
(L/s)

6527–1770 04/09/2008 71 2300 6

6527–1771 12/06/2008 81 1800 8

6527–1772 18/09/2008 75 2400 5

6527–1811 14/12/2009 69 2200 6

Table 2 Summary water quality statistics

Parameter (mg/L) Cycle No. samples Percentile Coefficient of variation

5th 50th 95th (%)

TN (inj) A 12 13 16 26 23

TN (rec) A 18 4.3 5.9 7.4 17

TN (inj) B 13 12 14 16 8

TN (rec) B 20 6.5 8.4 10 14

TKN (inj) A 12 < 2 3.5 4.7 19

TKN (rec) A 19 0.20 0.51 1.2 52

TKN (inj) B 13 1.4 2.0 3.7 31

TKN (rec) B 20 0.34 0.69 2.7 83

NH4-N (inj) A 12 < 0.5 0.70 2.2 43

NH4-N (rec) A 18 < 0.005 0.023 0.38 180

NH4-N (inj) B 13 < 0.5 0.54 2.5 67

NH4-N (rec) B 16 < 0.005 0.028 0.75 200

NOx-N (inj) A 12 9.8 13 22 24

NOx-N (rec) A 18 2.6 5.3 7.0 24

NOx-N (inj) B 13 11 12 15 11

NOx-N (rec) B 20 4.9 7.8 9.3 17

TP (inj) A 12 6.5 8.6 10 11

TP (rec) A 19 0.94 1.2 2.6 38

TP (inj) B 13 7.9 8.5 9.8 6

TP (rec) B 20 1.1 1.3 3.2 38

FRP (inj) A 12 6.6 7.7 9.7 12

FRP (rec) A 18 0.76 1.2 2.7 40

FRP (inj) B 13 6.5 8.2 9.7 11

FRP (rec) B 20 0.90 1.9 2.7 39

TDS (inj) A 12 550 680 770 11

TDS (rec) A 19 640 1100 1400 4

TDS (inj) B 13 680 730 760 25

TDS (rec) B 20 820 1000 1300 15
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oxidised species, nitrate and nitrite with median concen-
trations of 12–13 mg/L injected and 5–8 mg/L recov-
ered. Despite removal of at least 40% TN within the
aquifer, the median nitrogen concentrations after ASR
remain 1–3 mg/L (20–40%) greater than after MBR
treatment, which results in a median TN of 5 mg/L
and NOx-N of 4 mg/L. Neither treatment train provides
sufficient N removal without additional dilution to meet
the ambient groundwater TN concentration of 1.6 mg/L,
or the more stringent local marine ecosystem guideline
of 0.25 mg/L for the 90th percentile value (EPA, 2013)
(Fig. 4).

Injectant and recovered TN concentrations and the
effectiveness of natural treatment vary between individ-
ual ASR cycles (Table 2). TN concentrations in the
injectant ranged between 13 and 26 mg/L in cycle A
and between 12 and 16 mg/L in cycle B, compared with
4.3 to 7.4mg/L in the recovered water in cycle A and 6.5
to 10mg/L in cycle B. TN in the injectant is less variable
in cycle B (coefficient of variation (CV) 8%) than A
(CV 23%) (Table 2), though removal in the subsurface is
apparently greater in cycle A. This behaviour is repeated
for NOx-N, the dominant nitrogen species. NOx-N con-
centrations in the injectant varied between 9.8 and

Fig. 3 Summary of TDS injected into (after Modified Ludzak-
Ettinger (MLE) process) and recovered from aquifer storage and
recovery (ASR) (MLE and ASR treatment) for two aquifer storage
and ASR cycles. Box plot indicates median (line within box), 25th

and 75th percentile values (box boundary), 10th and 90th percen-
tile values (whiskers) and 5th and 95th percentile values (closed
circles) and dotted lines indicate ambient groundwater and drink-
ing water guideline

Table 3 Summary of ambient groundwater quality and water quality guideline values

Ambient groundwater (mg/L) Guideline value (mg/L)

(well #6527–1052, 24/7/2008) Irrigation† Marine‡ Drinking#

TN 1.60 5 LTV 25–125 STV 0.25 (90th percentile)

NH4-N <0.005 0.41a

NOx-N 1.56 11h

TP 0.013 0.05 LTV 0.8–12 STV 0.025 (90th percentile)

FRP 0.01 (90th percentile)

TDS 2200 600 a

†ANZECC, 2000; ‡EPA, 2013 (LTV = long-term trigger value for use up to 100 years, STV = short-term trigger value for use up to
20 years); # NHMRC-NRMMC, 2011 (a aesthetic, h health)
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22 mg/L in the injectant in cycle A and 11 and 15 mg/L
in cycle B, with 2.6 to 7.0 mg/L in the recovered water
in cycle A and 4.9 to 9.3 mg/L in cycle B (Table 2).
Ammonia-N concentrations in the injectant were be-
tween < 0.5 to 2.5 mg/L in the TWW injectant and <
0.005 to 0.75 mg/L in the ASR recovered water. The
removal for TN and NOx-N was ~ 60% in cycle A and
~ 40% in cycle B, which includes both removal and
transformation of nitrogen species. Median removal of
66 to 85% for TKN and > 95% for ammonia indicates
that both organic nitrogen and ammonia are removed
through mineralisation of organic nitrogen to ammoni-
um and then subsequent oxidation. This contrasts with
35 to 60% removal of NOx-N. The calculated removal
does not consider the removal of nitrate formed in situ
via oxidation. However, the net loss of TN represents
nitrification of ammonium to form nitrate (Eq. 2), which
is subsequently converted to nitrogen gas through deni-
trification (Eq. 3). Some of the converted nitrate is
subsequently recovered prior to denitrification being
complete. Nitrification and the subsequent denitrifica-
tion are biologically mediated redox transformations.
The opportunity for nitrification is limited to immedi-
ately after injection where oxic conditions may persist,
following the injection of oxygenated TWW into an
anoxic aquifer. Denitrification then prevails as the key
TN removal mechanism but is limited by the availability
of biodegradable dissolved organic carbon (BDOC) to
facilitate this kinetic reaction (Vanderzalm et al., 2013,

2018). This BDOC is sourced from the influent TWWas
the T2 aquifer is low in organic carbon (< 0.5%,
Vanderzalm et al., 2010). The difference in NOx-N
removal between cycles cannot be explained with the
available data but is likely to be influenced by the
availability of BDOC in TWW. BDOC data was not
available. TWW dissolved organic carbon (DOC) was
not quantified in cycle A and the median concentration
was 9.7 mg/L in cycle B. DOC was not measured in
recovered water, so removal during ASR cannot be
quantified. Assuming all TWW DOC was consumed
by denitrification (Eq. 3) can explain up to 9 mg/L
NO3-N removal. TN removal of 5.6 mg/L observed in
cycle B (Table 2) can be explained by dilution and ~
2mg/L removal via denitrification (Eq. 2). This suggests
approximately 20% of TWW DOC is biodegradable, as
previously reported (Vanderzalm et al., 2006). This sug-
gests microbially mediated denitrification is a sustain-
able removal process for TN in TWWASR in an anoxic
aquifer but relies on the presence of enough BDOC in
the injectant (TWW) to stimulate this process.

2O2 þ NH4 þ 2HCO3→NO3 þ 2CO2 þ 3H2O ð2Þ

4NO3 þ 5CH2O→2N2 þ 4HCO3 þ CO2 þ 3H2O ð3Þ
TP concentrations are almost equivalent to filterable

reactive phosphorus (FRP) concentrations, so only TP is
presented and discussed. Median TP was reduced from
8.6 mg/L in the TWW injectant to 1 mg/L in the ASR
recovered water. In this instance the aquifer provides
greater removal of P than the MBR treatment process,
with median TP of 5 mg/L after MBR (Fig. 5). As with
N, neither treatment train provides sufficient P removal
to meet the ambient groundwater TP concentration of
0.013 mg/L, or the marine ecosystem guideline of
0.025 mg/L for the 90th percentile value (EPA, 2013).

TP concentrations and removal due to natural treat-
ment are more consistent in the two ASR cycles, than
observed for TN. TP in the injectant ranged between 6.5
and 10 mg/L in cycle A and between 7.5 and 9.8 mg/L
in cycle B. Recovered TP varied from 0.94 to 2.6 mg/L
in cycle A and from 1.1 to 3.2 mg/L in cycle B (Fig. 5).
The median removal of TP was ~ 90% and FRP was ~
80% (Fig. 6); considerably higher than previously re-
ported for TWW ASR (Vanderzalm et al., 2013).
Vanderzalm et al. (2013) reported that only injected TP

Table 4 Estimated fraction of treated wastewater (TWW) in
recovered water samples based on TDS and predicted concentra-
tions based on conservative mixing between injectant and
groundwater

ASR
cycle

Water
quality
percentile

Estimated
fraction of
TWW in
recovered
water (based
on TDS)

Concentration
predicted from
mixing (mg/L)

Difference
between
measured and
predicted
concentration
(mg/L)

TN TP TN TP

Cycle
A

5th 1.03 16 8.8 − 12 − 7.9
50th 0.72 12 6.2 − 6.1 − 5.0
95th 0.53 9.2 4.5 − 1.8 − 1.9

Cycle
B

5th 0.94 13 8.0 − 6.7 − 6.9
50th 0.82 12 6.9 − 3.3 − 5.6
95th 0.61 9.0 5.2 0.8 − 2.0
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concentrations > 1 mg/L were consistently removed by
adsorption during TWW ASR where the injectant TP
ranged between 0.05 and 6 mg/L. In the previous case,
sorption was considered to have a limited capacity and
could be reversed. These limitations for P removal by

sorption were not evident for this study’s ASR scheme
over multiple years of operation, despite introducing
considerably higher TP loadings to the aquifer. The
superior sorption performance may be explained by
redox conditions within the storage zone. In the current

Fig. 4 Summary of TN and NOx-N injected into (Modified
Ludzak-Ettinger (MLE) treatment) and recovered from aquifer
storage and recovery (ASR) (MLE and ASR treatment) in com-
parison to TN and NOx-N after membrane bioreactor (MBR)
treatment for a ASR cycle A and b ASR cycle B. Box plot
indicates median (line within box), 25th and 75th percentile values

(box boundary), 10th and 90th percentile values (whiskers) and
5th and 95th percentile values (closed circles) and dotted lines
indicate ambient groundwater and guideline or trigger values. LTV
= long-term trigger value for use up to 100 years, STV = short-
term trigger value for use up to 20 years (ANZECC, 2000)
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Aldinga ASR scheme nitrate is not completely con-
sumed in the aquifer and therefore sorption sites on
amorphous iron hydroxide and iron oxide coatings on
carbonate mineral surfaces are retained. In contrast
Vanderzalm et al. (2013) reported iron reducing

conditions and some loss of sorption sites during the
storage phase. This demonstrates that (for some ASR
schemes at least) there is considerable potential to har-
ness natural treatment in an aquifer as a potential alter-
native to engineered treatments such as MBR.

Fig. 5 Summary of TP and FRP injected into (Modified Ludzak-
Ettinger (MLE) treatment) and recovered from aquifer storage and
recovery (ASR) (MLE and ASR treatment) in comparison to TP
and FRP after membrane bioreactor (MBR) treatment for a ASR
cycle A and bASR cycle B. Box plot indicates median (line within
box), 25th and 75th percentile values (box boundary), 10th and

90th percentile values (whiskers) and 5th and 95th percentile
values (closed circles) and dotted lines indicate ambient ground-
water and guideline or trigger values. LTV = long-term trigger
value for use up to 100 years, STV = short-term trigger value for
use up to 20 years (ANZECC, 2000)
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4 Conclusion

Treated wastewater injected, stored and recovered via an
ASR scheme operated in an anoxic, carbonate aquifer
reported a median removal of 40 to 60% for TN and
NOx-N, the dominant N species over two ASR cycles,
with higher removal of TKN (> 70%) and NH4-N (>
95%). The removal was attributed to nitrification of
ammonium to form nitrate and subsequent denitrifica-
tion to produce nitrogen gas. Median TP removal due to
sorption was consistent at ~ 90% over the two ASR
cycles. The efficiency of treatment for TP was more
effective than previously observed for TWWASR, pre-
sumably due to the stability or iron oxide sorption sites.

The MLE process combined with ASR provides
greater P removal than the MBR treatment step alone.
However, MBR provides greater N removal. Therefore,
the choice of treatment train must be informed by the
requirements for protection of downstream environmen-
tal receptors. Neither treatment train can meet the strin-
gent marine quality guidelines or ambient groundwater
concentration of N and P.

In the current study, the requirement to recover all the
injected TWW each year leads to a ~ 40% median
increase in the salinity of the ASR recovered water. This
environmental constraint could potentially be eased
with the establishment of a buffer zone. This requires a
residual of TWW injectant in the aquifer but would
reduce the extent of mixing between the injectant and
the brackish ambient groundwater, thus lowering recov-
ered water TDS. Salinity is typically the key constraint
for uptake of TWW for irrigation. Thus, lowering the

salinity of the recovered water may increase uptake and
subsequently reduce the remaining volume of treated
wastewater requiring coastal discharge.
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