OOk, wWN B

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

32

33
34
35
36
37
38
39
40
41
42
43
44
45
46

Valuing the subsurface pathogen treatment barrier in water
recycling via aquifersfor drinking supplies

Declan Page, Peter Dillon, Simon Toze, Davide Biettina Genthe, Blanca Elena
Jiménez Cisneros, and Thomas Wintgens

Abstract

A quantitative microbial risk assessment was peréat at four managed aquifer
recharge (MAR) sites using the same risk-basedoagprthat is used for public water
supplies. For each of the sites, the aquifer treatrbarrier was assessed for its;hog
removal capacity much like for other water treattrtenhnologies. The use of
aquifers as a treatment step to reduce pathogebersris considered in a
standardised form along with otherenginedredtments. This information was then
integrated into a broader risk assessment to detertihhe human health burden from
the four MAR sites. For the Australian and Southigsin cases, managing the aquifer
treatment barrier was found to be critical for ssbemes to have low risk. For the
Belgian case study, the large treatment trains ipotbrms of pre- and post- aquifer
recharge ensures that the risk is always low. énMlexico case study site the risk was
high due to the lack of pre-treatment and the lesidence times of the recharge
water in the aquifer. A further sensitivity anafysif the risks demonstrated that
human health risk can be managed if aquifers aegrated into a treatment train to
attenuate pathogens. However, reduction in humalttthdisease burden (as
measured in disability adjusted life years, DALYajJied depending upon the number
of pathogens in the recharge source water. TheR@tson dose response curve used
for translating rotavirus an@ryptosporidiumnumbers into DALYs coupled with

their slow environmental decay rates means poditguajectant leads to aquifers
having reduced value to reduce DALYs. For theseesys, like the Mexican case
study, longer residence times are required to thedat DALYs guideline for drinking
water.

| ntroduction

Water reuse is increasingly regarded as an appitepaind cost effective option for
augmentation of urban water supply needs (NRMMC-ER06). Drivers for the
increased reuse of water include severe wateragestin dry periods, climate
change, stricter regulations on waste dischardiegtoeceiving environment and
growing urban populations. Furthermore, in the ttgMag world, unintentional water
reuse may also exist as result of lack of sanitatiimenez and Asano 2008), and
limited wastewater treatment facilities.

Climate change and increasing urbanisation hasltedrimental effect on
groundwater resources which has resulted in arasing worldwide interest in the
recharge of aquifers for augmenting urban drinkigger supplies (Dillon 2005).
Aquifer recharge can utilise a variety of non-ttaxtial source waters including urban
stormwater and reclaimed water from sewage effluem role of the aquifer in the
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treatment train has not been considered with theegségor as engineered components
such as filtration or disinfection, even thougmdy lead to large improvements in
water quality (Dillon and Toze 2005). It has beecuimented that pathogens are
actively removed during passage through aquifesd@ and Toze 2003, Nasser
and Oman 1999, Toz al. 2004, Yate®t al. 1990) yet this information is often still
to be incorporated into the role of aquifers asvadteatment systems. Consequently
many jurisdictions do not integrate the subsurtaeatment into the entire risk
management strategy for potable water suppliescéldre objectives of this paper
are:
* To determine the value of the aquifer treatmentidaat four drinking water
case study sites.
« To perform a quantitative microbial risk assessneenthe case study sites
which use water reclamation via aquifers to augnaguitable supply.
< To standardise the valuing of the aquifer in relatio the other engineered
treatment barriers
e To develop an approach for integrating aquifertinegat with engineered
treatment systems in assessment of drinking wafmlies.

With new approaches such as water recycling vidfexgu sound risk management
becomes even more important. Australia has beéredntdeveloping new
approaches to managing risks associated with redweater quality. In 2006, the
Natural Resource Management Ministerial Council gnredEnvironment Protection
and Heritage Council released the Australian G-inide for Water Recycling:
Managing Health and Environmental Risks (Phas&RMMC-EPHC 2006) and
subsequently in 2008, released its Australian Gimele for Water Recycling:
Managing Health and Environmental Risks (Phase Z2&igmentation of Drinking
Water Supplies. Phase 2B Stormwater Harvestingrause and Phase 2C Managed
Aquifer Recharge have also been released but d&lemonsultation drafts in 2009)
(EPHC-NHMRC-NRMMC 2008 b, c). These guidelines fdtm basis of an
integrated methodology for managing human healthesrvironmental risks by
providing guidance and acceptability criteria famage of risks common across
many managed aquifer recharge (MAR) configuratidiese parallel international
developments in the World Health Organisation W&tfety Plans (WHO 2004;
2005).

In other countries such as Mexico there is alreadgnsive use of wastewater for
irrigation, some of which infiltratates into thederlying aquifers that are used as
drinking sources (Jimenez and Chavez 2004). hdsffore important to assess the
risks of these practices to human health and toenfimm unintentional reuse to
managed systems. In this regard, local standandotaote and control aquifer
recharge have been proposed (e.g. NOM-014-CNA-2@iBjilarly, the RECLAIM
WATER EC project was developed to share knowledygeurent practices at
selected aquifer recharge sites (K6pakl.2007; Le Correet al.2007), and by this
cooperation will contribute to develop sound riglsséd management approaches to
aquifer recharge.
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Case Study Sites

This study considers four case studies that forrhgiahe larger RECLAIM WATER
project. Each site utilises a non-traditional wataurce and an engineered water
treatment train coupled to an aquifer rechargessys$or augmenting urban drinking
water supplies. A diagram of the study sites i®giin Figure 1. Each treatment train
was assessed using a quantitative microbial risgsssnent approach and the aquifer
treatment contribution compared across the foue sagly sites. Special attention has
been given to the contribution of the aquifer karwithin the broader treatment train
and its importance in managing human health risks.

The treatment trains and important attributes effthur case studies: Tula Valley
(Mexico); Parafield (Australia); Atlantis (South rida) and Wulpen (Belgium) are
summarised in Table 1. These range from primastrment with almost total reliance
on the subsurface passage and residence time fer quzlity improvement at Tula
Valley to advanced tertiary treatment at Wulpen ngttbere is no reliance on the
aquifer for water quality improvement. At the otitwo sites the aquifer plays an
important complementary role to the engineeredrireat systems. Though the case
study sites have very different treatment trairséhwater reuse systems share the
similar seven key system components listed in Tabach site is further described
briefly below.

The Tula valley site is located 100 km north of dexCity and has received
untreated wastewater from Mexico City since 198& Tula valley is a semiarid area
with an expanded economy due to the availabilitwa$tewater used for irrigation
(Jimenez 2004). It has been estimated that ~%6 ane used for irrigation in the area
and as a result the local aquifer is being recttaage-25 n¥s due to the infiltration of
untreated wastewater from irrigation channels agferdams and excess water used
for irrigation (Jimenez and Chavez, 2004). Thidtiafted wastewater is hydraulically
connected to local springs (aquifer residence 260 days) that are used as
drinking water supplies (Jimenez and Chavez, 2004} is the largest known case of
indirect wastewater reuse for human consumptighénworld. In this study only the
Cerro Colorado spring is considered which currepthyduces 0.4 ffs of potable
water. Post-treatment includes chlorination to reenpathogens. Furrow irrigation of
untreated effluent occurs within 20m of the spriAgvall surrounds the spring to
ensure there is no direct surface discharge afegitlinto the spring.

The Parafield aquifer storage transfer and reco{&81R) site is located in a suburb
of Adelaide, South Australia. Urban stormwater fraitmixed residential and
industrial catchment is passed through a constluetedbed prior to recharge via
injection wells into a confined limestone aquiféfater is recovered via separate
wells after a mean residence time in the aquifé&76f days (Kremest al 2009).
Currently the site is managed as a trial to deteerthe suitability of the recovered
water for drinking supplies. Post-treatment optiares still being considered and may
include UV and chlorine disinfection prior to entegythe drinking water distribution
system. Further details of the hydrogeology (Pawtlal. (2004); Kremeet al

(2009)) as well as the development of the riskesrent and management plan
(Swiercet al. (2005); Paget al. (2008; 2009)) have been reported.
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The Atlantis site is located near Cape Town, ingmiarid southwest coast of South
Africa. Secondary treated reclaimed water, togethitr wetland-treated urban storm
water from a residential catchment is rechargeathtanconfined sandy aquifer. Pre-
treatment includes secondary wastewater treatraetivéted sludge) prior to
blending with urban stormwater flows and passingufjh an-censtructeattificial
wetland. Water is infiltrated by means of two regjeabasins, has a residence time in
the aquifer of approximately one year prior to reng by means of two well fields.
Poor quality storm water from industrial zonesusped into a coastal recharge basin
which also forms a barrier between the extractiefi fields and the sea to prevent
saline intrusion. Post treatment involves watetesohg and chlorination before water
is blended with Cape Town supplied mains waterrargehe drinking water
distribution system.

The Wulpen site is located at the Flemish coast,ienas been developed to augment
drinking water supplies from the aquifer at St. Anend to prevent sea water
intrusion. Tertiary (reverse osmosis) treated efilLis recharged to an unconfined
sandy aquifer via an infiltration basin and recedevia a series of extraction wells
after a residence time of ~35 days. Post treatinehtdes aeration, rapid sand
filtration and UV disinfection prior to supply the drinking water network.

Methods for risk assessment and valuing aquifer treatment

The microbial risk assessment methodology usedvialithe approach outlined in
WHO (2004) and NRMMC-EPHC (2006). The traditionppeoach to identifying
tolerable risk has been to define maximum levelsfafction or disease. However,
this approach fails to consider the varying seyaritoutcomes associated with
different hazards. This shortcoming can be overcbynmeasuring severity in terms
of disability adjusted life years (DALYs). DALYs hia been used extensively by
agencies such as the World Health Organization (Wtd@ssess disease burdens
(WHO 2004) and is the approach adopted in thisystlidree representative
pathogens; rotaviru§ryptosporidiumandCampylobacterywere used to assess the
risk of viruses, protozoa and bacteria as desciilb®dHO (2004) and EPHC-
NHMRC-NRMMC (2008a)As the risk estimates are probability distributfanctions,
the mean, median and'9percentile were routinely calculated for each pgém risk.
The tolerable mean risk adopted iS2IDALYs per person per year (WHO 2004).

For the case study sites discussed in this papalita@tive residual risk assessments
have been summarised as part of the RECLAIM WATE#egt (Ayuso-Gabellat

al. 2007). In furthering the qualitative understandifighe pathogenic hazards at each
site, a quantitative microbial risk assessmentpexiormed to determine the residual
risk of each case study and value of the aquiéattnent. The residual rislare risk
probability estimates assuming nominal operatingdd®mns i.e. where source waters are
not exposed to unusual hazard inputs and treatpreogsses are operating according to
specifications.

The risk models for simulating hazard reductiomstonption, infection and disease
burden (expressed as DALYs, Disability AdjusteceLYfears) were constructed using MS
Excel program [2003] enhanced with @Risk Industriad.5 [Palisade Corp, USA].
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A quantitative probability distribution function [(FF) describing each engineered
treatment barrier was adopted from literature fmhepathogen. In these situations a
single triangular distribution was considered taheseful representation of the barrier
(Smeetset al.2006). The triangular distribution was definedabgninimum, most likely
and maximum log removal value (Smeett al. 2006;EPHC-NHMRC-NRMMC
20082 and are shown in Table Por the aquifer treatment barrier, the productaf t
PDFs; the aquifer residence time and a daily pathatgcay rate (expressed iniog
day) were used to calculate thedpgemoval value. Each of these treatment efficacy
distributions were subsequently used in the MoragdCsimulations to calculate the
residual risk.

Once the residual risks were calculated for eaciRM8heme a sensitivity analysis
was performed whicktandardises the factors which affect risk artdrimed the factor
sensitivity (FS) Zwietering and van Gerwen 200@por each MAR scheme the residual
risk was then recalculated in the absence of eanifiebin turn (such as the aquifer
treatment barrier). The FS is a ratio calculdigdlividing the revised residual risk
estimate (in DALYs) when a factor (e.g. a treatmstap) is removed from the
treatment train (denotad(Barrier)), by the baseline mean ridk(Mean)also in
DALYs from the residual risk assessment and theiy limansforming the ratio.

FS=log N(Barrier)
10{ N(Mean

Higher FS values means the factor has a largectedferisk.Following assessment of
FS arisk-based approach for determining suitadpléfer residence times for MAR
schemes is proposed. Aquifer treatment uses thegaie parameter, aquifer residence
time to estimate the value of the aquifer treatnasnpart of the multi barrier system.
Simulations of changes in the aquifer residence titow the aquifer barrier to be
quantified and compared to the acceptable riskx 1L0° DALYs. This allows the
determination of a required average residence @intkassociated monitoring can be
utilised to manage this barrier within the treatirgyrstem.

Results

Aquifer barrier treatment characterisation

Aquifer treatment characteristics were derived ftbm PDFs of the residence time in
the aquifer and the reported lgglecay rates for pathogens (Table 4) based on the
work by Tozeet al. (2009) at the Australian site. No data were atégldor pathogen
attenuation rates at the other sites and as thissavater had the lowest mean
temperature of all sites, and native groundwatey nvare anoxic than other sites, this
is regarded as a conservative assumption. Theaaquifl engineered treatment
barrier characteristics are reported agdogmovals (Table 3) which conveys the
order of magnitude of the removal for each of #ifenrence pathogens. Removalilpg
values for each treatment barrier were considedéddige. All log;, removal values
accredited to aquifers were capped at a maximuénOoliog o consistent with the )
reported values for engineered treatments in EPHBARC-NRMMC {2008#\). Each’

7

Comment [BG1]: why cap at 6 log ? It
is not supported by maximum counts or real
data as far as | know?




239 of the MAR sites placed a different value on thaeifeg removal characteristics
240 compared to the engineered treatments. Tula Vadlgsd almost exclusively on the
241 aquifer, where as Wulpen had extensive redundantheir system due to a long
242 treatment train of engineered barriers and as mlidd little on the aquifer. Each of
243 the MAR sites was considered equally effectiveeimovingCampylobacte(> 6.0
244 logio units) but varied with respect @ryptosporidiumand rotavirus based on the
245 differences in aquifer residence and storage tiffiels Valley and Wulpen had the
246 same calculated low lggremoval capabilities where as Parafield and Aigamad
247 greater calculated treatment capacities due ttotiger residence times of water in
248 the subsurface at these sites. Rotavirus remoais te lowest of the three

249 pathogens studied at each site due to their lowydeates (Tozet al. 2009).

250

251 Casestudy sitesresidual risk assessment

252

253 The results in DALYs of the risk assessment arented in Table 4. All results

254 calculated down to 1.810"° DALYs per person per year. Tula Valley had the

255 highest residual risk for rotavirus a@dyptosporidium This can be attributed to the
256 lack of pre-treatment and the low residence timthefreclaimed water in the aquifer
257 (20 days average) prior to recovery. Atlantis had acceptable risk for

258 Campylobacterbut higher risk foCryptosporidiumand rotavirus. Parafield had low
259 risks for each of the pathogens. Wulpen had a lesvyrisk for each pathogen due to
260 the large pre- and post- recovery treatment trains.

261

262 The 98" percentile gives an estimate of the variabilityha risk. Where the g5

263 percentile was below the acceptable risk threshb&lestimate of the risk was

264 considered to be robust. As such the risk assesdmemrotavirus for Parafield is not
265 as robust and further work is required to redueeuticertainty of this risk estimate or
266 further treatment is required to reduce the risk.

267

268 Valuingtheaquifer barrier in MAR schemes

269

270 A sensitivity analysis was performed for each leairin the treatment train for each
271 case study site and the factor sensitivity (FS§udated. The FS calculation

272 standardises the comparison between each of thex waatment barriers and the

273 aquifer and thereby aids in valuing the aquifepas of the larger treatment train. A
274  value of 1.0 indicates a ten-fold increase in risible 5 gives a comparison of the FS
275 values for each of the treatment barriers acrassMAR systems.

276

277 For Tula Valley most of the FS scores were caledldab be zero as the calculated risk
278 for the removal of a barrieN(Barrier) was equal to the initial residual risk

279 assessment(Mean) For example, the calculated risk for rotaviruswgual to 8.4
280 10“ DALYs regardless if the chlorination barrier w¢W¥¢AS)? in placeN(Barrier) =
281 N(Mean) The exception was the aquifer treatment barae€ampylobactewhere

282 there was > 6 orders of magnitude increase in iskCampylobacterthe aquifer

283 was the single most important barrier (comparechtorination) in determining the
284  residual risk.

285



286
287
288
289
290
291
292
293
294
295
296
297
298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318
319
320
321
322
323
324
325
326
327
328
329
330
331
332
333
334

For Atlantis the FS analysis indicated that theifequvas the single most important
barrier in determining risk from all pathogens, whagain > 6 orders of magnitude
increase in risk would result if the aquifer wasoeed from the treatment train for
CampylobacterLike Tula Valley, if the aquifer barrier is ingide then the other

barriers have little influence in determining tlesidual risk fronmCampylobacterFor
Cryptosporidiumthe treatment train analysis was more compleR #ié secondary
wastewater treatment plant having almost as lagacity to reduce residual risk.

For Parafield the aquifer barrier again dominakedrisk fromCampylobacter
resulting in over ten fold increase in risk if ieme not present. The aquifer was the
third most important barrier with respect to rotasiandCryptosporidiunrisk.

For Wulpen the aquifer only played a measurable irofeducing residual risk for
rotavirus. The most important barriers were ulli&fiion and reverse osmosis for
each of the reference pathogens. Analogously ta Valley, the FS value of the
aquifer could not be calculated fGryptosporidiumandCampylobacteas the revised
risk in removing the barrier was equal to the alligi calculated residual risk, < 10
10" DALYs.

From the FS analysis of Table 5, the subsurfaerrent steps were identified as
being highly variable in the treatment train inuehg the calculated residual risk.
Figure 2 shows the reduction in pathogen numbetiseninjectant for each of the
reference pathogens at each of the MAR sitesalrstarting pathogen numbers in the
water to be recharged for each MAR site is a famctif the pre-treatment barriers.
Wulpen with its large pre-treatment train (averbugg, removals of 14.7, 10.8, 12.4
for rotavirus,CryptosporidiumandCampylobacterespectively) begin with very low
numbers of pathogens in the recharge water. Thisasts with Tula Valley which

has no pre-treatment and hence high numbers obgartis in the recharge water.
Atlantis and Parafield sit in between Wulpen anthTMalley but Parafield has much
lower numbers of pathogens than Atlantis as ithasge water was urban stormwater
as opposed to reclaimed effluent. The pathogen resrfbr each site steadily
decrease as a function of the decay rate and sigeree time in the aquifer reported
in Table 2.

Figure 3 shows the dose-response curves (WHO ERPAC-NHMRC-NRMMC
2008a) used to calculate the probability of infectirom a given dose of pathogens.
The probability of infection is then multiplied ilye DALYs per infection to calculate
the final residual risk of each MAR system in Ta#lel'he infection dose-response
curve results in a conversion of the risk of infeetto DALYs and is responsible for
the shapes of the resultant curves plotted in Egdrand 5. These figures show the
DALYs per person per year for each of the MAR sceeims a function of aquifer
residence time and pathogen decay rates. It isriiaupato note that the decay rates
are assumed to be linear and unchanging as adarafitime. This investigates the
treatment role of the aquifer by plotting DALY’s agunction of mean residence
time. The change in DALYs fro@ampylobacteas a function of aquifer residence
time is not shown as the risks fraddampylobactewere not quantifiable for all sites.
Waulpen is not shown in Figures 4 and 5 as the tatled risk was < 1.8 10*°
annualised DALYs for each of the reference pathegen
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Figure 4 shows the change in DALYs from rotavirasgunction of aquifer
residence time for Tula Valley, Parafield and AtlanFor Tula Valley and Atlantis
the risks from rotavirus are high.

Figure 5 shows the change in DALYSs fra@nyptosporidiumas a function of aquifer
residence time for Tula Valley, Parafield and AtianParafield and Atlantis reach the
value of 1x 10° DALYs within the actual ranges of the residencess for the case
study sites. Tula Valley risks remain higher théimeo sites.

| think this is the most important section and weead to highlight it more?

Discussion

Characterisation of the value of aquifer treatment

In order to provide safe drinking water with MAR iategrated approach to managing
risks needs to be adopted which includes charaatan of the aquifer treatment
barrier. To date there have been no reported tadies where the aquifer treatment
barrier of a MAR scheme is accredited with;lpgmovals for pathogens much like in
conventional drinking water treatment. In valuihg treatment capacity, integrity and
independence of aquifers, MAR can be brought tsémee level as conventional
engineered water treatment in an integrated waggslg system.

The value of the aquifer barrier was determinethieyrelative log, removal
characteristics with respect to the reference ggahe (Table 3). The lggremovals
for Campylobacteare > 6.0 log, a similar value attributed to other water treattne
technologies such as reverse osmosis (NRMMC-EPHIB)2G-orCryptosporidium
the value of the aquifer was similar to primaratreent for Tula Valley and Wulpen,
ultra filtration for Atlantis and dual media filtian with coagulation at Parafield
depending upon residence time of the recharge Wwatbe aquifer. Rotavirus had the
poorest logy removals in the aquifer (Table 3) due to the \‘evy decay rates (Table
2). See previous comment

Knowledge of both the aquifer residence time ardrite of decay is essential for
enabling the treatment value of the aquifer to &tewinined (Table 3). The decay of
pathogens in groundwater during MAR is influencgdabrange of factors such as the
activity of indigenous ground water microorganismespperature, oxygen
concentrations and organic carbon concentrationsd@ and Toze 2003, Toe¢al.
2004). Research has shown that bacteria tend ¥ovelfor much shorter times in
aquifers than enteric viruses and protozoa (Teizd. 2004) but the relative times can
be aquifer-dependent. Another issue relating t@agéxthat decay is not always
linear. The decay of some pathogens, in partidchEamore resistant viruses have
been observed to have changes in slower decawithitéime. Thus, in these cases a
broken stick model of decay with different ratesle€ay may be more appropriate
than a single rate of decay.

Risk assessment for the case study sites
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To evaluate the risk from enteric pathogens dukMiA@R the potential presence of
these pathogens and their numbers need to be dieéeknThe major source of all
enteric pathogens is faecal contamination, pagitpfrom human faecal material.
The largest number of enteric pathogens can becteghéo be detected in untreated
wastewater (Table 2) with numbers reducing thraumgatment processes (Table 3).
The potential presence of enteric pathogens imgblearge water (Figure 2) is directly
linked to the potential of human faecal matter aorihating the water. Thus, in this
study, the pathogen risk for Wulpen was assessbd t@ry low due to the high level
of treatment prior to MAR. Conversely, Tula Vallegd the highest risk, due to a low
level of engineered treatment which is reflectethen QMRA results (Table 4). The
Atlantis scheme has less opportunity for the preseri microbial pathogens due to
the blending of treated wastewater and stormwafieite the risk in the Parafield
system is more limited to the potential for sewamp-station overflows and
contamination from animal faeces.

An accurate risk assessment also requires the af@dcurate pathogen numbers.
The initial pathogen numbers in the recharge w@iguure 2) are influenced by a
range of factors such as disease burden of thépgopalation and the level of
treatment for the recharge water. The numbersmispathogens is also less
accurate due to the difficulties in detection. Ewample, the detection of
Cryptosporidiunoocysts and rotavirus is difficult due to the ladlsuitable culture
methods and the low numbers L£00 units) usually present in large volumes ofewvat
(>1 L)?. Numbers in river, canal and recreationew&ir Cryptosporidiumoocysts
have been quoted as between 5 and 240 oocyst§ fites (Schetset al. 2008,
Plutzeret al.2008, Monset al.2009). In comparison rotavirus numbers in similar
water types have been reported to be between 2@hdetectable units per litre
(Mehnertet al. 1993, Loddeet al. 2005).

In general the risks evaluated for each of the M#Bs (Table 4) were in the order
Tula Valley > Atlantis > Parafield > Wulpen f@ryptosporidiumand rotavirus but

all had low risks for the bacterial pathog&@ampylobacterOnly Wulpen and
Parafield met the mean WHO guideline for all thiemence pathogens (Table 4). The
health effects caused by the wastewater irrigatidhe highest risk site, Tula Valley
include a 16 fold increase in morbidity by helmith children appear to support this
result (Blumenthagt al. 1991; Blumentha¢t al.2001). Human health impacts have
not been evaluated at the other case study sites.

Standardisation of determining aquifer treatment

The factor sensitivity (FS) analysis method (Zwiigtg and van Gerwen 2000;
Smeetset al.2006) was used to give an indication of the re¢atialue of the aquifer
(in terms of reducing human health risk) vis-athis other barriers within the
treatment train for each case study site. For tila Valley system (for
Campylobactérthis was the maximum risk possible (4.60° reduced to < ¥ 10%°
DALYs) about a million-fold reduction. ConverselgriWulpen the aquifer treatment
effect was not measurable as the risk fl@ampylobactewas already < ¥ 10%°
DALYs (Table 5), resulting in the observed FS rati@®.00. At Wulpen there are
multiple barriers that are effective in reducing tisk to an acceptable level and even
if any one barrier fails the risk remains negligibThe Tula Valley site demonstrates
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the high value placed on the aquifer for mitigating risk from pathogenic bacteria, it
is the only barrier that significantly affects rifgk CampylobacterSimilarly, for the
Atlantis and Parafield sites if the aquifer barigein place then the risks from
pathogenic bacteria are negligible.

For Tula Valley the role of the aquifer is not mesble forCryptosporidiumas the
risk with removal of a barrieN(Barrier) is the same as the residual risKNlean)

i.e. the maximum possible risk of 1x510° DALYs, Table 4). This contrasts to
Atlantis where the aquifer is the single most intgot barrier (highest FS scores)
influencing risk for each of the reference pathagétor Parafield the aquifer has the
highest value in reducing risk f@ryptosporidiumandCampylobacterbut post-
recovery UV and chlorine disinfection was each sigpéo the aquifer in reducing
risk for rotavirus. For Wulpen the aquifer haddittisk reduction value, most
important are the ultrafiltration and reverse oss\treatment barriers.

Integrating aquifer treatment with engineered treat  ments

To date aquifer treatment has been slow to intednd an engineered water
treatment train due to the difficulty in measuranguantifiable reduction in risk. This
is in part due to the adoption of risk-based manmeege systems, such as the Hazard
Analysis and Critical Control Point (HACCP) apprbatlACCP concepts have been
adopted by the water industry and promoted as & m@active approach to
managing drinking water supplies (WHO 2004; EPHCN\RC-NRMMC 2008a), as
well as recycled water systems (NRMMC-EPHC 2006) ewen MAR systems
(EPHC-NHMRC-NRMMC 2008c). Yet, aquifer treatmentian difficult to

integrate as there are no easily identifiableaaitiimits and control points such as for
the more common water treatment technologies ssichlarination which uses
contact time, UV disinfection which uses UV-trangamce and membrane treatments
which use pressure and electrical conductivity.

It is proposed that an extension of the FS seitgitanalysis could also be used to
provide a means of generating evidence-basedattiiigits to manage critical control
points. While there are no health-based targetpdtitogen numbers (Figure 2)
QMRA can be used to address the setting of crilicals. This is done by treating the
DALYs estimates as representing acceptable estinwdt@absolute” risk and
comparing them to the agreed international humatttheisk benchmarks, 1%10°
DALYs (WHO 2004). In this instance, the comparisdrthe Parafield risk estimate
indicated that the residual risk was acceptabl€tmpylobactewhen compared to
this benchmark and this conclusion was robustdisated by the Qgpercentile

being less than the benchmark value. However diavirus the assessment was less
robust and the required aquifer residence timejusigreat enough for the scheme to
support so additional post-recovery treatment cbeldequired. An illustrative
example for setting of critical limits for mean #gu residence time comes from the
Cryptosporidiunfor the Atlantis site, where the mean residenoe theeds to exceed
~550 days to achieve tolerable levels of risk. Ag#iis assumes that the pathogen
decay rates of Tozet al (2009) are linear and are representative of thegsses
occurring in the subsurface of this site. Use efrésidence time critical limit could
also be used to design infiltration and extracphamping regimes to ensure the mean
residence time in the aquifer is achieved. Wheigribt already accurately know,
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such as in the Atlantis and Tula Valley examples,dquifer residence time can be
determined by use of suitable groundwater tradéris. can include both applied
tracers, substances injected into the groundwatentionally and thereby in
controlled doses, time intervals and locationsi{sag SE) or natural tracers (such as
the recharge water electrical conductivity) if thes marked temporal variation.
Knowledge of the residence time in the aquifer ¢edipvith pathogen decay rates
could then be used to fully appreciate the watsatiment function of the subsurface
and integrate the aquifer barrier with the engieddreatments in the provision of
safe drinking water.

Conclusions

For the four MAR case study sites considered, thHR@ provides a means of
quantifying the combined effects of aquifers andieeered treatments for reference
pathogens in terms of lggremoval characteristics. For each site the aqhder> 6
logio removal predicted fo€ampylobactewhilst rotavirus andCryptosporidiunmhad
more variable removal rates depending upon theease time in the aquifer. The use
of QMRA was found to be useful tool in establishihg value of the aquifer within
the treatment train and allowed the assessmentrofh health risk from pathogens in
terms of DALYs. A sensitivity analysis was usedtsess which of the treatment
barriers was most important in each of the MAReayst. This allowed the integration
of the aquifer treatment characteristics into #rgeér engineered treatment train and
could be used in the future to quantitatively assls reduction of human health risk
for MAR systems more generally.
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Table 1. Description of case study sites

General information

Tula Valley, Mexico

Atlantis, South Africa

Par afield, Australia

Waulpen, Belgium

Town populatiol

Mean Annual Rainfall (mm)/Mean annual
evaporation

Source wat

Mean Temp of Source water (°C)
Redox status of recharge w

Year of recharge commencement
Annual Recharge Volume {iyear)

Annual Extraction Volume (/Y year)
Average quifer residence time (day

Minimum flow path length (days)

Mean temperature of Aquifer (°

Redox status of aquil

% recharged water recovered from aquifer

72,500 (Cerro Colorado regic
550

Reclaimed effluel

21
-47—37mV

1986
>788 x 10for the Tula Region

12.6 x19(Cerro Colorado region)
2C

Unknown
30
Iron reduciny
100

250,00(¢
450

Reclaimecdomestir effluent/
Stormwater

21

1-10mV andup tc 300mV in 2 well
field

1976

Stormwater: 1.5 — 2.5 x iDhave

2169cubes per day in summer to 72000

as peak flow in winter
Reclaimed water: 5x £0

4.6x10
36t

182
2C
Nitrate reducin
40

122,000 (Salisbury regic
450

Stomwate

18
Aerobic

2006
0.25x 10

0.25x 16
26€

100
23
Nitrate reducin
90

60,00(
830

__ - | Comment [W2]: Please check all the
numbers in this column as being accurat

Reclaimed effluel

20
Aerobic

2002
1.8x1d

- - - { comment [BG3]: edited ]

35x 10
35

35
12
Nitrate reducing
70

MAR systemcomponent

1. Capture Zon
2. Pre-treatment
3. Recharg

4.  Subsurface stora

5. Recover
6. Post-treatment
7. Endus

Reclaimed effluel
Primary sedimentation

Infiltration from storage canals ai
reservoirs and irrigation areas
Partially confined basaltic aquifer with soi
volcanic ash and lava intervals
Spring discharg

Chlorination

Drinking wate

Residential stormwater catchment ¢
reclaimed effluent

Activated siydgaturation ponds,
constructed wetland
Recharge basi

Unconfined sandy aquif

Extraction well:
Softening, chlorination

Drinking wate

Residential stormwater catchm

Constructed reedbed
Rechirge wells
Confined lime stone aqui

Extracton wells

Aeration tank, Chlorination, UV

disinfection
Drinking wate

Reclaimed effluel

Activated sludge, ultrafilomati
reverse osmosis, UV disinfection
Recharge basi

Unconfined sandy aquife

Extraction well:

Aeration, rapid sand filtration, UV
disinfection

Drinking wate




Table 2 Probability distribution functions used foe quantitative risk assessment

Barrier

Atlantis
LOOK at the
table below for
my inputs from
Analytica

Par afield

Pathogen

Rotavirus

Cryptosporidium

Campylobacter Rotavirus Cryptosporidium

Campylobacter

Pathogen
source water
numbertt

0.3,0.6*/
443, 220**

0.5, 1.2 */ 200,
100***

3.9,908*/16-
10+

0.3, 0.6* 0.5,1.2*

3.9,9.8*

Atrtificial
wetland:
WWTP1
UFt
RO*
UVE

0.0,0.0,0.0

0.2,1.7,2.3

0.5,05,1.0

04,18,38

15225 0.0,0.0,0.0 0.5,05,1.0

0.6,1.4,3.7

15,20,25

Subsurface
storage
(residence time
days)

182,365, 730

241, 58tt

Pathogen
decay rate 1-
log (days)***

0.0055,
0.0036

0.012, 0.0030

0.0055,
0.0036

0.012, 0.0030

Recovery (%
mixing)

0.4

0.9

Rapid sandt
filtrationt
Uvi
Chlorination:

1.0,2.0,3.

0.0,0.0,0.

2.0,2.0,3.0
1.0, 2.0,3.

2.0,3.0,4.0

2.0,4.0, 6. 0.0,0.0,0.5

2.0,3.0,4.0
2.0,4.0,6.0

Barrier

Wulpen

TulaValley

Pathoge

Rotavirus

Cryptosporidiun

Campylobacte Rotavirus Cryptosporidiur

Campylobacte

Pathogen
source water
numbert

6.8, 45,662

200, 100*

tacd 443, 220** 200, 100*

1810°

Artificial
wetland
WWTP#
UFt
RO%
Uvi

02,17,23
4.0,4.0,6.

2.7,3.0,6.5
2.0,2.0,3.0

0.4,18,38
3.0,3.0,70

3.0,30,7.0

2.0,3.0,4.0

0.6,1.4,3.7
4.0,4.0,7.

4.0,4.0,7.0

2.0,3.0,4.0

Subsurface
storage
(residence time
days)

35, 35, 40

20, 40

Pathogen
decay rate 1-
log (days)***

0.0055,
0.0036

0.012, 0.0030

5.6t 0.0055, 0.0036 0.012, 0.0030

156

Recovery (%
mixing)

0.7

Rapid sandt
filtrationt
Uvi
Chlorinationt

0.1,0.5,3.9

123

0.8,2.9,54

2.0,3.0,4.0

0.8,1.5,3.3

234

1.0,2.0,3.0 0.0,0.0,0.5

.0,2.0,6.0

Engineered treatment efficacy lggremoval efficiencies come from Smeets al (2006);EPHC-NHMRC—
NRMMC (2008b); except Wulpen from Ayuso-Gabedtaal (2007)
* 95" Percentile as per Table A3.1 of the Draft GuideliftesStormwater Harvesting and Reu€ampylobacter
15 n/L; Cryptosporidiuml.8 n/L; rotavirus 1 n/L (NRMMC-EPHC 2008Db).
** Robertsonet al (2006)
***cited in Kocwa-Haluch and Zalewska (2002)

*»*Toze et al (2009), normal distribution, mean, standard dewa
T single value only
Tt lognormal distribution mean, standard deviation

¥ triangular distributions: minimum, most likely aximum



Effluent_concentration using Analytica as described in del 6.2
post reed bed — ie- conc going into the recharge basin

Reference_pathogens

Salmonella

Peak storm flow

Summer base flow

Min 1.04E-02 2.56E-02
Median 9.28E+00 1.00E+01
Mean 8.03E+02 4.79E+02
Max 1.77E+05 2.81E+04
Std. Dev. 6.92E+03 1.95E+03
Rotavirus
Peak storm flow Summer base flow
Min 1.95E+03 6.85E+03
Median 5.30E+05 1.15E+06
Mean 5.20E+06 5.25E+06
Max 1.14E+09 1.19E+08
Std. Dev. 3.98E+07 1.16E+07
Cryptosporidium
Peak storm flow Summer base flow
Min 4.05E+03 1.92E+01
Median 1.23E+05 5.87E+02
Mean 4.38E+05 2.08E+03
Max 8.77E+06 4.17E+04
Std. Dev. 8.20E+05 3.90E+03
Giardia
Peak storm flow Summer base flow
Min 1.51E+03 7.10E+00
Median 1.40E+04 6.60E+01
Mean 2.14E+04 1.01E+02
Max 1.30E+05 6.14E+02
Std. Dev. 2.12E+04 9.99E+01




Table 3 Calculated aquifer barrier removal efficigin log o units

Pathogen Tula Valley Atlantis Parafield Wulpen
Aquifer Non- Aquifer ~ Non- Aquifer ~ Non- Aquifer  Non-
aquifer aquifer aquifer aquifer
Rotavirus Min 0.0 1.0 0.0 1.2 0.0 3.0 0.0 8.3
Most likely 0.2 2.0 2.5 3.7 14 4.0 0.2 17.2
Max 0.8 3.0 > 6.0 5.3 >6.0 6.0 0.7 25.2
Cryptosporidiim ~ Min 0.C 0.C 0.2 0.¢ 0.1 2.t 0.0 112
Most likely 0.4 0.0 5.0 2.3 2.8 35 0.4 16.7
Max 0.9 0.5 > 6.0 5.3 > 6.0 5.5 0.9 31.2
Campylobacte Min >6.C 2.C >6.C 4.1 >6.C 5.8 >6.C 13.4
Most likely >6.0 4.0 >6.0 7.4 >6.0 9.0 >6.0 .96
Max > 6.0 6.0 > 6.0 12.2 >6.0 12.5 > 6.0 29.0




Table 4 Mean, Median and 9Bercentile residual risk assessment in DALYs

Pathoge Tula Valley Atlantis Parafiel( Wulper
Cryptosporidiun ~ Mear 15x10° 7.0x10° 7.7x10° <1.0x 10%
Median 1.5x10° 5.3x 10° 2.0x 10%¢ < 1.0x 10%°
95" 1.5x10° 1.2 x10° 1.8x 10° < 1.0x 10%°
Rotavirus Mean 8.4 x10? 2.3x 10" 8.5x 107 <1.0x 10%
Mediar 8.4x 10" 49x10° 5.0x 10° < 1.0x 10%°
95" 8.4 x 10 8.3 x 10" 3.1x10° < 1.0x 10%°
Campylobacter  Mean <1.0x10%° <1.0x10° <1.0x10*° <1.0x10%
Median <1.0x10° <1.0x10 <1.0x10* <1.0x10%
95" <1.0x10° <1.0x10'° <1.0x10* <1.0x10%

Table 5 Factor Sensitivity ratio — relative impaorta of barriers

Tula valley  Atlantis Parafield Wulpen

Rotavirus

Constructed wetland - 0.00t 0.00t -
Secondary treatment - 0.35 - 1.14
Ultra filtration - - - 4.51
Reverse osmosis - - - 3.49
UV disinfection - - - 2.69
Aquifer 0.00* 0.55 0.94 2.23
Rapid sand filtration - - - 0.92
UV disinfectior - - 1.94 2.23
Chlorination 0.00* 0.43 1.66 -
Cryptosporidium

Constructed wetland - 0.78 0.61 -
Secondary treatment - 1.65 - 1.24
Ultra Filtratior - - - 3.48
Reverse Osmosis - - - 3.48
UV disinfection - - - 2.57
Aquifer 0.00* 1.93 2.03 0.00*
Rapid sand filtration - - - 1.92
uv - - 2.78 2.57
Chlorination 0.00* 0.05 0.14 -
Campylobacter

Constructed wetland - 0.00* 0.00* -
Secondary treatment - 0.00* - 0.00*
Ultra filtration - - - 0.00*
Reverse osmosis - - - 0.00*
UV disinfection - - - 0.00*
Aquifer 6.66 7.57 1.29 0.00*
Rapid sand filtration - - - 0.00*

UV disinfectior - - 0.00* 0.00*
Chlorination 0.00* 0.00* 0.00* -

T removal of viruses by constructed wetlands issi®red to be negligible (NRMMC-EPHC 2006).
* FS score could not be calculated as the resulisktvas equal to the residual risk.



