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FOREWORD

The WateReuse Foundation, a nonprofit corporation, sponsors research that advances the
science of water reclamation, recycling, reuse, and desalination. The Foundation funds
projects that meet the water reuse and desalination research needs of water and wastewater
agencies and the public. The goal of the Foundation’s research is to ensure that water reuse
and desalination projects provide high-quality water, protect public health, and improve the
environment.

A Research Plan guides the Foundation’s research program. Under the plan, a research
agenda of high-priority topics is maintained. The agenda is developed in cooperation with the
water reuse and desalination communities, including water professionals, academics, and
Foundation Subscribers. The Foundation’s research focuses on a broad range of water reuse
research topics including the following:

Defining and addressing emerging contaminants;

Public perceptions of the benefits and risks of water reuse;
Management practices related to indirect potable reuse;
Groundwater recharge and aquifer storage and recovery;
Evaluating methods for managing salinity and desalination; and
Economics and marketing of water reuse.

The Research Plan outlines the role of the Foundation’s Research Advisory Committee
(RACQ), Project Advisory Committees (PACs), and Foundation staff. The RAC sets priorities,
recommends projects for funding, and provides advice and recommendations on the
Foundation’s research agenda and other related efforts. PACs are convened for each project
and provide technical review and oversight. The Foundation’s RAC and PACs consists of
experts in their fields and provide the Foundation with an independent review, which ensures
the credibility of the Foundation’s research results. The Foundation’s Project Managers
facilitate the efforts of the RAC and PACs and provide overall management of projects.

The Foundation’s funding partners are the U.S. Bureau of Reclamation, the California State
Water Resources Control Board, the Southwest Florida Water Management District, the
California Department of Water Resources, Foundation Subscribers, water and wastewater
agencies, and other interested organizations. The Foundation leverages its financial and
intellectual capital through these partnerships and funding relationships. The Foundation is
also a member of the Global Water Research Coalition.

This publication is the result of a study sponsored by the Foundation and is intended to
communicate the results of this research project. The objectives of this report were to

= Describe the state of the practice of reclaimed water ASR;

= [dentify wastewater constituents and water quality parameters of significance for
designing, monitoring, and evaluating reclaimed water ASR;
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= Measure concentrations of contaminants at various stages of recharge, storage, and
recovery of reclaimed water; and

=  Analyze observed data with respect to attenuation mechanisms and rates to
characterize water quality changes through ASR.

Ronald E. Young G. Wade Miller
President Executive Director
WateReuse Foundation WateReuse Foundation
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EXECUTIVE SUMMARY

Aquifer storage recovery (ASR) is defined as the storage of water in a suitable aquifer
through a well during times when water is available and recovery of the water from the same
well during times when it is needed. The water sources used for ASR include potable water,
reclaimed water, and stormwater.

To date, significant experience has been gained in the practice of reclaimed water ASR
through several testing programs and operational facilities. Collectively, the data from these
programs can be used to help identify water quality issues associated with reclaimed water
ASR and to better understand fate and transport properties of residual contaminants in
reclaimed water. The major objectives of this report are to:

= Describe the state of the practice of reclaimed water ASR

= ]dentify wastewater constituents and water quality parameters of significance for
designing, monitoring, and evaluating reclaimed water ASR

=  Measure concentrations of contaminants at various stages of recharge, storage, and
recovery of reclaimed water and analyze observed data with respect to attenuation
mechanisms and rates to characterize water quality changes through ASR

Reclaimed water ASR projects located in Florida, Arizona, California, Texas, Hawaii,
Australia, and Kuwait were surveyed to determine the state of the practice and screen for
potential study sites. Four operating reclaimed water ASR sites were selected for participation
in the water quality monitoring study. These were the Englewood Water District in
Englewood, FL, Manatee County Utilities in Manatee County, FL, the Tumbleweed Recharge
Facility in Chandler, AZ, and the recharge facility in Bolivar, SA, Australia. Conditions at
each site covered a broad range of lithologies, salinities, redox states, temperatures,
operational histories, and reclaimed water quality. They also allowed for monitoring over
different storage periods, which ranged from 1 week to 11 months.

A sampling plan was developed for each of the four testing sites to capture unique
environmental and operational conditions. Sampling events were integrated with planned
operating and monitoring activities where possible. The target parameters were chosen based
on several criteria, including applicability to water quality regulations, usefulness in aquifer
characterization, degree of public concern, and importance to irrigation water quality.
Compounds satisfying these criteria were narrowed to those that were capable of being
analyzed precisely and within budget. Water quality samples were analyzed at local
laboratories for most constituents and at the Southern Nevada Water Authority for trace
organics, which were largely comprised of pharmaceuticals and personal care products.

The study found that the accuracy of field measurements of dissolved oxygen and oxidation—
reduction potential were generally poor; this is especially important given that these
conditions have been found to have an important influence on degradation of some organics
in aquifers for several endocrine-disrupting compounds and for trihalomethanes. While
anoxic and low-redox conditions are reasonably expected to occur in the storage zone at all
four reclaimed ASR sites, the field data fail to show this. This finding is particularly
important given the abundance of carbon and nutrients and the aquifer confinement. This is
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probably due to the sampling methods that were utilized at some sites for these two field
measurements.

Total organic carbon, pH, and nutrient reductions observed in this study generally supported
the theory that notable microbial and chemical activities occur in the zone closest to the
wellhead, where the influx of dissolved oxygen enhances many processes. Pathogens and
indicator organisms were rarely detected in monitor programs at ASR sites.

Concentrations of regulated disinfection byproducts, including total trihalomethanes and
haloacetic acids, decreased between recharge and recovery at three of four sites. It is likely
that microbial degradation occurred and that much of this degradation occurred close to the
well.

A large emphasis was placed on the microcontaminant portion of this study, which attempted to use
the physical characteristics of a strategically selected group of contaminants to indicate removal
mechanisms in the aquifer. Several microcontaminants appeared in significantly higher
concentrations in the recovered water than recharge water. These included carbamazapine,
gemfibrozil, ibuprofen, iopromide, N-nitrosodimethylamine, and sulfamethoxazole. It is unlikely that
these specific analytes are degradation byproducts of each other or of other effluent-derived organic
matter. Several possible causes for the increased concentrations were considered, but the findings
most likely indicated highly variable concentrations of endocrine-disrupting compounds,
pharmaceuticals, and personal care products in reclaimed water. The concentrations measured in the
recharge water were considered low and possibly not representative of typical conditions. Monitoring
well data at sites where these were sampled were also inconsistent with source water and recovered
water concentrations, a further indication of variability of input concentrations as the largest factor
affecting measured concentrations in monitoring wells and in recovered water.

In order to account for possible recharge water variability, the microcontaminant data were analyzed
via two approaches. The first utilized the recharge water concentration as a viable benchmark, and the
second dismissed the recharge water concentrations and compared only recovered water
concentrations. Few trends were seen with either approach, and few correlations were observed with
expected degradation rates.

The most notable microcontaminant trend was with atrazine, which decreased at the three sites where
it was detected. Chlorate was reduced at three sites compared to recharge concentrations but exhibited
ambiguous results at the Bolivar site, over the longest storage period. Discounting recharge
concentrations and comparing recovered water samples only, tri(2-chloroethyl) phosphate decreased
at the three sites where it was detected. In general, the data compilation showed that residence times
and degradation rates in the aquifers were insufficient to claim biodegradation of trace organics to a
degree that eclipses source concentration variability at the four sites.

By observing changes in concentrations of over 90 compounds at four ASR sites with many
variables, this study intentionally took a broad assessment of water quality changes in
reclaimed water ASR storage. The study was designed to investigate the variables of aquifer
characteristics, storage time, travel distance, recharge water quality, and operational history.
The data support many aquifer process assumptions, such as enhanced activity near the well,
but do not statistically support conclusions regarding specific degradation rates for most of
the parameters observed. With further research, however, it will be possible to better define
the subsurface processes and associated treatment effectiveness.
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CHAPTER 1
INTRODUCTION

Aquifer storage recovery (ASR) is defined as the storage of water in a suitable aquifer
through a well during times when water is available and recovery of the water from the same
well during times when it is needed. The water sources used for ASR include potable water,
reclaimed water, and stormwater.

Storage of reclaimed water through ASR represents a powerful tool for effectively using a
valuable water resource. However, many technical, regulatory, public health, and public
perception constraints limit current applications. A significant problem challenging more
widespread application of reclaimed water ASR is the uncertainty regarding the impact of
recharged water on native groundwater resources. This concern, and the concern for the
quality of the reclaimed water after it is stored, drive the need for an understanding of the fate
of contaminants present in the recharge water, from common wastewater compounds to trace
organics not addressed by primary or secondary drinking water standards.

In regulated reclaimed water applications, public health is protected by a series of barriers,
such as source water control, advanced wastewater treatment processes, and cross-connection
control. By adding time and travel through the subsurface, ASR potentially offers another in
the series of barriers that protect public health in the use of reclaimed water. The
effectiveness of ASR to provide not only safe seasonal and long-term storage but also
potential additional subsurface natural treatment of reclaimed water is the subject of this
research.

The goal of this project was to combine a fundamental understanding, practical experience,
and physical research to promote progress in the proper practice of reclaimed water ASR. To
date, significant experience has been gained in the practice of reclaimed water ASR through
several testing programs and operational facilities. Collectively, the data from these programs
can be used to help identify water quality issues associated with reclaimed water ASR and to
better understand fate and transport properties of residual contaminants in reclaimed water.
The major objectives of this report are to:

= Describe the state of the practice of reclaimed water ASR

= [dentify wastewater constituents and water quality parameters of significance for
designing, monitoring, and evaluating reclaimed water ASR

= Measure concentrations of contaminants at various stages of recharge, storage, and
recovery of reclaimed water and analyze observed data with respect to attenuation
mechanisms and rates to characterize water quality changes through ASR

The project tasks to achieve these objectives were to (1) conduct a technical workshop,

(2) conduct a literature survey, (3) develop a list of constituents to be tested and their basis,
(4) develop sampling plans and conduct the necessary sampling, and (5) compare the data and
draw conclusions if possible.
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CHAPTER 2
STATE OF THE PRACTICE OF RECLAIMED WATER ASR

2.1 CURRENT RECLAIMED WATER ASR OPERATIONS

Storage of reclaimed water through ASR is much less common than groundwater recharge
with reclaimed water or ASR with potable or surface water (Pyne, 2005). The state of the
practice lags not only due to the uncertainty of the impact of recharged water on native
groundwater resources, but also due to the unique regulatory challenges presented by this
combination of emerging practices. The regulatory framework, largely undeveloped
worldwide, must address reclaimed water regulations, groundwater regulations specific to
ASR, and water rights issues. Several regions are pioneering this practice, however, using
combined permits, monitoring programs, and protective barriers to implement successful
reclaimed water ASR operations.

In order to screen for potential study sites and to gain an understanding for the current state of
the practice, a survey was conducted of all known reclaimed water ASR projects.
Administrators of reclaimed water ASR sites in Florida, Arizona, California, Texas, Hawaii,
Australia, and Kuwait were interviewed for information on the institutional issues
surrounding their projects. Table 2.1 provides a summary of the sites and their operational
status. Further information on each facility’s project background, purpose, and operations can
be found in Appendix A. Extensive descriptions of research conducted at the Bolivar and
Willunga, Australia, sites are also available in Appendix A. It is important to note that many
of the sites surveyed are dynamic, and the information gathered may have changed by the
time of publication of this report.

2.2 GENERIC ASR WATER QUALITY CONCEPTUAL MODEL

Based upon operational and testing data from ASR wells in brackish limestone artesian
aquifers in both Florida and Australia, a generic conceptual water quality model has been
proposed to describe a single ASR well and monitor well system (Pyne, 2005). Supplemental
investigations have been completed that have refined this conceptual model by utilizing
operational data from 52 ASR wells and 41 storage zone monitor wells at 12 ASR wellfields
in southwest Florida. The data from Australia include monitor wells located 12 ft from the
ASR well and also at greater distances exceeding 150 ft. The Florida data do not include
monitor wells closer than 90 ft from an ASR well.

A typical ASR operating cycle includes recharge of water into one or more ASR wells for
several weeks to months during the year, particularly during wet months and wet years. The
stored water remains in storage typically for a few weeks to months and is then recovered
during dry months, extended drought periods, and emergencies, with the water recovered
from the same wells. At a few ASR wellfields storage occurs for shorter periods, such as
storage during nights and weekends for recovery during the day to meet peak diurnal
demands. At other ASR wellfields, particularly in southwestern states, storage is primarily
for water banking purposes, storing water during wet years for recovery during droughts. In
these areas, seasonal storage is an important, secondary consideration.
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Usually, the same volume that is stored is recovered. However, for some ASR wellfield
locations, particularly those in brackish aquifers exceeding about 5000 mg of total dissolved
solids (TDS)/L, ultimate recovery efficiency may be less than 100%. Formation of a buffer
zone is required in order to achieve full recovery efficiency in brackish aquifers. The buffer
zone is best formed in one step, prior to the beginning of operational cycles; however, it may
also be formed incrementally over several initial cycles during each of which a portion of the
stored water remains underground. The same end point is ultimately achieved; however, the
second approach typically requires several years, whereas the first typically requires a few

weeks or months.

Table 2.1. Operational Status of Surveyed Reclaimed Water ASR

Projects

State or Country City or County Operational Status
Arizona Chandler Full operation (two sites)
Arizona Fountain Hills Full operation
Arizona Scottsdale Full operation
Texas El Paso Aquifer recharge mode
Florida Cocoa Testing mode
Florida Englewood Testing mode
Florida Hillsborough County Terminated
Florida Clearwater Terminated
Florida Lehigh Acres Testing mode
Florida Manatee County Testing mode
Florida Oldsmar Permitting
Florida Pinellas County Feasibility, planning
Florida St. Petersburg Testing mode
Florida Tarpon Springs Feasibility, planning
Florida Sarasota County Construction
Kuwait Sulaibiya Feasibility, planning
Australia (SA) Bolivar Full operation
Australia (SA) Willunga Testing mode
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Figure 2.1. ASR well schematic.

As shown in Figure 2.1, immediately surrounding the borehole or screened section of the
ASR well is a “proximal” zone, typically within a few feet to a few tens of feet surrounding
the well. This is a zone of relatively high geochemical and microbial reactivity, driven
primarily by the generally high oxidation—reduction potential (ORP), possibly high nitrate
content, and relatively high dissolved organic carbon content of the recharge water,
particularly for most reclaimed water sources. Nutrients such as ammonia and phosphate and
small but important traces of ferric hydroxide may also be present in the recharge water due
to pretreatment processes. Water quality gradients in this zone are potentially high, with
ORPs typically dropping from a positive several hundred millivolts to a negative several
hundred millivolts during injection (Vanderzalm et al., 2006). pH values also may vary and
are typically lower near the well and increase away from the well. Velocities decline as the
recharge water moves away from the well into the aquifer, providing some opportunity for
settling out of any entrained particulates and sorption of colloids (Skjemstad et al., 2002;
Greskiowak et al., 2005). Microbial metabolism products and corrosion and precipitation
products accumulate in this zone. Desorption, adsorption, ion exchange, and other processes
also occur. Microbial processes contribute to the mobilization and attenuation of metals and
other constituents (Lisle, 2005). Specific concentrations for water quality constituents at each
of the sites investigated for this project are provided in Appendix C.

The number of pore volume flushes experienced in the proximal zone during a single long
ASR recharge period will be at a maximum next to the well, declining with the square of the
distance from the well. Some rapid geochemical reactions achieve near-equilibrium within a
few pore volume flushes, while others may take hundreds of pore volume flushes to achieve
equilibrium. This proximal zone has a capacity to cause significant water quality changes due
to a variety of reaction processes during ASR recharge, storage, and recovery.
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During extended storage periods, a die-off of microbial biomass occurs due to lack of new
dissolved organic matter, carbon, and nutrients. This may result in a negative redox potential at
the ASR well (Vanderzalm et al., 2006). Some of this organic material is then backflushed from
the ASR well at the beginning of recovery. Depending primarily upon the materials of well
construction, backflushing to waste may last from 10 min to 2 h. Some of this same material
also may be recovered from the well during the periodic backflushing that is normally
scheduled during extended recharge periods at most ASR wells to remove minor particulates
that have accumulated in the recharge water.

Once the recharge water leaves the proximal zone during recharge and enters the main
portion of the storage zone further away from the well, geochemical and hydraulic gradients
are reduced, the number of pore volume flushes during each ASR cycle declines, and water
quality changes are less pronounced. During the initial ASR operating cycle, water quality
changes are at a maximum. With successive cycles at approximately the same storage and
recovery volumes, the storage zone around the well gradually becomes purged of ambient
groundwater. Geochemical and microbial reactions tend to be less significant. After the pore
volume has been flushed a sufficient number of times, the storage zone approaches a new
geochemical and microbial equilibrium. This process is accelerated if a portion of the stored
water is left in the aquifer during each of the first few cycles.

At the edge of the storage zone is the beginning of the buffer zone surrounding the well,
typically at a radial distance of several hundred feet. However, in layered media, layers with
lower hydraulic conductivity may not necessarily be flushed by injectant, and residual native
groundwater diffuses slowly into the flushed zone during the storage and recovery phases
(Pavelic et al., 2006b). The buffer zone provides some degree of separation between the
stored water and the surrounding water in the aquifer. Depending upon the hydrogeologic
settings of ASR wellfields in various parts of the world, the differences in water quality
between stored water and the ambient groundwater may involve conditions of fresh to
brackish, low nitrate to high nitrate, low fluoride to high fluoride, low hydrogen sulfide to
high hydrogen sulfide, etc. Water quality changes within the buffer zone may be substantial.
It is often important to not recover the buffer zone during extended pumping, since water
quality deterioration may tend to occur rapidly, particularly in brackish storage zones.
Recovery concentrations of these constituents will reflect normal mixing and dispersion
processes and may be augmented by ion exchange, desorption, and other processes,
particularly if recovery includes all or part of the buffer zone.

If the buffer zone is formed in one step at the beginning of ASR operations, instead of
cumulatively over a period of several operating cycles, a geochemical and microbial quasi-
equilibrium may be achieved during the initial operating cycle. Otherwise, equilibrium will
eventually be achieved over several cycles at approximately the same volume, typically
requiring several years of operation. The sum of the volume in the buffer zone and the
volume to be recovered seasonally is called the target storage volume (TSV). The TSV is
typically measured in terms of million gallons (MG) of recovery capacity per MG per day
(mgd), which converts to a unit of days. Experience to date with ASR wells in brackish
aquifers of Florida suggests typical TSV values of 50-350 days. TSV values in excess of 70
days have been associated with attenuation of arsenic, and so arsenic is not present in water
recovered from such ASR wells, so long as the buffer zone is maintained.

During ASR recovery, the first flush of water recovered may contain particulates and
microbial matter, as discussed above. The duration of the first flush is typically a few
minutes to a few hours, dependent upon the length and materials of construction of the well
casing, recharge water quality, and other factors. With regular backflushing to remove these
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materials, ASR wells have been in sustained operation for over 30 years. Backflushing
frequencies typically range from daily to annually, with most backflushing operations being
conducted every few weeks. ASR operations are in contrast with injection wells, which are
not equipped with pumps and therefore accumulating solids cannot be backflushed from such
wells.

After a few operating cycles at approximately the same volume, or after formation of the
buffer zone, the water subsequently recovered is usually relatively uniform in quality. Due to
the long flow path through the aquifer for water recovered toward the end of an extended
recovery period, any opportunity for desorption may lead to steadily increasing
concentrations of desorbed compounds in the recovered water along the flow path toward the
well, reaching a peak concentration and then decreasing as desorption proceeds to
completion. Conversely, microbial processes may augment, inhibit, or override desorption
processes. The science has yet to be developed regarding the complex interplay of microbial
and geochemical processes occurring during ASR storage. These processes can be inferred
from other investigations and research regarding bank filtration, wastewater treatment, and
soil aquifer treatment processes; however, there are several unique aspects relating to ASR
systems, an understanding of which will facilitate analysis of the WateReuse Foundation
(WRF) data.

* Contact time between the stored water and the aquifer matrix is typically weeks to
months for ASR wells, compared to hours to days in the unsaturated zone of soil
aquifer treatment systems, some bank filtration wells, and wastewater treatment
plants.

= Perhaps more importantly, most, but not all, ASR wells are in deep, confined anoxic
aquifers under reducing to highly reducing conditions. A few ASR wells are in deep
water table aquifers with low-level oxidizing conditions. These sites tend to occur in
the southwestern United States.

= Flow in ASR wells is, by definition, in two directions, away from the well during
recharge and back toward the well during recovery. The lateral reach of the stored
water “bubble” typically does not extend more than a few hundred feet from the ASR
well.

* Finally, many ASR wells store water in brackish or saline aquifers or aquifers that
have at least one water quality constituent present in the ambient groundwater at
concentrations that would require treatment to achieve drinking water standards.
Three of the four WRF sampling sites are in brackish aquifers.

This generic ASR conceptual model is adaptable to different site conditions (geology, water
quality, operations, etc.), using specific data for each site. For example, where the dissolved
organic content of the recharge water is very low, as may occur with advanced pretreatment,
subsurface microbial processes may occur at a slower rate, and low redox conditions may
develop more slowly or not at all around the ASR well. High dissolved oxygen (DO) levels in
the recharge water can also push the proximal zone farther from the well. The persistence of a
small chlorine residual for a few weeks instead of hours to days is an indication of slow
development of biomass in the proximal zone of an ASR well.

It is possible that water quality changes during reclaimed water ASR operations may be
different for storage in fresh water aquifers compared to brackish water aquifers. Sorption and
ion exchange processes occurring during recovery of water stored in brackish aquifers would
perhaps be more significant compared to similar storage in fresh aquifers, particularly if a
portion or all of the buffer zone was recovered. No research of this in an ASR setting has been
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conducted; however, brine regeneration of ion exchange reactors for iron and manganese
removal has been a standard water treatment process for decades.

2.3 WATER QUALITY FACTORS IMPORTANT FOR RECLAIMED
WATER ASR

There are a number of potential contaminants to consider when dealing with the recharge of
reclaimed water into ASR wells. A critical question, however, is whether attenuation of these
contaminants occurs during periods of storage. If concentrations of contaminants decreased
with time due to adsorption, degradation, or die-off, problems resulting from their presence
during recharge might be mitigated.

Physical, chemical, and biological processes are responsible for the breakdown of compounds
in natural water. Examples of physical processes occurring in aquifers are phase partitioning
and adsorption. Chemical processes, which involve breaking or forming bonds, include
complexation, oxidation—reduction, and hydrolysis. Biological processes consist of
accumulation and transformation processes conducted by living organisms. Studies have
indicated that the primary removal processes occurring in aquifers fall into the physical and
biological categories (Khan and Rorije, 2002).

2.3.1 Nutrients and Metals

Potential contaminants associated with reclaimed water ASR include conventional
wastewater contaminants, such as nutrients and metals. Information describing the potential
attenuation of these and other contaminants in the subsurface is limited. Tartakovsky et al.
(2002) observed subsurface nitrate removal rates as high as 1.2 mg of nitrogen/L-day when
ethanol was injected to serve as the carbon source for in situ biological denitrification. Lin
and Puls (2003) studied the subsurface behavior of arsenic species and found that iron
minerals tend to oxidize As(III) to As(V), which then adsorbs to iron, clay, or feldspars found
in the aquifer. The potential for long-term in situ arsenic attenuation was not addressed in that
study.

2.3.2 Microbial Contaminants

Bacteria, viruses, and other pathogens may pose yet another concern for groundwater through
reclaimed water ASR. According to a review by David John and Joan Rose (2004), the
inactivation rate of viruses, such as coliphage, poliovirus, echovirus, and hepatitis A virus,
appeared to increase with increasing temperature, based upon controlled investigations at 5,
22, and 30 °C. This overall trend was not observed with the bacterial data, for which the peak
attenuation rate was at 22 °C. Additionally, the rate of inactivation of the hepatitis A virus
appeared to be slower than that of the other viruses examined. The authors also observed that
the median value for inactivation rates of coliphage, poliovirus, echovirus, and coliform
bacteria fell in the range of 0.127-0.251 log, inactivation/day (i.e., the Ty, the time for 90%
to be inactivated, is 4-20 days) (Dillon and Toze, 2005).

Ambient temperatures likely to be encountered during ASR storage range widely, from about
1 °C during winter recharge, as recorded for an ASR wellfield at Mannheim, ON, Canada, to
38 °C ambient groundwater temperature, as recorded at the Miami-Dade West wellfield ASR
system in Florida. Higher temperatures may occur for some ASR wellfields, such as in
Middle East countries.
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In general, more field studies with large databases of supporting environmental variables,
including information on indigenous microorganisms, are needed to account for variability
between investigations and to develop sound conceptual models and greater confidence in
trends for the attenuation of microbes. A better balance is needed between controlled
experiments under lab conditions and carefully conducted field investigations under more
realistic, but therefore less-controlled, field conditions. To date, the ability to conduct such
field studies in the United States has been effectively precluded by underground injection
control (UIC) regulatory restrictions regarding subsurface testing of microbial attenuation in
ASR wells.

2.3.3 Pesticides

Herbicides and pesticides also must be considered when evaluating reclaimed water ASR.
Tuxen et al. (2003) reported that in both laboratory and field studies, phenoxy acid
herbicides, hormone-like chemicals used to kill broadleaf weeds, undergo both aerobic and
anaerobic degradation. Snyder et al. (2004b) found that atrazine, a common herbicide used to
control broadleaf and grassy weeds, adsorbed or degraded at a slow to moderate rate in the
subsurface, with adsorption most likely being the dominant attenuation mechanism.

2.3.4 Endocrine Disruptors, Pharmaceuticals, and Personal Care Products

While numerous researchers have focused on the development of methods to detect and
quantify endocrine-disrupting compounds (EDCs) and pharmaceuticals, relatively little work
has been done to evaluate potential attenuation of these substances in the subsurface. In
laboratory studies using sediment and groundwater from a reclaimed water ASR site at
Bolivar, SA, Australia, Ying et al. (2003) found that 17p-estradiol (E2), 17a-ethynylestradiol,
and 4-n-nonylphenol degraded under aerobic conditions, while bisphenol A and 4-tert-
octylphenol persisted under both aerobic and anaerobic conditions. Several studies have
shown that these compounds can sorb to aquifer material with varying degrees of affinity
(Mansell and Drewes, 2004; Snyder et al., 2004b; Ying et al., 2004).

Pharmaceuticals, such as ibuprofen, acetaminophen, sulfamethoxazole, and caffeine, have
also been examined for natural attenuation when in contact with aquifer materials. Under the
environmental conditions of several field experiments, caffeine, ibuprofen, and other
pharmaceuticals were efficiently removed to concentrations near or below the analytical
detection limit after retention times of less than 6 months during groundwater recharge
(Drewes et al., 2003). Using biologically active sand batch reactors and continuous flow
simulated ASR columns, Snyder et al. (2004a) demonstrated that acetaminophen, caffeine,
and ibuprofen can be adsorbed and degraded in the subsurface. This study also showed that
while sulfamethoxazole adsorbed to the biologically active sand, almost no degradation
occurred, a result that has been confirmed by Cordy et al. (2004).

2.3.5 Water Quality Factors Summary

While some research has been conducted on water quality changes applicable to reclaimed
water ASR, very few compound-specific trends have been determined. A wide range of water
quality parameters, from nutrients to microcontaminants, are of interest in both the stored and
ambient water. Bench-scale experiments with sorption and anaerobic biodegradation may
prove useful in understanding water quality changes through ASR, but further research at the
operational level is needed.
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2.4 REGULATIONS

Governance of reclaimed water ASR encompasses the complexity of reclaimed water and the
gradual evolution of groundwater regulations. Regulatory frameworks for these water
resources are at an early stage of development in most of the countries where ASR is
practiced. The following sections describe regulations in the United States and Australia, the
two countries where study sites for this project were chosen.

2.4.1 U.S. Federal Regulations

Groundwater management and development in the United States is a right that is typically
reserved by the individual states and is not subject to direct control by the federal
government. Further complicating ASR regulations, facilities are often permitted by multiple
agencies having jurisdiction in different areas, such as groundwater quality protection, water
resources management, and water rights. Most ASR systems are used for municipal water
supplies, and so drinking water protection agencies are usually involved in the regulatory
process.

On the federal level, management and regulation of ASR wells primarily falls under the UIC
program authorized by the 1974 Safe Drinking Water Act. In carrying out the mandate of the
Safe Drinking Water Act, the UIC regulations provide that “no injection shall be authorized
by permit or rule if it results in the movement of fluid containing any contaminant into
Underground Sources of Drinking Water, if the presence of that contaminant may cause a
violation of any primary drinking water regulation under 40 CFR part 141 or may adversely
affect the health of persons.” Aquifers that are not underground sources of drinking water are
not exempted aquifers. They simply are not subject to the special protection afforded
underground sources of drinking water.

2.4.1.1 UIC Regulations

Federal UIC regulations have been promulgated and are administered by the U.S.
Environmental Protection Agency (EPA) under the authority of the Safe Drinking Water Act.
The UIC regulations classify injection wells into Classes I to V, based upon their use and
other considerations. ASR wells are a subset of Class V, as follows:

Class V. Injection wells not included in Class I, I, III, or IV. Typically, Class V wells
are shallow wells used to place a variety of fluids directly below the land surface.
However, if the fluids you place in the ground qualify as a hazardous waste under the
Resource Conservation and Recovery Act (RCRA), your well is either a Class I or Class
IV well, not a Class V well. Examples of Class V wells are described in Sec. 144.81.

Examples of categories of Class V wells cited in a 1999 EPA study included agricultural
drainage wells, stormwater drainage wells, large-capacity septic systems, sewage treatment
effluent wells, aquifer remediation wells, car wash and laundromat effluent wells, salt water
intrusion barrier wells, aquifer recharge and ASR wells, subsidence control wells, and
industrial wells (USEPA, 1999). Thus, it is clear that the existing UIC regulations are
intended to apply to both ASR wells and other recharge wells used to replenish water in an
aquifer, whether recharge is with drinking water, reclaimed water, or stormwater. All such
sources are treated as contaminants under the UIC regulatory framework.

All ASR wells are classified as Class V wells under the UIC program. In states with primacy
status for Class V well regulation, this program is administered by the state agency rather
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than the EPA. State UIC regulations must be at least as restrictive as the federal regulations;
they may be more restrictive at the discretion of an individual state. At the present time, 34
states have primacy status.

The sections of the UIC program that address ASR are as follows:

= 40 CFR Part 144, Underground Injection Control Program: general provisions,
general program requirements, authorization of underground injection by rule,
authorization by permit, permit conditions, and requirements for owners and
operators of Class V injection wells

= 40 CFR Part 145, State UIC Program Requirements: requirements for state
programs, state program submissions, and program approval, revision, and
withdrawal

= 40 CFR Part 146, Underground Injection Control Program, Criteria and Standards:
general provisions and criteria and standards applicable to Class V injection wells

= 40 CFR Part 147, State Underground Injection Control Programs

ASR regulations should not be viewed in the same context as groundwater regulations, which
have been implemented to varying degrees in different states. UIC programs are either
directly implemented by EPA or are specifically delegated to a state agency.

2.4.2 State Regulations

Generally, state groundwater laws are similar to state surface water laws. Western states use a
system of water rights permits under a priority system called the prior appropriation doctrine
(“first in time, first in right”), while many eastern states use a system in which the right to
develop and use water resources is tied to land ownership (typically under the correlative
rights doctrine). There are states, however, where prior appropriation water rights are used for
surface water but land ownership determines the right to use groundwater. Several states have
instituted regional groundwater resources management programs, in which net withdrawals
from groundwater are restricted in order to restore groundwater levels, prevent saltwater
intrusion, or otherwise protect overtaxed aquifers. Under these programs, ASR often can be
used to offset depletions and increase the total withdrawals allowed by a groundwater user.

In practice, the regulatory frameworks governing reclaimed water ASR in different states
may be characterized more by their differences than by their commonalities. The differences
reflect the unique needs, constraints, and opportunities of each state.

ASR regulations have been adopted in at least five states to address both the water quality
and water use and water rights aspects of ASR facility permitting, typically with the intent of
streamlining and clarifying the regulatory process (Pyne, 2005). These are Colorado, New
Jersey, Idaho, California, and Arizona. Three of these are discussed in greater detail below.

2.4.2.1 Arizona Regulations

Arizona does not have primacy for the EPA UIC Class V program. In Arizona, regulations
addressing ASR are independent from the State’s water reuse regulations. The use of
reclaimed water for ASR is regulated under statutes and administrative rules administered by
the Arizona Department of Environmental Quality and the Arizona Department of Water
Resources. Several different permits are required by these agencies prior to implementation
of a groundwater recharge project. In general, the Arizona Department of Environmental
Quality regulates groundwater quality and the Department of Water Resources manages
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groundwater supply. All aquifers in Arizona currently are classified for drinking water
protected use, and the state has adopted National Primary Drinking Water maximum
contaminant levels (MCLs) as aquifer water quality standards. These standards apply to all
groundwater in saturated formations that yield more than 20 L/day (5 gal/day) of water. Any
groundwater recharge project involving injection of reclaimed water into an aquifer is
required to demonstrate compliance with aquifer water quality standards. The point of
compliance is a vertical plane downgradient of the recharge facility that extends through the
uppermost aquifers underlying that facility. The point of compliance for a pollutant that is a
hazardous substance is the limit of the pollutant management area. The pollutant management
area is the limit projected in the horizontal plane of the area on which pollutants are or will be
placed. An alternative point of compliance may be approved under certain conditions. The
alternative point of compliance cannot be further downgradient than any of the following: the
property boundary, any point of an existing or reasonably foreseeable future drinking water
source, or 750 ft from the edge of the pollutant management area
(http://www.azdeq.gov/environ/water/permits/stats.html).

Provided below is a summary of Arizona Class A+ standards for reclaimed water:

Class A+ reclaimed water is wastewater that has undergone secondary treatment,
filtration, nitrogen removal treatment, and disinfection. Chemical feed facilities to add
coagulants or polymers are required to ensure that filtered effluent before disinfection
complies with the 24-h average turbidity criterion prescribed in subsection (B)(1).
Chemical feed facilities may remain idle if the 24-h average turbidity criterion in (B)(1)
is achieved without chemical addition.

An owner of a facility shall ensure that:

The turbidity of Class A+ reclaimed water at a point in the wastewater treatment process
after filtration and immediately before disinfection complies with the following:

a. The 24-h average turbidity of filtered effluent is 2 nephelometric turbidity units
(NTU) or less, and

b. The turbidity of filtered effluent does not exceed 5 NTU at any time.

Class A+ reclaimed water meets the following criteria after disinfection treatment and
before discharge to a reclaimed water distribution system:

a. There are no detectable fecal coliform organisms in four of the last seven daily
reclaimed water samples taken, and

b. The single sample maximum concentration of fecal coliform organisms in a
reclaimed water sample is less than 23/100 mL.

c. Ifalternative treatment processes or alternative turbidity criteria are used, or
reclaimed water is blended with other water to produce Class A+ reclaimed water
under subsection (C), there are no detectable enteric viruses in four of the last
seven monthly reclaimed water samples taken.

The five-sample geometric mean concentration of total nitrogen in a reclaimed water
sample is less than 10 mg/L.
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2.4.2.2 California Regulations

Although California does not have primacy for EPA UIC Class V regulations, EPA accepts
State standards which equal or exceed federal standards for drinking water protection. The
State Water Resources Control Board oversees the nine Regional Water Quality Control
Boards (RWQCBs), but the RWQCBs administer the UIC program. Although there are no
specific State regulations directed at using reclaimed water for ASR, the California
Department of Health Services (DHS) has draft regulations for injecting reclaimed water into
potable aquifers (California Department of Health Services, 2004). While DHS has the
authority to adopt such criteria, they are implemented through the RWQCBs, who are
required to include them in water reuse permits. The RWQCBs may include other water
quality requirements in addition to the DHS criteria. It is likely that ASR wells into which
reclaimed water is injected into groundwater used as, or suitable for, potable supply would
have to comply with the quality requirements in the DHS groundwater recharge regulations.
The most recent draft requirements are summarized in Table 2.2 and include some
requirements, e.g., retention time underground, distance to withdrawal, and dilution, that
would not be applicable for ASR. It is likely that substantial changes will be made prior to
adoption of the criteria.

The draft regulations require that reclaimed water comply with the following State drinking
water regulations: primary MCLs, inorganic chemicals (except nitrogen), MCLs for
disinfection byproducts (DBPs), and action levels for lead and copper. Quarterly monitoring
is required, with compliance determined from a running average of the last four samples. The
reclaimed water also must be monitored annually for several secondary MCLs. In addition,
the reclaimed water must be sampled quarterly for unregulated chemicals, priority toxic
pollutants, and chemicals with State notification levels, which DHS specifies based on a
review of the project. Each year, the reclaimed water must be monitored for endocrine
disruptors and pharmaceuticals that are specified by DHS after review of the project.
According to the DHS draft regulations, compliance with reclaimed water standards is
measured at the point of recharge into an injection well. How this will be applied for recharge
of reclaimed water into an ASR well has not yet been determined. However, for a recent ASR
project for the Central Valley RWQCB at Roseville that involved recharging of drinking
water, compliance with drinking water standards was allowed to be measured at a monitor
well, not at the ASR well during recharge. This is potentially significant to reclaimed ASR
projects, since the constituent of concern at Roseville was trihalomethanes (THMs), which
are known to attenuate naturally during ASR storage under anaerobic conditions (Pavelic et
al, 2006a).
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Table 2.2. California Draft Groundwater Recharge Regulations for
Injection

Contaminant Type Requirement(s)

Pathogenic Microorganisms

Filtration <2 NTU
Disinfection 5-log virus inactivation,” <2.2 total coliforms per 100 mL
Retention time
12 mo
underground
Horizontal 600 m (2000 ft)
separation
Regulated Contaminants
Drinking water Meet all drinking water MCLs (except nitrogen) and new federal and state
standards regulations as they are adopted

= Level specified by DHS for existing project with no RWC* increase

Total nitrogen = <5 mg/L for new project or increased RWC at existing project

Unregulated Contaminants

TOC in filtered TOC < 16 mg/L in any portion of the filtered wastewater not subjected to RO?
wastewater treatment
100% RO treatment to achieve:
TOC in recycled TOC level specified by DHS for existing project with no RWC increase
water TOC £ 0.5 mg/L/RWC (new project or increased RWC at existing
project)

<50% subject to above requirements

RWC . .. .
50-100% subject to additional requirements

“The virus log reduction requirement may be met by a combination of removal and inactivation.

’May be reduced upon demonstration via tracer testing that the required detention time will be met at the proposed
alternative distance.

‘RWC, recycled water contribution.

9RO, reverse osmosis.

Source: Adapted from California Department of Health Services (2004).

The proposed DHS draft regulations specify total organic carbon (TOC) as a surrogate for
determining organics removal efficiency. Although TOC is not a measure of specific organic
compounds, it is considered to be a suitable measure of the gross organic content of
reclaimed water for the purpose of determining organics removal efficiency. The proposed
TOC limit is based on increasing concern over unregulated chemical contaminants and the
realization that current technology using membranes can readily reduce TOC to 0.2 mg/L or
less. The TOC limit applies to TOC of wastewater origin in recharged water. Weekly
sampling is required for TOC, with compliance determined monthly from the average of the
most recent 20 TOC samples.

Any intentional augmentation of drinking water sources with reclaimed water in California
requires two State permits. A waste discharge or water recycling permit is required from a
RWQCB, which has the authority to impose more restrictive requirements than those
recommended by DHS, and a public drinking water system using an impacted source is
required to obtain an amended water supply permit from DHS to address changes to the
source water.
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2.4.2.3 Florida Regulations

Although Florida has no ASR-specific statutes, it does have primacy for EPA UIC Class V
regulations and has developed criteria, standards, and permitting procedures that address
underground injection control (Florida Department of Environmental Protection, 2002).
Florida also has adopted related rules for groundwater, including groundwater classes,
standards, and exemptions (Florida Department of Environmental Protection, 1996) and
groundwater permitting and monitoring requirements (Florida Department of Environmental
Protection, 2001). ASR wells into which reclaimed water is injected into potable aquifers
must comply with the State’s requirements for groundwater recharge of reclaimed water via
injection, which are summarized in Table 2.3. The reclaimed water injection regulations
pertain to G-I, G-II, and F-I groundwaters, all of which are classified as potable aquifers.
Typically, reclaimed water must meet G-1I groundwater standards prior to injection. G-II
groundwater standards are, for the most part, primary and secondary drinking water
standards. Exceptions for secondary standards are granted through a Water Quality Criteria
Exemption or approved zone of discharge.

Table 2.3. Florida Water Reuse Rules for Groundwater Recharge via

Injection
Type of Use Water Quality Limits Treatment Required

Groundwater recharge or =  No detectable total = Secondary

injection to groundwater coliforms/100 mL = Filtration

having TDS <3000 = 20 mg/LCBOD;s = Disinfection

mg/L . 5.0 mg/L TSSa” = Multiple barriers for control of
. 3.0 mg/L TOC pathogens and organics
« 0.2 mg/L TOX” = Pilot testing required
. 10 mg/L total N
= Primary® and secondary

drinking water standards

Groundwater recharge or =  No detectable total . Secondary

injection to groundwater coliforms/100 mL . Filtration

having TDS 3000~ = 20 mg/LCBOD;s . Disinfection

10,000 mg/L = 5.0mg/L TSS

. 10 mg/L total N
= Primary drinking water
standards®

“TSS, total suspended solids.
TOX, total organic halogen.
“Except for asbestos.

Source: Adapted from Florida Department of Environmental Protection (1999).

The Florida regulations include requirements for planned groundwater recharge by injection
into water supply aquifers. Groundwater recharge projects in Florida that involve injection
also must comply with the State’s UIC regulations (Florida Department of Environmental
Regulation, 2002), which include criteria pertaining to ASR wells.

For reclaimed water ASR projects, the Florida Department of Environmental Protection
regulations provide for compliance with secondary drinking water standards to be measured
at the edge of a zone of discharge, instead of at the ASR well during recharge, thereby taking
full advantage of natural treatment and mixing mechanisms occurring in the aquifer.
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Currently, no allowance is provided for subsurface treatment relative to primary drinking
water standards, for which measurements are conducted at the wellhead prior to recharge.

2.4.2.4 Point-of-Compliance Measurement

As indicated in the discussions above regarding the regulatory framework for reclaimed ASR
programs in California, Arizona, and Florida, this is an evolving situation. There is a common
commitment to meeting all drinking water standards and evaluating water quality relative to
guidance concentrations for those constituents that are not covered by the drinking water
standards. The significant differences between the state programs relate to where the point of
compliance is measured. This is a particularly important difference for ASR wells, for which
continuous long-term recharge into the local aquifer is replaced by seasonal and wet—dry
cyclic operations within a small radius around the well, typically a few hundred feet. Where
the point of compliance has been established at a monitor well, thereby providing for natural
treatment processes occurring close to the ASR well during recharge and storage, it is
possible that pretreatment costs may be reduced without adversely threatening public health
or groundwater quality. Alternatively, if these pretreatment processes are implemented
anyway, the ASR storage will provide an added barrier to further protect public health and
groundwater quality. Achieving a better understanding of the natural treatment processes
occurring during ASR storage of reclaimed water is one of the key objectives of this WRF
project.

2.4.3 Australian Guidelines

Similar to the regulatory structure in the United States, guidelines for ASR and recycled
water in Australia are addressed at both the federal and state level. They are also still being
developed with respect to both recycled water and ASR. The principles contained in the
National Water Quality Management Strategy have been adopted by the Commonwealth and
State governments of Australia and provide a unified and coherent platform for managing
water quality, including groundwater, rivers, lakes, drinking water, sewage effluent, and
stormwater. In 2005, National Water Quality Management Strategy Draft Water Recycling
Guidelines, developed with a risk management approach, were issued for public comment.
The next phase of the Water Recycling Guidelines to be developed in 2006—7 will
specifically include management of aquifer recharge issues and will address ASR (Dillon,
2005). Regarding water rights, there is no systematic state or national policy regarding rights
to take reclaimed water or stormwater, to own recharged water, to transfer recharge credits, or
to use aquifer storage capacity.

Previous Australian efforts at establishing guidelines included the Australian Water
Resources Council (1982) guidelines for the use of reclaimed water for aquifer recharge.
More recently, the South Australian Environmental Protection Authority (2004) issued a
Code of Practice for Aquifer Storage and Recovery, but this code only applies to stormwater
recharge and recovery, not reclaimed water. Dillon, with Pavelic (1996) and with Molloy
(2006), proposed technical guidance for ASR with reclaimed water. All proposed guidelines
have adopted a multibarrier approach to groundwater quality protection and generally provide
a differential protection policy. A differential protection policy protects water for its existing
beneficial uses or environmental values, which depend upon ambient water quality and
historical use. Examples of environmental values are raw water for drinking water supplies,
irrigation, industrial use, and ecosystem support. In all cases, a groundwater attenuation zone
concept applies. This concept entails that beyond a certain distance and time since injection,
water quality should meet the criteria corresponding at least to its original environmental
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value. While all proposed guidelines share the multibarrier approach and protection policy,
only the most recent (Dillon and Molloy, 2006) adopts the risk management approach
outlined in the Draft Recycling Guidelines.

Localized arrangements are in place in a few locations for water allocations to ASR
operators, particularly those addressing groundwater exploitation within catchment water
allocation plans. Also site specific, the Code of Practice for Aquifer Storage and Recovery
places some restrictions on attenuation zones based on land tenure and aquifer characteristics,
namely, fractured rock and karst geology (South Australian Environmental Protection
Authority, 2004).

In conclusion, the guidelines in Australia for both ASR and reclaimed water are still being
developed and are evolving at the national, regional, and local levels. The most recently
proposed guidelines exercise a risk-based approach, a newer paradigm that is also being
utilized in drinking water regulations. For reclaimed water ASR guidelines, this approach will
likely build upon the multibarrier and use-protective approaches of the National Water
Quality Management Strategy.
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CHAPTER 3
CONSTITUENTS

3.1 CONSTITUENT SELECTION RATIONALE

The chemical and microbiological parameters monitored in this study were selected to
provide guidance regarding the constituents of greatest concern in reclaimed water ASR and
to indicate the fate of these compounds in the subsurface environment. A comprehensive list
of over 300 compounds was generated from several sources, including the following:

= The U.S. Geological Survey list of 95 organic constituents analyzed during the 1999
and 2000 sampling events at 139 surface water sites nationwide (Barnes et al.,
2002); the list includes veterinary and human antibiotics, prescription drugs,
nonprescription drugs, steroids, hormones, and other wastewater-related compounds

= A short list of microbiota selected by various state and federal agencies for
investigations being conducted by the South Florida Water Management District and
the Southwest Florida Water Management District to address the fate of microbiota
during ASR storage

®  Draft regulations from the California DHS, located at URL
http://www.dhs.ca.gov/ps/ddwem/publications/waterrecycling/rechargeregulationsdr
aft-12-01-04.pdf

= The State of Arizona Numeric Aquifer Water Quality Standards

Lists from these studies and regulations were combined for various chemical categories, such
as metals, DBPs, pesticides, etc. Due to the infeasibility of testing for so many analytes, the
initial list of over 300 compounds was screened using the qualitative selection criteria below,
presented in descending order of importance:

= Applicability to water quality standards or guidance

= Availability of analytical methods and their pricing

= Usefulness in aquifer characterization (compounds used to distinguish wastewater
from native groundwater)

= Degree of public and/or scientific concern, as determined by the Project Advisory
Committee

= Applicability to irrigation water quality, because irrigation is often the end use

= Expected mobility in solution and aquifers

= Frequency of occurrence in the environment

=  Grouping with suites of analytes available with single laboratory tests

For the large list of trace organics in the U.S. Geological Survey list, selection criteria also
focused on the ability of the compound to indicate removal mechanisms in the aquifer. This
selection process is described further in Section 3.10, below.

Table 3.1 presents the selection criteria pertaining to each parameter category chosen for the
study. The following sections describe the selection of specific parameters within those
categories. Table 3.2 lists the specific parameters and summarizes the rationale for each
category in more detail.
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Table 3.1. Selection Criteria Pertaining to Each Parameter Category
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Table 3.2. Parameter Categories and Rationale

Category

Compound

Rationale

General Parameters

Alkalinity
Bicarbonate
Boron

Calcium
Chloride

DO

Fluoride
Magnesium

pH

Redox potential
Sodium
Specific conductance
TDS
Temperature
TOC

Turbidity

Standard compounds already monitored in most
ASR programs; these compounds provide
information about the chemical environment

Nutrients

Total nitrogen
Ammonia

Nitrate

Nitrite

Total phosphorous
Orthophosphate

Of agricultural interest for irrigation reuse

Metals

Arsenic (total)
Barium (total)
Cadmium (total)
Copper (total)
Iron (total)
Lead (total)
Mercury (total)
Selenium (total)

Regulated, most can be analyzed as part of one
suite; selenium is of environmental interest in some
regions

Disinfection Byproducts

Cyanide
TTHMs
HAA;
NDMA

Can be found in wastewater and are toxic to humans

Radioactivity

Gross alpha particle activity
Total uranium

Required for Florida reuse permits

Industrial Pollutants Perchlorate Perchlorate is newly regulated; the remaining
Chlorate halogenic compounds are part of its analytical suite;
Bromate PBDEs have been detected in final wastewater
Todate effluent and may migrate with particles
PBDEs

Pesticides Aldrin Some of these pesticides are regulated; all can be
Atrazine analyzed as part of one suite
Diazinon
Dieldrin
Chlorpyrifos
Lindane

Pathogen Indicators

Total and fecal coliforms
E. coli

Enterococci bacteria
Coliphage
Cryptosporidium
Giardia

HPC

Coliphage is a viral indicator; heterotrophic plate
count (HPC) indicates regrowth potential; the
remaining pathogens are regulated for reuse
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3.2 GENERAL PARAMETERS

The general parameters category features routinely tested wastewater components. The TDS
and electrical conductivity (EC) indicate the ionic strength of solution, which affects the
equilibria of all reactions, including sorption. These are also critical parameters for
determining irrigation usability.

Bicarbonate, alkalinity, and pH demonstrate much about the chemical nature of the solution.
Calcium, magnesium, and sodium are used to discern the sodium adsorption ratio of the
injected water, which is of interest in irrigation use. Because some crops are sensitive to
boron, it is also of concern when water is to be used for irrigation (Tisdale et al., 1993). Of
these ions, calcium, magnesium, sodium, chloride, fluoride, and boron are further expected to
act as tracers in distinguishing the injected water from groundwater.

Temperature was included because it is a major factor affecting microbial and chemical
kinetics and may also be used as a quasi-conservative tracer to determine the extent and speed
of injected water mixing with groundwater.

Redox potential indicates the types of oxidation—reduction reactions that may affect chemical
degradation processes. In most confined aquifers, DO falls to levels allowing only anaerobic
microbial activity. Aquifers that are unconfined or have sufficient through-flow and hydraulic
connection to the atmosphere may have DO at levels sufficient to support aerobic
microorganisms and consequently aerobic degradation of introduced organic matter (Lyman
et al., 1992). ASR wells in some southwestern states are in deep, water table aquifers, which
are aerobic. Redox potential will indicate whether DO is present or if other electron
acceptors, such as nitrate, manganese, iron, or sulfate, are being used in redox reactions.

3.3 NUTRIENTS

The selected nutrients are routinely tested in wastewater due to their impact on aquatic
environments. Nitrogen and phosphorus are often measured in agricultural runoff, and thus
their levels and forms should be known if the water is used for irrigation. Nutrients may
accelerate subsurface microbial activity and affect clogging of ASR wells, and their escape
from an aquifer to surface water bodies could stimulate undesirable effects, such as
eutrophication. Generally, storage zones are chosen to limit such escape. The various forms
of nitrogen (total, TKN, NH4", NO;~, and NO,") indicate the bioavailability, mobility, and
redox potential of the compounds and therefore reflect their position in the nitrogen cycle. Of
the many phosphorus forms, the orthophosphate fraction represents the most plant-available
and leachable of phosphorus compounds.

3.4 METALS

Arsenic, copper, lead, and mercury were selected based on their toxicities and prevalence. In
addition, these metals are regulated in the United States. While arsenic’s ability to cause
cancer in humans is still debatable, it has been classified by the U.S. EPA as a carcinogen
based on evidence of skin cancer. Arsenic partitions in and out of solution via redox-sensitive
reactions, and anaerobic environments such as those expected in aquifer storage often lead to
arsenic in its most mobile form. Copper is considered toxic via noncarcinogenic effects. Lead
is associated with cancer at very high doses but is primarily associated with
neurodevelopmental problems in children. Mercury is also a neurotoxicant and has various
toxic pathways (Cohn et al., 2003).
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3.5 DISINFECTION BYPRODUCTS

Many DBPs have been identified as toxic to humans, with both carcinogenic and
noncarcinogenic effects reported. DBPs are formed during treatment and often occur in
concentrations that are orders of magnitude greater than other organic pollutants. The most
widely studied of organic DBPs, total THMs (TTHMs), are comprised of chloroform,
bromodichloromethane, dibromochloromethane, and bromoform; all are suspected
carcinogens. Second to TTHMs in prevalence are the haloacetic acids (HAAs), comprised of
nine compounds, including dichloroacetic acid, trichloroacetic acid, and various brominated
forms. HA As are highly water soluble, and various health effects are attributed to them (Cohn
et al., 2003).

N-Nitrosodimethylamine (NDMA) has been of rising concern, as it is suspected to be
carcinogenic at very low concentrations. It was of interest to this study also because it
primarily degrades by photolysis (NTP, 2002), and less is known about its fate in subsurface
environments. Cyanide is another common DBP that is toxic in certain forms to humans and
aquatic life.

3.6 RADIOACTIVITY

The radioactivity parameters of gross alpha particle count and total uranium were included
because they are required for Florida reuse permits. In certain areas, including southwest
Florida, these constituents have been noted at concentrations above background in water
recovered from ASR wells, particularly during early operating cycles. Uranium
concentrations have not exceeded State standards. Gross alpha particle counts and radium
activity levels have generally not exceeded standards, with a few exceptions. With
successive ASR cycles, radioactivity levels have generally declined. If present in the ambient
groundwater, radon will be present in the ASR recovered water at the same activity level, as
was determined for Seattle, WA. However, at that site the radon levels were below drinking
water standards. Other than the fact that radioactivity is a water quality constituent of
concern, the significance of radioactivity for reclaimed ASR is probably small.

3.7 INDUSTRIAL POLLUTANTS

Polybrominated diphenyl ethers (PBDEs) are flame retardants that are persistent,
bioaccumulative, and toxic (Betts, 2001). These are strongly hydrophobic compounds,
meaning that they do not combine with water molecules. They were included in this study
based on a California study that detected PBDEs in wastewater.

3.8 PESTICIDES

Pesticides were selected based on their regulatory significance and the availability of
analytical methods and standards. Dieldrin and aldrin are on Florida’s watch list, and lindane
and atrazine are included in Arizona’s Numeric Aquifer Water Quality Standards. Diazinon
and chlorpyrifos were included because they are reported at no extra cost as part of the
analytical suite for dieldrin, aldrin, lindane, and atrazine.

3.9 PATHOGEN INDICATORS

Further knowledge on pathogen lifespan underground is desired. Pathogens were chosen that
represent bacteria (total and fecal coliforms), protozoa (Cryptosporidium and Giardia), and
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viruses (coliphage). These indicators were also chosen based on their having established
techniques and common occurrence. While likely to show variable results, heterotrophic plate
count (HPC) was chosen because it is an affordable test that reflects microbial growth
potential.

3.10 ENDOCRINE DISRUPTORS AND PHARMACEUTICAL AND
PERSONAL CARE PRODUCTS

EDCs and pharmaceutical and personal care products (PPCPs) span many chemical
properties, categories, and classifications but are grouped here based on their potential effects
on human health and their being exclusive to anthropogenic sources. Given the multitude of
EDCs and PPCPs that are considered compounds of emerging concern and thus could have
been selected for observation in this study, the chemicals in this category were selected to
represent various physical characteristics that could reveal removal mechanisms in the
aquifer.

EDCs and PPCPs were sorted based on compound class, such as analgesic, antibiotic, or
hormone. From each class, compounds representing various molecular weights (MW) and
octanol-water partitioning coefficients (K,) were selected. K, represents the ratio under
controlled conditions at which a constituent is partitioned to octanol versus water. It has a
linear empirical relationship with the organic carbon partitioning coefficient, K., and thus
indicates the tendency of a compound to sorb to particulate matter. Higher log K, values
indicate a greater likelihood that the contaminant will be removed from solution via
adsorption to organic particles in the aquifer.

The partitioning behavior of an organic compound depends significantly on whether it exists in an
ionized or neutral state. Therefore, the acid dissociation constant (K,) was considered where
available. Measurements of this physical property do not exist for many of the target compounds;
however, they can be predicted using modeling software. K, describes a compound’s tendency to
donate a proton to solution and thus be charged or neutral at a given pH. The neutral form of an
organic acid is expected to sorb to particulate matter to a higher degree than the ionized. Thus, if
an organic compound has a pK, above the range of pH in natural waters, it can be expected to be
dissociated and less likely to sorb to particulate matter. The speciation of an organic compound
also affects its solubility, toxicity, and oxidation kinetics.

Some compounds that were filtered out based on the property sort were added back to the
target EDC and PPCP list to address specific concerns. These include progesterone,
testosterone, and androstenedione, which were added because research has indicated that
removal efficiencies for ketone hormones differ from those of phenolic hormones (i.e.,
estradiol, estrone, and ethynylestradiol) (Snyder et al., 2005). DEET was added due to
increasing accounts of its occurrence in drinking water (Thacker, 2004). Finally, caffeine was
included for its (arguable) use as an anthropogenic marker of wastewater. Caffeine is a
challenging marker, since it is ubiquitous in blanks and rapidly or easily removed by
wastewater treatment plants, but the ability to analyze it and its frequency of occurrence made
it suitable for the target list.

Compounds automatically reported as part of existing analytical suites were also included, as they
were available for no extra cost. These included trimethoprim, fluoxetine, pentoxifylline, dilantin,
tri(2-chloroethyl) phosphate (TCEP), diazepam, oxybenzone, estriol, ethynylestradiol, naproxen,
diclofenac, and gemfibrozil.
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Table 3.3 presents the EDCs and PPCPs chosen for study and their associated K,,, and

molecular weights.

Table 3.3. Selected EDCs and PPCPs in Order of Increasing K,

Constituent Use log K, pK. MW
Iopromide X-ray contrast media -2.05 10.2 791
Caffeine Stimulant -0.07 10.4 194
Acetaminophen Analgesic 0.46 9.4 152
Meprobamate Antianxiety 0.70 10.9 218
Sulfamethoxazole Antibiotic 0.89 2.66 253
Hydrocodone Painkiller 2.16 7.32 299
DEET Mosquito repellant, industrial 2.18 0.67 191
Carbamazepine Antiseizure medicine 245 0.37 236
Atrazine Herbicide 2.61 1.7 215
Androstenedione Androgen hormone 2.75 NA? 286
Erythromycin Antibiotic 3.06 8.88 734
Estrone Estrogen hormone 3.13 9.43 270
Bisphenol A Plasticizer 3.32 9.59-11.3 228
Testosterone Androgen hormone 3.32 NA 288
Progesterone Estrogen hormone 3.87 NA 314
Ibuprofen Analgesic, anti-inflammatory 3.97 4.15 206
17B-Estradiol Estrogen hormone 4.01 10.4 272
Triclosan Antimicrobial 4.76 7.98 290
Nonylphenol Surfactant degradation product 3.28-4.77 10.7 220
Chlorpyrifos Organochlorine pesticide 4.96 NA 351
Butylated hydroxy toluene  Antioxidant 5.10 NA 220
Fluoranthene Polycyclic aromatic hydrocarbon 5.16 NA 202

“NA, not available.

Table 3.4 provides a summary of many of the target compounds’ expected degradability
characteristics in common wastewater treatment plant and environmental processes. This
table shows the potential for attenuation due to chlorine and chloramine oxidation,

biodegradation, photolysis, and carbon binding. It is important to note that these predictions

are generalities based on previous studies conducted by team members (Snyder et al., 2003,
2004b, 2006; Westerhoff et al., 2005; Yoon et al., 2003a, 2003b). Carbon binding is offered
as a preliminary indicator of potential adsorption during ASR storage, based upon experience

in other applications above ground. To the extent that these processes are conducted

effectively during wastewater treatment, the reclaimed water being recharged subsequently
into the ASR wells may be expected to have reduced concentrations of these
microcontaminants, assuming their presence in the untreated wastewater flow stream. These
may potentially sorb to organic material in the near-well zone and desorb or mobilize on
onset of recovery. Sorption helps increase residence time and hence biodegradation in an
aquifer but does not necessarily provide a sustainable removal process on its own (Dillon and

Pavelic, 1996).
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Table 3.4. Removal Potential for Target Compounds

Compound Biodegradation Chlorine = Chloramine  Photolysis Carbon
Androstenedione NE* Poor Poor Poor Good
BDE #28 Poor NE NE NE Good
BDE #47 Poor NE NE NE Good
Bisphenol A Moderate Good Good Moderate Moderate
Caffeine Good Poor Poor Poor Moderate
Carbamazepine Moderate Poor Poor Poor Moderate
Chlorate Poor Poor Poor Poor Poor
Chlorpyrifos NE NE NE NE NE
DEET Moderate Poor Poor Poor Moderate
Dilantin Moderate Poor Poor Poor Poor
Erythromycin-H20 Poor Good Poor Poor Moderate
Estradiol Good Good Good Poor Good
Estrone Good Good Good Poor Good
Fluoranthene NE Poor Poor NE Good
Gemfibrozil Good Moderate  Poor Poor Moderate
Hydrocodone Moderate Good Moderate Poor Moderate
Ibuprofen Good Poor Poor Poor Poor
Meprobamate Moderate Poor Poor Poor Poor
Naproxen Moderate Good Poor Poor Moderate
NDMA NE NE NE NE Moderate
Nonylphenol Moderate Good Good Moderate Good
Pentoxifylline Poor Moderate  Poor Poor Moderate
Perchlorate Poor Poor Poor Poor Poor
Sulfamethoxazole Poor Good Poor Moderate Poor
TCEP Moderate Poor Poor Poor Moderate
Triclosan Poor Good Good Moderate Good

“NE, not evaluated.

Photolysis is included in Table 3.4, even though it would not occur during ASR storage
underground. However, at some ASR sites it may be a useful part of the overall treatment
process, since a portion of the pretreatment may occur in lagoons or ponds where photolysis

would occur.
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CHAPTER 4

SAMPLING SITES AND ANALYTICAL PLANS

Four reclaimed water ASR facilities were selected and agreed to participate in this study’s
sampling program. The study sites were:

* Chandler, AZ, Tumbleweed Recharge Facility
* Englewood, FL, South Regional Wastewater Treatment Plant
= Manatee County, FL, Southwest Water Reclamation Facility
= Bolivar, Australia, Bolivar Water Reclamation Plant

Comprehensive descriptions of these four facilities are provided below. Table 4.1 provides a

summary of the site characteristics.

Table 4.1. Summary of Site Characteristics

ASR Site Chandler, AZ Englewood, FL Manatee, FL. Bolivar,

Attribute Australia

Redox Status Undetermined Probably reduced  Probably reduced  Denitrifying

Mineralogy Alluvium Carbonate Carbonate Calcite, quartz

Confinement Confined Confined Confined Confined

Salinity, TDS, 1000 20,000 2000 2100

mg/L

Groundwater NA“ NA 26 22-26

Temp, °C

Recharge Water 24 26-28 24 7-18

Temp, °C

Pretreatment NdeN, extended Aeration, Aeration, Activated sludge,

before ASR aeration, tertiary filtration, filtration, aeration lagoons,
filters, UV chlorination chlorination DAF/F,’

chlorination

TOC in Injectant, 7.4 9.6 10.6 12-20

mg/L

Residence Time 0.5-5 0.5-2 0.5 0-11

in Aquifer, mo

Prior Use of ASR  2004—present 2001—present None 1999—present

Site

Storage Volume, 300 700 10 50

MG

Travel Time to 14 Not applicable Not applicable 1-2 and 90-120

Observation
Wells, days

“NA, not available.

PDAF/F, dissolved air flotation filtration.
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4.1 SAMPLING SITES
4.1.1 Chandler, AZ, Tumbleweed Recharge Facility

4.1.1.1 Background

In 1996, the City of Chandler constructed the Tumbleweed Recharge Facility in Tumbleweed
Park to conserve 100% of the reclaimed water. Initially, vadose zone wells were used to
inject reclaimed water into the ground above the water table. The reclaimed water was then
treated further by ground filtration in the vadose zone before it reached the upper aquifer
water table. Ultimately, the vadose wells were found to be inadequate due to clogging of
pores and the occurrence of fungal growth in the cloth materials of the wells. This technology
was abandoned due to these challenges, and ASR technology was adopted due to its ability to
allow the facility to purge the system three times a day for 20 min each.

4.1.1.2 Reclaimed Water Source

Reclaimed water injected into these wells originates from the Airport Reclamation Facility, a
5-mgd water reclamation plant built in 1999 and expanded to 10 mgd in 2003. Specific water
reclamation facility processes include influent pumping and screening, biological nitrogen
removal (NdeN) with extended aeration basins, secondary clarifiers, tertiary filters, UV
disinfection (low intensity, low pressure, open channel type), and effluent pumping. The
plant, currently rated at 10 mgd and being expanded to 15 mgd, is designed to meet Arizona
Class A+ reclaimed water quality standards. The 2004 operating data showed plant effluent
average turbidity was 0.5 NTU, and average TSS was 1.67 mg/L. The average effluent nitrate
was 1.6 mg/L with a minimum nitrate concentration of 0.4 mg/L. Note that for the current
expansion, it is anticipated that the UV system will be replaced with hypochlorite, likely the
on-site generation type.

4.1.1.3 Wells

The Tumbleweed Facility consists of five wells drilled to a depth of 350 ft and has an annual
average permitted recharge capacity of 5 mgd of tertiary treated effluent. Tumbleweed ASR
well nos. 4 and 5 consist of a 30-in. carbon steel surface casing extending to a depth of 39 ft
below the surface and a 20-in. stainless steel inner casing extending to a depth 350 ft. A 2
3/8-in. sounding tube extends from the ground surface to 140 ft below grade, with the lower
80 ft perforated with 0.020-in. slots. At 45 ft, a bentonite seal extends to 50 ft below the
ground surface. At 60 ft below the surface, a Colorado silica sand filter pack begins and
extends to 350 ft. The surface casing is cemented to 45 ft. At 350 ft, a stainless steel bottom
plate terminates the borehole. Observation well 2A is screened from 100-300 ft. The ASR
well has a louvered stainless steel screen, and the observation well has a carbon steel casing
and screen.

During the summer months, recharge flow currently is about 2—5 mgd into all five wells.
During winter months, recharge flow is 7-10 mgd. Local demand for reuse water is
increasing each year, and so the amount of water available for recharge is declining each
year; the amount required to meet system demands during summer months is approaching a
point where previously stored water will need to be recovered from the ASR wellfield. It is
anticipated that all reclaimed water stored will be recovered. The permitted annual storage
volume is 5600 acre-ft, which is equivalent to an average of 5.0 mgd.
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4.1.1.4 ASR Storage Zone

The ASR storage zone is in an upper alluvial unit (UAU) and is recharged through both
vadose zone wells and ASR wells. Underlying the UAU is the middle alluvial unit (MAU),
which is used as a drinking water supply in Chandler. The UAU is comprised of sand, silt,
and clay, with distinct lenses of gravel, cobbles, and boulders, and is unconsolidated. The
MAU is finer grained and contains more clay than the UAU. The clay is sticky and harder
than in the UAU. Gravel, cobbles, and boulders are not typically present in the MAU;
however, a calcium carbonate crust is present. The contact between the two units is
uncomformable and occurs at depths between 300 and 490 ft, varying over the surrounding
area.

Horizontal hydraulic conductivity of the UAU is estimated at 150 ft/day based on pumping
tests conducted at ASR wells 1, 2, and 3. Transmissivity is about 251,000 gal/day/ft (gpd/ft).
The UAU has been subdivided vertically into three layers, based on differences in head
indicating changes in aquifer hydraulics characteristics. For all three layers, the specific yield
is estimated at 0.08 and the porosity is estimated at 0.15. The upper and lower layers are
about 150 ft thick, while the middle layer is about 20 ft. The upper and lower layers have an
estimated vertical hydraulic conductivity of 7.5 ft/day, while the middle layer vertical
hydraulic conductivity is estimated at 0.0085 ft/day.

Plugging has been observed in the ASR wells and has been attributed to a variety of causes.
These include entrained air and gas binding, TSS, biological growth, geochemical reactions,
and particle rearrangement of soils adjacent to the well. To control such plugging, each well
is backflushed to waste for 30 min, three times daily, at a rate of 2 mgd. Relative to other
operating ASR sites, this backflushing frequency is considered quite high.

4.1.1.5 Monitoring

Compliance monitoring is required at two points: the first point is located 500 ft west of the
northwest property boundary, and the second is situated on the northeast corner of the
property boundary. Permitting for these wells is provided through the Arizona Department of
Water Resources and the Arizona Department of Environmental Quality. In addition to daily
measurements of flow, monthly measurements of nitrogen species, major cations, and anions
are required. Annual measurements are required for metals and volatile organic compounds.

4.1.2 Englewood, FL, South Regional Wastewater Treatment Plant

4.1.2.1 Background

The South Regional Wastewater Treatment Plant, owned and operated by the Englewood
Water District, is located in northwest Charlotte County, FL. This facility, consisting of twin
advanced secondary treatment units, produces 2.2 mgd of reclaimed water and is currently
being expanded to 3 mgd of production capacity. Reclaimed water was initially stored in on-
site reuse ponds before being distributed for nonagricultural irrigation of city property and
golf courses. The Englewood Water District began investigating the feasibility of aquifer
storage and recovery in December 1997 and applied to the Florida Department of
Environmental Protection (FDEP) and the Southwest Florida Water Management District
(SWFWMD) for their ASR test well construction permits in March 1998. An ASR test well
construction permit was issued by FDEP in June 1999, and well construction permits were
issued by SWFWMD in January 2000. Construction of the ASR test well system and
monitoring network was initiated in January 2000 and was completed in April 2000. A
comprehensive engineering report was submitted to FDEP in July 2000 requesting
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authorization to commence ASR cycle testing. Englewood Water District received
authorization to cycle test, which was initiated in July 2001 and is currently ongoing.

4.1.2.2 Reclaimed Water Source

The South Regional Wastewater Treatment Plant is a 3.0-mgd complete mix activated sludge
process domestic wastewater treatment plant. The facility consists of flow equalization,
influent screening, aeration, secondary clarification, filtration, chlorination, and aerobic
holding and dewatering of residuals with centrifuges.

4.1.2.3 Wells

Facilities include one ASR well, cased with carbon steel casing, and three adjacent observation
wells, one of which is in the storage zone, one in an overlying aquifer, and one in the surficial
aquifer. The storage zone observation well is 400 ft from the ASR well and is cased with
polyvinyl chloride. An additional off-site observation well is located at a distance of
approximately 2200 ft and monitors a shallower producing interval at a depth of 280-320 ft.

In June 1999, Englewood Water District received a permit for the construction of the
following facilities at the South Regional Wastewater Treatment Plant: one Class V ASR test
injection well (ASRTP-1), one 6-in. storage zone monitoring well (approximately 400 ft from
the ASR well), one 6-in. intermediate monitoring well (approximately 2200 ft from the ASR
well), and one 6-in. shallow monitoring well (approximately 150 ft from the ASR well). The
basic well design consisted of a 16-in. diameter injection well cased to a depth of 512 ft and
an open hole to 700 ft. This ASR well was designed to inject a maximum of 1 mgd of
reclaimed water.

During testing, the native water quality in the storage zone was found to be saline. Below 300
ft in depth, the concentration of background TDS was estimated to be greater than 10,000
mg/L. The background TDS concentration in the reclaimed water ASR well (storage zone)
was determined to be approximately 19,000 mg/L. The exceptionally poor water quality led
to problems during drilling (i.e., no acceptable location was available to discharge the
saltwater produced from the borehole), resulting in closed-circulation drilling throughout
most of the process.

ASR cycle testing was initiated in July 2001 at recharge rates ranging from 0.25-1.0 mgd. All
water recharged met primary and secondary drinking water standards with the exception of
color, which required a Water Quality Criteria Exemption from FDEP. Recharge of the well
is continuing on an as-needed basis. Additional recharge and recovery cycles are scheduled
for the end of 2006, followed by application for a reclaimed water ASR well operating
permit.

At least 650 MG have been recharged to date, with limited recovery due to low demand for
reclaimed water plus extended wet weather conditions. This is a net recharge volume,
including reductions in storage occurring during recovery periods. Four ASR test cycles were
conducted between 2001 and 2003, recovering a total of about 120 MG. Recharge then
continued from 2003 until 2004. As demand for reclaimed water increases in the Englewood
Water District service area, it is anticipated that less water will flow to the ASR well and
more water will be recovered.

4.1.2.4 ASR Storage Zone

The ASR storage zone is constructed in the upper Floridan Aquifer system, which is a
limestone, artesian aquifer. The ambient groundwater quality in this aquifer is brackish, with
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a TDS concentration of about 19,350 mg/L in the ASR well and 22,100 mg/L in the storage
zone monitor well 400 ft away, as measured upon completion of well construction and
baseline testing. Aquifer transmissivity, based on step-drawdown pumping tests, is estimated
at 35,000 gpd/ft. The static water level is 5 ft above land surface.

4.1.3 Manatee County, FL, Southwest Water Reclamation Facility

4.1.3.1 Background

The Manatee Southwest Water Reclamation Facility provides secondary treatment, filtration,
and disinfection of reclaimed water without any volume restrictions. However, land
limitations prevent the construction of additional lakes to store reclaimed water for use during
the dry season. Reclaimed water produced by this facility is used for residential and
agricultural irrigation through the Manatee Agricultural Reuse System.

Manatee County is attempting to meet high residential and agricultural demands for
reclaimed water. In order to provide sufficient water for agricultural and residential irrigation
in the service area, water must be saved during the wet season for use in the dry season.
Presently, storage lakes in the system are not sufficient to provide enough reuse water in the
dry season. The County anticipates that reclaimed water ASR will provide an increase in
irrigation water supplies. Cycle testing was stopped in July 2005 by FDEP due to operational
issues.

4.1.3.2 Reclaimed Water Source

This ASR facility was under construction for several years at the Manatee County Southwest
Wastewater Treatment Plant but has encountered several prolonged delays prior to and during
cycle testing. The plant has a 3-month average daily flow of 18 mgd and is an activated
sludge domestic advanced secondary wastewater treatment plant. Treatment processes at this
facility include a headworks structure, degritting system, primary clarifiers, aeration basins,
secondary clarifiers, traveling bridge filter units, and chlorine contact basins with a gaseous
chlorine feed system. The plant also includes a pump station for the deep well injection and
the reuse systems and a refiltration system for the stored reclaimed water.

4.1.3.3 Wells

The ASR system consists of three individual wells, including one ASR well and two
observation wells, one of which is a storage zone observation well and the other at an
overlying producing interval. The ASR test production well consists of a 16-in. carbon steel
casing set to a depth of 510 ft with the open hole section extending to a depth of 690 ft. This
open hole interval reflects the ASR storage zone at the Manatee County Southwest ASR test
site. Two monitoring wells were constructed at the project site. The first was constructed to
reach the storage zone, and the second was constructed to reach the first overlying
intermediate aquifer system (350—400 ft below land surface). The storage zone monitor well
also penetrates the storage zone and is completed with an 8-in.-diameter carbon steel casing,
also set to 510 ft with open hole extending to 690 ft. The overlying shallower monitor well
consists of an 8-in. black steel casing set to 350 ft with open hole extending to approximately
400 ft.
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4.1.3.4 ASR Storage Zone

This is an artesian aquifer with an ambient TDS concentration of 2000 mg/L. The storage zone
is the Suwannee Limestone of the upper Floridan Aquifer. Both TDS and chloride
concentrations would normally be utilized as natural tracers for differentiating reclaimed water
from ambient groundwater; however, as discussed below, this was complicated by the high and
variable salinity of the reclaimed water. Transmissivity of this aquifer is about 60,000 gpd/ft.
The distance from the ASR well to the storage zone observation well is 200 ft. The estimated
theoretical travel time to the observation well is about 21 days at a flow rate of 2 mgd.

4.1.4 Bolivar, SA, Australia, Bolivar Water Reclamation Plant

4.1.4.1 Background

In 1999, the Bolivar Water Reclamation Plant, which serves the Adelaide metropolitan area
and the Virginia Reclaimed Water Pipeline, was commissioned to provide the reuse of up to
15.9 mgd (60 million L [ML]/day) of reclaimed water for irrigation and horticulture on the
Northern Adelaide Plains. As a result, crop irrigation expanded, the stress on overexploited
groundwater supplies decreased, and the discharge of nutrient-rich effluent to sensitive
marine environments was reduced. Reclaimed water ASR is being considered as a means of
expanding the existing reuse capabilities of the Bolivar Water Reclamation Plant.

The Bolivar site, near Adelaide, Australia, includes 1 ASR well and 16 observation wells, 2
of which were utilized for the WRF sampling program in addition to the ASR well.

4.1.4.2 Reclaimed Water Source

Reclaimed water used in the testing program is treated by the Bolivar Wastewater Treatment
Plant (initially with trickling filters and, since 2001, activated sludge) and stored in aeration
lagoons and then reclaimed via dissolved air flotation and filtration followed by chlorination
prior to injection. At this plant, activated sludge reactors were installed in January 2001 to
replace secondary treatment by trickling filters. The treated water was stored in stabilization
ponds before treatment in a water reclamation plant involving coagulation and dissolved air
flotation filtration followed by disinfection (chlorination). Water was then discharged to an
open balancing storage before being pumped to the ASR site via the Virginia Pipeline
Scheme, which supplies reclaimed water for horticulture on the northern Adelaide Plains
(Kracman et al., 2000).

4.1.4.3 Wells

The ASR well is cased to 103 m and is a completed open hole to 160 m. Samples were also
collected at an observation well located 4 m from the ASR well, fully penetrating the storage
zone between 102 and 160 m, and at a second observation well located 50 m from the ASR
well which penetrated a discrete layer of higher hydraulic conductivity within the aquifer
(134-139 m). The ASR well is cased with fiber-reinforced plastic, and the 4-m (no. 19450)
and 50-m (no. 19181) wells are cased with polyvinyl chloride.

4.1.4.4 ASR Storage Zone

The ASR storage zone is a confined limestone aquifer containing primarily calcite and quartz.
The ambient groundwater TDS concentration is 2100 mg/L. In the first three ASR cycles, 137
MG (519 ML) of reclaimed water from the Bolivar Water Reclamation Plant was injected
into the anaerobic, calcareous aquifer at the Bolivar ASR research site, and 98 MG (370 ML)
was recovered. The reclaimed water used for this work contained relatively high
concentrations of organic carbon (~16 mg of dissolved organic carbon/L), which presents a
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unique opportunity to evaluate subsurface, microbially mediated attenuation of contaminants.
The dominant water quality reactions observed to occur during storage of the reclaimed water
ASR included the reduction of dissolved oxygen and nitrate coupled with the oxidation of
organic matter. These reactions generated biomass and caused the dissolution of the calcite
matrix.

4.2 SAMPLING PLANS

This study was designed to investigate the variables of aquifer characteristics, storage time,
travel distance, recharge water quality, and operational history. A sampling plan was
developed for each of the four testing sites to capture unique environmental and operational
conditions. The plans designated the time and location of sampling with respect to recharge,
storage, and recovery practice. Sampling events were integrated with planned operating and
monitoring activities where possible. Table 4.2 summarizes the sampling plans for all sites.
The specific dates and volumes of flow occurring in or out of the well at the time of sampling
are available in the raw data set in Appendix C.
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Table 4.2. Sampling Plans

Underground Estimated
Sampling Residence Travel
Location Event Location” Time” Distance Parameters
Chandler Recharge ASRW NA® NA Full suite
MW
Recovery ASRW 2 mo Negligible Full suite
Recovery ASRW 3 mo 200 ft Previous detects
MW
Recovery ASRW 5 mo 500 ft Previous detects
Englewood Recharge ASRW NA NA Full suite
Recovery ASRW 2 wks Negligible Full suite
Recovery ASRW 1 mo Negligible Full suite
Manatee Background ASRW NA NA Full suite
Recharge ASRW NA NA Full suite
Recovery ASRW 2 wks Negligible Full suite
Bolivar Recharge ASRW NA NA Full suite
Storage ASRW 4 mo Negligible Full suite
4-m MW 4 mo 13 ft (4 m) Full suite
50-m MW 7 mo 164 ft (50 m) Full suite
Recovery ASRW 13 mo 70 ft (21 m) Full suite
4-m MW 13 mo 70 ft (21 m) Full suite
50-m MW 16 mo 170 ft (54 m) Full suite
Recovery ASRW 17 mo 150 ft (45 m) Full suite
4-m MW 17 mo 150 ft (45 m) Full suite
50-m MW >19 mo 220 ft (67 m). Full suite

“ASRW, aquifer storage recovery well; MW, monitoring well.
b Approximated assuming minimal mixing in aquifer, i.e., first water injected was last water recovered.

“NA, not applicable.

4.2.1 Chandler, AZ, Tumbleweed Recharge Facility

Sampling for the Chandler study was conducted at ASR well 5, which began operations in
early 2004, and also at observation well 2A. The direction of regional groundwater flow is to
the northwest, and so the monitor well is immediately downgradient of the ASR well. The
lateral distance between the two wells is about 300 ft, and travel time during recharge has
been estimated by Chandler operations staff at about 14 days.

In an effort to confirm this travel time, a tracer study was conducted between ASR well 5 and
observation well 2A. At the final stages of several months of recharge, 2000 gal of a 15,000-
mg/L CaCl, solution was added to ASR well 5. Daily conductivity readings were then taken
at the observation well for 1 month to estimate the rate of movement of the recharge water
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between the two wells. The conductivity at the observation well did not increase within the 4
weeks in which daily measurements were taken. These data can be found in Appendix C.

Following the tracer study, six samples were collected and analyzed for the full parameter list
during four sampling events. On May 3, 2005, a sample was collected from well 5 while it was
recharging at a rate of 1.3 mgd. A total of 310 MG of reclaimed water had been recharged into
the well by this date, which was at the end of a recharge period. A sample was collected at the
same time from the observation well. Comparison of water quality data from the two wells on
this date was intended to provide an indication of any changes in water quality due to flow
through the aquifer and due to 2 weeks’ travel time. ASR well 5 (and the remaining ASR wells)
then sat idle for 2 months. On July 6, 2005, recovery commenced from ASR well 5, and a
sample was collected from that well on day 1. This sample represents water that sat in the
aquifer around the well for 2 months but had not traveled any significant distance underground.
Two weeks later, on July 22, 2005, samples were collected from both the ASR well and the
observation well. On Aug. 17, 2005, after 6 weeks of recovery, a final sample was collected
from the ASR well. The final sample represents water that had been underground for about 5
months and had traveled through the aquifer, on average, more than 500 ft.

4.2.2 Englewood Water District, FL, South Regional Wastewater Treatment
Plant

For the WRF sampling program, three samples were to have been collected during three
sampling events. The WRF sampling plans had to be modified at the last minute due to
operational constraints. The planned 1-week storage period between recharge and recovery
was reduced to 1 day. The recharge water sample was collected on May 18 from a
representative reclaimed water flow stream at the wastewater treatment plant, 2 days after the
end of recharge. The first and second recovered water samples were collected after 1 and 2
weeks of recovery, as planned. Operations were as follows:

Date Recharge, MG Recovery, MG
3/25-5/9 0 0
5/10-5/16 4 0
5/17-5/31 0 6
6/1-6/30 0 12

One sample was collected from the ASR well on May 25 at the end of 1 week of recovery. A
second sample was collected from the ASR well on May 31 after 2 weeks of recovery. The
recovery flow rate averaged 0.43 mgd. Cumulative storage was 639 MG on June 30.

Independent of the WRF sampling program, a sample was collected by Englewood Water
District on June 22 for analysis of primary and secondary drinking water standards. Those
analytical results have been provided to the Carollo project team. At the time of sampling, the
TDS and chloride concentrations of the recovered water were 704 and 244 mg/L,
respectively, indicating continued recovery of fresh water with insignificant blending with
surrounding ambient brackish water in the aquifer.

The short storage and recovery period was originally selected based on some concern that
extended storage duration or recovery pumping might cause increased salinity due to density
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stratification between the fresh recharge water and the brackish ambient water in the aquifer,
as well as the considerable thickness of the storage zone. For the same reason, sampling was
conducted only in the ASR well, not in the storage zone observation well. Conservative
constituents, such as chloride and TDS, indicated that water quality remained fresh during the
short period sampled for this program.

The first sample collected during recovery (May 25) represented water that had traveled in
the aquifer adjacent to the ASR well for about 2 weeks, initially away from the well during
recharge and then back toward the well during recovery. The second sample represented
water that had been in the aquifer for probably about 2 months and had traveled a short
distance away from and then back towards the ASR well. Considering the 188-ft thickness of
the storage zone and the low recharge rate, it is probable that the travel distance was quite
small, probably a few tens of feet.

4.2.3 Manatee County, FL, Southwest Water Reclamation Facility

WRF sampling included a background sample pumped from the storage zone. This was
obtained on Dec. 1, 2004, prior to any recharge activities. Cycle 1 included recharge of 10
MG during 5 days of recharge at 2 mgd, followed by 1 day of storage, followed by 10 MG of
recovery. For the WRF program, a sample was collected from the ASR well on Dec. 14, 2004,
during cycle 1 recharge and also on Dec. 28, 2004, during cycle 1 recovery. These were
midpoints of recharge and recovery, each at flow rates of 2 mgd. Cumulative volumes stored
and recovered for each sample were 5 MG. During cycle 1, no samples were collected from
the observation well.

The background sample from the aquifer was obtained only at this site, since the other three
WREF sites had already experienced some recharge activities. The purpose of obtaining this
sample was to verify, for at least one site, whether any of the reclaimed water constituents of
interest for the WRF project were present in the ambient groundwater. The remaining two
samples would be representative of recharge water and water recovered after 2 weeks of
subsurface storage.

Planned sampling for the WRF sampling program included 10 samples collected during seven
sampling events in cycles 1 and 3. However, an extended delay occurred following
completion of cycle 2. Due to time constraints of the WRF sampling program, the decision
was made to complete the data analysis without the cycle 3 data from the ASR well and the
storage zone observation well. Resumption of cycle testing is anticipated during April 2006;
however, there are currently no plans to obtain and analyze the WRF samples.

4.2.4 Bolivar, SA, Australia, Bolivar Water Reclamation Plant

Prior to the WRF sampling program, two ASR test cycles had been completed at this site and
recharge for a third cycle was almost completed, recharging 519,000 m® (137 MG) between
Oct. 11, 1999, and May 28, 2004. Of this total recharge volume, about 243,000 m® (64 MG)
had been recovered prior to the start of the WRF sampling program, leaving 276,000 m®

(73 MQG) in storage. The WRF sampling program occurred during the third cycle.

The third cycle included recharge of 154,500 m® (41 MG) during 169 days (Dec. 11, 2003, to
May 28, 2004). This was followed by storage for 319 days (May 28, 2004, to April 22, 2005)
and then by recovery of 123,400 m® (33 MG) during 90 days (Apr. 22, 2005, to July 21,
2005).
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A sample of the recharge water was collected on May 6, 2004. This was 22 days prior to the
end of cycle 3 recharge. On Sept. 28, 2004, after 4 months of storage, samples were collected
from the ASR well and both observation wells. On May 12, 2005, 20 days into recovery,
another set of samples was collected from all three wells. On July 21, 2005, at the end of the
recovery period, another set of samples was collected. This was after 90 days of recovery.

The Bolivar data set provides the opportunity to evaluate water quality changes during long
storage periods, namely 4 months and up to 13 and 17 months. Comparison of the data from
all three wells for each sampling event provides the opportunity to evaluate changes in water
quality due to subsurface movement, as opposed to just storage time.

Table 4.2, above, summarizes the sampling plan for all sites. The specific dates and amount of
flow occurring in or out of the well at the time of sampling are available in the raw data set in
Appendix C.

4.3 ANALYTICAL METHODS

All samples collected were grab samples taken directly from the liquids flow stream into or out of
the ASR well and from the sampling tap at the monitoring wells. These were contained in the
appropriate bottle, sometimes containing preservatives, for each analytical test. Where possible,
dissolved oxygen and ORP were measured with field probes at the sampling point. Remaining
general parameters, such as alkalinity, were measured by each facility’s own lab or regularly
contracted lab. The nearest laboratory capable of Cryptosporidium and Giardia analyses was
contracted for each site for the microbiological parameters.

All samples being analyzed for PPCPs and EDCs were sent to the Southern Nevada Water
Authority. Travel blanks were included with the first shipment of these samples from each site
for the Englewood, Manatee, and Chandler sites. Travel blanks were included with all
shipments from the Bolivar, Australia, site due to the longer shipping distance.

Laboratories used EPA Standard Method techniques or similar standard methods in Australia.
The specific method used by each site for each parameter is listed in Appendix B. All
nondetects were recorded in the raw data set (Appendix C) as being less than the specific
method detection limit (MDL). The Southern Nevada Water Authority used novel analytical
techniques with substantial quality assurance—quality control. Information on the
development, validation, and implementation of these methods can be found in Appendix B.
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CHAPTER 5
SAMPLING RESULTS

5.1 INTRODUCTION

This chapter presents the results of the sampling program for each parameter category by site.
Appendix C contains the water quality data for each site and for each constituent. Changes
were observed with respect to both storage time and travel distance in the cases where
monitoring wells were available. Comments are included for those constituents where at least
a 20% change in concentration occurred. Changes less than 20% were considered not
significant. Constituents that were not detected or not found to have any experimental
significance at a particular site are not discussed for that site.

In general, insufficient data were obtained to justify standard statistical analysis for each site.
Instead, a broad survey was conducted that compared limited data from four sites. This
reflected the planned scope and budget of the project. Many of the conclusions may,
therefore, be considered qualitative, based upon best judgment. Patterns evident in the data,
or lack thereof, are noted and provide a basis for future comparisons with data from other
comparable site investigations and also for planning subsequent research activities. Future
projects may elect to focus data collection at a single reclaimed water ASR site, obtaining a
sufficient number of samples at that site to support statistically valid conclusions but thereby
foregoing the opportunity to compare data from different sites with a variety of
hydrogeologic and water quality considerations. Of particular importance is the observation
from this study that numerous samples would probably be needed to document the absence or
presence of short-term (hourly) variability in reclaimed water quality prior to recharge at a
particular site. This would entail great expense; however, until such a study is completed
there would be no way to definitively characterize changes in recovered water quality
occurring during ASR storage compared to a single grab sample of recharge water obtained
during recharge. Obtaining statistically significant results for the slate of constituents
developed for this project will probably require focusing a large budget at a single, hopefully
representative site, augmented by passive (adsorption) samplers, such as those employed by
Komarova et al. (2006), and laboratory column studies using spiked influent (e.g., Ying et al.,
2003).

The following unique site features were considered throughout the analysis.

The Chandler, AZ, site underwent a salt tracer study at the beginning of sampling. Salt was
injected into the ASR well to measure its travel time to the nearby monitoring well. While
conductivity at the monitoring well never increased, spikes in conductivity, TDS, and
chloride were observed in the final sample of recovered water from the ASR well. This
suggested that the salt traveled in a different direction from the monitoring well but was later
recovered after sufficient pumping.

The Englewood, FL, site’s recharge water sample may not have been representative of the
water recovered after storage. The recovered water was stored during mid-March, slightly
more than 2 months prior to the recharge water sample. While the recharge water came from
the same source in both instances, seasonal factors may have resulted in different effluent
quality. For this site, greater weight is placed upon comparisons of the two recovered water
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samples, which represent a known 2-week storage period of similar source water. Key
distinguishing features of this data set are (1) the relatively short storage period available to
drive geochemical and microbial subsurface processes (2 weeks and 2 months, respectively,
for the two samples obtained during recovery), and (2) a very large cumulative volume of
reclaimed wastewater (651 MG) has been stored at this site since 2001, greater than at any
other sites. Any significant changes in water quality need to be considered with this in mind.
It is also pertinent that the storage zone is highly brackish, with an ambient TDS
concentration of around 20,000 mg/L.

The Manatee, FL, site was sampled during its first-ever injection phase. Prior to injection, a
sample was taken of native groundwater. Because there would be known mixing of injected
water and groundwater for at least the first few cycles of recharge, concentrations in
recovered water were interpreted with respect to a mixing ratio established by TDS and boron
concentrations. The recovered water sample was estimated to be a blend of 64—76% native
groundwater and 24-36% reclaimed water, reflecting the relatively small volume of water
recharged and the consequent substantial mixing in the aquifer.

At the Bolivar, Australia, site poorer quality, secondary wastewater previously had been
injected into its aquifer. Thus, the recharge water sample collected at the start of the study
period does not reflect the residual water characteristics, which included higher organic and
nitrogen concentrations. Yet, the recharge water quality was more likely to be stable and
representative at this site than the others, since the treated effluent has a long detention time
in oxidation ponds prior to further treatment at the water reclamation plant. Mixing ratios
with native groundwater were calculated for each sample by using chloride as a tracer, and
mixing corrections were made for concentrations of other species for use in inferring
degradation. It should also be noted that the storage period between the end of recharge and
the beginning of recovery at Bolivar was much longer than at the other sites.

5.2 GENERAL CONSTITUENTS

As described in Chapter 3, the “general” constituents category refers to those compounds that
describe the basic water chemistry (pH, redox potential, temperature, etc.) as well as
prevalent natural water components, such as calcium and sodium. The trends described below
are summarized in Table 5.1. Actual data for each constituent and for each site are provided
in Appendix C. For some constituents, similar water quality responses were common to all
four sites, while for others notable differences were evident. The same general format is
followed for other classes of constituents in Tables 5.2 through 5.6.

5.2.1 Chandler, AZ

DO at the ASR well during recharge (8.3 mg/L) declined, but not as much as was expected
during either 2 months of storage or movement through the aquifer to the monitoring well.
The DO concentrations leveled out at approximately 5 mg/L, suggesting minimal microbial

or geochemical activity or, perhaps more likely, a faulty measurement. Field measurements of
DO were made with an Orion portable meter. It is not known whether a flow cell was used or
whether the equipment had been calibrated. ORP measurements were made in the lab using
method SM 2580, not in the field, and so the values were undoubtedly inaccurate and were
dismissed from consideration.
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pH values changed moderately, buffered by the high alkalinity. Of some interest is that the
lowest pH (7.2) occurred at the beginning of recovery from the ASR well, consistent with
microbial and/or geochemical activity around the well.

Table 5.1. Water Quality Changes Observed: General Constituents

Constituent Chandler, AZ Englewood, FL Manatee, FL Bolivar, Australia
Bicarbonate Increased Increased No change Increased
Calcium Increased Increased No change Increased
Chloride No change No change No change No change
Dissolved oxygen Decreased No change Decreased Decreased
Fluoride Ambiguous Increased No data Ambiguous
Magnesium Increased Ambiguous No change Ambiguous
pH Decreased No change Increased Ambiguous
Redox Potential Data dismissed Data dismissed Decreased Ambiguous
Sodium Decreased No change No change No change
TDS No change No change No change No change
Temperature Seasonal variability No change No change Seasonal variability
TOC Decreased Decreased Decreased Decreased
Turbidity Ambiguous Increased Increased Ambiguous

Bicarbonate in the recharge water increased from 132—204 mg/L during movement of the
water from the ASR well to the monitoring well. It also increased from 132—164 mg/L during
2 months of storage at the ASR well. No significant change in bicarbonate occurred during 6
weeks of recovery at the ASR well. Calcium also increased at the ASR well during the
recovery period, from 71-110 mg/L. It appears that some carbonate may be present in the
storage zone mineralogy.

Chloride was detected in the range of 410—464 mg/L at the ASR and monitoring well except
for the last sample during recovery (936 mg/L). This peak may have been a result of the salt
slug that was added 3 months earlier that appeared to have migrated outside of the monitoring
zone until sufficient recovery efforts drew it back in.

Fluoride showed some reduction in concentration due to storage, declining from 1.21-0.75
mg/L in 2 months, possibly due to adsorption onto calcium minerals in the aquifer. An
increase in fluoride concentration after 6 weeks of recovery may have been due to desorption
along the flow path back to the well during recovery or associated with the sodium chloride
tracer, given that reclaimed water was used to create the salt solution.

Magnesium concentrations increased from 17-25 mg/L. during movement of water from the
ASR well to the monitoring well during recharge. They also varied with storage time,
increasing from 17-26 mg/L at the ASR well during 2 months of storage.

The sodium concentration at the beginning of recovery from the ASR well was very high
(550 mg/L), declining during recovery to 210 mg/L after 6 weeks. Considering the sodium
chloride tracer addition at the monitoring well and the elevated chloride concentration, a
higher sodium concentration might have been expected at the end of recovery at the ASR
well. Possibly cation exchange occurred, exchanging sodium for calcium.
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Varying between 21 and 28 °C, temperature showed seasonal variability, serving as a crude
tracer. Water recovered during early summer after 6 weeks of storage was cooler than
reclaimed water produced at the same time during early summer.

TOC in the recharge water (7.36 mg/L) declined from 7.36—1.85 mg/L during movement to
the monitoring well and also declined to 2.94 mg/L at the ASR well during 2 months of
storage. Subsequent declines in TOC were smaller, reaching 1.97 mg/L after 6 weeks. Such a
TOC reduction, combined with the slight pH reduction at the beginning of recovery, suggests
microbial activity near the well.

Turbidity values in the recharge water (0.42 NTU) may be compared with lower values
(0.108-0.18 NTU) in the recovered water. The ASR well is constructed of a stainless steel
louvered screen and therefore should generate little or no rust. Monitoring well values were
elevated (1.86 and 0.873 NTU), probably reflecting their carbon steel construction and
associated generation of rust.

5.2.2 Englewood, FL

While the DO measurements were taken in the field, the ORP analyses were conducted in a
laboratory. Given exposure of the sample to oxygen during travel, the ORP results are
invalid.

Bicarbonate increased slightly during 2 weeks of storage, from 158—180 mg/L, but did not
increase further after 2 months of storage. During the same time period, the calcium
concentration increased from 44—58 mg/L and then to 77 mg/L, suggesting some dissolution
of limestone.

The TOC of the reclaimed water declined substantially. It was initially 9.58 mg/L, declining
to 7.89 mg/L in 2 weeks and to 2.58 after 2 months. The decline of TOC and nutrients,
combined with the strong indications of microbial activity, suggest that the ORP should have
been reduced, along with the DO concentration.

5.2.3 Manatee, FL

Potential natural tracers for this site included chloride, TDS, and boron. However, chloride in
the aquifer was 514 mg/L, while in the recharge water background sample it was 401 mg/L,
which does not provide much difference on which to base conclusions regarding mixing. The
boron concentration was measured at 0.06 mg/L in the groundwater and 0.27 mg/L in the
recharge water. No supplemental data were available from the County regarding typical
boron concentrations in the reclaimed water.

Considering TDS and boron as reasonable tracers, it appears that the recovery sample
(12/28/04) represented a blend of between 64—76% ambient groundwater with 24-36%
reclaimed water. Changes in water quality that varied significantly from this blend ratio
would be indicative of subsurface microbial or geochemical reactions. For those constituents
measured at nondetect levels, the blend ratio was calculated as a zero. This would introduce a
small amount of bias into the resulting conclusions.

Significant departures from predicted concentrations in recovered water based upon the blend

ratio were that pH, turbidity, and conductivity were higher than expected and DO and TOC
were lower than expected, given mixing alone.
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5.2.4 Bolivar, Australia

Chloride was considered the best natural tracer for this site, to distinguish changes in water
quality due to blending with groundwater from those due to geochemical and microbial
reactions. Calculations are shown in Appendix A, Table A3. In this suite of samples taken
after 11 months storage and 3 months of recovery, chloride concentrations of 611, 715, and
502 mg/L were detected at the ASR, 4-m, and 50-m well, respectively. These indicated the
percentages of reclaimed water in the final recovered water samples had fallen to 60%, 40%,
and 80%, respectively. Note that the 50-m piezometer was screened over a 5-m interval,
which was in a high-permeability layer that connected with the ASR well. The 4-m well, like
the ASR well, fully penetrates the aquifer and is exposed to high- and low-permeability layers
that increase the proportion of native groundwater diffusing from low-flow zones and
accelerated by induced vertical flow of water in this well. A full explanation of the hydraulic
behavior has been given by Pavelic et al. (2006D).

DO was 11.9 mg/L in the recharge water and at low levels in the ambient groundwater. At the
ASR well after 4 months, the DO reading was 2.7 mg/L, which reflected entry of air into the
sample. At the 4-m and 50-m monitoring wells, DO levels were at background levels in this
denitrifying environment. After 11 months of storage, DO levels remained consistently low.

Redox potential averaged 389 mV in the recharge water. Ambient groundwater redox
potential averaged 29 mV. At the ASR well after 4 months of storage, the redox potential was
expected to be strongly reducing (Vanderzalm et al., 2006), but the 112 mV recorded also
suggested air entry to this sample. At the 4-m monitoring well, the redox potential had
declined from +389 mV to —32 mV. After 11 months of storage and 3 weeks of recovery,
redox potential values were 9, —36, and 21 mV at the ASR well and 4-m and 50-m
monitoring wells, respectively. After 11 months of storage and 3 months of recovery, redox
potential values were —41, —62, and 9 mV, all significantly lower than the previous sample
set and below ambient groundwater values. This indicates continuing microbial and
geochemical activities close to the well during extended ASR recovery.

During the 4-month storage period, average bicarbonate concentration at the ASR well
increased substantially from 162 mg/L in the recharge water and 265 mg/L in the ambient
groundwater to 391 mg/L during the storage phase, due to organic carbon oxidation and
dissolution of calcite. At the 4-m and 50-m monitoring wells, bicarbonate values were similar
to those in the ambient groundwater. Similarly, the calcium concentration at the ASR well
increased during the storage period from 37 mg/L in the recharge water to 78 mg/L,
compared to 155 mg/L in the ambient groundwater.

Fluoride was 0.98 mg/L in the recharge water, and its concentration in the ambient
groundwater was 0.24 mg/L. At the ASR well after 5 months of storage, the fluoride
concentration had declined slightly to 0.87 mg/L. At the 4-m and 50-m monitoring wells it
was present at 0.86 and 0.37 mg/L, respectively, suggesting a combination of blending and
possible precipitation by ion exchange with calcite. Fluoride remained within a range of 0.3—
0.76 mg/L in later samples.

The temperature was 15—18 °C in the recharge water during winter months; however, the
ambient groundwater temperature was 25-27 °C. At the end of the 4-month storage period,
temperatures at the ASR well and the 4-m monitoring well were 15.1 and 15.8 °C,
respectively, while water at the 50-m monitoring well was 20.6 °C. These values increased to
17, 21, and 20 °C after 11 months of storage and 3 weeks of pumping and 23, 21, and 21 °C
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after 11 months of storage and 3 months of pumping. A relatively substantial annual
temperature variation occurs in the ASR storage zone at this site.

TOC values in the recharge water were quite high compared to those at the other three WRF
ASR sites, averaging 12.6 mg/L, compared to a range of 7-11 mg/L for the other three sites.
TOC was 0.3 mg/L in the ambient groundwater at the Bolivar site. After 4 months of storage,
TOC at the ASR well was 31.8 mg/L, probably representing organic matter accumulating in
and adjacent to the borehole during the recharge period (Le Gal La Salle et al., 2005;
Vanderzalm et al., 2006). The sample was collected prior to complete purging of particulates
from the near-well zone, as indicated by the high turbidity of this sample, 32.6 NTU. After 11
months of storage and 3 weeks of recovery, TOC values were relatively steady at all three
wells, with values between 7.4—8.6 mg/L. However, when the associated chloride dilution
ratios are applied, it is apparent that no further reduction in TOC actually occurred except by
dilution with ambient groundwater; this remaining TOC was recalcitrant, as identified in an
earlier study of apparent molecular weight and functional groups from *C nuclear magnetic
resonance (Skjemstad et al., 2002).

5.3 NUTRIENTS

5.3.1 Chandler, AZ

Total nitrogen increased during ASR storage, from 1.7-2.4 mg/L, and increased further to 6.4
mg/L during recovery. This may reflect desorption and release of nitrogen from organic
metabolism, which would tend to lead to biofilm formation on the aquifer matrix surrounding
the ASR well. Nitrate concentrations during this same period increased from 0.9-3.9 mg/L,
which is opposite what would be expected under reducing conditions. Desorption may have
occurred along the flow path to the ASR well, overriding any decrease in nitrate
concentrations resulting from denitrification.

Total phosphorus declined from 4.1 mg/L in the recharge water to 1.5 mg/L after 2 months of
storage and then declined further to 0.42 mg/L after 6 weeks of recovery. Orthophosphate
behaved similarly, declining from 1.9-1.47 mg/L during storage and to 0.97 mg/L after 6
weeks of recovery. Of some interest is that phosphate was never detected at the monitoring
well. These changes in nutrient concentrations, combined with a TOC reduction, suggest
microbial activity and sorption—desorption processes occurring in the storage zone.

5.3.2 Englewood, FL

Total nitrogen and most of the nitrogen species fluctuated in the Englewood, FL, samples,
with the exception of nitrate, which consistently declined from 1.09 mg/L in the recharge
water to 0.103 mg/L in the first recovered sample and 0.029 mg/L in the final sample. The
reduction of nitrate is consistent with the expected microbial activity and low-oxygen
conditions. Phosphorus levels increased from 2.5 mg/L in the recharge water to 4.3 mg/L in
the final recovered sample, and orthophosphates remained the same.

5.3.3 Manatee, FL

Concentrations of all compounds at the Manatee site were interpreted with respect to mixing
ratios determined from boron and TDS as tracers, because sampling occurred during
Manatee’s first injection into this aquifer and thus there was no buffer zone preventing direct
mixing with native groundwater. After accounting for an estimated 70% groundwater and
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30% recharge water mix, nitrite was higher than expected, at 0.36 mg/L versus the 0.20 mg/L
expected. Nitrate, total phosphorus, and orthophosphate appeared to have decreased over the
2-week storage period with respect to the estimated mixing ratio. Nitrate was measured at
0.76 mg/L versus an expected 1.2 mg/L, total phosphorus was measured at 0.22 mg/L versus
an expected 0.82 mg/L, and orthophosphate was measured at 0.14 mg/L versus an expected
0.41 mg/L.

5.3.4 Bolivar, Australia

Total nitrogen in the recharge water at the Bolivar site was variable, and 3 weeks before the
end of injection it was 8.2 mg/L. At the ASR well after 5 months of storage, the total nitrogen
was 9.4 mg/L, while at the 4-m monitoring well it was 1.3 mg/L, a considerable reduction.
However, at the 50-m monitoring well it was 7.2 mg/L. This is believed to be the result of
mixing with previously stored nitrogen-rich injectant. After 11 months of storage and 3
weeks of recovery, total nitrogen values at the ASR well and 4-m and 50-m monitoring wells
were 0.7, 1.0, and 5.2 mg/L, respectively (mostly ammonia). After 11 months of storage and
3 months of recovery, total nitrogen values increased from 0.5 mg/L at the ASR well (mostly
organic N) to 11.3 mg/L at the 50-m well (mostly ammonia). The increases are believed to
reflect mixing with residual, nitrogen-rich injectant stored in previous cycles. Total
phosphorus (TP) was 1.58 mg/L in the WRF recharge water sample. In the ASR well after 4
months of storage the TP concentration was 2.64 mg/L, possibly due to enrichment by
organic particulates that accumulated in the well. At the 4-m monitoring well the TP value
was 0.85 mg/L, while at the 50-m monitoring well it was only 0.04 mg/L. The
orthophosphate and TP concentrations after 11 months of storage and 3 months of recovery
were similar to those after 3 weeks of pumping, with all levels markedly lower than
concentrations after 4 months of storage. Thus, phosphorus in both total and ortho forms
typically decreased with distance from the well and with storage time. This substantial
reduction in TP is likely due to sorption, precipitation, and microbial activity in the proximal
zone.

The water quality changes observed for nutrients at all sites are summarized in Table 5.2.

Table 5.2. Water Quality Changes Observed: Nutrients

Nutrient Chandler Englewood Manatee Bolivar
Total Nitrogen Increased Ambiguous No change Ambiguous
Total Kjeldahl Nitrogen Ambiguous Ambiguous No change Ambiguous
Nitrate Increased Decreased Decreased Decreased
Nitrite Ambiguous Decreased Increased Ambiguous
Ammonia Ambiguous Ambiguous No change Ambiguous
Total Phosphorus Decreased Increased Decreased Decreased
Orthophosphate Decreased No change Decreased Decreased
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5.4 METALS

5.4.1 Chandler, AZ

Arsenic was initially detected at 0.0033 mg/L in the recharge water at the Chandler site and
0.0042 mg/L in the monitoring well sample. It was not detected in subsequent samples except
for the final recovery sample, in which it was found at 0.0029 mg/L. A slight increase in
barium occurred during ASR storage and recovery, from 0.017—0.063 mg/L, possibly due to
the presence of barium minerals in the storage zone. Iron concentrations in the monitoring
well were high, corresponding perhaps to the relatively high turbidity values. The monitoring
well is constructed of carbon steel casing, which could have contributed to the iron levels.
The WWTP process does not include coagulation, which could otherwise add iron to the
reclaimed water.

5.4.2 Englewood, FL

Barium initially declined from 0.003 mg/L in the recharge water to 0.001 mg/L after 1 week
of storage and then increased to 0.012 mg/L in a sample collected after 2 weeks storage. Iron
increased from 0.11-1.18 mg/L during 2 weeks of storage. Remaining metals concentrations
were essentially unchanged. Since the casing material is carbon steel, the increase in iron was
not unexpected. A corresponding increase in turbidity, from 0.8—1.7 NTU, was also noted,
and probably represented rust in the recovered water.

5.4.3 Manatee, FL

Arsenic was detected at 0.008 mg/L in the background water, was not detected at an MDL of
0.007 mg/L in the recharge water, and was found at 0.024 mg/L in the recovered water. This
probably reflects mobilization triggered by the injection of recharge water containing oxygen.
Iron and barium concentrations were higher in the background sample than in the recharge
water at Manatee. These concentrations in the recovered water were consistent with expected
mixing ratios, given no evidence for transformation other than mixing.

5.4.4 Bolivar, Australia

Analysis of the metals data indicates mobilization of arsenic close to the ASR well, with
concentrations increasing from 2 pg/L in the recharge water to 75 pg/L in the ASR well after
4 months of storage. At the 4-m and 50-m monitoring wells, the concentrations were 20 and
<2 ug/L, respectively. After 11 months of storage, arsenic concentrations were 20, 7, and 1
ug/L after 3 weeks of pumping and 11, 7, and <1 pg/L after 3 months of pumping at the ASR
well and 4-m and 50-m monitoring wells, respectively.

A relatively high concentration of barium was noted at the 50-m monitoring well. In the
recharge water at the ASR well it was 3 pug/L, increasing to 4 pg/L after 4 months. At the 4-m
and 50-m monitoring wells, it was 3 and 33 pg/L, respectively. Barium minerals are known to
be present in the storage zone at concentrations up to 80 ppm. Copper decreased from 0.009
mg/L in the recharge water to consistently below the MDL for recovered and monitoring well
samples. Selenium was detected in all samples at 5—7 ug/L on the last sampling occasion,
whereas it had not exceeded the 3-pg/L detection limit in injectant or previous groundwater
samples.
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Iron concentrations were variable. The ambient groundwater iron content was 1.0 mg/L. The
recharge water contained <0.03 mg/L. After 4 months of storage, however, the iron
concentration at the ASR well was 6.9 mg/L. This increase possibly reflects dissolution of

ferric iron under low-redox conditions. During recovery and at other wells, iron
concentrations were lower than in the native groundwater.

The water quality changes observed for metals at all sites are summarized in Table 5.3.

Table 5.3. Water Quality Changes Observed: Metals

Metal Chandler Englewood Manatee Bolivar
Arsenic Ambiguous Decreased Increased Ambiguous
Barium Increased Ambiguous No change Increased
Cadmium Not detected Not detected Not detected Not detected
Copper Not detected No change Not detected Decreased
Iron Ambiguous Increased No change Ambiguous
Lead Not detected Not detected Not detected No change
Mercury Not detected Not detected Not detected Not detected
Selenium Not detected Not detected Not detected Increased

5.5 RADIONUCLIDES

5.5.1 Chandler, AZ

A small but significant increase occurred in gross alpha radioactivity, from 0.5 mBq/L in the
recharge water to 1.7 mBq/L after 2 months of storage and increasing to 5.4 mBq/L after 6
weeks of recovery. Total uranium was not detected in the recharge water but was found in the
monitoring well samples at up to 4.5 pCi/L and increased to 4.2 pCi/L in the final recovered
water sample. The values are below drinking water action levels but suggest baseline
radioactivity in area sediments.

5.5.2 Englewood, FL

Neither gross alpha particle activity nor total uranium was detected in any of the Englewood
samples.

5.5.3 Manatee, FL

Manatee’s background sample contained 4.8 + 5.9 mBq/L of gross alpha particle activity and
0.3 £ 0.4 ng/L total uranium. Neither constituent was detected in the recharge water, and the
recovered water contained 4.8 + 4.4 mBq/L gross alpha particle activity and 9.0 + 0.4 ug of
total uranium/L. Given the known dilution effect, these values suggest an unexpected
increase in radionuclides in the recovered water, but the measurements are reported with a
high level of uncertainty.
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5.5.4 Bolivar, Australia

Gross alpha particle activity decreased and then increased over the course of storage, with a
peak value of 110 mBq/L found at the ASR well after 11 months of storage and 3 months of
pumping. Total uranium increased slightly over time at the ASR and 4-m monitoring well,
reaching an overall peak of 3.8 pg/L at the 4-m well after 4 months of storage. Uranium was
never found above the 0.5-ug/L detection limit at the 50-m monitoring well.

The water quality changes observed for radionuclides at all sites are summarized in Table 5.4.

Table 5.4. Water Quality Changes Observed: Radionuclides

Radionuclide Chandler Englewood Manatee Bolivar
Gross alpha Increased Not detected Increased Ambiguous
Uranium Increased Not detected Increased Ambiguous

5.6 DISINFECTION BYPRODUCTS

5.6.1 Chandler, AZ

TTHMs declined in the ASR well from 0.17-0.019 pg/L during 2 months of storage and
declined further to 0.014 ug/L during 6 weeks of recovery. Haloacetic acids (HAAS5) declined
similarly, from 0.096 to <0.02 pg/L during 2 months of storage, probably all of which
occurred during the first few days.

5.6.2 Englewood, FL

A significant reduction in TTHMs and HAAS occurred during 2 weeks of storage, from 8.4 to
<0.5 ug/L and from 12—1.3 ug/L, respectively. All are very low values. This is a strong
indication of microbial activity.

5.6.3 Manatee, FL

TTHMs were not detected in the background water but were found at 12.27 ug/L in the
recharge water and at 4.24 pg/L in the recovered water. Given a mixing ratio of up to three
parts native groundwater to one part recharge water, these values do not indicate a reduction
in TTHMs beyond dilution over the 2-week storage period. HAAS was not measured in the
background or recharge water but was found at 0.6 pg/L in the recovered water.

5.6.4 Bolivar, Australia

TTHM concentrations were 234 pg/L in the recharge water. At the ASR well after 4 months
of storage, THMs had declined to 18 pg/L, while at the 4-m and 50-m monitoring wells they
had declined to 80 and <4 pg/L, respectively. HAAS concentrations declined from 71 pg/L in
the recharge water to <9 pug/L in all monitoring well samples after 5 months.

The water quality changes observed for DBPs at all sites are summarized in Table 5.5.
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Table 5.5. Water Quality Changes Observed: DBPs

DBP Chandler Englewood Manatee Bolivar
Cyanide Not detected Not detected Not detected Not detected
TTHM Decreased Decreased No change Decreased
HAAS Decreased Decreased No data Decreased

5.7 MICROBIOTA

5.7.1 Chandler, AZ

HPC for the recharge water was 8/mL, increasing to 500/mL at the monitoring well.
However, pathogenic microbiota and protozoa were not detected at the method limits in
either well. Following 2 months of storage, HPC values were essentially unchanged and very
low in the ASR well and had declined to 26/mL in the monitoring well. After 6 weeks of
recovery, HPC values in the recovered water had increased to 146/mL.

5.7.2 Englewood, FL

After 2 weeks of storage, total coliforms were too numerous to count and the HPC increased
from 7 to 850/mL. However, fecal coliforms, E. coli, enterococci, and coliphage were not
detected at the method limits.

5.7.3 Manatee, FL

The only microbial parameter detected in the background sample was an HPC of 8.5
counts/mL. The recharge water showed 71/mL, and the recovered water contained 3/mL, a
decrease beyond that expected from mixing. The only other microbiological detect at
Manatee was 4 CFU of total coliforms/100 mL in the recovered sample.

5.7.4 Bolivar, Australia

Total coliform bacteria declined during the storage period from 110 CFU/100 mL in the
recharge water to 68 in the ASR well after 4 months of storage, to 15 in the 4-m monitoring
well, and were not detected in the 50-m monitoring well nor in water from the ASR well
during recovery. Fecal coliforms and E. coli bacteria were found at 6 CFU/100 mL in the
recharge water but were 0 in all subsequent samples at all wells. Enterococci were not
detected in the recharge water or in any recovered samples but were found twice at the 50-m
monitoring well. Coliphage, Cryptosporidium, and Giardia were analyzed but not detected in
any samples.

The water quality changes observed for microbiota at all sites are summarized in Table 5.6.
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Table 5.6. Water Quality Changes Observed: Microbiota

Parameter Chandler Englewood Manatee Bolivar
Total coliforms Not detected Increased Increased Decreased
Fecal coliforms Not detected Not detected Not detected Decreased
E. coli Not detected Not detected Not detected Decreased
Enterococci Not detected Not detected Not detected Ambiguous
Coliphage Not detected Not detected Not detected Not detected
Cryptosporidium Not detected Ambiguous Not detected Not detected
Giardia Not detected Decreased Not detected Not detected
HPC Ambiguous Increased Decreased No data

5.8 MICROCONTAMINANTS

Microcontaminant concentrations exceeding 5 times the MDL were considered significant to
support analysis regarding trends and stability of the data. Microcontaminants that were
present at concentrations below 5 times the MDL were noted for each site but were not used
to determine trends. Data tables are presented for each site as part of the analysis.

5.8.1 Travel and Laboratory Blanks

When considering microcontaminant data, it is especially important to consider blank
contamination. In this study, both travel and laboratory blanks were analyzed. Travel blanks
were obtained from reagent water systems at the ASR site by utility personnel in bottles sent
by the Southern Nevada Water Authority (SNWA) along with sample bottles. Laboratory
blanks were performed by filling a sample bottle with reagent water (Nanopure) at SNWA
and processing with samples. Both travel and laboratory blanks were handled and processed
in the same manner as samples. Microcontaminant data for the travel and laboratory blanks
can be found in Appendix A.

Bisphenol A was detected only in the travel blank on the first sampling event at Bolivar,
while DEET was detected in four of the six travel blanks collected. Oddly, estradiol was
detected in two travel blanks, both at 11 ng/L, negating the results for this parameter. NDMA
was detected in two travel blanks. Unfortunately, both detections were greater than 20 ng/L.
It is possible that this NDMA originated from ion-exchange media used in reagent-grade
water purification. Nonylphenol was detected in all travel blanks and varied greatly in
concentration. In two Bolivar travel blanks, conducted at two different time periods, the
nonylphenol concentration exceeded 10,000 ng/L and likely came from contamination with a
detergent. Triclosan was only detected in one travel blank, at 3.4 ng/L. Nonylphenol was
detected in seven of nine laboratory blanks, with a mean concentration of 174 ng/L. DEET
and fluoranthene were each detected in one of the nine laboratory blanks, at 2.4 and 5.1 ng/L,
respectively.

Based on detections in the travel and laboratory blanks, results for butylated hydroxytoluene
(BHT), DEET, estradiol, NDMA, and nonylphenol were dismissed from the data set.
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5.8.2 Trendable Microcontaminant Data

Several microcontaminants were not measured above the MDL in any sample from any site.
These were aldrin, several BDE congeners, bromate, diazinon, dieldrin, iodate, and
progesterone. Given the objective of reporting increases or reductions in microcontaminant
concentrations during ASR storage, a minimum detection criterion was established that
would eliminate bias from measured values below the MDL. A trend of increasing or
decreasing concentration was only noted if it included a measurement that was at or above 5
times the MDL. A 20% change in concentration, the same criterion used in analysis of the
other parameters, was considered an indication of a notable increase or decrease. Thus, a
compound needed to appear at least once at a site at 5 times the MDL and to be increased or
decreased more than 20% (after mixing was taken into account) to be considered indicative of
a noteworthy change in concentration. Table 5.7 shows the progressive reduction of the
original microcontaminant constituent list to compounds potentially usable for noting trends
in the individual site data sets.

5.8.3 Recharge Water Quality

A significant issue for microcontaminant data analysis is the potential variability in
concentrations of microcontaminants in the reclaimed water. Only one recharge water sample
was collected at each ASR site due to budgetary restrictions. This grab sample represents one
moment in time and does not provide an integrated view of the water entering the ASR well.
For the Bolivar data set, reclaimed water variability is probably subdued due to extended
storage in oxidation ponds during pretreatment of the wastewater. For the other three sites,
less storage is provided at the treatment plant, and so variability in microcontaminant
concentrations is probably more pronounced. Previous data from team members have shown
that concentrations of these target compounds can vary diurnally in typical wastewater
treatment plants that do not have extended storage to attenuate variability in influent water
quality. Recharge samples for the four sites are shown in Table 5.8.

5.8.4 Analytical Approaches

Given the variability in recharge water microcontaminant concentrations discussed above,
comparison of recharge water quality to recovered water quality involves an inherent degree
of uncertainty. This was evidenced by the frequent occurrence of higher microcontaminant
concentrations in recovered water than in recharge water. Conclusions that are more
defensible may be obtained by comparing successive recovered water samples from the same
well and comparing water quality data at adjacent wells obtained at the same time. However,
the latter approach fails to address water quality changes occurring during storage periods
between the end of recharge and the beginning of recovery.
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Table 5.7. Reduced Microcontaminant Constituent List for Trend Analysis

Original List Less Rejected Data“ Less Nondetects” Less Nondetects >5x MDL"
Acetaminophen Acetaminophen Acetaminophen Acetaminophen
Aldrin Aldrin Addein Addrin
Androstenedione Androstenedione Androstenedione Androstenedione
Atrazine Atrazine Atrazine Atrazine
BDE # 100 BDE # 100 BDLE#100 BDLEA#100
BDE #153 BDE #153 BDE#S3 BDEA#53
BDE #154 BDE #154 BDE#54 BDLEA#54
BDE #28 BDE #28 BDE #28 BbE#28
BDE #47 BDE #47 BDE #47 BbE+#47
BDE #99 BDE #99 BDbEH#99 BDbEA#99
o-BHC a-BHC a-BHC e-BHC
B-BHC B-BHC B-BHC B-BHC
6-BHC 8-BHC 8-BHC S-BHC
y-BHC y-BHC y-BHC y-BHEC
BHT BHF BHYF BHT
Bisphenol A Bisphenol A Bisphenol A BisphenolA
Bromate Bromate Bromate Bromate
Caffeine Caffeine Caffeine Caffeine
Carbamazepine Carbamazepine Carbamazepine Carbamazepine
Chlorate Chlorate Chlorate Chlorate
Chlorpyrifos Chlorpyrifos Chlorpyrifos Chlorpyrifos
DEET DEET DEET DEET
Diazepam Diazepam Diazepam Diazepam
Diazinon Diazinon Diazinon Diazinon
Diclofenac Diclofenac Diclofenac Diclofenac
Dieldrin Dieldrin Dieldrin Dieldrin
Dilantin Dilantin Dilantin Dilantin

Erythromycin-H20
Estradiol

Erythromycin-H20
Estradiol

Erythromycin-H20
Estradiol

Erythromycin-H20
Estradiel

Estriol Estriol Estriol Estriol

Estrone Estrone Estrone Estrone
Ethynylestradiol Ethynylestradiol Ethynylestradiol Ethynylestradiol
Fluoranthene Fluoranthene Fluoranthene Fluoranthene
Fluoxetine Fluoxetine Fluoxetine Fluoxetine
Gemfibrozil Gemfibrozil Gemfibrozil Gemfibrozil
Hydrocodone Hydrocodone Hydrocodone Hydrocodone
Ibuprofen Ibuprofen Ibuprofen Ibuprofen
Iodate Iodate Todate lodate
Topromide Iopromide Iopromide Iopromide
Meprobamate Meprobamate Meprobamate Meprobamate
Naproxen Naproxen Naproxen Naproxen
NDMA NDPDMA NPMA NPDMA
Nonylphenol (sum) Nenylphenol(sum) Nenylphenol(sum) Nenylphenol{sum)
Oxybenzone Oxybenzone Oxybenzone Oxybenzone
Pentoxifylline Pentoxifylline Pentoxifylline Pentoxifylline
Perchlorate Perchlorate Perchlorate Perchlorate
Progesterone Progesterone Pregesterone Progesterone
Sulfamethoxazole Sulfamethoxazole Sulfamethoxazole Sulfamethoxazole
TCEP TCEP TCEP TCEP
Testosterone Testosterone Testosterone Festosterone
Triclosan Triclosan Triclosan Triclosan
Trimethoprim Trimethoprim Trimethoprim Trimethoprim

“Constituents crossed out were removed from analysis due to repeat presence in lab and/or travel blanks.
PConstituents crossed out were not measured above the MDL in any sample.
“Constituents crossed out were not measured at 5 times the MDL in any sample.
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Table 5.8. Recharge Water Concentrations of Trendable Microcontaminants

Compound log K, pK. MW MDL, Microcontaminant Concn, ng/L
ng/L Englewood Manatee Chandler Bolivar

Acetaminophen 0.46 9.4 151 1 <1.0 <10 <1.0 <1.0
Androstenedione 2.75 NA* 286 1 4.5 <10 3.1 7.9
Atrazine 2.61 1.7 215 1 601 72 <1.0 9.2
Caffeine —-0.07 10.4 194 1 <10 <100 <10 13
Carbamazepine 2.45 0.37 236 1 433 190 92 125
Chlorate NA NA 83 100 350 480,000 97,000 NA
Diazepam 2.82 8.33 284 1 1.9 <10 1.2 2.4
Diclofenac 4.51 NA 296 1 <1.0 <10 <1.0 <1.0
Dilantin 2.47 9.13 252 1 685 308 50 32
Erythromycin-H20  3.06 8.88 734 1 39 120 <1.0 <1.0
Estriol 2.45 9.43 288 5 <5.0 <50 <5.0 177
Estrone 3.13 9.43 270 1 7.9 <10 34 32
Ethynylestradiol 3.67 9.43 296 1 <1.0 <10 <1.0 27
Fluoranthene 5.16 NA 202 5 24 10 26 <5.0
Fluoxetine 4.05 8.7 309 1 52 <10 11 <1.0
Gemfibrozil 4.77 442 250 1 <1.0 845 <1.0 <1.0
Hydrocodone 2.16 7.32 299 1 83 60 <1.0 <1.0
Ibuprofen 3.97 4.15 206 1 103 126 38 80
Topromide -2.05 10.2 791 1 4.9 842 292 183
Meprobamate 0.7 10.9 218 1 444 1170 677 <1.0
Naproxen 3.18 0.37 230 1 <1.0 94 <1.0 <1.0
Pentoxifylline 0.29 0.97 278 1 15 32 1.8 <1.0
Perchlorate -5.8 NA 99 50 <50 84 550 NA
Sulfamethoxazole 0.89 2.66 253 1 24 139 <1.0 <1.0
TCEP 1.44 NA 286 1 213 223 401 151
Triclosan 4.76 7.98 290 1 <1.0 <10 <1.0 <1.0
Trimethoprim 0.91 7.12 290 1 1 34 <1.0 <1.0

“NA, not available.

To account for these issues, two analytical approaches were utilized. The first, Approach A,

considers all water quality data as being equally representative, even though reasonable

concern exists that recharge water quality is quite variable with respect to microcontaminants.

Consequently, observations based upon comparisons to recharge water quality have an

inherent degree of uncertainty. The second, Approach B, ignores recharge water quality data
and focuses upon comparison of recovered water samples at the same well and also recovery
samples collected at the same time from different wells. By not comparing changes from the
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start of storage, however, changes occurring over longer time periods may not be detected
with the second analytical approach.

For each of the four sites, comments are provided for microcontaminants that were detected
at concentrations sufficient to support analysis of increasing or decreasing trends. These
microcontaminants are highlighted in bold in the discussions below. All other
microcontaminants were either not detected or were present at concentrations too low to
support analysis of increasing or decreasing trends or stability. Those are included with the
full data set in Appendix C. A parallel analysis that considered the same constituents for each
site would not be applicable due to the differences between sites.

5.8.5 Chandler, AZ

Although many target compounds were nondetectable or were present at very low levels in
the recharge and recovered water, several microcontaminants were detectable well above the
MDL. The compounds occurring at the greatest concentration (>5 times the MDL) included
iopromide, meprobamate, TCEP, carbamazepine, dilantin, erythromycin, ibuprofen,
naproxen, triclosan, and gemfibrozil. The occurrence of these microcontaminants in
wastewater is well documented (Stumm-Zollinger and Fair, 1965; Tabak and Bunch, 1970;
Garrison et al., 1976; Hignite and Azarnoff, 1977; Tabak et al., 1981; Buser et al., 1998;
Snyder et al., 1999, 2001; Ternes et al., 1999, 2001; Kolpin et al., 2002; Anderson et al.,
2004). Team members have found these compounds to occur in wastewater effluents at
concentrations similar to those found here (Snyder et al., 1999, 2001a, 2001b, 2004b, 2005,
2006; Vanderford et al., 2003); however, the actual occurrence in recharge (reclaimed) water
is highly dependent upon the wastewater treatment processes employed.

Caffeine was not detected in the recharge water, yet it was detectable in two of the recovery
samples at the ASR well at increasing concentrations as recovery progressed for 2 weeks and
then declining to nondetect levels after 6 weeks of recovery. However, no caffeine was ever
detected at the observation well. This is possibly due to variability in recharge water quality;
however, it is more likely due to desorption from the aquifer matrix during recovery. As
shown in Table 5.8, caffeine is easily biodegraded and has a moderate affinity to carbon, and
so subsurface microbial activity and sorption—desorption processes are probably involved.

Carbamazepine also increased during ASR storage, from 92 ng/L in the recharge water at
the end of recharge to 358 ng/L at the beginning of recovery. Subsequent samples declined
slightly during recovery. At the monitor well, no attenuation was evident, due to lateral
movement of the water through the aquifer, although some attenuation may have occurred
during the storage and recovery period. Alternatively, variability in recharge water quality
may account for all of the variability in carbamazepine concentrations. No attenuation was
evident.

Dilantin concentrations increased during storage and recovery and showed no significant
attenuation.

Erythromycin-H,0 was not found in the recharge water, with a method detection limit of 1
ng/L; however, 2 months later at the beginning of recovery it was found at 44 ng/L,
decreasing to 34 and 21 ng/L after 2 and 6 weeks of recovery, respectively. None was
detected at the observation well. The removal of erythromycin is most likely due to sorption—
desorption, as biodegradation of this compound is generally poor.
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Fluoranthene was relatively stable, showing no initial increase in concentration between the
end of recharge and beginning of recovery. However, some attenuation may have occurred
during the recovery period, from 26—13 ng/L, and some attenuation also may have occurred
by the time the water reached the monitor well, at which values of 5.2 and 10 ng/L were
recorded during recharge and recovery. Variability in recharge water quality could also have
accounted for these changes.

Fluoxetine was present at 11 ng/L in the recharge water at the ASR well but was not detected
at any other time or location, suggesting complete subsurface attenuation with time, distance,
or both.

Hydrocodone was present at a concentration of 2.6 ng/L in the recovered water at the ASR
well after 2 months of storage, increasing to 3.6 ng/L after 2 weeks of recovery and then
declining to 3.0 ng/L after 6 weeks of recovery. Concentrations were at nondetectable levels
in the ASR well during recharge and also in the observation well. A similar pattern was
observed for trimethoprim, which increased from nondetect to 3.3 ng/L after 2 months of
storage at the ASR well and then to 7.5 and 6.6 ng/L after 2 and 6 weeks of storage,
respectively, with nothing detected at the observation well. Both of these constituents are
relatively stable; however, neither was detected at the observation well, implying reactivity
close to the ASR well.

Iopromide concentrations at Chandler appeared to rapidly decrease postinjection, from 292
ng/L in the recharge water to concentrations varying from 14—24 ng/L in the ASR well and
the monitor well during the recovery period. However, iopromide concentrations in the ASR
well and associated monitoring wells are relatively constant, despite a small decrease during
recovery. Degradation in the subsurface is not expected for iopromide, as it has a low
potential for biodegradation and a low affinity for organic carbon. The rapid decrease during
the storage period would therefore suggest possible variability in recharge water quality.
Alternatively, subsurface processes may be more effective than expected at removing this
microcontaminant during ASR storage.

Pentoxifylline behaved similarly to caffeine. It was detected in the recharge water at 1.8
ng/L, increasing to 3.0 ng/L in the recovered water and then declining to 2.1 ng/L after 6
weeks of recovery. Concentrations were relatively steady. This would be expected, as it is
poorly biodegraded and only moderately bound to carbon. It was not detected at the monitor
well.

Perchlorate was present at 0.55 pg/L in the recharge water at the end of recharge but was
<0.05 pg/L 2 months later in the recovered water at the beginning of recovery. In the
observation well it was initially present at 0.45 pg/L at the end of recharge, but 2 months later
it had declined to <0.05 pg/L. Perchlorate is known to be extremely stable in groundwater
under aerobic conditions but is also known to attenuate rapidly under reducing conditions
typically associated with ASR storage. The detection of perchlorate in the ASR well and
monitoring well at different concentrations suggests possible variability in the low recharge
concentrations of this oxyhalide. Chlorate and perchlorate are known to form in hypochlorite
during chlorine disinfection and can be detected depending on the holding time of the
hypochlorite and dose applied. However, at the Chandler site disinfection is currently
achieved through UV, not chlorination. Another plausible explanation is the presence of
perchlorate and chlorate in Central Arizona Project water, which is the regional imported
water supply source for the Chandler area. The same pattern followed for chlorate, which
declined from 97 to <0.1 pg/L in the ASR well during the storage period and from 78 to <0.1
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pg/L in the observation well. An alternate, more plausible hypothesis is that both perchlorate
and chlorate were attenuated under reducing conditions that probably occurred during ASR
storage. Other research investigations have demonstrated such attenuation, including under
oxidizing conditions whenever a carbon source and nutrient source are present to support
anaerobic microbial activity in the biofilms coating the aquifer matrix around the ASR well
(Brown et al., 1997; Hatzinger, 2005; Herman and Frankenburger, 1998; Wallace et al.,
1998). Careful measurements to verify ORP and DO levels in the aquifer at this site during
extended storage periods would be very helpful. Since perchlorate is widely recognized for its
stability in groundwater, its significant attenuation during ASR storage would be quite an
important finding, implying that similar reduction and microbial processes may also attenuate
other microcontaminants in reclaimed water during ASR storage.

Sulfamethoxazole was not detected in the recharge water but was present at 385 ng/L in the
observation well at the end of recharge. Table 5.8 shows that this compound has relatively
poor biodegradation potential and poor affinity for carbon, and so little subsurface attenuation
would be expected. Ten weeks after the end of recharge, the observation well concentration
had declined to 299 ng/L after 2 weeks of recovery, while at the ASR well the concentration
had increased to 229 ng/L. After 6 weeks of recovery, the concentration at the ASR well had
increased to 251 ng/L. The data set is consistent with a hypothesized slug of this constituent
recharged during winter 2005 and then recovered during the sampling period, with little if
any subsurface attenuation. However, it is striking that the concentration in the ASR well at
the beginning of recovery, after 2 months of storage, increased from <1 to 214 ng/L.

The analysis of general constituents suggests the possibility that the initial recovery sample at
Chandler was collected prior to complete flushing of particulate and microbiological debris
from the well. The extent that this constituent might be attached to or otherwise associated
with the solid material might account for the initial relatively high concentration. Several
other microcontaminants showed a similar pattern of initial increase between the end of
recharge and the beginning of recovery and then attenuation. These included meprobamate,
TCEP, ibuprofen, naproxen, triclosan, and gemfibrozil.

Table 5.9 shows microcontaminants in bins based upon percent removal or accumulation
during ASR recovery (Approach B) for the Chandler site. The percent removal was
calculated based on the degree of removal from the initial ASR recovery sample to the final
sample. This information is presented only for the Chandler and Englewood sites, because it
relies on a direct comparison from an early recovered water sample to a later recovered water
sample, assuming no dilution. Because there was only one recovered water sample at
Manatee and Bolivar’s samples were known to include mixing with previously stored water
and ambient groundwater, these sites were not included in the bin comparison. These removal
percentages are generalities based upon a very limited data set (» = 3). Additionally, in some
cases, compounds detected in the initial sample were no longer detectable in the final sample
(i.e., caffeine). In this case, percent removal is reported based on the MDL and likely
underestimates actual removal. Ibuprofen was well removed during ASR recovery (81%),
which can be attributed to biodegradation. The moderate removal of several compounds was
most likely due to both biodegradation and adsorption. Reduction may also have contributed;
however, this would most likely have occurred prior to the beginning of recovery and would
therefore not be a significant factor for the second analytical approach.
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5.8.6 Englewood, FL

As discussed previously, uncertainty exists regarding the Englewood recharge water quality,
which was determined from a sample collected several days after the recharge period.
Interpretation of the data with Approach A indicates that many constituents increased in
concentration between recharge and the first recovered sample. This water had been in
storage underground for about 2 weeks. These constituents that were found at increased
concentrations included acetaminophen (<1-2.3 ng/L), carbamazepine (433-606 ng/L),
diclofenac (<1.0-62 ng/L), erythromycin-H,O (39-180 ng/L), estrone (7.9—10 ng/L),
fluoxetine (5297 ng/L), gemfibrozil (<1.0-875 ng/L), hydrocodone (83—-103 ng/L),
ibuprofen (103—126 ng/L), iopromide (4.9-83 ng/L), pentoxifylline (15-20 ng/L),
sulfamethoxazole (24-1410 ng/L), triclosan (<1.0-42 ng/L), and trimethoprim (111 ng/L).
Pesticides were generally at nondetect levels in all samples, with the exception of
fluoranthene, which remained stable at 24—27 ng/L.

The simplest explanation for the increase in concentration for so many constituents during 2
weeks of ASR storage is short-term variability in recharge water quality. An alternate
hypothesis, however, is that during 7 days of recovery there occurred desorption of
microcontaminants that had sorbed onto the limestone aquifer matrix and associated
microbial biofilms close to the well during the previous extended recharge period from 2001,
during which a very large volume of water (net, 651 MG) had been recharged. It is
hypothesized that during this 4-year period extensive biofilm formation would have occurred
around the well, probably within a radial distance of a few feet to a few tens of feet. This
accumulation of carbon would tend to sorb microcontaminants that are more amenable to
carbon adsorption. Microcontaminants would sorb on both the biofilm and the aquifer matrix
during recharge, with the highest concentrations closest to the well. Desorption would tend to
be cumulative along the recovery flow path so that concentrations in the recovered water
from the well would initially be high, reaching a peak and then gradually declining as
recovery approached the total volume recharged. For Englewood, this high-volume recovery
is not likely to ever occur, due to practical constraints associated with increasing salinity in
the recovered water. Consequently, the potential for recovery of elevated concentrations of
microcontaminants, desorbed from the aquifer matrix and from biofilms close to the ASR
well, would therefore be relatively high. Furthermore, the opportunity for microbial
assimilation of these organic compounds under low-redox conditions would be minimal
during short storage periods.

The principal difference between the two recovery samples is that the second sample would
be from water stored for the previous 2 months, whereas the first sample would have been
stored for only about 2 weeks. The second sample would also have traveled a slightly longer
flow path in the aquifer, initially away from and then back toward the ASR well.

Based on Approach B, Table 5.10 provides removal bins for compounds detected in the
recovery water from Englewood. Compounds were generally removed to a lesser extent
during the 1-week time period between samples compared to Chandler, even though the
differential in subsurface storage time (2 weeks to 2 months) is greater. It is impossible to
draw any firm conclusions on the fate of these microcontaminants during ASR storage at
Englewood from this limited data set. The most notable difference between Englewood
microcontaminants and those from Chandler was the moderate decrease in sulfamethoxazole
at Englewood, while the concentration appeared to increase at Chandler (Table 5.9).
Similarly, trimethoprim declined by 62% at Englewood while doubling at Chandler.
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5.8.7 Manatee, FL

The background sample from the storage zone at Manatee contained nondetect concentrations
of all microcontaminants. That no microcontaminants were found was not unexpected for a
confined, artesian limestone aquifer over 500 ft deep. Regarding the recharge to recovery
water quality changes and taking the mixing ratio into consideration, the following
comparisons were noted.

Compounds found at concentrations higher than expected were gemfibrozil, iopromide,
naproxen, sulfamethoxazole, and trimethoprim. Compounds found at concentrations lower
than expected were atrazine and chlorate. Compounds observed to be at the same
concentrations less dilution were carbamazepine, dilantin, erythromycin, hydrocodone,
ibuprofen, and meprobamate.

5.8.8 Bolivar, Australia

It appears that the Bolivar reclaimed water contained fewer microcontaminants than the other
three WRF ASR sites. This is either due to an absence of these contaminants in the
wastewater or the relatively advanced capability of the wastewater treatment processes at
Bolivar to remove them.

Several microcontaminants were not found in the WRF sample of reclaimed water but were
found at significant concentrations in one or more samples of the recovered water. These
included acetaminophen, androstenedione, erythromycin, estriol, gemfibrizol, and ibuprofen,
each discussed below.

Several microcontaminants were found in lower concentrations during recovery than in the
recharge water sample. These included atrazine, caffeine, and dilantin, which are discussed
below. Processes such as variability in recharge water quality and both biotic and abiotic
processes of attenuation may have contributed to the reductions in concentrations of these
compounds.

Acetaminophen was present at the ASR well sample at the end of a 5-month storage period at
a concentration of 3.9 ng/L. It was also present in the ASR well at the end of recovery, after
18 months of storage, at 2.4 ng/L. At the 4-m observation well at the end of recovery it was
present at 179 ng/L.

Atrazine was present at 9.2 ng/L in the recharge water. Concentrations were 1.8, 8.2, and 3.4
ng/L in the three wells after 4 months of storage. After 13 months of storage, including 3
weeks of recovery, the concentrations for the same three wells were 5, 3.8, and 1.7 ng/L,
respectively. After 18 months of storage, including 3 months of recovery, the concentrations
were 2.2, 1.9, and 2.0 ng/L, respectively. When these last values are adjusted according to the
chloride dilution ratio, it is possible that slow attenuation is occurring.

Caffeine was found at 13 ng/L in the reclaimed water. After 4 months of storage, a sample
pumped from the ASR well had a caffeine concentration of 112 ng/L, while at the 4-m and
50-m observation wells it was present at 13 and <10 ng/L. Based upon analysis of general
constituent data, it appears that the caffeine present in the ASR well sample may have been
associated with particulates in that sample. Caffeine was not detected in samples from any of
the three wells that were collected 3 weeks after the start of recovery. However, at the end of
recovery after 18 months of storage the sample results were 17, 141, and 17 ng/L at the ASR
well and 4-m and 50-m observation wells, respectively. Caffeine is derived from previously
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recharged reclaimed water with higher organic content, possibly including higher
concentrations of caffeine. Degradation of caffeine is ambiguous, and it is frequently found in
blanks around the 10-ng/L level.

Carbamazepine was present at 125 ng/L in the recharge water. It was present at
concentrations of 319, 373, and 284 ng/L in the three wells after 4 months of storage. After
13 months of storage, including 3 weeks of recovery, the concentrations for the same three
wells were 81, 438, and 356 ng/L, respectively. After 18 months of storage, including 3
months of recovery, the concentrations were 173, 131, and 64 ng/L, respectively. After
adjusting these last values according to the chloride dilution ratio, it appears that no
significant attenuation is occurring. Conversely, concentrations were higher than anticipated.
Possibly, sorption—desorption is occurring or, alternatively, the recharge water quality is
highly variable. Most likely, extended recovery is pulling in poorer quality water from earlier
cycles. Carbamazepine is considered to be relatively persistent in groundwater, and so it
would be surprising to see it drop substantially.

Chlorate was present at insignificant concentrations at the ASR well during all three samples
and also at the 50-m monitor well; however, at the 4-m monitor well it was found at
significant but slowly declining concentrations after 4 months of storage, at 3 weeks into
recovery and 13 weeks into recovery. No recharge water quality data were available for
chlorate.

Diazepam is present at 2.4 ng/L in the recharge water. It was present at concentrations of 4.9,
2.5, and 1.4 in the three wells after 4 months of storage. After 13 months of storage, including
3 weeks of recovery, the concentrations for the same three wells were 1.6, 1.4, and 1.4 ng/L,
respectively. After 18 months of storage, including 3 months of recovery, the concentrations
were 2.1, 1.8, and 1.6 ng/L, respectively. Adjusting these last values according to the chloride
dilution ratio, it appears that no significant attenuation is occurring. Conversely,
concentrations are higher than anticipated. Most likely, extended recovery is pulling in poorer
quality water through longer flow paths from earlier cycles.

Dilantin was found at 32 ng/L in the recharge water. It appears to be attenuated slowly in the
subsurface. The first set of samples after 4 months of storage showed concentrations of 110,
126, and 82 ng/L in the ASR well and 4-m and 50-m observation wells, respectively. After 13
months of storage (and 3 weeks of recovery), corresponding concentrations were 104, 91, and
85 ng/L. After 18 months of storage and 3 months of recovery, concentrations were 32, 26,
and 18 ng/L, respectively. After adjusting for the chloride dilution ratio, these last
concentrations would be higher but still below concentrations for the second set of samples.

Erythromycin-H,O in the three samples from the ASR well was present at 484, 14, and 26
ng/L after 5, 13, and 18 months of storage, respectively. In the 4-m observation well it was
present at 8.6, 14, and 29 ng/L, respectively. In the 50-m observation well it was present at
<1, 1.6, and <1 ng/L, respectively. It appears that this compound is sorbed and desorbed close
to the ASR well.

Estriol was present at <5, 56, and 95 ng/L in the ASR well after 5 months, 13 months (3
weeks into recovery), and 18 months (3 months into recovery) of storage, respectively. At the
4-m observation well it was present at 73, 49, and 96 ng/L, respectively. At the 50-m
observation well it was present at 98, 96, and 81 ng/L, respectively. This compound appears
to persist in the subsurface at the Bolivar site. Androstenedione was found at 1.2, 1.5, and 3.5
ng/L concentrations in the ASR well after 5 months, 13 months (3 weeks into recovery), and
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18 months (3 months into recovery) of stored water, respectively. At the 4-m observation
well, corresponding concentrations were 1.0, 1.5, and 2.3 ng/L, respectively. At the 50-m
observation well, corresponding concentrations were 20, 18, and 14 ng/L, respectively. It
appears that toward the end of recovery the compound was at much higher concentrations in
the 50-m observation well. This was probably due to recovery of a blend with previously
stored, poorer quality water from earlier cycles.

Ethynylestradiol concentrations were initially low during the storage period at all three
wells; however, once recovery started the concentrations increased, showing no attenuation or
an increase compared to the recharge concentration at the ASR well (27 ng/L).
Ethynylestradiol is a persistent compound, especially in an anaerobic environment (Ying et
al., 2004). Considering the anoxic nature of the Bolivar aquifer, it is not surprising that
ethynylestradiol did not dissipate during the ASR period.

Ibuprofen was found at 11, 28, and 19 ng/L in the ASR well after 5 months, 13 months (3
weeks into recovery), and 18 months (3 months into recovery) of storage, respectively. At the
4-m observation well, corresponding concentrations were <1, 87, and 18 ng/L, respectively.
At the 50-m observation well, corresponding concentrations were 32, 182, and 23 ng/L,
respectively. Increasing concentrations at the farthest monitor well suggest possible recovery
of poorer quality water stored in earlier cycles.

Iopromide climbed steadily during recovery from the ASR well, after initially dropping from
183 ng/L in the recharge water to 7.3 ng/L after 4 months of storage at the ASR well. Higher
concentrations were observed with increasing distance from the ASR well and also with
increasing time during recovery. This compound has poor biodegradation, oxidation, and
sorption characteristics. The increasing concentrations suggest blending during recovery with
previously stored water of poorer quality.

Gemfibrozil was found at concentrations of 3.9, 95, and 44 ng/L in the ASR well after 5
months, 13 months (3 weeks into recovery), and 18 months (3 months into recovery) of
stored water, respectively. At the 4-m observation well, corresponding concentrations were
<1, 109, and 44 ng/L, respectively. At the 50-m observation well, corresponding
concentrations were 756, 836, and 151 ng/L, respectively. Once again, concentrations
increased with distance from the ASR well and peaked soon after the beginning of recovery,
suggesting recovery of previously stored water with higher concentrations of this compound.

Several microcontaminants were found in similar concentrations in the recharge and
recovered water samples. TCEP was found at 151 ng/L in the recharge water. It was found at
concentrations of 219, 293, and 184 ng/L in the three wells after 5 months of storage. After
13 months of storage, including 3 weeks of recovery, the concentrations for the same three
wells were 258, 222, and 156 ng/L, respectively. After 18 months of storage, including 3
months of recovery, the concentrations were 78, 74, and 46 ng/L, respectively. After
adjusting these last values according to the chloride dilution ratio, it appears that no
significant attenuation is occurring. Possibly, sorption—desorption is occurring or,
alternatively, the recharge water quality is highly variable.
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A summary of the overall trends observed for both analytical approaches is presented in
Table 5.11. In some cases Approach A gives an opposite result to Approach B. As described
previously, Approach A compares recovered water quality to recharge water quality,
implying that the recharge water sample is representative of all recharge water quality at that
general time and shows no hourly variability. Approach B accepts that hourly variability in
recharge water quality may, in fact, be occurring, and so the recharge water quality analysis is
discounted. Instead, a comparison is made between successive recovered water samples at the
same well or between recovered water quality samples at adjacent monitor wells. Further
research will be required to ascertain the reasons for the different conclusions based upon the
two analytical approaches. One interpretation may be that recharge water quality is highly
variable for many of the microcontaminants. Another interpretation is that subsurface
physical, microbial, and geochemical processes occurring during ASR storage are not well
understood. A plausible hypothesis is that both of these interpretations are correct.
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Table 5.11. Microcontaminant Trends Observed by Data Analysis Approaches A and B*

Microcontaminant Chandler Englewood Manatee” Bolivar
Acetaminophen A —increased A —increased
p B — decreased B — increased
Androstenedione A — ambiguous
B — ambiguous
. A — decreased A — decreased
Atrazine B — decreased A~ decreased B — decreased
. A — ambiguous A — ambiguous
Caffeine B — decreased B — ambiguous
. A — ambiguous A —increased A — increased
Carbamazepine B — decreased B — decreased A —no change B — decreased
A — decreased A — decreased A — ambiguous
Chlorate B — decreased B — no change A~ decreased B — ambiguous
Diazepam A — decreased A — ambiguous
P B —no change B — ambiguous
Diclofenac A - increased
B —no change
Dilantin A —increased A — decreased A —no change A — ambiguous

Erythromycin-H20
Estriol

Estrone
Ethynylestradiol
Fluoranthene
Fluoxetine
Gemfibrozil
Hydrocodone
Ibuprofen
lopromide
Meprobamate
Naproxen
Pentoxifylline
Perchlorate
Sulfamethoxazole
TCEP

Triclosan

Trimethoprim

B — decreased
A — ambiguous
B — decreased

A — decreased
B — decreased
A — decreased
B -N/A

A — increased
B — decreased
A — ambiguous
B — ambiguous
A — increased
B — decreased
A — decreased
B — decreased
A — increased
B — decreased
A — increased
B — decreased
A — ambiguous
B — decreased
A — decreased
B — decreased
A — increased
B — ambiguous
A — increased
B — decreased

A — increased
B — increased

B —no change
A — increased
B — increased

A —increased
B — increased

A —no change
B —no change
A — increased
B —no change
A — increased
B — increased
A —no change
B — decreased
A — ambiguous
B — decreased
A —increased
B —no change
A —no change
B —no change
A — increased
B — increased
A —increased
B —no change

A — increased
B — decreased
A — decreased
B — decreased
A — increased
B —no change
A — increased
B — decreased

A —no change

A —increased
A —no change
A —no change
A — increased
A —no change

A — increased

A — increased

A — increased

B — decreased
A — increased
B — ambiguous
A — decreased
B — ambiguous
A — decreased
B — decreased
A — ambiguous
B — ambiguous

A — increased
B — ambiguous

A — ambiguous
B — ambiguous
A — ambiguous
B — ambiguous

A — ambiguous
B — decreased

“Results from data analysis Approaches A and B are presented where applicable.

®Analytical Approach B was not applicable to Manatee data because only one recovery sample was collected.
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CHAPTER 6
DISCUSSION AND CONCLUSIONS

6.1 GENERAL FINDINGS

By observing changes in concentrations of over 90 compounds at four ASR sites with many
variables, this study intentionally took a broad assessment of water quality changes in
reclaimed water ASR storage. Four operating reclaimed water ASR sites were investigated to
determine the changes in water quality occurring during ASR storage. Conditions at each site
covered a broad range of conditions, including the following:

= Lithologies (consolidated carbonates and unconsolidated alluvium)

= Salinities (fresh, slightly brackish, or very brackish)

= Aquifer redox states

= Temperatures

=  Nutrient status of injected water

= Storage periods (from 2 weeks up to 18 months)

= Locations and possibly different patterns of microcontaminant usage (Arizona,
Florida, and South Australia)

= QOperational histories (no prior use of the well, many years of prior recharge of high-
quality reclaimed water, prior recharge of irrigation-quality reclaimed water)

= Range of sampling points, with some sites sampling ASR wells alone and others
sampling ASR wells and also monitoring wells

6.1.1 Redox State

The study found that the accuracies of field measurements of DO and ORP were generally
poor and suggests that in the future efforts should be made to improve the characterization of
redox conditions. This is especially important given that these conditions have been found to
have an important influence on degradation of some organics in aquifers, for several EDCs
(Ying et al., 2003, 2004) and for trihalomethanes (Pavelic et al., 2005, 2006a). While anoxic
and low-redox conditions are reasonably expected to occur in the storage zone at all four
reclaimed ASR sites due to the abundance of carbon and nutrients and the aquifer
confinement, the field data fail to show this, probably due to the sampling methods that were
utilized at some sites for these two field measurements.

6.1.2 Proximal Zone Activity

TOC, pH, and nutrient reductions observed in this study generally supported the theory that
notable microbial and chemical activities occur in the proximal zone. It is therefore
recommended that further study focus on an improved definition of redox state, and also the
sorption—desorption and biodegradation reactions occurring close to the ASR well, within a
radius of 30 m as a typical range for the enhanced activity (proximal) zone. It is also
recommended that microbiological expertise be brought into these experiments to
characterize the activities of microbial assemblages capable of degrading these
microorganisms and to test the adaptation of indigenous communities exposed to
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microcontaminants, even exploring the motility of these, and whether this is a further barrier
to the zone in which degradation occurs.

There is some evidence that certain pollutants degrade in anaerobic aquifers between
recharge and recovery, such as TTHMs and HAAS. While these disinfection byproducts
were not the subject of the present study, their attenuation during ASR storage is well
documented (Dillon et al., 2005; Pyne et al., 1996). These species may be contained close to
an ASR well, and their concentrations may be reduced or eliminated before they have an
opportunity to migrate away from the ASR site. For this group, ASR may be considered as
part of a treatment train, in addition to providing seasonal and long-term storage.

6.2 MICROCONTAMINANTS

A large emphasis was placed on the microcontaminant portion of this study, which attempted
to use the physical characteristics of a strategically selected group of contaminants to inform
removal mechanisms in the aquifer. The sampling and analysis program quantified
concentrations of trace organics in recharge water, recovered water, and monitoring well
samples based on a minimum number of samples. The number of samples required at any one
site to statistically support attenuation rates and condition correlations would have been 1 to 2
orders of magnitude higher than could be supported by the scope of the current project.

6.2.1 Recharge Water Variability

Recharge water variability presented a challenge in data interpretation. Six of 39
microcontaminants were not found in a single sample of source water at 5 times the detection
limit; however, of these six, four were detected at >5 times the detection limit on recovery.
(Only chlorpyrifos and estradiol were undetected in recharged or recovered water.) Of
detections in recovered water, 46% showed an increase in concentration of more than 30%,
27% of detections showed a decrease of more than 30%, 13% were considered stable, and for
13% the trend was not easily categorized.

It is considered highly unlikely that these specific analytes are degradation byproducts of
each other or of other effluent-derived organic matter. The findings more likely indicate
highly variable concentrations of EDCs and PPCPs in reclaimed water and that the four
single samples of recharge water may have been atypical of the recharge that was
subsequently recovered during periods of sampling of recovered water, even though the
timing of samples was designed to maximize the possibility of correlating recharge and
recovered analyte concentrations. Monitoring well data at sites where these were sampled
were also inconsistent with source water and recovered water concentrations, which indicated
variability of input concentrations as the largest factor affecting measured concentrations in
monitoring wells and in recovered water. The increased concentrations in recovered water
may have resulted from compounds that were present at intermittent concentrations in the
recharge water accumulating near the well and desorbed during recovery.

6.2.2 Observed Microcontaminant Trends

The atrazine concentration decreased at the three sites where it was detected. Chlorate was
reduced at three sites compared to recharge concentrations but exhibited ambiguous results at
the Bolivar site, over the longest storage period. Discounting recharge concentrations and
comparing recovered water samples only (Approach B), TCEP decreased at the three sites
where it was detected.
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For at least two sites, six microcontaminants had concentrations in recovered water that were
30% higher than in recharge water: carbamazapine, gemfibrozil, ibuprofen, iopromide,
NDMA, and sulfamethoxazole. Possible causes of temporary increases in microcontaminant
concentrations in recovered water have been speculated. These include recovery of colloidal
organic material entrapped in the aquifer close to the ASR well, where microcontaminants
sorb to these organic colloids and to the biofilm in the aquifer in the vicinity of the ASR well
during the injection cycle. Another possibility is desorption, i.e., mobilization of
microcontaminants from the immobile phase to the soluble phase as a result of pH, Eh, or
temperature change in water that is returning to the injection well as the result of a radial
gradient in the aquifer. However, it is expected that the first mechanism (colloid recovery)
would occur only very early in the onset of the recovery cycle (i.e., a spike), as we expect
particulates to have accumulated very near the well. The first recovered water samples were
taken at least 5 days after the start of recovery, and so it is highly unlikely that this first
mechanism would be responsible for the increases observed. The second mechanism
(desorption) is also likely to occur primarily early in the recovery cycle, as we don’t expect
strong pH gradients to occur and persist through the storage phase at any distance from an
injection well. Three of the four ASR wells have storage zones in carbonate aquifers where
pH buffering occurs, and desorption due to pH change is therefore less probable at such sites.
Temperature gradients may be quite persistent in aquifers following ASR (Pavelic et al.,
2006Db), but it is doubtful that these could be sufficient to cause enough change in the
adsorption isotherm to facilitate measurable desorption. The times of sampling of recovered
water in the recharge and recovery cycles also suggest that temperature gradients were
unlikely to influence microcontaminant concentrations in recovered water samples.

6.3 RECOMMENDATIONS FOR FUTURE RESEARCH PROJECTS

The data compilation shows that residence times and degradation rates in the aquifers were
insufficient to support a claim of biodegradation of trace organics to a degree that would
eclipse source concentration variability at the four sites. A substantially larger database would
be required to establish degradation rates of microcontaminants within the aquifers in field
experimental programs.

Field investigations should focus on an improved definition of the redox state and sorption—
desorption and biodegradation reactions occurring close to the ASR well, within a radius of
30 m. Monitor wells, cores, microbial diffusion chambers, and other tools will be needed to
document reactions occurring in the field. Performance of these field investigations at
existing ASR sites that have been in operation for several years may be quite useful. Field
investigations should include intensive, frequent water quality sampling during short
pumping tests, after extended storage periods, so that the water sampled is representative of
that stored in the aquifer close to the well. Changes in pH, Eh, turbidity, and other
constituents during this period can shed light on conditions occurring close to the well in the
aquifer.

It is recommended that microbiological expertise be brought into these experiments with a
view to characterizing the activity of microbial assemblages capable of degrading these
microorganisms and to test the adaptation of indigenous communities exposed to
microcontaminants, even exploring the motility of these, and whether this is a further barrier
to the zone in which degradation occurs.

Degradation studies by necessity involve time series of water analyses. That is, costs will be
significantly higher than the current broad-suite snapshot sampling and analysis program.
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While it is desirable to conduct this type of testing at several field sites, it is strongly
recommended that these studies be done in parallel with laboratory experiments using aquifer
materials, with inoculation and acclimation of indigenous microorganisms taken from an
ASR well and maintaining environmental conditions exactly as in the aquifer. The first step is
to derive adsorption and biodegradation rates for the range of aquifer conditions, in the
presence of reclaimed water, which may provide a cometabolism pathway for trace organics
degradation. To simplify experiments, it is recommended that several of these be run in
nanogram per liter and microgram per liter concentration ranges in order to differentiate and
relate effects at these contrasting levels. If suitable constructs emerged, then a much wider
array of experiments could be performed at the higher concentration range with reduced
analytical difficulty. Use of passive samplers, e.g., the methods of Komarova et al. (2006),
may facilitate measurement of mass fluxes of trace organics but would need validation of
their effectiveness in integrating fluxes in temporally variable concentrations.

6.4 FEASIBILITY OF RECLAIMED WATER ASR

For indirect potable reuse via ASR, even though this report does not provide a sufficient
justification of credit for micropollutant attenuation in ASR, there is strong evidence of TOC
reduction, and this may be a major advantage for subsequent GAC or reverse osmosis
treatment. This is an additional benefit to the initial purpose of ASR in providing storage to
minimize variability in supply and demand.

For anticipated uses of recovered reclaimed water in landscape and agricultural irrigation,
microcontaminants in recovered water are expected to be of relatively limited interest. Of
more importance will be the quality of stored reclaimed water moving away from the ASR
well that leaves the ASR system and becomes part of the available groundwater resource. It is
therefore appropriate to address the quality and quantity of this recharge water that may
ultimately be recovered at another distant well.

6.4.1 Effects on Groundwater

For the fewer than 5% of ASR wells that store reclaimed water, experience to date in
Arizona, Florida, Texas, and Australia suggests that, for most wells, a greater volume has
been stored than has been recovered. For Arizona, this reflects the water rights regulatory
framework, which promotes aquifer recharge by providing credits for long-term storage. For
Texas, the objective is aquifer recharge and subsurface water treatment during aquifer
conveyance to distant water supply wells, and so local recovery is limited to that occurring
during periodic backflushing operations. In Florida, the objective has been both seasonal and
long-term storage in brackish aquifers. Demand for reclaimed water typically lags behind the
supply for several years, requiring long-term storage. For Australia, the Bolivar ASR
demonstration program has recovered approximately one-half of the reclaimed water that it
has stored to date. These sites are all early in their long-term operational development,
moving in the direction of recovering essentially all of the stored water. Nevertheless, a small
percentage of the stored water will remain underground and will therefore move with the
natural subsurface hydraulic gradient.

The quantity of this locally “unrecovered” water will depend upon the design and operation
of each individual ASR well. In general, most ASR wells store and recover approximately the
same volume of water on each operating cycle. For some ASR wells in brackish aquifers, or
other aquifers containing poor water quality, this point may be reached after a few years of
early operations during which a buffer zone is steadily formed around the well, separating the
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stored water from the surrounding poor quality water. Once the buffer zone is formed, by
leaving a percentage of the stored water underground during each operating cycle, then
subsequent operations are typically at approximately 100% recovery. This has been the
historic approach to ASR development. For other ASR wellfields, the buffer zone is formed
at one time, prior to the beginning of operations, so that full recovery efficiency occurs from
the beginning. This is the preferred and recommended approach to ASR development. At a
small number of sites, no buffer zone is required, since the difference between the stored
water quality and the ambient groundwater quality is negligible.

Probably at least 80% of ASR wells tend to utilize deep, confined, or semiconfined aquifers
for storage, in which typical groundwater velocities are on the order of a few feet to a few
tens of feet per year. For these ASR wells, the quantity of stored water that is not recovered is
typically insignificant. Some ASR wells, particularly in southwestern states, use unconfined
aquifers for ASR storage. In these aquifers groundwater velocities tend to be more rapid. For
long-term storage extending over several years, subsurface movement of the stored water
may carry it away from the ASR well a sufficient distance that it cannot be recovered, except
to another downgradient production well. Whether due to mixing, dispersion, or advective
movement of the regional groundwater flow, some of the stored reclaimed water will become
part of the available groundwater resource. The time required for this to occur will typically
be months to years, during which natural mobilization and attenuation processes will occur in
the subsurface, as discussed in this report.

6.4.2 ASR as an Additional Treatment Process

Although ASR is primarily a storage option, the data obtained during this investigation
suggest that, for some microcontaminants, additional natural treatment may occur during
ASR storage. The available data are too limited to support statistically valid conclusions
regarding the range and effectiveness of this natural subsurface treatment; however, with
further research, it will be possible to better define the subsurface processes and associated
treatment effectiveness. For almost all reclaimed ASR sites, the eventual recovery of any
recharge water from a distant production well, instead of from the ASR well, will be
accompanied by above-ground treatment that will be required if the water is to be used for
drinking. In brackish and many other aquifers, this process may include membrane treatment.
In fresh aquifers where no treatment, other than disinfection, may be provided prior to
potable water use, it is appropriate to focus attention and further research upon the fate of
microcontaminants of wastewater origin upon groundwater quality and the role of ASR,
among several other barriers, to protect public health and groundwater quality, in addition to
its role of providing water storage.

If ASR is considered when designing water reclamation treatment facilities, it may be
possible to optimize the treatment design, taking into account the effectiveness of treatment
in the subsurface. For example, pathogen removal has been demonstrated, and avoidance of
chlorination will avoid formation of disinfection byproducts, some of which are very
persistent in aerobic aquifers. In the case of microcontaminants, it is likely that there is no
single set of aquifer conditions that will remove all species of interest; however, a redox zone
contrast within the aquifer may broaden the number of microcontaminants that can be
removed during ASR. Relying on the ASR to treat those contaminants that are readily
degraded in aquifers will allow tailoring of engineered pretreatments to remove the
contaminants that are recalcitrant in aquifers and may provide a better planned approach to
the use of ASR for both storage and treatment in water reuse, without adversely affecting
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public health or groundwater quality at short distances from the ASR well, outside the
attenuation zone.

Finally, the opportunity exists to compare the results of this research project with the results
from a parallel, similar project recently completed by Kiwa in the Netherlands. Such a
comparison may shed light on the complex interrelationship of subsurface physical,
geochemical, and microbial processes during ASR storage, as well as on the variability in
recharge water quality, particularly for trace constituents.
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