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A
rsenic is an element found naturally in the
limestone aquifers that underlie Florida.
The introduction, or recharge, of a water

containing a higher dissolved oxygen (DO) con-
centration than the native groundwater causes a
chemical reaction that results in the release of sol-
uble arsenic into the groundwater.   In 2001, with
the passage of the Chemical Contaminants Rule,
the U.S. Environmental Protection Agency (EPA)
lowered the arsenic maximum contaminant level
(MCL) from 50 parts per billion (ppb) to 10 ppb,
and aquifer storage and recovery (ASR) permits
were slowed to a near halt. With a historic MCL
of 50 ppb, a number of operational permits were
issued for ASR systems that could successfully re-
duce concentrations below this limit; however, the
significantly lower MCL of 10 ppb meant that far
fewer ASR well systems could comply, so many
who wished to utilize ASR as a water storage op-
tion sought out pretreatment options to lower the
DO concentrations, thereby reducing the potential
for arsenic mobilization. Though some pretreat-
ment systems proved successful, many remained
riddled with challenging maintenance issues and
significant cost.  

Orange County Utilities (OCU) pursued an
alternative to DO pretreatment with its potable
water ASR well system.  By injecting a “buffer”
water volume, far in excess of its storage volume,
OCU created a physical barrier between the stored
water and the arsenic-containing limestone aquifer.
Through a number of successive cycle tests, OCU
conditioned the aquifer with the introduction of
oxygen-rich water. Using several operational tech-
niques, OCU was able to steadily reduce arsenic
concentrations in the recovered water until the
concentrations were consistently below the 10 ppb
MCL for two consecutive cycle tests.  

Technique One: Extensive 
Aquifer Conditioning

During the course of OCU’s cycle testing
program, a number of cycle test patterns were at-
tempted. Initial cycle tests were large in volume
and long in duration. This was done to maximize
the storage zone and the buffer between the native
limestone aquifer and non-native recharge water.
It was thought that by pushing the storage zone to

the higher end of its capacity, the interaction be-
tween the arsenic-containing formation and the
oxygen-rich water would occur at a farther dis-
tance from the ASR well, and therefore have a
lesser impact on the water quality sampled from
the ASR well. While that concept did not occur
quite the way it was intended, there was another
consequence that would later be realized as ben-
eficial: the aquifer was being conditioned.  

Initial cycle tests at the onset of the cycle
testing program caused a significant imbalance
in aquifer water chemistry. A precycle test buffer
of approximately 180 mil gal (MG) was injected
to act as a barrier between the formation and
the ASR storage zone, but this volume was never
recovered. The first cycle test involved the in-
jection of approximately 30 MG, for a total in-
jected volume of 210 MG. 

Treated potable water contains a relatively
high level of DO (on the order of 5 to 6 mg/L).
The introduction of this water to the native aquifer
with nearly no DO resulted in the release of a sig-
nificant amount of arsenic from the aquifer for-
mation, and an arsenic concentration of over 140
ppb (Figure 1). This recharge water was subse-
quently recovered and never reinjected, removing
the leached arsenic from the system.   

The second cycle test, which resulted in a
slightly larger storage zone of approximately
285 MG, continued to expand the storage zone
and resulted in additional leaching of arsenic
from the limestone aquifer; however, with only
a slight increase in the storage zone of approxi-
mately 93 ft, or 16 percent of the first cycle test
radius, the arsenic concentration was not nearly
as high, with concentrations at less than half of
that seen in the first cycle test.  
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Figure 1.  Arsenic Concentration in the Nearby Monitor Well
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Upon reviewing the water quality data, the
third cycle test appeared to have had the most
perceptible impact on the aquifer conditioning.
By pushing approximately 525 MG of potable
water to a storage zone radius of 893 ft, the
greatest amount of the formation that would
ever be exposed to oxygen-rich water was ex-
posed and “scrubbed” of leachable arsenic. Once
again, all of the water from this cycle test was re-
moved and never reinjected, leaving the aquifer
free of the newly introduced arsenic.   

All subsequent cycle tests were smaller than
the third. By remaining within that maximum
radius, oxygen-rich water was never exposed to
portions of the formation, which had not al-
ready been “scrubbed” of the leachable arsenic.
While some arsenic remained in the aquifer,
cycle tests four and five exhibited significantly
reduced arsenic, with cycle tests six and seven
meeting the MCL for arsenic in drinking water.   

Technique Two: Mimic 
Seasonal Conditions

The functionality of a fully operational ASR
system is similar to that of any other storage facil-
ity:  the storage zone is recharged, or “filled,” dur-
ing periods of excess rainfall when the additional
water is available and then recovered when water
demands increase during drier periods. This ap-
proach of recharge and recovery attempts to
mimic naturally occurring seasonal weather pat-
terns. In central Florida, the wet season is generally
late May to mid-October (Figure 2), which means
that, at some point following the beginning of the
wet season, an ASR well is filled, or recharged, over
the course of a number of months.   After a period
of time, or some desired well volume, the well is
placed into a storage phase until there is a demand
for the stored water, and it is then withdrawn. 

The goal of the cycle testing program was to
demonstrate that all water quality requirements
could be met under practical operating conditions.
Since precipitation in the state varies, it was im-
portant to test a variety of cycle-testing scenarios.
Initial cycle tests involved the injection of water at
somewhat higher flow rates and relatively short
storage periods, on the order of 40 to 60 days. Be-
cause the aquifer was still being conditioned and
the aquifer chemistry was unstable, there was a sig-
nificant increase in arsenic concentrations in the
native water, even when storage periods were some-
what short. With time, storage periods were ex-
tended, with the longest occurring during the fifth
test cycle. With storage ultimately lasting nearly one
year due to mechanical issues at the well, chemical
reactions were allowed to occur for a longer dura-
tion, resulting in a gradual increase in the arsenic
concentration. Though still at the lowest peak lev-
els observed for a cycle test to date, it can be seen in

Figure 1 that as the storage period advanced, so did
the arsenic concentration. Cycle tests six and seven
were both shorter in duration, and this is thought
to have been another factor in the lower levels of
arsenic observed in the sampling wells. 

Technique Three: Minimize Agitation
With Injection Rate Management

The pump used to recharge the ASR well was
sized at approximately 3 mil gal per day (mgd),
but averaged an injection rate of approximately
2.5 mgd in early 2010. Cycle tests one through five
were all operated at a rate of between 2 and 2.5
mgd. During these cycle tests, DO levels were ex-
tremely varied, with a range of 1 to 6.4 mg/L dur-
ing the injection of the buffer volume and 0.5 to
6 mg/L during the fifth cycle test (Figure 3).  

With the goal of reducing agitation in
the aquifer from the injection of the higher DO
water, the injection rate was lowered to approx-
imately 1.7 mgd for cycle tests six and seven.  It
was hypothesized that by reducing agitation in

the well, mixing in the aquifer would be reduced,
as would the potential for high-DO water to
reach portions of the formation where arsenic
could be released (Figure 3); this resulted in
some success. While the DO sampled from the
nearby monitor well was not reduced signifi-
cantly, the variation in maximum and minimum
concentrations were narrowed in cycle tests six
and seven, as compared with previous cycle tests.  

Technique Four: Extensive 
Water Quality Monitoring 

One of the greatest tools in determining
what impact the treated potable water had on the
native aquifer system is an extensive water qual-
ity monitoring program. While not all parame-
ters analyzed showed much value in the
determination of aquifer performance, and while
testing samples for a long list of parameters for a
long period of time—in this case, over 6 years—
is quite costly, much of the data proved to be

Figure 2. Typical Monthly Central Florida Rainfall 

Figure 3. Dissolved Oxygen Concentrations in the Nearby Monitor Well
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valuable in determining what operational
changes might improve ASR water quality.  

For OCU’s ASR well, water quality sampling
results were utilized to develop a better under-
standing of the extent of the ASR storage zone. In
order to achieve this, an analyte that exists in the
potable water supply, but not in the native aquifer,
needed to be observed in the aquifer. For OCU’s
ASR well, fluoride was used as the tracer analyte
and is added to OCU’s potable water supply to a
concentration of approximately 0.6-0.7 mg/L, as it
does not exist naturally in the groundwater. Flu-
oride is also stable in the environment and does

not degrade or convert to another analyte. As Fig-
ure 4 shows, fluoride concentrations in the far well
reached concentrations of 0.6 mg/L and above in
the third cycle test, indicating that the storage zone
edge had indeed reached the far monitor well, 510
ft away from the ASR injection well; however, at
no point during any cycle test did arsenic in the
far well reach the 10-ppb MCL, as shown in Fig-
ure 5. In addition, fluoride concentrations in the
well increased and decreased consistently with
ASR recharge and recovery, indicating that the
storage zone remained somewhat well-defined
during cycle testing.  Information of this type is
invaluable to understanding the performance of

the ASR well and would not be possible without
extensive water quality monitoring.  

Summary and Conclusions

The passage of the Chemical Contaminants
Rule by EPA resulted in a decrease in the arsenic
MCL from 50 ppb to 10 ppb and made it far more
difficult for those applying for an ASR operational
permit to obtain one. Pretreatment systems are
implemented by many applicants hoping to min-
imize the occurrence of arsenic exceedances by re-
moving the DO from the injectate that causes the
arsenic leaching in the first place; however, these
pretreatment systems can be expensive and are
often riddled with ongoing and cumbersome
maintenance issues. The OCU pursued an alter-
native to DO pretreatment with its potable ASR
well system and ultimately obtained an opera-
tional permit by utilizing the following tech-
niques:   
S Technique One: Extensive Aquifer Condition-

ing - The native limestone aquifer was ex-
posed with DO-rich potable water during
early cycle test phases. The stored water, with
high levels of arsenic, was removed from the
aquifer. By implementing this conditioning
approach during early cycle tests, subsequent,
smaller cycle tests revealed significantly low-
ered arsenic levels.  

S Technique Two: Mimic Seasonal Condi-
tions - By keeping storage periods rela-
tively short to demonstrate variability
in precipitation, OCU reduced the po-
tential for additional migration of the
storage zone and, therefore, the poten-
tial for additional arsenic leaching
chemical reactions.  

S Technique Three: Minimize Agitation with
Injection Rate Management - It is possi-
ble that lowering the injection rate re-
sulted in less agitation in the aquifer,
thereby lowering the potential for mixing
and chemical reactions between high-DO
recharge water and the native aquifer.  

S Technique Four: Extensive Water Quality Mon-
itoring - Tracking certain water quality param-
eters frequently and over extended periods can
give meaningful insight into aquifer behavior. 

While these techniques require extensive
monitoring and evaluation, they can result in a
more cost-effective ASR well operation.     
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Figure 4. Fluoride Concentrations in the Far Monitor Well

Figure 5. Arsenic Concentrations in the Far Monitor Well
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