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Wolfe and Professor Carolyn Merry, Chair of the Unit, and his colleagues (Sanjay Bansal, Maria
Civil & Environmental Engineering & Geodetic Lucente, Sanjeev Prakash and Judy Stottsberry)
Science at OSU, accompanied all ve student were present to hear the two student design
design teams to Ohio EPAs Central Of ce in teams present their ndings. Members of the
downtown Columbus. Mr. Kirk Leifheit, Assistantengineering unit asked several pertinent questions
Chief of the Drinking Water Program, welcomed of each student design team, and pointed out

the students and wished them luck in obtaining additional information that would be helpful for
agreement on the design concepts of their reportthe Agency to come to agreement with them on
from the Agency’s engineering unit. Mr. John  major design concepts for Lima’s post- Iter, GAC
Arduini, Supervisor of Ohio EPAs Engineering adsorption system.

Charlie Bromley, Bob Hrusovsky, Stan One of the course objectives was to provide
Zachopoulos and Tim Wolfe from MWH assisted the students with a practical experience, and to
Professor William Wolfe in working with the maximize the technical level reached on each
students on a weekly basis to: weekly design assignment - without requesting
« present key information and design too much effort in the time available. Professor
concepts, William Wolfe was pleased that the interaction
* maintain the appropriate level of weekly between Ohio AWWA professionals and the OSU
effort expected of the students, effectively introduced these civil/lenvironmental
« provide comments and feedback on the engineering students to a real-world design
students’ weekly submittals, engineering experience.

* answer questions/concerns put forth
by the students as each design team
prepared its preliminary engineering
design report, and

« keep the WTP upgrade design project on
schedule.
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The New Water Well Chlorination -
An Old Friend Gets a Makeover

by: Stuart A. Smith, Smith-Comeskey Ground Water Science

The use of chlorination to sanitize water wells in The objective in each case is slightly different,

response to potential or known contamination
problems has been practiced since the mid-
19" Century, when 1) germ theory began to

be accepted as a cause of disease, 2) chlorine
compounds, especially chlorinated limes,

but in each case, the intent is disinfection, that is,
the inactivation and removal of microorganisms
so that they are reduced to below the level of
detection using available detection methods.
This is not sterilization, the effectively complete

became commercially available, 3) chlorine was removal of life. In the case of wells, the standard

understood to be lethal to microorganisms, and
4) clever people put this all together. With the
establishment of the total coliform test as an
indicator of water well sanitation, chlorination
has been performed to a) prevent incidental
coliform occurrence and b) in response to

coliform positives in well water samples or other

for raw water from public water supply wells is

< 1 CFU/100 mL for total coliform bacteria. This

is the same standard as for treated distribution
system water. Remarkably, for water obtained

from the earth, tests for well water are often free of
these bacteria, which are inhabitants of soil.

indications of poor hygiene in water supply wells ANSI/AWWA Standard C65&tandard for
By about the 1940s, chlorination, and combined Disinfection of Wellds oriented toward

treatments involving chlorine compounds and
acids, were also used to remove iron biofouling
from wells and pumps. However, in this article,
we will focus on well chlorination for sanitation
purposes.

preventive disinfection, although it is often used
to guide routine maintenance disinfection. The
National Ground Water Association’s (NGWA)
(note that “ground water” is two word§)anual

of Water Well Construction Practiqes update

of the 1975 USEPA manual of the same name

Treating wells with chlorine may be conducted foprepared by the (as then known) National Water

several reasons:

1) Preventive treatment after construction
or well and pump service to disinfection
in case of introduced microorganisms or
routine maintenance treatment.

2) Treatment conducted in reaction to
evidence of an unsanitary situation, for

Well Association) and NGWA's forthcoming
water well standard ANSI/NGWA 01 will also
provide preventive guidance. The intent of such
a procedure is to prevent the establishment of
nonnative bacteria in the well.

Purpose number 3 (masking a known unsanitary
condition) is akin to continuous chlorination of
surface water supplies. This is permitted by the

example, when bacterial tests indicate totaDhio Department of Health for private water

coliform positive.

3) Ongoing chlorination to mask a known,
chronic unsanitary condition (somewhat

akin to continuous chlorination of surface

water sources).

supplies in Ohio if the source is a pond or other
surface water, but prohibited for a well water
source. The objective of this ban is to force repair
or replacement of defective wells.

Our focus for this article is on purposes 2 and 4,
reactive well disinfection using chlorine. Protocols

4) Treatment in response to a disaster such a®r such “reactive” chlorination were established

ooding inundation of a well or sabotage.

by 1955, and the 197Manual of Water Well
Construction Practicesstablished reactive well
chlorination procedures for public wells that have
been used for many years. The focus has been
more on the chlorine and less on the application.
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Experience with unsatisfactory chlorination result®f course, well disinfection is often handled by
led to a reexamination of procedures by a numbewwo classes of individuals, water well contractors
of researchers and practitioners in the ground and well owners. The former are highly skilled
water service industry. Likewise, experience within their elds, but little exposed to chemistry on
inundation of large numbers of wells during a day-to-day basis. Many of the latter avoid any
oods in the Midwest and due to hurricanes in thescienti ¢ inquiry if they can help it, and think any
southeast led to some thinking about better waysupright primate can chlorinate a well. All it takes
to respond to such large-scale events. is to open the top of the well and pour in the
bleach, right?
Experiments by John Schnieders, your author, and
others in the last 10 years con rmed anecdotal Finally, there is chlorine demand. Wells are
experience that chlorine solutions do not always seldom kept clean and are known to be well-
mix freely in well columns. In fresh ground water populated with microbial bio Ims. These exert

well columns, solutions tend to: considerable chlorine demand and also protect
bacteria lodged inside. If sediment in the bottom
1) Stratify: with sodium hypochlorite of the well is added, much chlorine is taken up.

solutions often oating, contrary to what  Further, iron, manganese and sul de in well water
one might expect based on uid density. exert a chlorine demand of 1 to 2 mg/L chlorine
for each mg/L of reducing agent ion.
2) Escape the well at the rst available water
bearing zone. Despite these handicaps, chlorination has been
effective because it is inexpensive and people
Some chlorine chemical and physical behaviors have been willing to pour it into wells in large
that should have been expected, had often beenquantities. A 2000-ppm solution will do some
overlooked in the practice of well disinfection:  disinfecting even if it is only 5 % biocidal and
most of it wasted burning iron biofouling. So
1) Calcium hypochlorite pellets and granulestechnique suffered for many years.

sink and do not dissolve well in hard, The above-mentioned reviews and experiments,
alkaline water (very typical of Ohio encouraged and aided by environmental
ground water). health professionals, notably including the
Ohio Department of Health, have resulted in
2) As many of you know, hypochlorites several recommendations for well chlorination,

disassociate in solution and may do so  summarized as thg-ive C's of Well Chlorination”:
preferentially as hypochlorous acid (HQCI
or hypochlorite ion (OC) based on *Clean the wellDo not chlorinate a dirty well
solution pH. — clean the well rst, then chlorinate. At times,
it is possible to skip chlorination, with cleaning
3) Chlorine demand reduces the effectivenesalone resulting in a TC-negative result.
of chlorination.
*Concentration:For reactive treatment, dose with
Most of you water engineers and trained and  a solution of 100 to 200 ppm (sometimes less,
experienced operators should be thinking “Of  rarely more, never more than 500 ppm). These
course, isn't that obvious to everyone?” by now. solutions are effective. Higher concentrations are

You realize that HOCiks the preferred form strongly alkaline, favoring OGind potentially
for bactericidal action, but it is more prevalent damaging oxidation-prone well components, and
at lower pH, while both calcium and sodium resulting in spent solutions that are hazardous in

hypochlorite solutions are strongly alkaline. If  the environment.

you thought about it, it should make sense that

when these alkaline solutions are then mixed  <Chemistry:Adjust pH downward to a nal

into alkaline well water, the resulting blend solution in well of about pH 6.5.

would favor oxidation but not bactericidal action.

Understanding the concept of C x T, it should be «Contact Time:12-24 hours — no revolution there.
evident that pellets in the bottom of the well (not

much “C”) do very little for disinfection. Circulate throughout the entire well.

continued on page 44
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continued from page 43 - new well chlorination

Figure 1. lllustrates the pH-hypochlorite ion cleaner to 5 %, then treat the water. Another
type relationship. In mixing such solutions, choice is to use a commercial pH buffer. Several
it is important to do it properly and safely. are available on the markd@henadd the

Acidi cation to pH 4 results in the evolution appropriate amount of Na hypochlorite. An ideal

of chlorine gas, which is both hazardous and choice is fresh nominal 12 % NaOClI just like that

weakens the solution. The treatment solution  used for potable water disinfectiohhenmix and

should start with clean water at the surface, inject into the well. Usually, a pipe is used to place

which is then treated with weak acetic or glycolicthe chlorine in the bottom of the welrigure

acid. If concentrated acid is used, dilute to 5 % 2. lllustrates necessary chlorination mixing

acidity. In actuality, food-grade white vinegar components.

is an ideal choice, but if the speci cation says Install a pump and pump upward, recirculate into

“NSF 60", dilute an NSF-60 glycolic acid the well, then allow to contact. At the end of the
contact period, circulate and pump off. Be careful
not to pump dirty, potentially chlorinous water to
surface drainage. Dechlorinate as necessary.

Did | mention that you need to clean the well
rst? This may be as simple as brushing and
airlifting a well, or may involve a more intrusive
rehabilitation. A good choice is to pre-clean with
a glycolic acid-based cleaning product to remove
biofouling. Agitate and remove.

Thus, knowledge of how chlorine compounds
behave in well water columns has resulted in
improved procedures that use less (so you can
feel justi ed to use better quality) hypochlorite
compound, modify chemistry to favor the
hypochlorous acid form, and emphasize mixing
and cleaning.
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Emergency disinfection after inundation As illustrated

in Figure 3, ooding inundation can potentially cause
extensive damage. In 2007 ooding in the Blanchard River
watershed, both surface water intakes and water wells were
inundated. In some cases, they may not be over-topped,
but hydraulic heads may drive poor-quality water into the
subsurface, resulting in coliform positives.

Usually, such wells can be returned to service

by employing the above-described cleaning and chlorination.
If wells are over-topped and ooded with debris-laden
water, well pump function must be restored, and wells
pumped clear of debris (sometimes using rig bailing rst,
before installing the pump). In 2000-2001, we conducted a
project in North Carolina funded by FEMA for the NGWA
to evaluate how to respond to mass ooding events that
inundate wellsFigure 4. illustrates a church, inundated
. ] ) ) _ to the roof line along with the surrounding settlement.
What might be the down side? Well, if you read this article,| thjs case, the type of well construction helped to limit the
you can no longer claim ignorance and go back to dumpingmount of debris introduced into wells. This project helped

bleach down the top of a well. You will realize that pulling NGWA to ne-tune recommendations for practical responses
the pump and applying well cleaning procedures may be i, such disasters.

necessary. These typically include cleaning with a well rig

(for example, by using cable tool surge tools and well- Recommendations included procedures for setting up teams
cleaning chemistry). That work requires removing the pumgnq prepositioning supplies for rapid response to inundation
of entire townships, which may have thousands of houses on
Although more precise and effective, the updated procedurggjivigual water wells. Unfortunately, FEMA seemed to have
are relatively easy to apply in practice. The improved lost or ignored the work, and none of its recommendations
procedures are more likely to result in a sanitary outcome, have come into of cial use in several major hurricane
and involve less waste of chlorine compounds, and therefogeyssters since. This work has been the basis for NGWA
less need for environmental mitigation. recommendations, including instructions sent upon request

) ) ) to south Asia in response to the 2004 tsunami disaster.
In Ohio, this work must be conducted by a licensed water

well contractor. A good choice is to have a plan drafted
beforehand to give to the contractor for estimation and
guidance. Some are unfamiliar with the procedure even
though the ODH has issued a guidance sheet for the
purpose.

Further reading:

The full text of the NGWA report on our work to test
disinfection methods for mass ooding events is actually
only freely available (with NGWAs permission) on the
Ground Water Science web site (

).

We also recommend obtaining a copy of NGWAs Manual of
Water Well Construction Practices. www.ngwa.org.

Remedial well chlorination is also discussed in detail in John
Schnieders’ 2003 book, Chemical Cleaning, Disinfection &
Decontamination of Water Wells (Johnson Screens, St. Paul,
MN) and our upcoming work, Sustainable Wells: Problem
Prevention, Maintenance, and Rehabilitation, available this
fall from CRC Press.

Stuart A. Smith (Smith-Comeskey Ground Water Science,

Upper Sandusky, Ohio, Tel: 419.209.0298, email: stuart@
groundwaterscience.com.
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Electronic Reporting Data Upgrade

by Brian Tarver, Ohio EPA

Ohio EPAs Division of Drinking and  submitted at any time or partially-
Ground Waters is upgrading the elec- completed reports may be saved for
tronic reporting of data from DRINK- later submission. The system also has a
ware to electronic Drinking Water downloadable Excel spreadsheet, which
Reporting (eDWR) software. eDWR is may be maintained on your computer
entirely Web-based and accessible frorand uploaded to eDWR for reporting.
any Internet connection through Ohio Some water systems and labs will be
EPAs secure eBusiness Center. Laboable to generate the XML le directly
ratories will be able to report chemi-  from their in house data systems.

cal and microbiological data directly

to Ohio EPA over the Internet. Public To begin using the eDWR application:
water systems will be able to report

monthly and quarterly plant operating ¢ Create an eBusiness Center account

data, as well as verify any electronic with user ID and password.

laboratory reports submitted on their « Electronically apply for a PIN and

behalf. submit the notarized paper
application.

eDWR allows lab managers and plant < Electronically request association

operators to control who has access to to your water system or laboratory

their system’s data. Multiple users can and provide written

be assigned rights to review, create, documentation that you are the

update and even submit for the same designated operator or in charge of

facility. Utilizing the eBusiness Center the laboratory.

assures protection of the data through

its secure account and PIN process. Once approved, you will have full

There is no software to download or access to the eDWR system and

install. all available reports. For more
information, please contact Brian Tarver

Several different reporting methods areat brian.tarver@epa.state.oh.us.

available through eDWR. For example,

data can be typed into the online forms

Free Training for Small Community
Water Systems

Ohio EPA has partnered with the Ohio Rural between June and August in locations across
Water Association (ORWA) and Ohio Manufac- Ohio. For more information or to register, visit
tured Homes Association (OMHA) to provide freewvww.epa.ohio.gov/ddagw/ or contact Wesley Croft
training to small community public water system from ORWA at (740) 334-0590 or wcroft82@
owners and operators. The training is approved hotmail.com.

for six O&M contact hours, and will be offered
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2009 Central Ohio Children’s Water
Festival ‘Aqua-Fy Your Mind"’

by Gina Hayes, Ohio EPA

In 2008, Ohio EPA began water and its relationship to Commission (MORPC), MWH,
talking about how to celebrate other resources, including Inc., Metro Parks, Burgess &
National Drinking Water Week ground water, surface water, Niple, Franklin Soil and Water
and highlight the importance  wetlands, wildlife and more. Conservation District, Friends of
of drinking water. Since water the Lower Olentangy Watershed
festivals are being conducted There was plenty for children  (FLOW), OSU Extension,

all across Ohio and eventhe  to do, from demonstrating Malcolm Pirnie, Inc., Aqua

nation, Ohio EPA felt the time  how everyone contributes to Ohio and The Public Utilities

was right to begin the tradition pollution of a river as it ows Commission of Ohio (PUCO).

in Central Ohio. Now that through a watershed to learning

we have had two successful about storm water, the process Thank you to all the volunteers

festivals, the goal is to increase of treating drinking water and  for participating in this year's

the size little by little. how it is then distributed to festival. The volunteers, again,
homes. made this event a true success.

The second annual Central

Ohio Children’s Water Festival Overall, the second year for the Please contact Ohio EPAs Holly

was held May 5, 2009, at the  festival went extremely well and Kaloz at

Franklin County Fairgrounds it would have not been possible or

in Hilliard. Nearly 160 fourth  to educate children aboutthe (614) 644-2752 for more

graders from Bexley and Hilliard value of water without the 12  information or questions

School Districts attended and  Central Ohio organizations Ohioregarding the event, or if you

learned about many aspects  EPA partnered with for this are interested in partnering with
of water with topics ranging event. Ohio EPA for next year’s festival.
from amphibians to drinking Thank you to the City of

water treatment. All topics Columbus, Ohio Department

were designed to educate aboutof Natural Resources (ODNR),

various aspects of drinking Mid-Ohio Regional Planning
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The Ground Water Rule —
‘What's in Your Well?

by Bob Moore, Ohio EPA

Overview outbreaks were not identi ed; however, U.S. EPA
suspects many of these outbreaks were caused
by viral pathogens. The other 16 percent were
systems that had protozoa identi ed and most of
these systems were later determined to be ground
water under the in uence.

On December 1, 2009, the U.S. EPA Ground
Water Rule (GWR) will be effective nationwide
for all public water systems (PWSs) using a
ground water source, and their satellite water
systems. (PWSs required to provide surface watgr
treatment or designated under the in uence of - qetermined that many gastrointestinal

surface water are not subject to this rule.) U.S. jinesses often go undiagnosed and cannot be
EPA promulgated the GWR to increase protectioRyyipted to a speci ¢ origin such as drinking
against viral and bacteriological pathogens water. From these studies, analysis indicates that
for grou.nd yvater systems susceptible to fecal approximately 26 percent of wells sometimes have
contamination. U.S. EPA structured the GWR t0a 1 contamination and approximately 27 percent
mandate minimum frequencies of sanitary SUrveys \ e|is sometimes have viral contamination.

for these systems and require raw water quality Thege gata demonstrated the need for a raw water
be .evaluated when a sarnplle tqken under the tm%'ampling program, which if conducted early in an
coliform rule (TCR) monitoring is total coliform ;e ak investigation, would help with disease
positive. prevention.

S. EPA also reviewed 24 different studies

Need For This Regulation Triggered Source Water Monitor-
ing - What's in Your Well?

U.S. EPA determined further action is needed
for public health protection from pathogens ) .
in ground water based on The Centers for In lieu of requiring a mandatory raw water
Disease Control and Prevention (CDC) data on Sampling component or requiring all ground
waterborne outbreaks associated with ground ~ Water systems to install disinfection, the rule
water systems. The CDC (1991-2000 data) notetfquires raw water sampling when ‘triggered’ by
68 outbreaks caused 10,926 illnesses, which @ total coliform positive routine (TCR) sample.
accounted for 51 percent of waterborne disease The triggered source water monitoring portion
outbreaks in the United States. Contaminated ©f the GWR is an assurance program, which
water sources were the cause of 79 percent of demonstrates to the regulatory agency and the
the outbreaks from ground water systems. The consumer that the source of the total coliform
contamination causes were observed as ‘untreat@@sitive sample is not from a fecal contaminate in
ground water or systems having treatment the ground water source.

de ciencies. Approximately 70 percent of the ) )

systems were untreated or provided less than 4- Depending on the complexity of the water system,
log treatment for viruses. Of the 68 outbreaks, the size of the distribution system and the number
21 percent were associated with speci ¢ bacteriaPf satellite systems water is sold to, the triggered
pathogens and 6 percent were associated with SOUTCe water monitoring requirements can be
viral pathogens. The causes of 57 percent of thec0mplex and confusing.
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Ohio EPA, Division of Drinking and Ground Water source susceptibility
Waters (DDAGW) is working on simplifying . .
the triggered source water monitoring sampling to fecal contamination.

requirements in order to provide guidance and

clarity as the December 1, 2009, implementationThe GWR will give systems the incentive to start
date nears. In the meantime, the following basicinvestigating their water source susceptibility to
issues described below will help manage the  fecal contamination if it is not already known.
triggered source water monitoring requirement: The Federal Register provides a good source of
raw water total coliform samples from wells; information about Assessment Source Water
water source susceptibility to fecal contaminationMonitoring on page 65594 (Vol. 71. No. 216;
ground water systems with consecutive or satelliwednesday, November 8, 2006). This section

Your Well

systems; triggered source water monitoring will help identify questions to consider about the
exemption; and corrective actions and 4-log migration of pathogens to water sources.
treatment.

DDAGW will be assessing source monitoring in

Systems currently coIIecting raw conjunction with hydrogeologic barrier evalua-
tions (e.g., reviewing well logs and other available

water, total coliform samples geological information to identify rapid ow paths
from their wells. to source water) at selected PWSs. The assess-
ments will be used to develop guidance for the
GWR source water review. However, DDAGW
encourages systems to conduct their own assess-
ments, and consider the possibility of pathogen
migration to their source water.

Consider the following when assessing pathogen
migration to source water: Viruses are smaller
than bacteria. Consequently, viruses are able to
move faster and further than bacteria in certain
aquifers. How far away is the source of fecal

. contamination from the production wells?  Past
According to U.S. EPA, samples can be taken microbiologic sampling and drinking water source

;g:elzirpg t:amnezzsh?) r?:gg?otrztiloﬁgggr:m;uclg water protection plans provide useful information
P v u Ny for identifying sources of fecal contamination. In

samples. Systems collecting a raw water sample_ ... L
ition, U.S. EPA recommen nsidering th
before treatment and on the same day as TCR addition, U.S ecommends considering the

. . risk factors listed below to help target susceptible
samples could claim a triggered source water

. . systems for further evaluation.
monitoring representative sample was collected,
if one of the TCR collected sample returns as totil
coliform positive. Sampling as such allows for
more exibility in meeting this GWR requirement.
DDAGW will provide more guidance on triggered
source water monitoring representative sampling
later this year.

S In

Systems currently collecting raw water, total
coliform samples from their wells are ahead

of the upcoming GWR triggered source water
monitoring requirements. The GWR states that
within 24 hours of receiving a total coliform
(TCR) positive sample, a system must collect a
triggered source water monitoring sample from
all wells in operation, or if approved by the
State, a representative sample of the raw water.

What’

High population density with on-lot wastewater
treatment systems; particularly aquifers with
restricted geographic extent, such as a beach ridge
aquifer in lake plain sediments.

continued on page 50
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2. Aquifers in which viruses may travel faster aﬂGTriggered source water
further than bacteria (well sorted aquifers and, for

example, alluvial or coastal sand deposits). monitoring exemption.

3. Shallow uncon ned aquifers. A system may request in writing to be exempt
from the GWR triggered source water monitoring
4. Aquifers with thin or absent soil cover. requirements if it demonstrates to Ohio EPA
that 4-log treatment is achieved before water
5. Wells previously identi ed as having fecal is distributed. Systems that receive written
contamination. noti cation from Ohio EPA stating they
are exempt from the triggered source water
6. Sensitive aquifers. monitoring requirement will be required to

complete compliance monitoring that will
Sensitive aquifers (e.g. karst, fractured bedrock, include a monthly operating report. The Ohio
gravel and cobbles) have fast and direct ground Application Form for Ground Water Rule 4-Log
water ow through larger pore or void spaces  Treatment of Viruses will be used to apply for a
where very few pathogens die off or attachment taritten exemption request. This form was sent
particles will occur. Sensitive aquifers are ef cierto all community water systems over 250 in
at transporting pathogens to wells. Ground watepopulation and major non-community ground
ow in non-sensitive aquifers tends to be very  water systems in June 2009.
slow and takes an indirect path around many
particles, providing an opportunity for pathogen Any water system, wholesaler or consecutive
die-off and attaching to the particles. system has the option to apply for a triggered
source water monitoring exemption if it has or
Consecutive or satellite systems. plans to ingtall 4-log treatment for virus removal.
An exemption may be allowed if the water system
] ] or the wholesaler and the satellite system are
The complexity of the GWR increases working together, and can demonstrate 4-log
for ground water systems selling water to treatment is achieved before water is distributed
consecutive or satellite systems. The GWR {5 cystomers. The exemption is not limited to
requires communication between wholesale and the wholesaler, which is a change from what
consecutive systems. The rule requires a triggergs presented at the Ohio AWWA Conference
source water monitoring sample of the seller's i, Toledo (Fall 2008). It is optional for a system
source water as a result of any distribution systeng, apply for triggered source water monitoring
routine TCR sample (seller or purchaser) that is exemptions. If the exemption is granted, the
total coliform positive. Consecutive or satellite system will be required to complete compliance
systems are required to notify the wholesaler monitoring, which will include a monthly
if a TCR positive sample is collected in their operating report. An item to note is that a
distribution system. The wholesaler that did not reatment technique violation notice will be issued
receive an exemption in writing will have to meet;s 5 system fails to meet 4-log treatment. Failure
triggered source water monitoring requirements. g restore treatment withir-#ur hours is a Tier 2
Despite the dif culties in determining what violation that must be public noticed and reported

is causing a TCR sample to be total coliform in the system’s consumer con dence report.
positive, the GWR is rm in stating that triggered

source water monitoring sampling must be
conducted to con rm the ground water source

of a positive TCR sample is not from source with
fecal contamination.



