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7060, Revisor’s ID Number R-04727
OAH Docket No. 5-9003-37887

Dear Ms. Lynn and Ms. O’Dell:

The Minnesota Center for Environmental Advocacy (“MCEA”) is a nonprofit environmental
advocacy organization with offices in St. Paul and Duluth. Since 1974, MCEA has defended
Minnesota’s natural resources, water, air and climate, and the health and welfare of Minnesotans.
MCEA is driven by the principle that everyone has a right to a clean and healthy environment,
and that decisions must be based on fact, science, and the law.

MCEA submits these comments in response to the Minnesota Pollution Control Agency
(“MPCA”) request for comments on proposed changes to water quality standards (“WQS”) as
referenced above.

4" MPCA should ensure that all groundwater is protected from degradation, including
groundwater that is located on private property.

MCEA agrees with MPCA’s proposal to “ensure the rule language clearly conveys that the
standards apply to all groundwater.” Consistent with this goal, MPCA should revise the rules to
ensure that standards protecting groundwater from degradation are not applied at property
boundaries, but instead apply to all groundwater. The rules should be clarified to specify that it is
not acceptable for a regulated party to degrade groundwater or exceed water quality standards
applicable to groundwater because it may be possible to deploy a remediation measure prior to
reaching the property boundary that will reduce the level of contaminants in the groundwater.
The MPCA should ensure that regulated parties employ measures (such as competent liners) that
prevent groundwater pollution, not remediate groundwater pollution after it has happened.

2. MPCA should expand the Class 1 designation to connected surface waters.

Scientists studying the fate and transport of perfluorinated alkyl substances (PFAS) have
demonstrated that these pollutants can flow freely from groundwater to surface water and back
again. See Jennifer Geulfo, State Agencies Liaison, Brown SRP, Subsurface Fate and Transport
of Poly- and Perfluoroalkyl Substances (PFAS) (May 23, 2016); Andrea K. Tokranov, Denis R.
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LeBlanc, Heidi M. Pickard, Bridger J. Ruyle, Larry B. Barber, Robert B. Hull, Elsie M.
Sunderland & Chad D. Vecitis, Surface-water/Groundwater Boundaries Affect Seasonal PFAS
Concentrations and PFAA Precursor Transformations, 23 Env’t Sci.: Processes & Impacts 1893
(2021).1 Similarly, as MPCA has noted, nitrate has the potential to move freely from
contaminated surface waters into groundwater and vice versa. As a result, MCEA strongly
supports MPCA’s adoption of a provision allowing the application of Class 1 standards where it
can be shown that surface water has the potential to impact the quality of groundwater protected
as Class 1 waters. Similarly, MPCA should have the authority to impose more stringent
conditions on sources impacting groundwater if that groundwater has the potential to affect a
surface water subject to more stringent standards. Minn. R. 7050.0210, subp. 13 already
expresses this authority, insofar as it states that “The quality of any waters of the state receiving
sewage, industrial waste, or other waste effluents shall be such that no violation of the standards
of any waters of the state in any other class shall occur by reason of the discharge of the sewage,
industrial waste, or other waste effluents.”

MCEA also supports adoption of a rule that designates “sensitive areas” where surface
conditions and surface waters are known to directly impact groundwater (for example, karst) to
ensure that Class 1 standards are protected, but that rule must also allow for a process to identify
areas that fit the criteria for a “sensitive area” outside the regions where the land
surface/groundwater connection is known to be prevalent.

3. MPCA should update the scientific basis for the numeric Class 1 water quality
standards.

MCEA supports MPCA'’s reassessment of the health-basis for the Class 1 water quality standards
in coordination with the Minnesota Department of Health (“MDH”), but needs additional
information to determine what the best method is for adding new standards to the rule.

MCEA supports combining the standards into a single set of standards without subclasses based
on treatment. The availability of treatment should not be considered in setting standards and, as a
result, subclasses based on treatment should be eliminated. The fact that water can be treated to
achieve safe consumption levels is concern that should not be considered in either a narrative or
a numeric standard intended to protect Class 1 waters. Similarly, the standards should not
distinguish between health-based standards or standards based on other deleterious
characteristics caused by pollutants, as discussed below in part 5.

In setting any new standards, MPCA and MDH should consider populations that are especially
vulnerable due to traditional consumption patterns and ensure that any standards adopted
recognize these populations, including tribal standards that have been adopted. MCEA also
supports MPCA'’s consideration of climate-change induced changes to toxicological impacts
when establishing standards.

1 References cited in this comment letter are attached.
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MPCA should use this rulemaking to update the water quality standards based on more recent
research demonstrating that a higher level of protection must be maintained. The narrative
standard in Minn. R. 7050.0221, subp. 6 should be more clearly identified as such. The following
standards should be updated.

Nitrate

MPCA and MDH should reexamine the 10 mg/L standard for nitrate because scientific
consensus is growing that a lower number would be more protective. A number of scientific
studies demonstrate that nitrate levels lower than 10 mg/L are implicated in heightened risk for
colorectal cancer, thyroid disease, and neural tube defects. See Sarah Porter & Anne Weir
Schechinger, Tap Water for 500,000 Minnesotans Contaminated With Elevated Levels of Nitrate,
Env’t Working Grp. (Jan. 14, 2020), https://www.ewg.org/interactive-maps/2020_nitrate_in_
minnesota_drinking_water_from_groundwater_sources/; Jayne Richards, Tim Chambers, Simon
Hales, Mike Joy, Tanja Radu, Alistair Woodward, Alistair Humphrey, Edward Randal &
Michael G. Baker, Nitrate Contamination in Drinking Water and Colorectal Cancer: Exposure
Assessment and Estimated Health Burden in New Zealand, 204 Env’t Rsch., Mar. 2022, at
112322, 2; Mary H. Ward, Rena R. Jones, Jean D. Brender, Theo M. de Kok, Peter J. Weyer,
Bernard T. Nolan, Cristina M. Villanueva & Simone G. van Breda, Drinking Water Nitrate and
Human Health: An Updated Review, 15 Int’l J. Env’t Rsch. & Pub. Health, Jul. 2018, at 1557.
MDH itself has noted that “a growing body of literature indicates potential associations between
nitrate/nitrite exposure and other health effects such as increased heart rate, nausea, headaches,
and abdominal cramps.” Minn. Dept. of Health, Nitrate and Methemoglobinemia 3 (2018). MDH
also affirms that “[s]Jome studies also suggest an increased risk of cancer, especially gastric
cancer, associated with dietary nitrate/nitrite exposure, but there is not yet scientific consensus
on this question.” Id.

Sulfate

Although originally classified by U.S. Environmental Protection Agency (“EPA”) as a secondary
water quality standard needed for “such as taste, color, and odor,” more recent research
demonstrates that sulfate has health impacts, particularly diarrhea and other gastrointestinal
related issues. Muhammad Tariq Bashir, Salmiaton Ali & Adnan Bashir, Health Effects from
Exposure to Sulphates and Chlorides in Drinking Water, 6 Pak. J. Med. & Health Sci. 648, 651-
52 (2012); Muhammad Mohsin, Samira Safdar, Faryal Asghar & Farrukh Jamal, Assessment of
Drinking Water Quality and its Impact on Residents’ Health in Bahawalpur City, 3 Int’l J.
Human. & Soc. Sci. 114, 120 (2013); Patricio Moreno, Hal Aral & Angelica Vecchio-Sadus,
Environmental Impact and Toxicology of Sulphate at EnviroMine 2009: First International
Seminar on Environmental Issues in the Mining Industry 6 (2009). Based on this research,
MPCA should establish a WQS that will ensure that vulnerable populations are protected.
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Other Pollutants

Other contaminants are still a major concern for public health, both in short- and long-term
exposure. Fluoride, for example, has a primary Maximum Contaminant Level (“MCL”) at

4.0 mg/L set by the EPA (EPA, National Primary and National Secondary Drinking Water
Regulations), but research by the American Cancer Society (“ACS”) suggests that long term
exposure to this contaminant may cause skeletal fluorosis, causing a secondary MCL standard to
be set at 2.0 mg/L to help protect children. Am. Cancer Soc’y, Water Fluoridation and Cancer
Risk 2-3 (2015). Manganese is another contaminant of concern due to its impacts on the nervous
system, with higher risks for the elderly and infants. The World Health Organization (“WHO”)
recommends that manganese in drinking water be limited to 0.08 mg/L, and MDH has
established a Health Risk Limit (“HRL”) for manganese at 0.1 mg/L, indicating a need for
reassessment of the guidance for this contaminant in drinking water, particularly in regards to
sensitive populations such as infants. World Health Org., Manganese in Drinking-Water 14-15
(2011). Aluminum is another contaminant that has neurological impacts, with connections to
Alzheimer’s and dementia. The secondary MCL for aluminum is currently 2.0 mg/L, but recent
studies have shown that aluminum can have harmful impacts to human health at 0.1 mg/L.
Virginie Rondeau, Héléne Jacgmin-Gadda, Daniel Commenges, Catherine Helmer & Jean-
Francois Dartigues, Aluminum and Silica in Drinking Water and the Risk of Alzheimer’s Disease
or Cognitive Decline: Findings From 15-Year Follow-Up of the PAQUID Cohort, 169 Am. J.
Epidemiology 489, 489 (2009).

MCEA supports MPCA’s proposal to add WQS for some emerging pollutants of concern,
including per-and polyfluoroalkyl substances (PFAS), pesticides, see Muhammad Syafrudin,
Risky Ayu Kristanti, Adhi Yuniarto, Tony Hadibarata, Jongtae Rhee, Wedad A. Al-onazi,
Tahani Saad Algarni, Abdulhadi H. Almarri & Amal M. Al-Mohaimeed, Pesticides in Drinking
Water—A Review, 18 Int’l J. Env’t Rsch. & Pub. Health, Jan. 2021, at 468, pharmaceuticals, see
World Health Org., Pharmaceuticals in Drinking-Water (2011), algal toxins, see Env’t
Protection Agency, Algal Toxin Risk Assessment and Management Strategic Plan for Drinking
Water (2015), disinfection by-products, see Xing-Fang Li & William A. Mitch, Drinking Water
Disinfection Byproducts (DBPs) and Human Health Effects: Multidisciplinary Challenges and
Opportunities, 52 Env’t Sci. & Tech. 1681 (2018), and/or additional industrial chemicals.

4, MPCA should not eliminate standards that were based on secondary MCLs.

MPCA claims that “[u]nder the federal Clean Water Act (CWA), WQS for the protection of
domestic consumption should be solely based on human health considerations.” (Class 1
Concepts, p. 2). The CWA does not limit state water quality standards intended to protect water
for domestic consumption solely to a “health” basis. In fact, the CWA directs that such standards
“shall be such as to protect the public health or welfare” and that “such standards shall be
established taking into consideration their use and value for public water supplies...” 33 U.S.C.
8 1313(c)(2)(A). Nothing in state law is to the contrary. See Minn. Stat. § 115.03. Indeed,
numerous state laws express the policy that potable waters are deserving of the highest
protection. See, e.g., Minn. Stat. 8 115.063; Minn. Stat. 8§ 103H.001. Removing protections for
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domestic consumption waters based on taste, color or odor will simply increase costs for those
who consume those waters, or for public water treatment systems that must prepare waters for
public consumption.

Conclusion:

MCEA supports amendments to the Class 1 standards provided those amendments serve to
preserve and enhance the protections that currently exist for groundwater and surface waters
used for domestic consumption. MPCA should not adopt any amendments that are directed
toward reduction of costs for industry, and maintain protections that are consistent with current
state policy to protect all sources of water for domestic consumption from degradation, even if
that degradation is argued to be without health impacts. To the extent that any might argue that
the current standards place an unreasonable cost burden on certain dischargers or users, MPCA
should recognize that these costs should be dealt with through means other than removing
regulatory standards that protect public health and welfare.

MCEA also notes (as it did in its Triennial Review comment (April 9, 2021)) that it appears that
MPCA’s ideas about what to address in this Class 1 rulemaking are still developing. As a result,
MCEA encourages MPCA to continue to share the options that it is considering with stakeholder
groups, so that interested parties can develop a better understanding of the choices as this
rulemaking moves forward.

An index to the attached cited references follows.
Sincerely,

Nadia Alsadi
Water Policy Associate

Ann E. Cohen
Senior Staff Attorney

Minnesota Center for Environmental Advocacy
1919 University Avenue West, Suite 515

St. Paul, MN 55104

612-223-5969

nalsadi@mncenter.org

acohen@mncenter.org
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Key sources and pathways

Ideal subsurface transport
Factors impacting ideal transport
Conceptual model considerations
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PFAS GROUNDWATER SOURCE/PATHWAY OVERVIEW

Saturated Zone

SOURCE/PATHWAY: SPILLS, IMPROPER’ DISPOSAL??
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SOURCE/PATHWAY: SPILLS, ‘IMPROPER’ DISPOSAL*?
A closer look at AFFF groundwater impacts
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A special look at AFFF groundwater impacts
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SOURCE/PATHWAY: SPILLS, ‘IMPROPER’ DISPOSAL*7
A special look at AFFF groundwater impacts
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SOURCE/PATHWAY: BIOSOLIDS APPLICATION®S
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* GW-SW interactions in MN

= ~100 square miles
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SOURCE/PATHWAY: LANDFILLS
PFAS in municipal landfill leachate

Additional landfill data:
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SOURCE/PATHWAY: ATMOSPHERIC DEPOSITION'S-1

Media Value | Units | Constituent Reference
[Rural air 0.000125 |ug/m’}6:2 FTOH Jahnke et al., 2007
Urban air 0.000275 m3[8:2 FTOH  liahnke et al., 2007
anufacturing air 0.9 pg/m? [PFOA (only) |Davis et al., 2007

pug/m?6:2 FTOH

Ahrens et al., 2011

m?8:2 FTOH

WBAhrens et al., 2011
chauzier et a

sites?

* Proximity to sources: manufacturing, WWTP, landfill
* How to separate atmospheric vs. other impacts at these

* May contribute to background in soils, surface water

lUrban Snow 0.0196 | ug/L [PFOA [Kim and Kannan, 2007
GW from atm. dep. 78 ug/L IPFOA (only) |Davis et al., 2007
Considerations:
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Sorption: accumulation of a chemical from a fluid phase into and/or
onto a non-fluid phase
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Sorption and Retardation
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PATHWAY: NON-IDEAL TRANSPORT*
PFHxA PFOA PFOS

No evidence of differential transport.

TRANSPORT: NON-IDEAL®

Total Precursors in groundwater:

* Oxygen infusion wells
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SnurcefPatl'IWay
Max [PFAS] of mg/L (AFFF) to
low ug/L (bisolids, GW-SW)

= Target PFAS vary by source

* PFOA/PFOS not always max

* Precursors indirect source of
PFCAs/PFSAs

Transport:

* Non-ideal transport likely:
kinetics, co-contaminants,
transformation

* Plume lengths of miles possible
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* Key sources and pathways

* |deal subsurface transport
* Factors impacting ideal transport
* Conceptual model considerations

PFAS GROUNDWATER SOURCE/PATHWAY OVERVIEW

Almsspiiesic

~dengsition.:

V., Biosolids
g d application
] * .

------------

..................

Saturated Zone
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PFAS GROUNDWATER SOURCE/PATHWAY OVERVIEW

Saturated Zone

SOURCE/PATHWAY: SPILLS, ‘IMPROPER’ DISPOSALZ3

1000

PFAS Manufacture

& Chrome Plating * [PFAS] in groundwater

ER 0.0013-126 pg/L
£ 1 * Manufacturing max = 126
§ ug/L PFBA
3 1
g * Plating max = 0.018 pg/L
£ 01 PFOS
EQ o1 » Data from other
= ] ] I I secondary industrial (e.g.
goor o= m W . - textiles, paper)?
5 & &
Q*ﬁﬁqiﬂc‘”:ﬁﬁq“o &

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887

5/26/2016



5/26/2016

SOURCE/PATHWAY: SPILLS, ‘IMPROPER’ DISPOSAL*7

A closer look at AFFF groundwater impacts

10000 @ AFFF
PFAS Manufacture

1000

Most groundwater

& Chrome Plating
ki [PFAS] greater in
10 AFFF vs.
: manufacture,
plating

0.1

0.01
0.001

ea“ -'Sr” v
& & Q@ @@ & & ~2<* &

[PFAS] in groundwater, pglL

SOURCE/PATHWAY: SPILLS, IMPROPER’ DISPOSAL*?

A special look at AFFF groundwater impacts

®AFFF 1 AFFF 2 MAFFF 3 AFFF 4

||||u|n|||||||h..

F P .5:: .:,
g. -l & -.
,;@ & <F' & & &

<

=1
=1

1000

o
L1

|[PFAS] in groundwater, pg/L

‘? 5 .'n' q;-"

* Max AFFF 1 = PFHxS, 462 pug/L  *Max AFFF 3= 6:2 FtS, 14600 pg/L

« Max AFFF 2 = PFOA, 6570 |

3

/1
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SOURCE/PATHWAY: SPILLS, IMPROPER’ DISPOSAL*7

A special look at AFFF groundwater impacts

WAFFF 1 AFFF 2
= 100000 \
2 o‘g
= 10000 \}
o ?‘aﬁ
-E 1000
| =
= |
= 100 I
]
s
ey 10
B th _ﬂ_

o
-zﬂ &

* Max AFFF 1 = PFHxS, 462 ug/L  *Max AFFF 3= 6:2 FtS, 14600 pg/L

* Max AFFF 2 = PFOA, 6570 pg/L

SOURCE/PATHWAY: BIOSOLIDS APPLICATIONS®

Transformation Products?

A

& J— | * WWTP received industrial
<5 effluent incl. ECF, telomer
=1
8 s « Present in municipal
3 . biosolids, potential to leach
£ but...
ga 2 * No documented impact to
=2 GW
W
&
B

U. - L = — = =3

& QQQ q@ ~r~°? QQ q@
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= GW-SW interactions in MN
aid in spread of PFBA plume

= ~100 square miles
* [PFAS] near GW-SW
exchange:
* PFBA:0.29-3.4 pg/L

* PFOA:0.067-3 pg/L
* PFOS: 0.058-3.3 pg/L

" A S B UL, -

N il
e ' -~ e e ol ol e

PFAS in municipal landfill leachate

16 i chate $ite =
el Es Additional landfill data:
= :: * Near 3Min MN, GW
a1 [PFAS] near landfill:
5 * PFOA =65 pg/L
E 0.8 = PFOS =30 pg/L
e 06 * Near 3M in MN, landfill
E 04 leachate PFAS:
& 02 I l I l * PFHxA =29 ug/L
- i i o . + PFOA=82pg/L
<< LLIDDUNNYD * PFOS=31
B33352522888223 ot
u.&t&n.u.u.&&n.n.ggg&
2m
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SOURCE/PATHWAY: LANDFILLS"14

PFAS in municipal landfill leachate

186 & Landfill Leachate
o 14 50‘
2 o
1.2 C'
e ?(E
2 1
s
= 08
E 06
o
)
2 04
5
. 09
(7 0.2 I
< 0
g X452
KEEE
a-CI.I:I..D_

EIFOSAA

MaFOSAA

AN Additional landfill data:
* Near 3M in MN, GW
[PFAS] near landfill:
PFOA = 65 pg/L
PFOS =30 pg/L
* MNear 3M in MN, landfill
leachate PFAS:
PFHxA = 29 ug/L
PFOA = 82 pg/L
PFOS = 31 pg/L

SOURCE/PATHWAY: ATMOSPHERIC DEPOSITION S

Media Value | Units | Constituent Reference
[Rural air 0.000125 |ug/m?|6:2 FTOH Jahnke et al., 2007
Urban air 0.000275 |pg/m?18:2 FTOH __ lahnke et al., 2007
lManufacturing air 0.8 pg/m? |PFOA (only) |Davis et al., 2007

pg/m? 6:2 FTOH

Ahrens et al., 2011

:2 FTOH

Ahrens et al., 2011

X auzier et al.,
lUrban Snow 0.0196 | pg/L [PFOA |Kim and Kannan, 2007
GW from atm.dep.| 78 ug/L |PFOA (only) [Davis et al., 2007
Considerations:

* Proximity to sources: manufacturing, WWTP, landfill
* How to separate atmospheric vs. other impacts at these

sites?

* May contribute to background in soils, surface water
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Sorption: accumulation of a chemical from a fluid phase into and/or
onto a non-fluid phase

~| K=t
=3 | e
E
® =] FH.:
[C.] (mg L)

» Measured in laboratory (equilibrium) scenarios
+ Isotherms not always linear, PFAS slightly nonlinear
-« Primary process impacting perfluoroalkyl acids, once released

15
TRANSPORT: IDEAL**2!
Analyte  Tall  ayerage
Name Length’ Logk. ¢+ n"
PFBA 3 1.88 011 3
PFPeA 4 1.37 046 3
PEHXA 5 131 029 3
[ Perpa 3 163 015 3 |
PFOA 7 189 002 3
PENA B 2.36 0.04 3
PFDA 9 2.96 0.15 3
- . 1 ::m::c-u.!ﬂﬂi PFUNA 10 3.56 i
: PFBS : 179
n 108 128
chaintength [Perss 3 205008 3 |
PFOS 0 280 008 3
* Primary impacts on * Other factors:
sorption: f_, chain length tunctional group, pH,
(some exceptions) Ca* "
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TRANSPORT: IDEAL

Sorption and Retardation
= The velocity of water relative to

velocity of contaminant

+ Retardation factor (R):

R=1+22Kmncy

¢

o€ p ID_, 1€
ft fx" fx

disparsion

sorption advection

Concentration |mg/L)

Pore Volumes

* A\ R leads to W transport
17

TRANSPORT: IDEAL'™ Prep
1.2 . Sofl @ ECH PRCA Predicted
1.0 W
0.8 I _" " .:_h
% 08 e —Conserv
= PFHxA
a4 114 PFHpA

+ PFOA

02 ! s 4 PFNA
0.0 e PFDA

0 5 10 15 20
Pore Volumes

* Chain length dependent
breakthrough

‘2 C PFOS Masssred
1 s " .
[ - &
0.4 . =| & Sand (0)
06 | wSoill C (0.0017)
= * Soil A (D.O17)
o4 % = Soil B (0.045)
=
0.2 -
- "
 smess & & -

1] 2 4 6 B 10
Pore Volumes

* Increased f . = slower
transport
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TRANSPORT: NON-IDEAL'" Prep
Early breakthrough
) e * Short chain: equilibrium
12 4 * FFBA Meas

—PFBA Eq * Long chain: Early
14 = & PFOS Meas Eng -
ﬁ bt S breakthrough, tailing =
08 4 . rate-limited (kinetic)

L |
P iR Tailing?
S06 | oy : effects
sl | / * Most relevant for longer
0.2 sy . chains, higher f,_
0 j..f 4 - e+ Particularly pumping

0 10 20 30 40 50 60 70 scenarios
Pore Violumes

PATHWAY: NON-IDEAL TRANSPORT2!

o PFOSIn=0.77+0.05)8

151 * PFOS+TCERN=1.01+0.01)a Co-Contaminant effects:
PR =0. -
o e R « Multiple PFAS —
0a e 3 competitive sorption?
i o™ * AFFF sites
e / o = QOther AFFF components
. I g * Hydrocarbon constituents
' * Chlorinated solvents
, » NAPL
Soildd
-4a ' ; ' : '« Other types of sites?
4B -3 - -1 0@ 1
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PATHWAY: NON-IDEAL TRANSPORT*
PFHXA PFOA PFOS

No evidence of differential transport.

TRANSPORT: NON-IDEAL?
Total Precursors in groundwater:

* Oxygen infusion wells

* [Precursor] elevated outside
of oxygen infusion areas

* Elevated precursors = areas
for potential [PFAA] T

22
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Source/Pathway:

Transport:

Max [PFAS] of mg/L (AFFF) to
low pg/L (bisolids, GW-SW)
Target PFAS vary by source
PFOA/PFOS not always max
Precursors indirect source of
PFCAs/PFSAs

Non-ideal transport likely:
kinetics, co-contaminants,
transformation

Plume lengths of miles possible

23
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) Chock for updates Surface-water/groundwater boundaries affect
e enen e S€@SONAL PFAS concentrations and PFAA precursor
b, 2021, 28 3003 transformations+

Andrea K Tokranov, ” Denis R. LeBlanc.” Heidi M. Pickard, @ * Bridger J. Ruyle, ©*
Larry B. Barber,” Robert B, HulL” Elsie M. Sundertand & * and Chad D. Vecitis & **

Elevated concentrations of per- and polyfiucroaliod substances (PFAS] in drinking-water suppbes are
a maor concern for human hezith. It 5 therelore essentisl 1o understand factors that affect PFAS
concentrations in surface water and groundwater and the transformation of perfluorcalicd acid (PFAA}
precursors that degrade infa tervnal compounds Surface-water/groundwaler exchangs can adcur
along the fow path oowngradient from PRAS point sources and DIDgecChermcal congilions. can change
rapidly a1 these exchange boundares Here, we investigate the influence of surface-water/groundwater
boundaries on PFAS transport and transformabon To do this, we conducted an extensive field-based
anatysis of PFAS concentrations in water and sediment from a fiow-thiough lake fed by contarmenated
grouncwater and its downgradient surfacs - water/groundwater boundary ioefined a5 =100 om below
the lake botiomil. PFAA precursors comprnsed 45 + 4 6% of PFAS (PFAA precursors + 1B targeted PRAA)
in the predomemantty ownic lake impacted by a former fire-training area and historical wastewater
discharges In shallow porewater downgradient from the lake, this percentage decreased significantly 1o
25 + 11X PFAA precurtor concentrations decreased by BST between the ke and B4-100 cm below
the lake bottom PFAA concentrations increéased sgreficantly withen the surfsce-water/groundwaler
boundary and N downgradhent groundwater dureng the wanter months despite lowser siable
concentrations in the ke water source. These results soggest that natural eogerachemical Ructuations
associped with surface -wiker/groundwater boundares may bead (o PFAR precursor loss and sessonal

This anticle is licensed amder o Creative Commans Attrdstion-NonCommercia | 1,0 Unporied Licenee.

Receved Bth August 2031

Aveews Article. Publisbed on 15 November 2021, Downlosded on 232022 $33:02 PM

Accepted 23nd October 2020
variations in PFAA concentraborns Results of this work highlight the importance ol dynamic
DOt 191059 dlem00129 biogeochermical conditions along the hydrological flow path from FFAS posnt sources 1o potentially
e e affected drinking water supplies
Environmental significance

mmnnmmmm_mhmwmhmmm

daries are feg *Hhhmmmmmwmuqhhmumh-ﬁ
Mﬂthmw st Lhie iripact of these changes oo PRAS tramgeort and precursas tramdormation is pocry ubderstood . We camined FYAS
_HMWMMWHHEMHHMM
and bows iof —85% of infherms precurors. PRAA conornrrations were sigificansdy and inverscly associated with tomperanure aod mitrats concentrations. This
waark highliphts the possibiliey of sststantisl spatial sr tempetal varishiliy b FFAS concontrations originating n boundary regions of high biogrochemicsl
Ty,

Introduction

Human exposune to per- and polyfluorcalkyl substances [FFAS)
has been linked to many health effects such as adverse effects
mﬂ;’:‘“fﬂ"f‘m[ und Applied Sciences, Camibridge. M0y metabolism, endocrine disruption, and immunotoxicity*
A ottt & MaviAl A DA Aqueous Blm-forming foams (AFFF) containing PFAS and used
1A% Cusloginal Survey, Aoslder, 00 STMIL, USA during fire emergencies and firetraining activities have
*Departewes of Brvironuiental Health, Harvard 7. M. Chan School of Public Health, contaminated water mp“ﬁ across the United States of

Harvard Usberruiry, Mwgon, MA 02125, 054 Amenca [USALY Processes such as sediment-water sorphion
! Bermronic  supplementary  mformation  (ESI)  sailable. See DOE and  perfluorcalkyl acid (PFAA) precursor  iransformation
T el lemnn ) M

Trus owrnal % T The Hoyal Sooety of Lhaermstry' A00 Efneron SO0 Frooeeses moacts. AU, 23 RS- m0s | 1893
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{(herein referred to as precursors) influence PFAS mobility and
potential contaminarion of drinking-water supplics near PFAS
source zones." Thus, understanding processes that control PFAS
transpart and transformation is essential for developing strat-
egies for protecting groundwater and surface-water supplics.

High FFAS concentrations and diverse precursors have been
reported at AFFF-impacted sites.™ " Some precursors degmde in
the environment into terminal PFAA known to be a concern for
human health." Bistransformation of precursors can also lead
to the formation of persistent intermediate precursors, " with
altered maobility and transformation rates compared to the
primary compounds, Prior work has suggested PFAA precursar
biotransformation rates are slower in anaerobic environments
compared to oxic conditions, and that bistransformation under
anacrobic and oxie conditions produces different end prod-
wets.*** However, impacts of redox gradients and enhanced
blological activiry, as found at surfacewater/groundwater
boundarics, on precursor transformation and transport are
peorly understood,

Numerous liboratory studies have (llustrated that PFAS
sorption at the sediment-water interface affects mobility in
groundwater.'™** The perfluorocarbon chain length (5, ), head
group, and avariety of environmental properties (e.g., sediment
organde carbon content, mineral and grain coating composi-
tion, pH, aqueous calcium and humie acid concentration) have
all been shown (o influenee PFAS partitionieg in luboision
experiments.” " However, it is not clear whether PFAS sorprion
in the field is affected by the gradients in redox and biologieal
activity frequently observed across surfacewater/groundwater
boundaries. Experimental data on sorption of precursors is
more imited due to difficulties in detecting and quantifving the
diverse compounds that oocur at AFFF-impacted sites, making
new ficld-based obsenations especially useful,

Globally, lakes and rivers are commonly hydrsulically con-
nected o groundwater. PFAS-contaminated groundwater has
been shown o contaminate surface waters, and woe versa in
such systems.** For example, our prior work on Cape Cod,
Massachosetts (MA), USA, characterized a contaminated
groundwater plume that discharges to a groundwater-llow-
through glacial kettle lake (Ashumet Pond)l* Such glacial
kettle lakes are commaon in northem latitudes and formed when
biocks of glacial fce left behind by retreating foe sheets melted
resulting in depressions (kettle holes) in the land surface that
subsequently filled with water ®* Upgradient from Ashumet
Pond, we detected PFAS and precursors throughout a 1.2 km-
Iomg longitedinal wansedt of the subosic grovidwate plume,
highlighting the mability of precursors in groundwater at this
site.* PFAS from the upgradient groundwater plume discharges
to Ashumet Pond, and the PFAS-contaminated lake water then
passes through a downgradient surface-water/groundwater
boundary and recharges the downgradient aguifer. The
surface-water/groundwater recharge boundary is a dynamic
region of increased biologieal and chemical activity. 7™

Here we hypothesize that biogeochemical fluctuations such
a3 ooygen content within the downgradicnt  surface watcr/
groundwater boundary laver [defined for this study as the wp
100 em of the lake-bottom sediments) affects PFAS transport
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and transformation on bath daily and seasonal timescales. To
test this hypothesis and determine if there are significant
changes in PFAS and precursor concentrations across the
surface-water/groundwater boundary, we sampled ground-
water, sirface water, and sediment downgradient from the
PFAS groundwater plume, with a focus on Ashumet Pond, and
measured changes in 23 targeted PFAS, inferred precursor
concentrations from the total oxidizable precursor [TOP) assay,
and extractable organofluorine (EOF)L The results of this work
are used to better understand how shifts in biogeochemical
conditions along the hydrological flow path affect PFAS trans-
port and precursor persistence.,

Materials and methods
Site overview

This srudy was conducted on western Cape Cod, MA, USA
(Fig. 1). We measured PFAS concenirations along the hydro-
logical pathway of the contaminated groundwater plume as it
discharges to Ashumet Pond, mixes with the lake water, and
subsequently recharges back into downgradient groundwater
{Fig. 1B and C], thereby passing through groundwater/'surface-
water discharge and surfacc-water/groundwater  recharge
boundaries. Exchange between groundwater and surface water
occurs predominantly in the shallow, near-shore zones of lakes,
and sevpage velocily decieases wilh increasing distaoee (iom
the shoreline.™ At the study site, groundwater generally flows
from northwest to southeast (average flow velocity ~04 md '
{ref. 31-33)) and is intersected by two kettle lakes [Ashumet
Pond and Johns Pond) along the flow path. The term ~lake” is
used to describe Ashumet Pond herein because of its large
volume and surface area. Ashumet Pond is the focus of this
study, unless otherwise stated. Ashumet Pond is the first kettle
lake along the hydrological flow path of groundwater contami-
nated by PFAS from a former-fire training area (FTA] and former
wastewater infiltration beds (Fig. 1AL* Regular AFFF use at the
FTA ended in 1985, and onc additional application occurred in
1997 duc to a fire emergency.® The use of wastewater infiltration
beds at the site was discontinued in 1995.*

This study focuses on the downwelling surface-water/
groundwater recharge boundary rather than the upwelling
boundary, because Ashumet Pond provides a spatially and
temporally consistent source of PFAS concentrations w the
downwelling groundwater. PFAS concentrations a1t the
upwelling surface-water/groundwater boundary are  highly
influengoed by focation telative w the discliarging groundwates
contamination plume. This means that in the upwelling
groundwater PFAS concentration flucruations due to biogeo-
chemical effects are not easily distinguishable from those due
to the dynamic plume position.

Ashumet Pond is a mesotrophic groundwater-flow-through
kettle lake with no permanent surface-water inflow or
outflow.™ It has an area of 0.82 km®, an estimated hydraulic
residence time of 16 years, and a maximum depth of 26 m.**
The lake level varicd by abowt 1.1 m during this stody
(Fig. S1t).™ Residences with septic systems surround Ashumet
Pond (Fig. 1AL The potential areal extent of recharged lake
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Fig. 1 Shudy sampling locations. [A] Map of locations sampled between 2016 and 2013 WWIEs denotes wastewater infiltration beds. Most
Sampling WOCALons incliuge multiple :3mpling deptha. Blue anrows ingicate groundwater Mow derections. Contours show elevation of water tatile
in mabove sed leved, referenced 1o the National Geodetic Vertical Datum of 1929 (NGVD 290 ™ The plume of per- and polyflucioaliod substances
{PFASE prmardy discharges o Ashumet Pond near the westernmost extent of the lake. The macmum agueous perfiucrooctane sutfonaze IPROS)
conCentration is shown lor each location ™ The locator map is from the U 5. Geological Survey National Hydrographsy Dataset. data refreshed
April 2015 * (B} Enlarged vew of Ashume! Pond and associated sarmpliing sites. () Cross- sectional representation of Ashurmet Pond inct to scale)

along secton line X-X' depacted in (B)

water from Ashumet Pond in the downgradient aquifer was
determined using the groundwater-flow direchions nferred
from water-table maps prepared from field water-level
measurements” and simulated flow paths from calibriated
groundwater-flow models™™ {see “Inferred Area of Recharged
Lake Water®, Fig. 1A, blue shading). The ESIt contgins addi-
tional site details.

Sampling overview

We collected 289 water samples and 13 delonized (DI) water
equipment blanks) between 2016 and 2019 following U.S.
Geological Survey (USGS) field protocols.™ Ancillary data
collected in the feld during sampling included temperature,
specific conductanece, pH, dissolved oxygen [DO), and nitrate,
Data are provided in the associated data release,” and
additional dectails on sample collcction anc provided in the
ESLY Water samples were collected from depth profiles in
Ashumet Pond and Johns Pond (Fig. 1} in September 2017 (n

Tius powrnal % 0 The Foyal Soosety of Charmestry' 2060

= 40 samples, 4 profiles) and November 2017 (2 = 10,
1 profle).

Upgradient and downgradient groundwater. Upgradient
groundwater samples were collected from a “fence™ of well
clusters and multilevel samplers (herein referred o as wells)
that provides a eross seetion of the PFAS contamination plume
approximately transverse to the direction of groundwater flow
along the northwestern, upgradient shore of Ashumet Pond
(section line ¥-Y', Fig. 18B) in July/August 2016 (8 = 75) to
confirm the location of the PFAS comtamination plume.
Downgradient groundwater samples were collected in July 2017
(m = 39), Seprember 2017 (n = 40], February 2018 (8 = 24), and
February 2019 (r = 18], Wells F722, F631, F665, and F&I2 create
a transect with significant vertical resolation (40 sample ports)*
along the flow path downgradient from the kettle lake. Water
levels for these wells are presented in Table S11 and closely
track the lake water Leeel |I'-‘I!. s1t). addirinnal wells tn the wedr
of the Ashumet Pond and downgradient from Johns Pond wene
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included to investigate the width of the area impacted by PFAS-
containing lake water.

Upwelling and downwelling lake-bottom porewater. Sedi-
ment porewater samples (Fig. 1) were collected in the surface
water/groundwater boundary layer between 15-100 em below
the bottom of Ashumet Pond and Johns Pond at near-shore sites
where groundwater was upwelling (northwestern side of Ashur
met Pond] or downwelling {southern and southeastern sides of
Ashumet and johins Ponds, respectivelyl. The maximum water
depth at these near-shore sites during the sampling events was
66 cm. Assoclated lake-water samples were also taken 20 em
above the lake bottom from both lakes. Upwelling porewater
(GWIN; » = 8, water depth at sampling location = 39-48 em)
and sssociated lakewarer samples (n = 2] were collected in
September 20017 near the northwestern shore of Ashumet Pond
where FFAScontaminated groundwater from FTA and waste-
water disposal sources was axpected to discharge. Upwelling
porewater samples were also collected in September 2017 in the
nerthern section of Ashumet Pond (GWIN-C: n = 2, water depth
at sampling location = 66 cm) where PFAS-free groundwater
was expected 1o discharge to the lake, along with an associated
lake-water sample (r = 1} Downwelling porewater (GWOUT)
and associated lake-water samples were collected in September
2017 (porewater n = 10 and lake water = = 2, water depth at
sampling location = 31-33 cm except for GWOUT-R-5, which
was abwwe e shoreline), Februany 2018 (4= 22 # =1, walel
depth at sampling location = 38-62 em), and February 2019 (n
= §, n = 2, water depth at sampling location = 46-34 em] in the
southern section of Ashumet Pond immediately upgradient
from wells F722, P631, F655, and F632. Downwelling porewater
and associated lake water were collected from the southeastern
section of Johns Pond in February 2019 [porewater 1 = 4 and
lake water n = 1, water depth at sampling location = H em).
The water-surface clovation of Ashumet Pond varied over
o range of 1.1 m at the ficld site during the study {Fig. 51%), but
on the dates of sampling the water level only varied over a range
of 0.5 m: ~131.5 m above mecan sea level in September 2017,
~13.8 m above mean sea level in February 2018, and ~14.0 m
above mean sea level in February 2019,

Sediment and soil samples. Sediment samples from the
surfacewater/groundwater  boundarv-laver [ = 14] were
eollected from 7 locations near the Ashomet Pond and Johns
Pond shorelines at locations where porewater was sampled in
September 2017 and February 2019 {Fig. 1)1 Sediment samples
were collected by driving a 5 cmn-diameter aluminum tube into
ther lake botiom., Sediment coves wene subssunpled (oo te 0-
3 cm and 15-30 cm depth intervals. In February 2019, 1 beach
sediment sample (~0-5 om depth) was collected near the
southeastern shore of Johns Pond, and 2 wpsoil samples were
collected near the southemn shore of Ashumet Pond from 0-
13 em depth adjocent to wells F722 and F&31 (Fig. 1R).

Chemicals and materials

Tabic 52t contains the full namcs and abbroviations for all FTAS
compounds analyred in this study. PFAS standards (24 native

compounds and 19 isotopically labeled compounds, Table 524)
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were obtained from Wellington Laboratories (Guelph, Canada).
Other chemicals used in the analyses are listed in the ESLLY

PFAS extraction and analysis

Water samples were spiked with 40 pl of 2 0.03 ng pL " internal
standard solution before offline solid phase extraction [SPE)
using Oasis® WAX cartridges (6 mL, 150 mg, 30 pm particle
size, Waters, Milford, MA, USA) following established
methods.**** Dasis WAX SPE canridges were preconditioned
with 4 mL of 0.1% smmonium hydroxide in methanol, 4 mL of
methanol, and 4 mL of DI water, and then the 20 mL sampile
was added to the cantridge and placed under vaicuum o yield
a flow rate of ~1 drop per sccond followed by a 4 mL DI water
rinse before drying the cantridge under vacuum. The samples
were eluted with 4 mL of methanol followed by 4 mL of 0.1%
ammonium hydroside in methanol, and the collected eluent
was evaporated to dryness using an ultra-high-purity nitrogen
gas stream, reconstituted in 0.75 mL of methanol, heated to
40 °C for 30 min, and vortexed. Finally, 0,75 mL of water was
added, the sample was transferred 1o a polypropylene micro-
centrifuge wie amd centrifuged at 13 000 rpm for 20 min, ad
the supernatant was transfermed to a polyvpropylence autosampler
vial for analysis. Samples were analzed with an Agilent (Sant
Clara, CA) 6480 triple gquadrupole liquid chromatograph-
tandem mass spectrometer (LC-MSMS), as detailed in the
ES1T and previously described.® 6:2 Fluorotelomer sulfonate (6:2
Fts) was removed from the reponed results due to periodic
blank contamination. Precursors that were quantified included
4:2 FiS, §:2 RS, N-methy! perfluorooctane sulfonamidoacctate
("-MeFOSAAL N-ethyl perfluorooctane sulfonamidoacetate [N-
EtFOSAA), and perfluomactane sulfonamide (FOSA). Further
details including quality control, recovery, and precision resulis
(Table 53) are presented in the ESLY

TOP assay
The TOP assay** was applied to 7% water samples (8 upwelling
porcwater, 16 lake water, 5 lake water near shore above pore-
water locations, 12 downwelling porewater, and 38 down-
gradient groundwater) from July 2017 to February 2018, All lnke-
water and porewater samples subjected to the TOP assay wene
from Ashumet Pond. Oxidation was completed by combining
a 20 mL water sample with 20 mL of an agueous potassium
persulfate sodium hydroxide solution. Samples were placed in
a heated (85 “C) water bath overnighi, cooled, neutralized with
todiochilonic acid, and exttwcted with offline SPE, For method
validation, groundwater and lake-water samples were spiked, in
triplicate, with 3 ng of 6:2 FIS, 8:1 FIS, N-MeFOSAA, N-ELFOSAA,
and FOSA. These precursor concentrations wene all reduced by
*95%, and the molar recovery caleulated from the produced
perfluoroalkyl carboxylates (FFCA) was between 93% and 104%,
indicating nearquantitative recovery. Details are available in
the ESLY and recovery and precision results are presented in
Table 54.%

Th total concentration of cxidizable precursons (£ procur
sors) for aqueous samples was inferred from the measured
increases in PRCA with ppe = 3 to e = 8 produced by the TOP
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assay using a previously developed Bavesian inference method
that has been applied to both AFFF and AFFF-impacted fresh-
water™™ for all samples with measured increases in PFCA
following the TOP assay. The model produces a distribution of
inferred precursor concentrations using measurements of the
PFCA produced upon oxidation and representative precursor
yiclds from the literature, and their respective uncertainties.”
This inference method provides a more realistic estimate of
precursor concentrations than the analytically detected changes
in individual PFCA concentrations because it accounts for
method and instrumentation uncertainties as well as incom-
plete recovery due 1o potential losses during oxidation to fluo-
ride and ultra-shor chain length PFCA™ We report the median
of inferred precursor concentrations, Details of the model and
the eriteria used to perform infercnce are provided in the ESLT

Sediment PFAS and metals analvsis

Sediment samples were extracted for PFAS analysis in triplicate
with L1% ammonium hydrocide in methanol following previ-
ously developed methods ™" Sclected sediment sample
extracts were subjected to the TOP assay to estimate sediment
precursar concentrations. Sepamte aliquots of sediment were
estracted with 0.5 M hydrochloric acid, and extractable metal
concentrations, including sluminum, iron, and manganese,
were measured by inductively coupled plasma mass spectrom-
etry (ICP-MS]. See ESI for sediment extraction and analysis
details, and Tables 55-512¢ for results and quality assuranece
and guality control.

Extractable organoilucrine (EOF)

EOF analysis was performed on a subset of samples from
Ashumet Pond and downwelling groundwater following the
procedure  described in prior work.™ Briefly, weak anion
exchange cartridges [Oasis® WAX] were preconditioned and
then loaded with sample. Then, 10 mL of 0.01% v/v ammoniom
hydroxide (ACS grade, BDH® VWR Intemnational, Radnor, PA) in
delonized water was passed through the canridges o remove
inorganic fluorine and the sample was eluted with LC-MS grade
inetimnl (Honeywell, Clanbutie, NC) mod 0.1% viv sainaiiam
hydroxide in methanol, evaporated to doyness, and finally
reconstituted into 1.5 mL methanol. Extracts were split 50 : 50
between the LC-MS/MS and the combustion ion chromatograph
(CIC) with a combustion unit from Analvtik Jena (jena, Ger
many} and a 920 Absorber Module and 930 Compact 1C Flex jon
chromatograph from Metrohm (Herisau, Switrerland). lsotopi-
cally labeled internal standards (MPFAC-24 ES, Wellington
Laboratonies, Guelph, Ontario, Canada] were added to the LC-
MS/MS fraction after the extract was split. See ESI for detnils
and results (Table 5134}

Statistics

Al statistical tests were performed in Python version 1.6 using
scipy.stats or scikit_posthocs. We used nonparametric statistics
for our analysis ax data freguently failcd Shapiro Wilk csts for
normality (p < 0.05L The Mann-Whitney U4est (8 non-
parametric t-test] was used to evaluate significant differences
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between two populations. For comparisons of more than two
populations of nonparametric data, the Kruskal-Wallis test
with Dunn's post hoc test was used o identify groups that

differed significantly.

Results and discussion

Homogenous PFAS concentrations in the groundwater-fed
kettle lake

Our results showed the upgradient groundwater PFAS plume
primarily discharges to Ashumet Pond (Fig. 1 and S2¥). This was
confirmed by elevated PFAS concentrations in upwelling pore-
water at sites GWIN-13IN and GWIN-124N (Fig. 18). These
results are eonsistent with proviously reported groundwater
discharge paterns, "=

In Ashumet Pond, mean PFAS concentrations were highest
for perfluorohexane sulfonate (PFHxS) (74 £ 6.5 ng L"),
perfluorocctane sulfonate (PFOS) (50 £ 41 ng L "), and
periluorooctanoate (PFOA) (29 = 2.8 ng L '). No significant
temporal diferences in concentrations of the sum of 23 tar-
geted PFAS [ X,,FFAS) were observed between September and
November 2017 (Mann-Whitney L' test, p > 0,05), despite the
collapse of the thermocline between the two sampling dates
[Fig. 83%).* Non-parametric Kruskal-Wallis with post hoc
Dunn's test peiformed on 2l veitical profile sampliog
stations and for all seasons in Ashumet Pond revealed
Z,PFAS concentrations showed no  significant - spatial
differences (Dunn's west, p > 0.05, Fig. 53t) except between
two profiles in Ashumet Pond (ASHPD-0010 and ASHPD-0011,
Dunn's test, p < 0.05). Inspection of the data reveals the
median ¥5,PFAS is 200ng L " for ASHPD-0010 and 230 ng L '
for ASHPD-D011, which is a 14% difference and within
analytical uncertainty. These data suggest PFAS concentra-
tions were spatially and temporally consistent in Ashumet
Pond,

Elevated PFAS concentrations in wells downgradient from
both Ashumet and Johns Pond confirm that PFAS are present in
groundwater in the inferred ares of recharged lake water.™
Mizing of the upgradient shallow groundwater PFAS plume (<30
m below land surface.® Fig. 521) of limited lateral dimensions
(<200 m wide) with a surface-water body creates o much wider
zone (>3 km; Fig. 1A) of PFAScontaminated groundwater upon
recharge of lake water 1o the downgradient groundwater. This
general hydrological dispersion mechanism has imporant
imyplications for other PEAS-coniaminaied iegions withe signif-
icant groundwater/lake interactions. For cxample, when
a groundwater plume of limited lateral and vertical dimensions
enters a well-mixed surface-water body, the spatial extent of
contamination will disperse to the extent of the surface-water
body. Further, if the surfacewater body discharges down-
gradient o groundwater (as is the case here] andior river
oullets, the PFAS contaminalion will be transported to the
entire arca that receives and transmits the discharging water.
Although dilution of P'FAS from & morc concentrated ground
water contamination plume will occur upon interaction with
a surface-water body, the spatial footprint of contamination of
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PFAS has the potential o increase substantially, as observed
here.

Precursor degradation within the surface-water/ groundwater
boundary layer

We hyvpothesized that precursors would biodegrade during
transpornt through the biogeochemically active surface-water/
groundwater boundary laver. Consistent with this hypothesis,
the sum of total inferred precursors (Fig. 2, center) decreased by
85% and the inferred precursor mole fraction (Fig. 3) decreased
by 59% berween Ashumet Pond lake water sampled above the
downwelling zone and samples taken 84-100 cm below the lake
bottom (n = 5} (Fig. 2, center). in Ashumet Pond water (n = 19),
the mole fraction of inferred precursors measured was statisti-
cally grester (non-pamametric Kruskal-Wallis with post hoc
Dunn's test) than in downwelling porewater (8 = 12, p < 0.05)
and downgradient groundwater (n = 37, p < 0.05) [Fig. 3). The
presence of precursors in the downgradient groundwater
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indicates some precursors persist and are transported intact (or
transformed to intermediate precursors) across the surface-
water/groundwater boundary.

Both sorption and biotransformation could cause the
observed reduction in precursors across the surface-water/
groundwater boundary. Estimated sediment precursor concen-
trations (Table 57t) indicate only small increases in terminal
PEAAs following the TOP assay compared to pre-TOP PFAA
concentrutions suggesting minimal precursor sorprion. A
statistically significant inverse comelation (Spearman, r =
-0.62, p < 0.05] was observed between inferred precursor
concentrations and nitrate in porewater downwelling from
Ashumet Pond, sugpesting the decrease in concentration is
related 1o biotransformation. Nitrate concentrations increased
below the lake bottom in the dowmwelling rone, reaching
a maximum of 15 M at 100 cm below the lake bottom in the
September 2017 samples (temperature >20 °C, Fig. 2L This
increase in nitrate is consistent with previous observations at

S ———— e

Depth Below Lake Botlarn (cm)

Winter
8

a0 #*
100400 -F
00 05 1.0 15 0o 05 0 10 20

I PFSA (nM) and I PFCA (nM)

Pracursore (ni)

Summer
——CWOUT-L-N, Sepl. 17
—W=-CWOUT-R-N, Sept. "17

A GWOUT-R-S, Sept. 17

infarred gH. DO (mg L'}, Temp. |"C),
THL ]

Winter
© GWOUT-L-N, Feb."18
0O GWOUT-R-N, Feb '18

—&—GWOUT-L-S, Feb. "19
—4—-GWOUT-R-S, Feb. 18

Fig. 2 Sesonal Nuctuations in perflucroaliogl acids (PFAA) at the surlace-water/groundwater boundary. Vertical depth profiles of the sumn of
perfiuorcaliod sultfonates [PFSAL the sum of perfiuorcaliopt carbouylates (PRCA), inferred precursors, pH. dissolved oxygen [DO), termperature. and
PUTFEEE 3% ThE SUMTACE -Water [grourdhwater Dounaary 3t aownweling stes in Sepiempar 2017 Fetruary 2016, ano Fabrusry 2019 *Saa GWOUT-
R-5 sampied n Septermber 2017 tsee legend) was ancward of the lake shore due 1o low water kzvel in Ashumet Pond, the ssmpies are from 15
and 100 cm below the water table. located 40 om below the ground surface. See Fig 54% for profiles of individual PFAA concentrations.
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significant difference (p « 0051 between Group COMParEon using the
non-paametric Kruskal-Walls teit and post hoc Dunn's test for
muitiple compancons For olatichical tests the three Lake-water
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the 16 ke water sampies. The travel time (1 and dstance (] from ore
sample type 1o the next & indcated in green. Porewater velocities at
the downweliing sites at Ashurmet Pond have been obderved 1o range
from 67 1o 440 cm d ', assuming a porosity of 0 3998887 which
equates to @ maximum tramaport time of 36 howrs from ihe lake
bottom to 100 cm below the lake bottom. SW/GW swtands far wurface-
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this feld site and has been hypothesized to rellect bio-
mineralization of organic nitrogen coupled to nitrification.™
These results suggest an association between conditions that
lead to increased nitrate concentrations and precursor loss.
Prior work has shown that the surfacewater/groundwater
boundary is a tone of increased microbial activity relative 1o
the overlying water column owing to the greater nutrient and
microbial abundance in the sediments compared w lake
warer. == Nyrifcation i microblally drwen and nypically
requires owygen, ammonia, and redox gradients w proceed. "™
Nigification dominates over deniuification in arcas with shon
porewater residence times, as found at this site.™ The produc
tion of nitrate (Fig. 2] indicates an active microbial community,
which likety also facilitsres blodegradation of PFAS precursor
compounds during passage through the surfacewater
thon between nitrate and infermed precursed concentrations.

Seasonal changes in PFAA concenirations at the surface-
water groundwater boundary
PFCA and perfluoroalkyl sulfonates (PFSA) concentrations in

downwelling porowater (Fig. 2 and 4) and downgradicnt
groundwater were significantly different [Mann-Whitney U vest,
P < 0.05) between seasons, with kower average concentrations in
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the summer (September] and higher average concentrations in
the winter [February]. These seasonal differences are supported
by a strong inverse correlation (highest concentrations at low
trmperature] between temperature and the sum of PFCA
concentrations (Spearman, r = -0.30, p < 0,05, # = 102} and the
sum of PFSA concentrations (Spearman, r - —0.38, p< 0.05, 0 -
102) for all porewater and groundwater directly downgradient
from Ashumet Pond (Fig. 4} Ashumet Pond is the source water
for downwelling porcwater and downgradient groundwater.
Temporal trends in the porewater and groundwater are not
linked to PFAA concentration changes in the source water
because PFAA concentmations in Ashumet Pond water were
consistent seross all sampling dates (Fag. 4).

Al the downwelling surface-water/groundwiter  boundary
(GWOUT) of Ashumet Pond, the mean concentmition in pore
water increased from September (£,PFAS = 270 ng L ',
X PFCA = 110 ng L™, X,PFSA = 160 ng L") 1o February
[E,PFAS = 510 ng L', X,,PFCA = 280 ng L', 5,PFSA =
230 ng L'} Concentrations differed significantly between the
September and February samples for Dy PFAS, I, PFCA, and
E-PFSA [Mann-Whitney U test, p < 0.05). Porewater PFCA
concentrations varied with depth over the 100 em porewater
profile. In September 2017, the lowest PFCA concentrations
were obiserved in the deepest, 100 cm samples (Fig. 2, upper
left), suggesting loss of aqueous PFCA with depth. In contrast,
PFCA concenustions incieased with lncveasing depth fn the
February 2019 sampiles (Fig. 2, lower left)l This is a large (>3-
fold) increase in aqueous PFCA concentrations, considering the
shallow depth of the boundany-layer porewater samples
(=100 cm below the lake bottom) and short hydraulic residence
times (<36 h) relative to other regions along the hydrological
flow path such as the upgradient groundwater and Ashumet
Pond lake water. The two samples of downwelling porewater
from February 2018 appeared 10 be more consistent with the
trends seen in September 2017 samples (Fig. 2} However, the
general warer-quality parameters (high nitrate concentrations,
an intermediate temperature of 5.3 °C, and intermediate DO
concentrations, Fig. 2, lower right, circles and squanes|* indi-
cate the February 2018 porewater had not completely ransi-
tioned to wintertime conditions. In contrast, February 2019
conditions were indicative of a complete wintertime transition,
with mean water temperatures of 1.8 “C and high DO concen-
trations (Fig. 2, lower right, diamonds and triangles].

similar to the porewater at the surfacewater groundwarer
boundary, PFCA concentrations in FT22, the first groundwater
el g igradient fom Ashuies Puind, weie also sigoilicaitly
difficrent than in the bike water at all sampling dates (Mann -
Whitney, p < 0.05) and varicd by an order of magnitude across
sampling times. Specifically, well F722 displayed low PFCA
concentrations [mean = std, devs 27 < 34 ng L. ') in September
2017 and high concentrations in February 2018 (340 +
200 ng L ") and February 2019 {230 = 150 ng L ') (Fig. 4). PFSA
concenirations followed similar, but less pronounced, trends
than PFCA, with low September 2017 concentrations (130 +
36 ng L ') and increascd concentrations in February 20006 (170
+ 30 ng L") and February 2019 {220 + 100 ng L ") (Fig. 4).
September 2017 PFCA and PFSA  concentrations  were
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Fig. 4 Perflucrcaliyl acd IPFALl concentrations along the hydrologezal flow path. The sum of measured concentrations ol perfluoroaliogd
carbowylates (PFCA) and perfiuorcalip] sulfonates (PFSA) slong the hydrological Now path (from keft 1o right). The box encompasses the 257 and
757 percentiles and the orange ling repretents the S0™ percentile. Wiiskers represent the 3™ guartile plus 15 tirmes the interqudntile range (upper
bound] o the 1 guartde mirws 15 times the mtevguartile range Mower bound]. Circles represent oulliens. Lake -aater samples from February
2018 and 2013 were collected 20 om above the ke bottom at the dowmwelling - porewater sampling locations. The mean lake water surface
slevation sbove mean sa kevel (National Geodetic Vertical Datum of 19291 in Ashumiet Pond™ associated with esch sampling event is shown on

the right axis i blue. Dowrnweling - zone profiles can be found in Fig 2

statistically different from February 2018 and February 2019
concentrations at well F722 (Mann-Whitney, p < 0.05). PFCA
and PFSA concentrations were not significantly different for
February 2018 and February 2019 (Mann-Whitney, p = 0.05),
supporting the seasonal pattern in concentrations.  Similar
trends are abserved for both PFCA and PFSA when consldering
nanomolar units (Fig. 55%) and individual PFSA compounds
|Fig. S6-5101),

PFCA and PFSA concentrations in wells with increasing
distance from Ashumet Pond (F631, F665, F632) were not
statistically different (Mann-Whitney, p > 0.05) from those in
Ashumet Pond except for PFSA concentrations in the February

2018 samples from well F&31 and the September 2017 samples
from well F632. FFAA concentrations in wells aligned along the

hydrulogical flow path downgradient from Ashumet Pond were
more variable than those ssmpled within the lake (Fig, 4). This
reflects the observed variability in PFAA concentrations at the
surface-water/groundwater boundary, Processes such as mixing,
vertical layering of seasonal waters, and accumulation of
groundwater recharge at the water table along the flow path

BO0 | Emveron 01 Hrooesses Frpacts. AN 25 R0

likely dampen the signal of seasonal fuctuations in PFAA
groundwater concentrations farther away from the lake.
Tempaoral changes in PFAA concentriation cannat be
cxplained by precursor tmnsformations alone becouse the
inferred total precursor concentration in Ashumet Pond water is
lezz than the fiusmoarion in FFAA concentrarion. Increases in
median PFAA (0.73 nM) concentrations in downwelling pore-
water between September and February exceeded the median
estimate for the concentrations of all inferred precursors in
Ashumet Pond samples (043 = 0.09 nM). Additionally,
bictransformation of precursors would be expected o be more
rapid in summer when there is high biological activity due to
increased temperatures.” This would lead 10 higher down-
gradient aqueous PFAA concentrations in summer, not in
winter (as observed here). Temporal changes in EOF concen-
trations (Table S513%] further support the conclusion thm
temporal differences in PFAA are not driven by precursor
transformation. Concentrations of EOF decrcase by 73% from
Ashumet Pond [32 £ 3.6 nM F) to MA-FSW 722-058KT (5.7 nM F}
in September 2017, Conversely, concentrations of EOF at MA-
FSW 722-05BET in February 2018 (60.7 nM F) and 2019
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(34.2 nM F) are similar to or exceed concentrations in Ashumet
Pond. EOF captures both terminal compounds and precursors,
thus total EOF concentrations would not be expected to change
remporally if transformation of precursors into PFAAs at the
surface-water/groundwater boundary drove PFAA lluctuations.

Adsorption at the air-water interface cannot explain the
observed temporal trends at the surface water/groundwater
boundary either. For cample, GWOUT-LN was fully
submerged throughout the sampling campaign, yei PFAA loss
with depth was still observed in the summer. Also, temporal
trends were strongest for PPCA, including shon chain-length
compounds like perflucropentanoate (PFPeA) that would be
expected to sorb less strongly st the alr-water interface (Fig, Sh-
51041 While neither precursor transformation nor adsorp-
tion at the air woter interfoce can explain the observed seasonal
trends, the reduction of porewater PFAA concentrations in
summerime and increased parewater PFAA concentrations in
wintertime indicates a reversible phenomenon. The strong
inverse comrelation between nitrate and the sum of PFCA
concentrations (Spearman, r = —0.55, p < 0.05, n = 102) and
sum of PFSA concentrations (r = —0,2%, p< 0,05, n = 102) for all
porewater and groundwater directly downgradient from Ashu-
met Pond sugpests biological activity s driving the temparal
variations, a3 further discussed in the following section.

The groundwater and porewater results indicate that: (1) the
surfsee-water youndwates bowndury is the sowee of Nuctes-
tions in downgradienw groundwater concentrations, (2)
concentrations in downwelling porewater and nearby down-
gradiemt groundwarer change temporally [seasonally), with
lower concentrations in the summer (September) and higher
concentrations in the winter (Febniary), and [3) these temporal
changes are not driven by precursor transformation ar the air-
water interface. There have been few studies investigating
temporal trends of PFAS in groundwater or PFAS transpon
across surfoce-water/groundwater boundaries. Stecle o al™
found no staristically significant temporal trend in groundwater
data from a site in Alaska, but did find [weakly) statistically
significant temporal trends for groundwater at Pease Air Force
Base in New Hampshire. Ouor results indicate stronger seasonal
trends, likely owing to the surface-water/groundwater boundary
investigated in this work. Another study investigated transpon
of PFAS between groundwater and surface water, but was
primarily focused on mass transfer rates.®™ The data presented
here provide new information about the importance of the
surface-water/groundwater boundary layer and its potential to
dibve pemporal Muciuations in dowgadient growondwater,

Elevated PFCA sediment/water K, values at lake downwelling

sites

To investigate the processes driving the PFAA (particularly
PFCA) temporal variability, PFAS concentrations in sediment
from the surfacewater’groundwater boundary layer were
analyzed at upwelling and downwelling sites on Ashumet Pond
(Fig: 511 5131). The sediment MFAS composition at the surfacc
water/groundwater boundary ar downwelling sites (GWOUT)
was dominated by C4-C7 PFCA (21-76% of the towl molar
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mass, it = 8}, whereas at upwelling sites (GWIN) the sediment
PFAS composition had only a small molar froction of C4-C7
PFCA (0.80-3.2%, n = 4).

Field-derived sedimentwater partition coefficients (Ky) were
determined from porewater and solid-phase measurements
(Fig. 18, 512 and Table 58t). In the upwelling zone (GWIN),
PFCA and PFSA homologues of equivalent perflusrocarbon
chain length had similar Ky values, as expected, and varied by
a factor of =53 within each sumple (Fig. 512 and Table S&t).
The samples from the upwelling zone also followed expected
trends of increasing K, values with increasing perfluorinated
chain length (for me > 5, Fig. S12%) &, values rypically
decreased with increasing sediment depth (Table S8+

By contrast, in the downwelling zone (GWOUT), field-derived
of equivalent g (for g < 8, Fig. 512%) and varied by up to
a factor of 28 within each sample (Fig. S12 and Table S8t).
Additionally, dowmwelling-zone PFCA K values were not always
dependent on chain length, as observed for site GWOUT-R-N
15-30 em [Sept. 2017), where PFCA K, values had no chain-
length dependence for nu. < 8 (Fig. $124). Ky values typically
decreased with depth (Table 581) for 5., > 6 and increased with
depth for fye = 6. The high PFCA K values compared to PFSA
K, values was unexpected but is consistent with the temporal
trends observed in porewater and downgradient groundwater
that were partieularly pronvuived fur PFCA

Prior work, based primarily on laboratory studics, has shown
perfluorocarbon chain length is a primary factor mediating
sorption to sediments, with each additional perflunrinated
carbon increasing the &4 by 0.50-0.60 log units.™" Chain-length
effects are less prominent for PFAA with nye < 5. PFSA are
reponed to adsorb more strongly (+0.23 log units) than PFCA
with the same perflucrocarbon chain length due to headgroup
[sulfonate ve. carborylate) effects. ™™ Sorption to solids has also
been shown w increase with increasing sediment organic
carbon content, iron and aluminum oxide grain coarings, and
divalent cation concentrations.™™* Howrver, these studies
find that the trends observed for chain-dength and headgroup
are wplcally preserved. Our ficld-derived Xy resules display
important differences compared to the lab-based resulis
Specifically, chain-length dependent relationships are not
always observed, and PFCA sorbed more strongly than PFSA in
the downwelling surface-water/groundwater boundary exam-
ined during this field study.

There are important geachemical and hydrologic differences
between the upgradient and doswogradicnl sides of Ashuamet
Pond that may help explain the observed differences in PFAA
sorption. Measured sediment concentrations of iron (Fe) and
manganese (Mn) [Table 591) were typically higher at the
upwelling sites (Fez 360 £ 440 g g '; Mn: 968 = 1000 ug g ')
compared to downwelling sites (136 £ 45 ug g ' for Feand 32 =
24 pg g ' for Mn), where increased sorption for PFCA was
observed. Total carbon n sediment near the downwelling site is
higher (92 + 1 umol g') than in the sediment near the
upwelling sites (=43 pmol g "1™ Higher scdiment organic
carbon would lead to higher expected K values ar the down-
gradient site, as reported here (Fig. 512 and Table 554, but PFAS
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sorption by onganic carbon is also expected to result in a larger
K, for PFSA than for PFCA, which contrasts with the field
observations presented here.” Porewater velocity measure-
ments indieate [low rates are typically higher in the down-
welling zome compared to the upwelling zone [Table S144).
Higher fow rates Bvor nonequilibrium conditions. However,
non-equilibrium conditions and/or sorption  nonlinearity
cannot explain the large PFCA Ky values and temporal aguecus
PFAA trends, especially given the homogenous concentrations
in the Ashumet Pond source water,

The field evidence suggesis that PFAA are reversibly
sequestered in summer [during times of high biogeochemical
activity) and subsequently released in the winter [during times
when biological activity is diminished).™" Biologically
mediated sorption (such as sorption to microbial biofilms or
incorporation into lipid bilayers) would explain both the
remporal rends in downgradient porewater and groundwater
and also the strong PPCA K, values observed in sediment., On
the upgradient side of the lake, suboxic PFAS-containing
groundwater containing recaleitrant  dissolved  arganic
carbon concentrations of 0.78-1.1 mgC L ' discharges o the
largely oxic lake water.**' On the downgradient side of the
lake, oxic lake water comtaining more labile and higher
concentrations of dissolved organic carbon (~2 mgC 1~'pro
recharges the groundwater and stimulates microbial growth
(g the purewaler DO concentations progressively deviease
with depth below the lake bottom in the summer [Fig. 2),
indicating biological consumption). In winter, the porewater
within 100 em of the lake bortom remains exygen-rich (Fig. 2),
likely owing to a decrease in biological activity during the
winter. Observed temporal fluctuations in agueous PFCA and
PFSA concentrations are associated with cyclical changes in
biogeachemical conditions (DO, temperature, nitrate] in the
downgradient porewater (Fig. 2 and 4). There is a statistically
significant inverse correlation (Spearman, r= —0.69, p < 0.05)
berween PFCA and nitrate concentrations at well F722 for all
available sample data, suggesting sorption may be related to
biological processes. Sorption to bacteria, lipid bilayers, and
proteins has been shown to be stronger for PFSA than PFCA
with similar 5,..***" in contrast to observations presented
here. However, it has also been reported that live Gram-
negative bacterin may accumulate more PFAS (particularly
PFOA) than dead bacteria*™ This is consistent with high
porewater and groundwater aqueous PFCA concentrations in
winter, when the sediment is less biologically active and thus
may sl less PFCA mass andior potentiafly release PFCA
mass back to the agqueous phasc as the local algal and
microbial activity is reduced. Similarly, the increased pore-
vater and groundwater agueous PFCA concentrations in
winter coincide with a general decrease in downwelling PFCA
K, values from September 2017 to February 2019 (Fig. 5121).
The findings here suggest that typical oxic laboratory parti-
tioning experiments using stenlized, dried sediments may nol
reflect partitioning in a natural environment where a range of
dynamic proccsscs and biogoochemical conditions occur,
such as those found ar the surfacewater/groundwater
recharge boundary.
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Conclusion

This study investigated variability in PFAS concentrations between
a surfacewater body and the region where recharge of surface
water (o the downgradient groundwater occurs and disperses
PFAS over wi ares that s much luges than the original upgadient
groundwater plume. This work demonstrates that sorption and
tansformation mechanisms at the surfaccwaterigroundwater
boundary are important in reducing transpont of precursors into
downgradient groundwater. A fraction of the precursors persists
in the downgmdient groundwater, indicating a need for better
accounting of their contribution to the total PFAS burden in the
environment, even at locations distant [km] from sites of direct
AFFF application. FFAS concentrations in source water from
Ashumct Pond wore constant over time and space, but fluctuatcd
significantly at the surfacewater'groundwater boundany at the
downgradient side of the lake, which can impact downgradient
PFAS concentmations in groundwater that may be used as
a drinkingwater supply, The spatial and wmporal varability in
agueous PFAS concemtrations found at this site, where the
hydrology is well known and the well-characterized source water
has consistent PFAS concentrations, indicate that single space-
time-point sampling s insufficient to fully characterize PFAS
concentrations in groundwater and may negleet substantial
temporal concentration fluctuations. The temporal variability in
groundwater PFCA conveninitions (mmd, o o lesser degres, PFSA
concentnitions) and large field-derhved K, values for PRCA suggest
that there are processes that have not been accounted for and
need o be examined further to allow for accurate modeling and
prediction of PFAS fate, tmnspoet, and risk. The combined
evidence of emporal trends and strong inverse correlations with
nitrate suggests that future work should investigate biologically
driven sarption mechanisms and whether mpid biotransforma-
ton of precursors affects field &y values. Specifically, future
studics should incorporate analysis of micrubial community and
abundance and investigate the interconnection between redox
conditions, biological activity, and PFAS sorption.
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Tap Water for 500,000 Minnesotans Contaminated
With Elevated Levels of Nitrate

By Sarah Porter, Senior GIS Analyst, and Anne Weir Schechinger, Senior Analyst of Economics
TUESDAY, JANUARY 14, 2020

Drinking water for an estimated half a million Minnesotans is drawn from groundwater
contaminated with elevated levels of nitrate, a toxic pollutant that is linked to cancer and is especially
dangerous for infants, according to an EWG analysis of federal and state test data.

About one in eight Minnesotans served by groundwater-based public water systems consume tap
water that, in tests performed over the past 10 years, had at least one detection of nitrate at or above
the level the state considers a marker of potentially worsening contamination. Tens of thousands

more Minnesotans are drinking from private household wells with elevated nitrate.

Nitrate is a chemical component of fertilizer and manure that can run off of farm fields and seep into
groundwater. Our analysis shows that nitrate contamination is far worse in parts of Minnesota where
the types of soil and geology make it easier for nitrate in fertilizer and manure toget into
groundwater,

Toits credit, Minnesota is implementing a Groundwater Protection Rule to reduce nitrate in drinking
watcr. The rule  three years in the making and administered by the Minncsota Department of
Agriculture - is a welcome first step that must be implemented quickly and robustly. But EWG's
analysis shows that even full implementation of the new rule may be too little, too late to protect
Minnesotans - especially those drinking water from private household wells - from unsafe levels of
nitrate.

Nitrate's Health Effects

Under the federal Clean Water Act. the legal limit for nitrate in drinking water is 10 milligrams per
liter, or mg/L." This limit was set, in 1962, to guard against so-called blue baby syndrome, a
potentially fatal condition that starves infants of axygen if they ingest too much nitrate.

Ifips wiew. slwg orgintaractve-maps/2020_nitrate_in_mennesota_drinking waner_from_groundivater_sourcrs/
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But pewer research indicates that drinking water with 5 mg/L or even lower is associated with higher
risks of colorectal cancer and adverse hirth outcomes, such as neural tube birth defects. And the
Minnesota Department of Health says a level of 3 mg/L indicates that “human-made sources of

In June, EWG researchers released a peer-reviewed study that found nitrate pollution of US.
drinking water at levels far below the legal limit may cause up to 12,594 cases of cancer a year. The

article reviewed epidemiological studies of the hezlth effects of nitrate-contaminated drinking water.
Recent large-scale studies in Spain and Italy and in Denmark found statistically significant increases
in colorectal cancer risk associated with nitrate in drinking water at levels of 0.7 to 2mg/L.

In 2017, the Environmental Protection Agency began the work needed to review and revise the
current legal limit for nitrate. But in April 2019, the agency announced it would no longer consider
that re-evaluation a high priority. Drinking water with nitrate levels at or below 10 mg/L meets
federal standards, but it is clear that protecting public health requires keeping the contamination
level far below the legal limit.

Nitrate in Public Water Systems

Data from the U.S. Environmental Protection Agency show that 472,983 Minnesotans - more than
the population of Minneapolis - are served by a total of 727 public water systems that were
contaminated with at least 3 mg/L of nitrate, Almost 300,000 people drink from public systems
contaminated at or above 5 mg/L, and more than 150,000 from public systems with at least 10 mg/L.

Table 1. Minnesota Public Water Systems With Elevated Levels of Nitrate, 2009-2018

With at Least 1test >= With at Least 1test >=  With at Least 1 test >=

3me/L Smg/l 10mg/L
System Type Systems People | Systems People - Systems People
Served Served Served
Community 95 405386 55 258985 20 146202
Nor-community 632 67597 358 38251 104 8448

Allpublicgroundwater | 727 | 472983 413 297236 124 154650
systems

Source: US. EPA Sife Drinking Water Information System, from tests by pubiic water systems.
hitps.ifewa e orgimieracinie-maps 2020 _nitrate_in_minnesota_drinking_waner_from_groundhwaler_sources/
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Many public systems have nitrate tests that are dangerously high. Twenty-two systems serving 4,178
people had nitrate tests at twice the legal limit or more. with two of those systems testing close to 50
mg/L - five times the legal limit.

Public water systems are either community or non-community systems. Community water systems
mostly serve residents in cities and towns year-round. There are far more non-community systems,
which serve sites like churches and schools with their own source of drinking water, but they serve
much smaller populations and usually tor only part of the year. Out ot the /2/ public systems that
supply drinking water contaminated with nitrate at or above 3 mg/L, 95 are community systems and
632 are non-community systems.

Nitrate in Private Wells

Tests by the Minnesota Department of Health and Department of Agriculture inthe past 10 years
show that 7,657 Minnesota households drink from private wells with at least one test at or above 3
mg/L of nitrate. Even if those wells serve just three people each, it means almost 23,000 more
Minnesotans are drinking water contaminated with nitrate at or above that level.

Table 2. Private Drinking Water Wells in Minnesota With Elevated Levels of Nitrate, 2009-2018

At least 1testator At least 1test ator At least 1test ator
above 3 mg/l above 5 mg/l above 10 mg/l
Households with 7,657 5825 3364
Private wells
Sources: Minnesota Department of Health, Minnesota Department of Agriculture Township Testing Program and

Central Sands and Southeast Minnesots Volunteer Nitrate Manitoring Nelworks.

Of the households that drink from private wells, almost 6,000 wells were contaminated at or above 5
mg/L. and more than 3,000 were contaminated at or above the federal legal limit of 10 mg/L. At least
164 households had private wells that tested at or above twice the legal limit, or 20 mg/L.

Mapping Nitrate Contamination

hiipsUfwww erag orgimieraciive-mape/ 2020 _nitrate_in_minnesota_drinking _warer_from_groundwaler_sources/’
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EWG's interactive maps show the locations and levels for nitrate in Minnesota's public water systems
and private household wells.

- - t
hiips:fwww enag orgiinteractve-maps/2020_nitrate_in_minnesota_drindung_water_from_groundwaler_sources!
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The Minnesota Fertilizer Nitrogen Management Plan, released in 2015 and updated this year, found
that the millions of pounds of fertilizers and manure applied to cropland each year are the leading
sources of nitrate that can pollute drinking water. More importantly, the report found that without
careful managemenl, much of the nilrale remains alter crops are harvesled and can seepinto
drinking water.

EWG's maps confirm that nitrate contamination is far worse in regions of Minnesota where the types
of soil and geology make it easier for nitrate in fertilizer and manure to get into groundwater. The
area of highest vulnerability makes up almost one-fourth of the state and is home to 2.5 million acres
of cropland and 6,287 livestock feedlots.

Almost 20 percent of public water systems with nitrate levels at or above 3 mg/L drawon

groundwater in or very near areas considered highly vulnerable to nitrate contamination. About the

hiipsUfwww erag orgimieraciive-mape/ 2020 _nitrate_in_minnesota_drinking _warer_from_groundwaler_sources/’
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same percentage of private household wells also draws on groundwater in these highly vulnerable
areas. If you live in one of these areas. you are very likely drinking nitrate-contaminated water.

Who Is Affected?

Nitrate contamination of drinking water is a largely rural issue. Eighty-five percent of public water
systems with at least one test at ar above 5 mg/L served people living in rural Minnesota. Fully 98
percent of townships where at least one test of domestic wells revealed nitrate contamination at or
abowve 5 mg/L were located in rural areas.

About half of the communities and households affected by high nitrate levels are located in areas
where household incomes fall below the state median, Of 413 public water systems with at least one
test at or above 5 mg/L, 203 are located in U.S. Census block groups where household income is less
than the state median. Of 617 townships with at least one private well detection at or above 5 mg/L,
299 are also in areas with household income below the state median.

Groundwater Protection Rule May Be Too Little, Too
Late

Minnesota’s Groundwater Protection Rule was finalized in June 2019 and will be implemented
starting in 2020. The rule is a welcome first step, but it is likely to fall short. Here's why:

Most troubling is that the new rule is designed to prevent nitrate in community water systems
from exceeding the EPA's legal limit of 10 mg/L - despite the growing evidence that the existing
legal limit is not safe. The research cited earlier - that nitrate levels as low as less than 1 mg/L
may increase the risk of colorectal cancer - means the target level should be set far lower.

The new rule bans the application of nitrogen fertilizer in the fall or on frozen soil in highly
vulnerable areas. That will affect about 2.2 million acres of cropland and also applies to about
310,000 crop acres around public wells with high nitrate that are designated for protection.
But a 2014 survey by the state agriculture department and USDA found that statewide, 61
percent of fields received more nitrogen fertilizer, and 71 percent more manure nitrogen, than
recommended by the University of Minnesota. Even higher proportions of fields in highly
vulnerable southeast Minnesota received more nitrogen than recommended. To ensure
groundwater s safe todrink, state-of-the-art fertilizer and manure management practices are

needed on far more fields in the highly vuinerable areas than is required by the new rule.
hitps.ifewa e orgimieracinie-maps 2020 _nitrate_in_minnesota_drinking_waner_from_groundhwaler_sources/
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To improve the way farmers and landowners use and manage fertilizer and manure, the rule
relies heavily an their voluntary participation. Mandatory best management practices can be
enforced but only in areas to protect community water systems with contamination
approaching the legal limit, Provisions in the rule could delay enforcement of mandatory
measures for years. EWG has steadfastly supported voluntary programs, but they have proven
to be too slow and poorly targeted to succeed at addressing the challenges Minnesota faces to
make sure people have safe drinking water.

Analysis of the nitrate data shows that private wel's are also likely contaminated with
pesticides and bacteria. People on well water cannot rely on the monitoring and regulatory
oversight their neighbors on public water enjoy. The heaith department directs public
education and outreach initiatives to help private well owners but says that in the end, "private
well users are responsible for making sure their water is safe for everyone in the household to
drink” There must be far more frequent and systematic testing of private wells, for more
contaminants, and more technical and financial assistance designed to help households make
sure their water is safe.

Finally, the data show that nitrate contamination of Minnesota groundwater, the focus of this
analysis, is a serious problem in highly vulnerable areas. If contamination of surface water were
included in this analysis, the state’s nitrate problem would appear even worse.

Reliance on treating drinking water so that it has safe levels of nitrate is an expensive and often
ineffective way to protect people. It is more effective to prevent nitrate contamination of drinking
water in the first place. What is needed is an aggressive policy and programmatic approach that
strategically combines voluntary and mandatory approaches to cleaning up Minnesota's sources of
drinking water.

To see more results of this study, click here,
Special thanks to Soren Rundquist, Director of Geaspatial Analysis, and Craig Cox, Senior VP, Agriculture and

Resources, for their help in completing this report. This report was produced with the generous support of the
McKnight Foundation, the Walton Family Foundation and the Pisces Foundation.

NOTES
1. One milligram per liter is equal to one part per million, or ppm, 2 measurement often used for

reporting water contamination levels. A part per million is about four dropsin a 55-gallon
hitps.ifewa e orgimiaracinie-maps 2020 _nitrate_in_minnesota_drinking_waner_from_groundwaler_sources’
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barrel of water. The State of Minnesota measures nitrate contamination in milligrams per liter.

Methodology
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Abstract

Background

Epidemiological evidence in multiple jurisdictions has shown an association between nitrate
exposure in drinking water and an increased risk of colorectal cancer (CRC).

Objective

We aimed to review the extent of mitrate contamination in New Zealand dnnking water and

estimate the health and financial burden of nitrate-attributable CRC.
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Methods

We collated data on nitrate concentrations in drinking water for an estimated 85% of the New
Zealand population (~4 million people) who were on registered supplies. We estimated nitrate
levels for the remaining population (~600,000 people) based on samples from 371 unregistered
(private) supplies. We used the effective rate ratio from previous epidemiological studies to
estimate CRC cases and deaths attributable to nitrate in drinking water.

Results

Three-quarters of New Zealanders are on water supplies with less than 1 mg/L NO3-N. The
population weighted average for nitrate exposure for people on registered supplies was 0.49 mg/L
NO3-N with 1.91% (95%6CI 0.49, 3.30) of CRC cases attributable to nitrates. This correlates to 49.7
cases per year (95%C1 14.9, 101.5) at a cost of 21.3 million USD (95% 6.4, 43.5 million USD). When
combining registered and unregistered supplies, we estimated 3.26% (95%CI 0.84, 5.57) of CRC
cases were attributable to nitrates, resulting in 100 cases (95%Cl 25.7, 171.3) and 41 deaths (95%CI
105, 69.7) at a cost of 43.2 million USD (95%CI 109, 73.4).

Conclusion

A substantial minority of New Zealanders are exposed to high or unknown levels of nitrates in
their drinking water. Given the international epidemiological studies showing an association
between cancer and nitrate ingestion from drinking water, this exposure may cause an important
burden of preventable CRC cases, deaths, and economic costs. We consider there is sufficient
evidence to justify a review of drinking water standards. Protecting public health adds to the
strong environmental arguments to improve water management in New Zealand.

Introduction

Golorectal cancer (CRC) contributes almost 109 of global cancer incidence (Favoriti et al., 2016).
There are major geographic variations in CRC burden worldwide, with high-income countries

such as New Zealand (NZ) experiencing markedly higher CRC rates (35.3 age-standardised cases
per 100,000) compared with low and middle-income (Bangladesh 3.8 cases per 100,000) (Bray et
al., 2018). Maori (NZ's Indigenous population) experience lower rates of CRC than non-Maori,
although this gap is reducing over time. Further, while experiencing fewer CRC registrations than
non-Maori, Miori are more likely to die from CRC (Blakely et al., 2015).

An estimated 90% of CRCs are sporadic (non-hereditary), meaning they develop after birth due to
a range of modifiable risk factors (Purcell et al., 2017). Common risk factors for CRC include
obesity, alcohol consumption, physical inactivity, smoking, and red and processed meat

consumption (Bray et al., 2018). Emerging epidemiological evidence has shown that hii nitrate
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concentrations in drinking water may also be a risk factor for CRC (Temkin et al., 2019; Ward et
al,, 2018).

An International Agency for Research on Cancer (IARC) assessment of studies up to 2006 reported
that ingested nitrate under conditions that result in endogenous nitrosation is probably
caranogenic to humans (International Agency for Research on Cancer, 2010). Endogenous
nitrosation is a process that involves the reactions between nitrosation agents (metabolised from
nitrate) and nitrosatable compounds (eg amines or haeme) to form N-nitroso compounds (NOC).
These NOC induce DNA-damaging metabolites, which could lead to cancerous lesions in cells
(Gurjao et al., 2021; Zhu et al,, 2014). Vitamin C is a known inhibitor of nitrosation so vegetables
are a key moderator in this pathway. The role of Vitamin C may explain why vegetable
consumption has a protective effect against CRC despite the majority of ingested nitrate coming
from vegelables (Jolmson el al., 2013). In contrast, waler does nol contaiu any NOC inhibiling
features. A randomised-controlled trial with human participants showed water-based nitrate
increased bio-makers of NOC formation in facces (van Breda et al., 2019), which supports human
feeding studies focusing on dietary nitrate consumption (Hughes et al,, 2001; Rowland et al,,
1991).

International guidelines for nitrate in drinking water are designed to prevent the acute risk of
infantile methemoglobinemia, rather than the chronic risk of cancer (World Health Organization,
2017). Thus, the current WHO drinking water guidelines and NZ drinking water standards for
pitrate are 11.3 mgfL nitrate-nitrogen (NO3-N — referred to from here on simply as mg/L).
However, subsequent well-designed studies have reported associations between nitrate
contamination in drinking water and CRC (Espejo-Herrera et al., 2016; Schullehner et al,, 2018;
Ward et al,, 2018).

Nitrate contamination of drinking water can come from agricultural activities, sanitation and
from industrial processes (Almasri, 2007). The largest source of nitrate contamination in NZ
waterways is from pastoral farming, specifically from intensive dairy farming (Morgenstern and
Daughney, 2012). Nitrate leaching from urine patches is the largest source of nitrate
contamination from pastoral farming (Parliamentary Commissioner for the Environment, 2013),

There is relatively little nitrate leaching from fertilizer application unless the fertilizer
application is poorly timed, such as a few days before a high rainfall event (Vogeler et al., 2015).
Pre-agricultural, background nitrate levels in groundwater in NZ are estimated to have been
0.16 + 0.08 mg/L (Morgenstern and Daughney, 2012). The latest survey of groundwater sites, but
not necessarily drinking water, (n = 342) in NZ found 34% had concentrations above 3 mg/L
(Ministry for the Environment & Stats NZ 2019) However, in NZ, no comprehensive national
database for drinking water nitrate contamination exists.

Drinking water quality in NZ is regulated under the Health (Drinking Water) Amendment Act
2007 (2019) by the Ministry of Health (MoH). This Act requires suppliers of drinking water lo
more than 25 people to be included on the Register of NZ Drinking Water Suppl
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there were 677 registered drinking water suppliers, serving approximately 4,095,200 people (ESR,
2020) or ~87% of the 2018 population (Statistics New Zealand, 2020). About 13% of the population
(~603,500 people) (ESR, 2020) is not served by a registered drinking water supplier (Statistics New
Zealand, 2020). These people are likely to be served by either very small networked supplies or are
classified as self-supplied. For the purposes of our analyses we call these ‘unregistered supplies.

In New Zealand. the ‘Priority 2 Chemical Determinand Identification Programme ran between
1995 and 2004 (ESR, 2019). If a determinand was found to be less than 50% of the Maximum
Acceptable Value (MAV) ongoing monitoring was not deemed to be required, meaning any water
supply reporting less than 5.7 mg/L was not required to conduct ongoing testing. As a result, in
2019, nitrate monitoring was only required on supplies that serviced 53,900 people or 1.1% of the
NZ population (Ministry of Health, 2020).

The burden of CRC attributable to nitrate contaminated water has not been estimated in NZ.
Temkin et al. (2019) estimated between one and eight percent of CRC cases in the US could be
attributable to nitrate contamination in drinking water. A NZ study has estimated the CRC rates
attributable to other known risk factors such as cbesity (9%), alcohol (7%), physical inactivity (4%),
smoking (3%), consumption of red meat (5%) and processed meat (3%) (Richardson et al., 2016).
These estimates represent the population attributable fractions (PAF), the proportion of disease
in the population that could be prevented if the modifiable risk factor (or exposure) was
eliminated (Webb et al., 2017).

The aims for this present study are to:
1) Estimate the nature and extent of New Zealanders’ exposure to nitrate in drinking water.

2) Estimate the number of colorectal cancers attributable to nitrate contamination of drinking
waler.

3) Estimate the potential health costs associated with excess nitrate concentrations in drinking
water.

Section snippets

Nitrate contamination dataset

Data requests for current and historical nitrate data, supply charactenistics and spatial files for
supply boundaries were sent to the 66 District Councils in January 2020. Most District Councils
treated the data request as an Official Information Act (OIA) Request under the Local Government
Official Information and Meetings Act 1987, which requires the District Council to provide an
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official response within 20-working days. Due to privacy restrictions, contact details for private
non-District...

Nitrate database completeness by supply type

[n total, we collated nitrate data on an estimated 85% of the NZ population (Table 1). The
majority of the data come from large water suppliers (3.4 million, 73%) who supply more than
10,000 people, while supplies with less than 25 people service around 13% of the population. The
data coverage increases with the size of the water supplier from 0.4% for under 25 people to 100%
for suppliers serving greater than 10,000 people. It is likely people on unregistered supplies are
the most at-risk of ..

Discussion

The majority of people in NZ are on water supplies with low levels of nitrate contamination (less
than 0.5 mg/L). In total, 410,292 people supplied by registered water suppliers (9%6) had nitrate
exposure greater than that observed by Schullehner et al. (2018) as a CRC risk (1 mg/L). However,
there are a large proportion of people on unregistered supplies (600,000 or ~15%) who are at the
greatest risk of exposure to nitrate in drinking water, and data were missing from an additional
130,000...

Conclusion

Most New Zealanders are exposed to relatively low levels of nitrate but some are exposed to high
levels (eg 14% exposed to water supplies with more than 1 mg/L NO3-N), and many take water
from supplies that are not monitored for nitrate. Consequently, we estimate that about 3% of
CRC cases in NZ may be attributed to nitrate contamination of drinking water. Recent
epidemiological studies of the association between cancer and nitrate ingestion from drinking

water reinforce the urgency to review...
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Abstract: Nitrate levels in our water resources have increased in many areas of the world largely due
to applications of inorganic fertilizer and animal manure in agricultural areas. The regulatory limit
for nitrate in public drinking water supplies was set to protect against infant methemoglobinemia,
but other health effects were not considered. Risk of specific cancers and birth defects may be
increased when nitrate is ingested under conditions that increase formation of N-nitroso compounds.
We previously reviewed epidemiologic studies before 2005 of nitrate intake from drinking water
and cancer, adverse reproductive outcomes and other health effects. Since that review, more than
30 epidemiologic studies have evaluated drinking water nitrate and these outcomes. The most
commen endpoints studied were colorectal cancer, bladder, and breast cancer (three studies each),
and thyroid disease (four studies). Considering all studies, the strongest evidence for a relationship
between drinking water nitrate ingestion and adverse health outcomes (besides methemoglobinemia)
is for colorectal cancer, thyroid disease, and neural tube defects. Many studies observed increased risk
with ingestion of water nitrate levels that were below regulatory limits. Future studies of these and
other health outcomes should include improved exposure assessment and accurate characterization
of individual factors that affect endogenous nitrosation.

Keywords: drinking water; nitrate, cancer, adverse reproductive outcomes; methemoglobinemia;
thyroid disease; endogenous nitrosation; N-nitroso compounds

1. Introduction

Since the mid-1920s, humans have doubled the natural rate at which nitrogen is deposited
onto land through the production and application of nitrogen fertilizers (inorganic and manure),

It |. Ewoiron. Res. Pabdic Hoalth 2018, 15, 1557; doi: 10,3390/ ferph1 5071557 wiww mdpioom /journal /ijerph
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the combustion of fossil fuels, and replacement of natural vegetation with nitrogen-fixing crops such
as soybeans [1.2]. The major anthropogenic source of nitrogen in the environment is nitrogen fertilizer,
the application of which increased exponentially after the development of the Haber-Bosch process
in the 1920s. Most synthetic fertilizer applications to agricultural land occurred after 1980 [ 3], Since
approximately half of all applied nitrogen drains from agricultural fields to contaminate surface and
groundwater, nitrate concentrations in our water resources have also increased [1].

The maximum contaminant level (MCL) for nitrate in public drinking water supplies in the United
States (US.) is 10 mg/L as nitrate-nitrogen (NO;-N). This concentration is approximately equivalent to
the World Health Organization (WHO) guideline of 50 mg/L as NOs or 113 mg/L NOs-N (multiply
NOs mg/L by 0.2258). The MCL was set to protect against infant methemoglobinemia; however
other health effects including cancer and adverse reproductive outcomes were not considered [4].
Through endogenous nitrosation, nitrate is a precursor in the formation of N-nitroso compounds
(NOC); most NOC are carcinogens and teratngens. Thus, exposure to NOC formed after ingestion of
nitrate from drinking water and dietary sources may result in cancer, birth defects, or other adverse
health effects. Nitrate is found in many toods, with the highest levels occurring in some green leafy
and rool vegetables |5,6]. Average daily intakes from food are in the range of 30-130 mg/day as
NO; (7-29 mg/day NO3-N) [5]. Because NOC formation is inhibited by ascorbic acid, polyphenols,
and other compounds present at high levels in mest vegetables, dietary nitrate intake may not result
in substantial endogenous NOC formation [5,7].

Studies of health effects related to nitrate exposure from drinking water were previously reviewed
through early 2004 [S]. Further, an International Agency for Research on Cancer (IARC) Working
Group reviewed human, animal, and mechanistic studies of cancer through mid-2006 and concluded
that ingested nitrate and nitrite, under conditions that result in endogenous nitrosation, are probably
carcinogenic [5]. Here, our objective is to provide updated information on human exposure and to
review mechanistic and health effects studies since 2004. We summarize how the additional studies
contribute to the overall evidence for health effects and we discuss what future research may be
most informative.

2. Drinking Water Nitrate Exposures in the United States and Europe

Approximately 45 million people in the US. {(about 14% of the population) had self-supplied
water at their residence in 2010 [9]. Almost all (98%) were private wells, which are not regulated by the
US. Environmental Protection Agency (EPA). The rest of the population was served by public water
supplies, which use groundwater, surface walter, or both. The U.S. Geological Survey’s National Water
Quality Assessment (USGS-NAWQA) Project [10] sampled prinapal groundwater aquifers used as
U.S. public and private drinking water supplies in 1988-2015. Nitrate levels in groundwater under
agricultural land were about three times the national background level of 1 mg/L NOs-N (Figure 1) [11].
The mixed land use category mostly had nitrate concentrations below background levels reflecting
levels in deeper private and public water supply wells. Based on the NAWOA study, it was estimated
that 7% of Puhl ic-supply walls and 6% of private wells exceeded the MC1 ; whereas, in agriculiural
areas, 21% of private wells exceeded the MCL [10]. The USGS-NAWQA study also revealed significant
decadal-scale changes in groundwater nitrate concentrations among wells sampled first in 1985-2000
and again in 2001-2010 for agricultural, urban, and mixed land uses |12]. More sampling networks
had increases in median nitrate concentration than had decreases.

A study of US. public water supplies (PWS) using data from EPA’s Safe Drinking Water
Information System estimated that the percentage of PWS violating the MCL increased from 0.25 to
0.42% during 1994-2009; most increases were for small to medium PWS (<10,000 population served)
using groundwater [ 13]. As a result of increasing nitrate levels, some PWS have incurmed expensive
upgrades to their treatment systems to comply with the regulatory level [14-16].
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Figure 1. Boxplors of nitrate concentrations in shallow groundwater beneath agnoultural and
urban land uses, and at depths of private and public drinking water supplies beneath mixed land
use. The number of sampled wells were 1573 (agricultural land), 1054 (urban), and 3417 (mixed).
The agricultural and urban wells were sampled (o assiss land use effects, whereas the mixed category
wells were sampied al depths of private and public supplies. Median depths of wells in the agricultural,
urban, and mived categories were 34, 32, and 200 feet, respectively. The height of the upper bar is
1.5 times the length of the box. and the lower bound was truncated at the nitrate detection limit of
0L05 mg/L NO3-N.

In Europe, the Nitrates Directive was set in 1991 [17,18] to reduce or prevent nitrate pollution
from agriculture. Areas most affected by nitrate pollution are designated as ‘nitrate vulnerable zones'
and are subject to mandatory Codes of Good Agricultural Practice [15]. The results of compliance with
this directive have been reflected in the time trends of nitrate in some countries. For example, nitrate
levels in groundwater in Denmark increased in 1950-1980 and decreased since the 1990s [ 19]. Average
nitrate levels in groundwater in most other European countries have been stable at around 17.5 mg/L
NO; (4 mg/L NOs-N) across Europe over a 20-year period (1992-2012), with some differences between
countries both in trends and concentrations, Average concentrations are lowest in Finland (around
1 mg/L NO; in 1992-2012) and highcst in Malta (58.1 mg/L in 2000-2012) [20]. Avcrage annual nitratc
concentrations at river monitoring stations in Europe showed a steady decline from 2.7 NO3-N in 1992
to 2.1 mg/L in 2012 [20], with the lowest average levels in Norway (0.2 mg/L NOs=N in 2012) and
highest in Greece (6.6 mg/L NOs-N in 2012).

Levels in finished public drinking water have been published only for a few European countries.
Trends of nitrate in drinking water supplies from 1976 to 2012 in Denmark showed a decline in
public supplies but not in private wells [21]. In Spain, median concentrations were 3.5 mg/L NO;
(range: 0.4—66.8) in 108 municipalities in 2012 [22], and 4.2 mg/L (range: <1-29) in 11 provinces in
2010 [23). Levels in other countries included a median of (.18 mg/L (range: <0.02—7.9) in Iceland in
2001-2012 [24]. a mean of 16.1 mg/L (range: 0.05—29 mg/L) in Sicily, Italy in 2004—2005 [25] and a
range from undetected to 63.3 mg/L in Deux-Sévres, France in in 20052009 [26].

Nitrate levels in bottled water have been measured in a few areas of the EU and the US. and have
been found to be below the MCL. In Sicily, the mean level was 15.2 mg/L NOs(range: 1.2—31.8 mg/L)
in 16 brands [25] and in Spain, the median level was 5.2 mg/L NO; (range: <1.0-29.0 mg/L) in
9 brands [23]. In the U.S., a survey of bottle water sold in 42 lowa and 32 Texas communities found
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varying but generally low nitrate levels. Nitrate concentrations ranged from below the limit of detection
0.1 mg /L NO3-N) to 4.9 mg/L NOs-N for U.S. domestic spring water purchased in Texas.

There are few published studies of nitrate concentrations in drinking water outside the US. and
Europe. Nitrate concentrations in groundwater were reported for Morocco, Niger, Nigeria, Senegal,
India-Pakistan, Japan, Lebanon, Philippines and Turkey with maximum levels in Senegal (median
429 mg/L NOs-N) [5]. In India, nitrate in drinking water supplies is particularly high in rural areas,
where average levels have been reported to be 45.7 mg/L NO; [27,25] and 66.6 mg/L NOjy [25];
maximum levels in drinking water exceeded 100 mg/L NO; in several regions [27,29]. Extremely
high levels of nitrate have been reported in The Gaza Strip, where nitrate reached concentrations of
500 mg/ L. NO; in some areas, and more than 50% of public-supply wells had nitrate concentrations
above 45 mg/L NO; [30].

3. Exposure Assessment in Epidemiologic Studies

With the implementation of the Safe Drinking Water Act in 1974, more than 40 vears of
monitoring data for public water supplies in the U.S. provide a framework of measurements to
support exposure assessments. Historical data for Europe are more limited, but a quadrennial nitrate
reporting requirement was implemented as part of the EU Nitrates Directive [17,15]. In the US,,
the frequency of sampling for nitrate in community water systems is stipulated by their sources
{ground versus surface waters) and whether concentrations are below the MCL, and historically, by
the size of the population served and vulnerability to nitrate contamination. Therefore, the exposure
assessment for study participants who report using a public drinking water source may be based on
a varable number of measurements, raising concerns about exposure misclassification. In a study
of bladder cancer risk in lowa, associations were stronger in sensitivity analyses based on more
comprehensive measurement data [31]. Other studies have restricted analyses to subgroups with
more complete or recent measurements [32-35], with implications for study power and possible
selection biases, Sampling frequency also limits the extent to which temporal variation in exposure
can be represented within a study population, such as the monthly or trimester-based estimates of
exposure most relevant for etiologic investigations of adverse reproductive outcomes. In Denmark,
limited seasonal variation in nitrate monitoring data suggested these data would sufficiently capture
temporal variation for long-term exposure estimates [36]. Studies have often combined regulatory
measurements with questionnaire and ancillary data to better characterize individual variation in
nitrate exposure, such as to capture changes in water supply characteristics over time or a participant’s
duration at a drinking water source [31,33,37,38]. Most case-control studies of drinking water nitrate
and cancer obtained lifetime residence and drinking water sopurce histories, whereas cohort studies
tyvpically have collected only the current water source. Many studies lacked information about study
participants’ water consumption, which may be an important determinant of exposure to drinking
water contaminants [39],

Due to sparse measurement data, exposures for individuals served by private wells are more
difficult bo estimate than expostnes for thnse on rmhlir water Eul!r'ﬂir-s.. However, advanoes in
geographic-based modeling efforts that incorporate available measurements, nitrogen inpuls, aquifer
characteristics, and other data hold promise for this purpose. These models include predictor variables
describing land use, nitrogen inputs (fertilizer applications, animal feeding operations), soils, geology,
climate, management practices, and other factors at the scale of interest. Nolan and Hitt [40] and
Messier et al. [41] used nonlinear regression models with terms representing nitrogen inputs at the land
surface, transport in soils and groundwater, and nitrate removal by processes such as denitrification,
to predict groundwater nitrate concentration at the national scale and for North Carolina, respectively.
Predictor variables in the models included N fertilizer and manure, agricultursl or forested land
use, soils, and, in Nolan and Hitt [40], water-use practices and major geology. Nolan and Hitt [40]
reported a training R values of 0.77 for a model of groundwater used mainly for private supplies and
Messier, Kane, Bolich and Serre [41] reported a cross-validation testing R® value of 033 for a point-level
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private well model. These and earlier regression approaches for groundwater nitrate [42—46] relied
on predictor variables describing surficial soils and activities at the land surface, because conditions
at depth in the aquifer typically are unknown. Redox conditions in the aquifer and the time since
water entered the subsurface (i.e., groundwater age) are two of the most important factors affecting
groundwater nitrate, but redox constituents typically are not analyzed, and age is difficult to measure.
Even if a well has sufficient data to estimate these conditions, the data must be available for all wells in
order to predict water quality in unsampled areas. In most of the above studies, well depth was used
as a proxy for age and redox and set to average private or public-supply well depth for prediction.

Recent advances in groundwater nitrate exposure modeling have involved machine-learning
methods such as random forest (RF) and boosted regression trees (BRT), along with improved
characterization of aquifer conditions at the depth of the well screen (the perforated portion of the
well where groundwater intake occurs). Tree-based models do not require data transformation,
can fit nonlinear relations, and automatically incorporate interactions among predictors [47]
Wheeler et al. [45] used RF to estimate private well nitrate levels in lowa. [n addition to land use
and soil variables, predictor variables included aquifer characteristics at the depth of the well screen,
such as total thickness of fine-grained glacial deposits above the well screen, average and minimum
thicknesses of glacial deposits near sampled wells, and horizontal and vertical hydraulic conductivities
near the wells. Well depth, landscape features, nitrogen sources, and aquifer characteristics ranked
highly in the final model, which explained 77% and 38% of the variation in training and hold-out
nitrate data, respectively.

Ransom et al. [4Y] used BRT to predict nitrate concentration at the depths of private and
public-supply wells for the Central Valley, California. The model used as input estimates of
groundwater age at the depth of the well sereen (from MODFLOW /MODPATH models) and
depth-related reducing conditions in the groundwater. These estimates were generated by separate
models and were available throughout the aquifer. Other MODFLOW-based predictor variables
comprised depth to groundwater. and vertical water fluxes and the percent coarse material in
the uppermost part of the aquifer where groundwater flow was simulated by MODFLOW. Redox
variables were top-ranked in the final BRT model, which also included land use-based N leaching
flux, precipitation, soil characteristics, and the MODFLOW-based variables described above. The final
model retained 25 of an initial 145 predictor variables considered, had training and hold-out R values
of 0.83 and 0.4 respectively, and was used to produce a 3D visualization of nitrate in the aquifer. These
studies show that modeling advances and improved characterization of aquifer conditions at depth
are increasing our ability to predict nitrate exposure from drinking water supplied by private wells.

4. Nitrate Intake and Endogenous Formation of N-Nitroso Compounds

Drinking water nitrate is readily absorbed in the upper gastrointestinal tract and distributed
in the human body. When it reaches the salivary glands, it is actively transported from blood into
saliva and levels may be up to 20 times higher than in the plasma [50-53]. In the oral cavity 67
of the total nitrate can be reduced o nitrite, predominantly by nitrate-reducing bacteria [52,54,55]
The secreted nitrale as well as the nitrite generated in the oral cavity re-enter the gastrointestinal tract
when swallowed.

Under acidic conditions in the stomach, nitrite can be protonated to nitrous acid (HNO.),
and subsequently yield dinitrogen trioxide (N205), nitric oxide (NO), and nitrogen dioxide (NO;).
Since the discovery of endogenous NO formation, it has become clear that NO is involved in a wide
range of NO-mediated physiological effects. These comprise the regulation of blood pressure and
blood flow by mediating vasodilation [56~58], the maintenance of blood vessel tonus [59], the inhibition
of platelet adhesion and aggregation [60,61], modulation of mitochondrial function [62] and several
other processes [63-66],

On the other hand, various nitrate and nitrite derived metabolites such as nitrous acid
(HNO3) are powerful nitrosating agents and known to drive the formation of NOC, which are
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suggested to be the causal agents in many of the nitrate-associated adverse health outcomes. NOC
comprise N-nitrosamines and N-nitrosamides, and may be formed when nitrosating agents encounter
N-nitrosatable amino acids, which are also from dietary origin. The nitrosation process depends on
the reaction mechanisms involved, on the concentration of the compounds involved, the pH of the
reaction environment, and further modifying facters, including the presence of catalysts or inhibitors
of N-nitrosation [66-69].

Endogenous nitrosation can also be inhibited, for instance by dietary compounds like vitamin
C., which has the capacity to reduce HNO; to NO; and alpha-tocopherol or polyphenols, which can
reduce nitrite to NO [54,70-72]. Inhibitory effects on nitrosation have also been described for dietary
flavonoids such as quercetin, ferulic and caffeic acid, betel nut extracts, garlic, coffee, and green tea
polyphenals [73.74]. Earlier studies showed that the intake of 250 mg or 1 g ascorbic acid per day
substantially inhibited N-nitrosedimethylamine (NDMA) excretion in 25 women consuming a fish
meal rich in amines (nitmsatable precursors) for seven days, in combination with drinking water
containing nitrate at the acceptable daily intake (ADI) [75]. In addition, strawberries, garlic juice,
and kale juice were shown to inhibit NDMA excretion in humans [76]. The effect of these truits
and vegetables is unlikely lo be due solely to ascorbic acid. Using the N-nitrosoproline (NPRO) test,
Helser et al. [77] found that ascorbic acid only inhibited nitrosamine formation by 24% compared with
41-63"% following ingestion of juices (100 mL) made of green pepper, pineapple, strawberry or carrot
containing an equal total amount of ascorbic acid.

The protective potential of such dietary inhibitors depends not only on the reaction rates of
N-nitrosatable precursors and nitrosation inhibitors, but also on their biokinetics, since an effective
inhibitor needs to follow gastrointestinal circulation kinetics similar to nitrate [75]. It has been argued
that consumption of some vegetables with high nitrate content, can at least partially inhibit the
formation of NOC [79-51]. This might apply for green leafy vegetables such as spinach and rocket
salad, celery or kale [77] as well as other vegetables rich in both nitrate and natural nitrosation
inhibitors. Preliminary data show that daily consumption of one bottle of beetroot juice containing
400 myg nitrate (the minimal amount advised for athletes to increase their sports performances) for one
day and seven days by 29 young individuals results in an increased urinary excretion of apparent total
nitroso compounds (ATNC), an effect that can only be partially inhibited by vitamin C supplements
(1 g per day) [52).

Also, the amount of nitrosatable precursors is a key factor in the formation of NOC. Dietary
intakes of red and processed meat are of particular importance [83-57] as increased consumption
of red meat (600 vs. 60 g/day), but not white meat, was found to cause a three-fold increase in
fecal NOC levels [65]. It was demonstrated that beme iron stimulated endogenous nitrosation [F4],
thereby providing a possible explanation for the differences in colon cancer risk between red and white
meat consumption [55]. The link between meat consumption and colon cancer risk is even stronger
for nitrite-preserved processed meat than for fresh meat leading an IARC review to conclude that
processed meat is carcinogenic to humans [59].

In a human feeding study [90]. the replacement of nitrite in processed meat products by natural
antioxidants and the impact of drinking water nitrate ingestion is being evaluated in relation to fecal
excretion of NOC, accounting for intakes of meat and dietary vitamin C. A pilot study demonstrated
that fecal excretion of ATNC increased after participants switched from ingesting drinking water with
low nitrate levels to drinking water with nitrate levels at the acceptable daily intake level of 3.7 mg/kg
The 20 volunteers were assigned to a group consuming either 375 g/kg body weight (maximum
300 g per day) red processed meat or fresh (unprocessed) white meat. Comparison of the two dietary
groups showed that the most pronounced effect of drinking water nitrate was observed in the red
processed meat group. No inhibitory effect of vitamin C intake on ATNC levels in feces was found
{unpublished results).
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5. Methemoglobinemia

The physiologic processes that can lead to methemoglobinemia in infants under six months
of age have been described in detail previously [8,91]. Ingested nitrate is reduced to nitrite by
bacteria in the mouth and in the infant stomach, which is less acidic than adults. Nitrite binds
to hemoglobin to form methemoglobin, which irterferes with the oxygen carrying capacity of the
blood. Methemoglobinemia is a life-threatening condition that occurs when methemoglobin levels
exceed about 10% [5,91]. Risk factors for infant methemoglobinemia include formula made with
water containing high nitrate levels, foods and medications that have high nitrate levels [91,92], and
enleric infections [93]. Methemoglobinemis related to high nitrate levels in drinking water used o
make infant formula was first reported in 1945 ['#]. The U.S. EPA limit of 10 mg/L NO;-N was set
as about one-half the level at which there were no observed cases [95]. The most recent US. cases
related to nitrate in drinking water were reportec by Knobeloch and colleagues in the late 1990s in
Wisconsin [#5] and were not descnbed n our prior review. Nitrate concentrations in the private wells
were about two-times the MCL and bacterial contamination was not a factor. They also summarnize
another U.S. case in 1999 related to nitrate contamination of a private well and six infant deaths
attributed to methemoglobinemia in the U.S. between 1979-1999 only one of which was reported in
the literature [96,97]. High incidence of infant methemoglobinemia in eastern Europe has also been
described previously [95,99]. A 2002 WHO report on water and health [100] noted that there were
41 cases in Hungary annually, 2913 cases in Romania from 1985-1996 and 46 cases in Albania in 1996,

Results of several epidemiologic studies conducted before 2005 that examined the relationship
between nitrate in drinking water and levels of methemoglobin or methemoglobinemia in infants have
been described previously [5]. Briefly, nitrate levels >10 mg/L NOs-N were usually associated with
increased methemoglobin levels but clinical methemoglobinemia was not always present. Since our
last review, a cross-sectional study conducted in Gaza found elevated methemoglobin levels in infants
on supplemental feeding with formula made from well water in an area with the highest mean nitrate
concentration of 195 mg /L Nk (range: 18-340) compared to an area with lower nitrate concentration
{mean: 119 mg/L NO;y; range 18-244) [101]. A cross-sectional study in Morocco found a 22% increased
risk of methemoglobinemia in infants in an area with danking water nitrate 550 mg/L (>11 as NOs-N)
compared to infants in an area with nitrate levels <50 mg /L nitrate [102]. A retrospective cohort study
in Towa of persons (aged 1-60 years) consuming private well water with nitrate levels <10 mg/L
NO3-N found a positive relationship between methemoglobin levels in the blood and the amount of
nitrate ingestion [103]. Among pregnant women in rural Minnesota with drinking water supplies that
were mostly <3 mg/L NO3-N, there was no relationship between water nitrate intake and women's
methemoglobin levels around 36 weeks' gestation | 104].

6. Adverse Pregnancy Outcomes

Maternal drinking water nitrate intake during pregnancy has been investigated as a risk factor
for a range of pregnancy outcomes, including spontaneous abortion, fetal deaths, prematurity,
intrauterine growth retardation, low birth weight, congenital malformations, and neonatal deaths.
The relation between drinking water nitrate and congenital malformations in offspring has been the
most extensively studied, most likely because of the availability of birth defect surveillance systems
around the world.

Owr earlier review focused on studies of drinking water nitrate and adverse pregnancy oulcomes
published before 2005 [S]. In that review, we cited several studies on the relation between maternal
exposure to drinking water nitrate and spontaneous abortion including a cluster investigation that
suggested a positive association [105] and a case-control study that found no association [106]. These
studies were published over 20 years ago. In the present review, we were unable to identify any
recently published studies on this outcome. In Table 1, we describe the findings of studies published
since 2004 on the relation between drinking water nitrate and prematurity, low birthweight, and
congenital malformations. We report results for nitrate in the units (mg/L NO: or NOs-N) that
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were reported in the publications. In a historic cohort study conducted in the Deux-Sévres district
(France), Migeot et al. [26] linked maternal addresses from birth records to community water system
measurements of nitrate, atrazine, and other pesticides. Exposure to the second tertile of nitrate
(14-27 mg/ L NOy) without detectable atrazine metabolites was associated with small-for-gestational
age births (Odds Ratio (OR) 1.74, 95% Cl 1.1, 2.8), but without a monotonic increase in risk with
exposures. There was no association with nitrate among those with atrazine detected in their drinking
water supplies. Within the same cohort, Albouy-Llaty and colleagues did not observe any association
between higher water nitrate concentrations (with or without the presence of atrazine) and preterm
birth [107].

Stayner and colleagues also investigated the relation between atrazine and nitrate in drinking
water and rates of low birth weight and preterm birth in 46 counties in four Midwestern US. states
that were required by EPA to measure nitrate and atrazine monthly due to prior atrazine MCL
vinlations [ 18] The investigators developed county-level population-weighted metrics of average
monthly nitrate concentrations in public drinking water supplies. When analyses were restricted to
counties with less than 20% private well usage (to reduce misclassification due to unknown nitrate
levels), average nitrate concentrations during the pregnancy were associated with increased rates of
very low birth weight (<1.5 kg Rate Ratio (RR) ey § ppm = 1.17, 95% CT 1.08, 1.35) and very preterm
births (<32 weeks RRper | ppm = 1.08, 95% CI 1.02, 1.15) but not with low birth weight or preterm
birth overall.

In record-based prevalence study in Perth Australia, Jovee et al. mapped births to their water
distribution zone and noted positive associations between increasing tertiles of nitrate levels and
prevalence of term premature rupture of membranes (PROM) adjusted for smoking and socioeconomic
status [11¥]. Nitrate concentrations were low; the upper tertile cut point was 0.350 mg/L and
the maximum concentration was 180 mg/L NO:-N. Preterm PROM was not associated with
nitrate concentrations.

Among studies of drinking water nitrate and congenital malformations. few before 2005 included
birth defects other than central nervous system defects [8]. More recently, Mattix et al. [1111] noted
higher rates of abdominal wall defects (AWD) in Indiana compared to U.S. rates for specific years
during the period 1990-2002. They observed a positive correlation between monthly AWD rates and
monthly atrazine concentrations in surface waters but no correlation with nitrate levels. Water quality
data were obtained from the USGS-NAWQA project that monitors agricultural chemicals in streams
and shallow groundwater that are mostly not used as drinking water sources. A casecontrol study of
gastroschisis (one of the two major types of AWD), in Washington State [111] also used USGS-NAWQA
measuremnents of nitrate and pesticides in surface water and determined the distance between maternal
residences (zip code centroids) and the closest monitoring site with concentrations above the MCL for
nitrate, nitrite, and atrazine. Gastrochisis was not associated with maternal proximity to surface water
above the MCL for nitrate (>10 mg/L NOs-N) or nitrite (=1 mg/L NO2-N) but there was a positive
relationship with proximity to sites with atrazine concentrations above the MCL. In a USA-wide
study, Winchester et al. [112] linked the USGS-NAWQA monthly surface water nitrate and pesticide
concentrations computed for the month of the last menstrual period with monthly rates of 22 tvpes
of birth defects in 1996-2002. Rates of birth defects among women who were estimated to have
conceived during April through July were higher than rates among women conceiving in other months.
In multivariable models that included nitrate, atrazine, and other pesticides, atrazine (but not nitrate
or other pesticides) was associated with several types of anomalies. Nitrate was associated with birth
defects in the category of “other congenital anomalies” (OR 1.18, 95% Cl 1.14, 1.21); the authors did
not specify what defects were included in this category. None of these three studies included local
or regional data to support the assumption that surface water nitrate and pesticide concentrations
correlated with dnnking water exposures (o these contaminants.

Using a more refined exposure assessment than the aforementioned studies, Holtby et al. [113]
conducted a case-control study of congenital anomalies in an agricultural county in Nova Scotia,

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



Imt, J. Environ. Res. Pubdic Hoalth 2008, 15, 1557 Fof 1

Canada. They linked maternal addresses at delivery to municipal water supply median nitrate
concentrations and used kriging of monthly measurements from a network of 140 private wells to
estimate drinking water nitrate concentrations in private wells. They observed no associations between
drinking water nitrate and all birth defects combined for conceptions during 1987-1997. However, the
prevalence of all birth defects occurring during 1998-2006 was associated with drinking water nitrate
concentrations of 1-5.56 mg /L NOs-N (OR .44, 95% CI 1.05, 5.66) and >5.56 mg/L (OR 2.25, 95% C1
092, 552).

None of the studies of congenital anomalies accounted for maternal consumption of bottled
water or the quantity of water consumed during the first trimester, the most critical period of
organ,/structural morphogenesis. Attempting to overcome some of these limitations, Brender, Weyer,
and colleagues [35,114] conducted a population-based, case-control study in the states of lowa and
Texas where they: (1) linked maternal addresses during the first trimester to public water utilities and
respective nitrate measurements; (2) estimated nitrate intake from bottled water based on a survev of
products consumed and measurement of nitrate in the major products; (3) predicted drinking water
nitrate from private wells through modeling (Texas only); and (4) estimated daily nitrate ingestion
from women's drinking water sources and daily consumption of water. The study populations were
participants of the U.S. National Birth Defects Prevention Study [115]. Compared to the lowest tertile
of nitrate ingestion from drinking water (<0.91 mg/day NOs), mothers of babies with spina bifida
were twice as likely (95% CI 1.3, 3.2) to ingest =5 mg/day NO; from drinking water than control
mothers. Mothers of babies with limb deficiencies, cleft palate, and cleft lip were, respectively,
1.8 (95% C1 1.1, 3.1), 1.9 (95% C1 1.2, 3.1), and 1.8 (95% C1 1.1, 3.1) times more likely to ingest
>5.4 mg/day of water NO; than controls. Women were also classified by their nitrosatable drug
exposure during the first trimester [116] and by their daily nitrate and nitrite intake based on a
food frequency questionnaire [117]. Higher ingestion of drinking water nitrate did not strengthen
associations between maternal nitrosatable drug exposure and birth defects in offspring [35]. However,
a pattern was observed of stronger associations between nitrosatable drug exposure and selected birth
defects for women in the upper two tertiles of total nitrite ingestion that included contributions from
drinking water nitrate and dietary intakes of nitrate and nitrite compared to women in the lowest
tertile. Higher intake of food nitrate /nitrite was found to also modify the associations of nitrosatable
drug exposure and birth defects in this study [115,119] as well as in an earlier study of neural tube
defects conducted in south Texas [120], Multiplicative interactions were observed between higher food
nitrate /nitrite and nitrosatable drug exposures for conotruncal heart, limb deficiency, and oral cleft
defects [1158].

In summary, five out of six studies, conducted since the 1980s of dnnking water nitrate and central
nervous system defects, found positive associations between higher drinking water nitrate exposure
during pregnancy and neural tube defects or central nervous system defects combined [38,120-127].
The sixth study, which did not find a relationship, did not include measures of association, but
compared average drinking water nitrate concentrations between mothers with and without neural
tube defect-affected births, which were comparable [124].
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7. Cancer

Most early epidemiologic studies of cancer were ecologic studies of stomach cancer mortality
that used exposure estimates concurrent with the time of death. Results were mixed, with some
studies showing positive associations, many showing no association, and a few showing inverse
associations. The results of ecologic studics through 1995 were reviewed by Cantor [125]. Our previous
review included ecologic studies of the brain, esophagus, stomach, kidney, ovary, and non-Hodgkin
lymphoma (NHL) published between 1999 and 2003 that were largely null [5]. We did not include
ecologic studies or mortality case-control studies in this review due to the limitations of these study
designs, espedially their inability w assess individual-level exposune and dietary factors that influence
the endogenous formation of NOC.

Since our review of drinking water nitrate and health in 2005 [5], eight case-control studies and
eight analyses in three cohorts have evaluated historical nitrate levels in PWS in relation to several
cancers. Nitrate levels were largely below 10 mg /L NO5-N. Most of these studies evaluated potential
confounders and factors affecting nitrosation. Table 2 shows the study designs and results of studies
published from 2005 through 2018, including findings from periodic follow-ups of a cohort study
of postmenopausal women in lowa (USA) [31,37,126-129]. In the first analysis of drinking water
nitrate in the lowa cohort with follow-up through 1998, Weyer and colleagues | 130] reported that
ovarian and bladder cancers were positively assodiated with the long-term average PW5 nitrate
levels prior to enrollment (highest quartile average 1955-1988: >2.46 mg/ L NOs-N). They observed
inverse associations for uterine and rectal cancer, but no associations with cancers of the breast, colon,
rectum, pancreas, kidney, lung, melanoma, non-Hodgkin lymphoma (NHL), or leukemia. Analyses
of PWS nitrate concentrations and cancers of the thyroid, breast, ovary, bladder, and kidney were
published after additional follow-up of the cohort. The exposure assessment was improved by: (a) the
computation of average nitrate levels and years of exposure at or above 5 mg/L NOs-N, based on time
in residence (vs. one long-term PWS average nitrate estimate used by Weyer and colleagues); and
{b) by estimation of total trihalomethanes (TTHM) and dietary nitrite intake.

Thyroid cancer was evaluated for the first time after follow-up of the cohort through 2004. A total
of 40 cases were identified [37]. Among women with >10 years on PWS with levels exceeding 5 mg/L
NO5-N for five years or more, thyroid cancer risk was 2.6 times higher than that of women whose
supplies never exceeded 5 mg/L. With follow-up through 2010, the risk of ovarian cancer remained
increased among women in the highest quartile of average nitrate in PWS [129]. Ovarian cancer risk
among private well users was also elevated compared to the lowest PWS nitrate quartile. Associations
were stronger when vitamin C intake was below median levels with a significant interaction for users
of private wells. Overall, breast cancer risk was not associated with water nitrate levels with follow-up
through 2008 [125]. Among women with folate intake = 100 pg/day, risk was increased for those
in the highest average nitrate quintile (Hazard Ratio (HR) = 1.40; 95% Cl: = 1.05-1.87) and among
private well users (HR = 1.38; 95% CL: = 1.05-1.62), compared to those with the lowest average nitrate
quintile. There was no association with nitrate exposure among women with lower folate intake.
With follow-up thevugh 2010, there were 130 bladder cancer cases among, wommen who had used
PWS5 >10 years. Risk remained elevated among women with the highest average nitrate levels and
was 1.6 times higher among women whose drinking water concentration exceeded 5 mg/L NOs-N for
at least four years [31]. Risk estimates were not changed by adjustment for TTHM, which are suspected
bladder cancer risk factors. Smokang, but not vitamun C intake, modified the assoaation with nitrate
in water; increased risk was apparent only in current smokers (p-interaction <0.03). With follow-up
through 2010, there were 125 kidney cancer cases among women using PWS; risk was increased among
those in the 95th percentile of average nitrate (>5.0 mg/L NO;-N) compared with the lowest quartile
(HR = 2.2, 95% Cl: 1.2-4.2) [127]. There was no positive trend with the average nitrate level and no
increased risk for women using private wells, compared to those with low average nitrate in their
public supply. An investigation of pancreatic cancer in the same population (follow-up through 2011)
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found no association with average water nitrate levels in public supplies and no association among
women on private wells [126].

In contrast to the positive findings for bladder cancer among the cohort of lowa women, a cohort
study of men and women aged 55-69 in the Netherlands with lower nitrate levels in PWS found no
association between water nitrate ingestion (median in top quintile = 2.4 mg/day NOs-N) and bladder
cancer risk [131]. Dietary intake of vitamins C and E and history of cigarette smoking did not modify
the association. A hospital-based case-control study of bladder cancer in multiple areas of Spain [35]
assessed lifetime water sources and usual intake of tap water. Nitrate levels in PWS were low, with
almost all average levels below 2 mg /L NOs-N. Risk of bladder cancer was not associated with the
nitrate level in drinking water or with estimated nitrate ingestion from drinking water, and there was
no evidence of interaction with factors affecting endogenous nitrosation.

Several case-control studies conducted in the Midwestern U.S. obtained lifetime histories of
drinking water sournces and estimated exposure for PWS users. In contrast to findings of an increased
risk of NHL associated with nitrate levels in Nebraska PWS in an eardier study [132], there was no
association with similar concentrations in public water sources in a case-control study of NHL in
Iowa [35]. A study of renal cell carcinoma in Towa [34] found no association with the level of nitrate
in PWS, including the number of vears that levels exceeded 5 or 10 mg/1. NO;-N. However, higher
nitrate levels in PWS increased risk among subgroups who reported above the median intake of red
meal intake or below the median intake of vitamin C (p-interaction <0.05). A small case-control study
of adenocarcinoma of the stomach and esophagus among men and women in Nebraska [133] estimated
nitrate levels among long-term users of PWS and found no association between average nitrate levels
and risk.

A case-control study of colorectal cancer among rural women in Wisconsin estimated nitrate
levels in private wells using spatial interpolation of nitrate concentrations from a 1994 water quality
survey and found increased risk of proximal colon cancer among women estimated to have nitrate
levels >10 mg /L NO3-N compared to levels < 0.5 mg/L. Risk of distal colon cancer and rectal cancer
were not associated with nitrate levels [134]. Water nitrate ingestion from public supplies, bottled water,
and private wells and springs over the adult lifetime was estimated in analyses that pooled case-control
studies of colorectal cancer in Spain and ltaly [1535]. Risk of colorectal cancer was increased among
those with >2.3 mg/day NOs-N (vs. <1.1 mg/day). There were no interactions with red meat, vitamins
C and E, and fiber except for a borderline interaction (p-interaction = 0.07) for rectum cancer with
fiber intake. A small hospital-based case-control study in Indonesia found that drinking water nitrate
levels above the WHO standard (>11.3 mg/L as NOs-N) was associated with colorectal cancer [136].
A natiomal registry=based cohort study in Denmark [32] evaluated average nitrate concentrations in
PWS and private wells in relation to colorectal cancer incidence among those whose 35th birthday
occurred during 1978-2011. The average nitrate level was computed over residential water supplies
from age 20 to 35. Increased risks for colon and rectum cancer were observed in association with
average nitrate levels 2>9.25 mg/L NO; (22.1 as NO3-N) and >3.87 mg/L NO; (>0.87 as NO5-N),
respectively, with a significant positive trend. Because the study did not interview individuals, it could
not evaluate individual-level risk factors that might influence endogenous nitrosation.

A case-control study of breast cancer in Cape Cod, Massachusetts (US) [137] estimated nitrate
concentrations in PWS over approximately 20 years as an historical proxy for wastewater contamination
and potential exposure to endocrine disruption compounds. Average exposures >1.2 mg /1. NOy-N
{vs. <0.3 mg/ L) were not associated with risk. A hospital-based case-control study in Spain found no
association between waler nitrate ingestion and pre- and post-menopausal breast cancers [135].

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



sam Meatd un uapos papajTa
6 1=40 100 50 = O savad g % g2 wpunoduns Sugd np g
NAON 1/ B < sk jo saquun (g 191 pue sualou pury G s ssngpemepy o0 adey Ltlven
paquissap ary 10 W0 = NOC1/ 0] = sanl 2 NTON g Penand P pone e b -WEA | U w0z Apoag
L s rg=a'0 00 W1 = B0 AR AL O3 SO R U [ Oy
L0 A NAON ) S ofesaay P wem Zaa1 A0 (4 s
e g iy spanag aragpy

o

Ta-Ti
: 4 . [N ST A7 SR L0 Pajiig
Ly o e L R S VS o
Paqmap ey i_a&m: LA WAL g ..:...!_-.E__ 11 LA WA Ry Hociue st w .c__._.___qu ¥sn
SR BT T SHOETIOREY G SN0 1 s g .!:_ -__.r.. N TR0 SHet IS OO S gy
R i SO T ) s s 908) 3 8,PIP Jo iwad iy R il
igm ....M_.___uilm.__._r_ STISRNA ST |0 DAL 1.!...__.”!..“_ y u._". pliitohngiian

INHLL
SN BVHLLL *2 s s (T80 1D 651 = HH (SMad uo o R TR 000 e psnipy
N ST OR INCEON TN T/ L ) SaaT [ Al span e ()
1/ ZpD> S IOI-UOu A (000 = puansd Ly 50t 1) 10 NUAUAITIIL O ‘(33581 PPeN) OUDZ-Mia| “SDPINY lelvan
1/ G TE O AL | = D e ek g2 ) )/ B g savay PP DL 1 WRINIA § 1y T S L Tl olne wnsol
Suowe (g7 6=CF | 1) 97 (110 = puas-d HEg-180 1) SISO PUE SR I e jo
o HH AED0 = vopoesae-d)  ap ) i INCRON 178 v S gRTE) AUAPIA PO |8 IRaA (< pogod paseg-uopendog
Surpous & s uone u) alfesan v g appavnd s s oy ishucm Suouy a0 [jam sjeaud pue
(51 ~550 1) SALL W1 50T eI
(SpII gyg ws B 15 ) —
(R0 000 LK1 = HO (Sl g %A (2) R e ..I___-l_.,_....lp:a._t;
] L esaan eoni | apusouad s AROIN ) T g 1T 10 S I sl oy P . i ) ureds;
posaouad ‘Y paa g °) (1907100 ML= MO IN-TON ppe sk jrur (Aams yriusds v o po) En!hlﬁ__._.-i!!_i. S10T
ULLIRILA )M 10 IPAUT ON WG| S GETE) (waasang) oey wondunmins polg i ULE) L s o W | oladeg
g Atesane apirend mamog s gy P SRS R ) S PN [ povaqprdeo
(OVRIT 6 | ) SAND 1 SERAN) SN
(10 » puand (LR AP RRIN S
Hopows 0 IS0 T 100 W e 0 s e N — ) o Laaquisan gag e Loy il pedomem yog Bt ) spuepsagian
T LTI A O R g ¥7 umipan | NAON Arp /T 212 ) i0rem 0 apqrpear mep amvodus -suones Gt |0y | I g ey
i) e ok pavog e g Sundumd poa un s e By
5 WO RIPOLY g wnpidiomag) ey Aapuno) (e
1agrg o vopenjeay o Borpng ey Soprena o Lewmng saq1s souE) e e ey oumes wiway, ‘uliysag) Kprug soginy g

s 30ue £ (S107 YUUN-POOT Aemur() sadue pue ajexiiu zaes Sutjunp Jo SHPOI LoD [ue jon u-a) 7 3jqe)

e LE61 ST WUOT Wl Mt oy ioganc) | i

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



oo gy
A yunEeia ST ] ) MMAL AU Ao A
opeol pad i oo oy TTITET L IDIDYL = HO Wik Tov-4E L O povsad po gy ofsaewpres  aoaioe pedg-jeiideoy

001-eso N TN = O O L T 1 aqe i i ssou) apnpa saslpuy e (o ansd o) Ay
)20 = W 1/ $¥' = NOINION éoP/ 8 K12 54 (o S 00 L Ml oo poaiooo prenguininod oy fy peds
PIS i Ap/Se> wa el STR) b dinsadas sy 4 panghiy |0 apy ‘el oy saippdse  pue (seoutsand g) aeds 0 ladeq
it i< + 1aqy Aep /8 Ope (RUP/ 1) IR 20 PUIP (LS 12 U1 10T U1 v shiuids C100-RO0T SRpn) "
(00 W0 Mpd) i) 300 o sonaed sapad 7 oy ) paseninsa) spaay e sjpnm s puse Juond wnex Apus
itialiii.i:i__ R e B E R LR By M SPURIG RUNSTIMU) G OUO-NE S,
popnag ‘sauoe Apddns smem g
- 204 108-900E) BM 1 AR RN
s anearad gt |0 opdies
. 3 E..i_._!____ﬂ tinl -E_:__ wep ARSI
i ; wpens S Ag paprupis (6 am NIE- 66| :
e L I, ot gt e riwop 3 vl A o) BTSN NP P 2661061 DR P Sl
/B (Y12 SN DAL SIS BOROD [y 1 A SRR {SORU0 Spp| LM ‘-5 AN
e g2 ) wiapds spem pnd ou pnq-unpendog
LU SRR [T G LS ) R
(LT
(2G]SR L) MIIAIIIN D0k
(W E=L00 L = 4O
KON Arp B 0 54 1< 0w JSIRRE O G A P ¥
watunn s fesridonsu- ped AL LI IO P SaA| Uy {saouniud g) ueds .
pue -axd a0y Rupgours Eéﬁhﬂ.ﬂaﬁ.. =40 (2en G- S I~ S00T "SNSPENS] lvciuedg
Rt RIS TR ]
2y v e pomocad | NN P00 07 aa R e g RS U] O
I P4 ORI ON. e o 200 S108K 7 08 ] 98Y) ARy 5%:!!.!!::.“ e R
E10D) $hmands e s e,
o A WA LY [ YT L LR A URTIARD KU PR
= . _ OIOe-100T) Sl TR MERIN B =
Aepyn ooy
(90 = puasd TR A0 i 0 S oS
LR 1501 1) OFL = MM N X150 1) ST 1= HH (SMd !fﬂhu:tﬂnﬂnuﬂgiﬁth_..ﬁi i
INCON T/ DE IS WN-SON 1R IT0S 34) s sy — et St oy R« o VAL i lsc1l vsnl
WA GTE) /A0 pORE MR TS0 100 BT M INCSON 1/%E 2D Wiz, o0 sk Sl pae pnedomapnd o SHE IRD-am0Ry
Togm = seviesnunf GALY S ) g aman] 1D = Pl S-S0 0 (RN61-5551) SA U1 SRAR NRAIN Mg poeg-umsepndoy
o) R0 (iis vomessuy 1) RUL = M IS ON 1 /8w 00E A ggE)
S —— —— E! .: R — P —
2 WO OR Ppapu) woyidiuses euniiay nuno ) (sran)
B3y jo wopenjey av Pt sore Burpong 10 e sous ur) TN S weay, ulsaq) s sogny iy
) T WqeL

wieg LS GL V0T iR g sy sy o g

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



62-£0
AT = WO A 0 N DON )/ Suigs sy

(O e SISED ey OO T sk )
SALN LA JO ST P s (s e

Wy
0t | A3y

Huronins 'y Zz-soiTi= ey 209 SSUEISTI 240 st wsn
APt B (RN S| 3 it
TARL S VI8 LSRRI R Ei?f?ﬁ?anrrﬂﬂ.:ﬁﬁ vngipe-woN IR0 1 @ samah-ummiad jo e D doj saypine pasg-uoneda | o
= _ *MOON $ANFON 1/R0S< S e 1 e oy P S
(00 00 1 T = (S
U NLON 1/ g eA) Siasn e aiPaLlg
(600 = pustiedd Sp 2260 (s APy (9] W a0Mm GRiig) |
Supegs TN = HH (0 W umak y2) 7/ S g< ey, sfpn et 20y sy e o RHLL THOC-0E] AL izl ven
Ayus I SONDRRIV ON (670 = puain-d 121 a1l Aawipry PUR AYEIYU 20 SINUUNSONE SA] Aoiapru o4-54 walie aam 2102 ‘$0)]
P I ETT = HH (N-S0N 1/8w groe = pirg2) PR g ek ] < uatios B s jjas pesavesd o g jor
afieimar sl dpavnb sy s o i e ud e (gne | -gSaL) S ) SRAN denly oo pansguonvpday
(SUAA & || ) AT AR AN 1P LN T
o paneduod B3R INFLLL PUR SN -
LA
vorea-) usd sepus
PR 3 ULV 41
Aep/ Hupsm -9 st |
1% o Pt om o101 1= 500 %4411 N-FON 1/ e S Gouppy 1081 09612 maluotind 10 wcE o o MO1-9R61 BApI Il vsn
3 g e 6 ) Suoue A6 1) 68T = 1O (970 S NEON 1 /S o g R A S0l Tuoune GALJ U SR AN L vprug e
G401 100 1671 = MO W74 ) afenane Gan] Mrivnb g w g aaes e,
ML = wtsesagu- ) )
T TR e = LEE
21800 L1
LT CF e R TR (TR L - B
A GUL = P INSON 1/ 91 (ARMRD [FIOM (AN SOET PUR S5 00 e 1025201 1app0 pue
s sy w70 b s passog wa g igy [N TP Sy BT (PRI fhag ) sx lte P vous [RAET ]
1o g s g o i sac oy ie poyesd T sigan apeand pue G ol sps) ey agcamndt
A o s S pasi) oy moup Ruowe gi-(g
willy pas g anmvad v apeigu afivsanr prmouy Rt
(OO0 £ 1 S L L) P [ Purpuup
STCE-H0 1) 111 el ponsiochas ogpw curdionied popapon swipay (soupasd {) e
poqusispyong 015 WOUH-DU LY 10w mamad g < lor2-R0'L — Pl 01 5 e < msoded o Loty FUOT-Y T iy bve || smauopay
NEEE = 40 INGON VR CpS W PR NCRON WS LS 0 0 pesey PO ALOE THEsTEE |
LN )] Sl PP LA, < SR LA PR U (] AR e ) s S ] pripidun g
1 BUILINES PRI RN (A U] SAAR) SN
wonrHIpoly popnpul e L Gpuma) )
¥ayy3 1o enengea3 we WIS Senu Seaing jo ding s s0ue) S E— sy uliveaq) (paig soyny pey
o) T AqeL

wean

SRS WUOT iR M sy s o ‘o

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



pmeadouaga Jo g g a1 5 o peusodas

0 SANAL LIRS P00 AN SHEOIEAS SIOU (]3] ST ASHUY AU 5 Ghy P S PIIS GO0 I (M) SO PTG IV (1) SRS 10D AP SIS {1180 35013 30 (HO)
SO PP IN-SON B LN S /B 0 PaBaAInD asas oy s 0 ] /S se suogeongnd ag u papuasud spasa) s so e, ssddng aem gnd = Sayg PR o = N

{ugn s prans iy

(GO0 = Puati-d) yo s s

Aoy sajinb & e e ey
(BT T T = HH
AN B0 =SNG wA) [ Ay

e eyl By s USSR

ey
T 9801 “Souapy g

AR LI RRAL Ll ‘ ¢ 0 S AL (o W £ [T A Ll wsn
i s = pussyd i) Bnir | il gy St U
h.ﬂsiuﬂhl DUNIENS - n T = M 0 5 siwad 2) 1/ e g soeay ji#i:?iir!ﬁ!!:! prened ousmuped jo 01O "Pimm
RPN O 00 = pusnd AU U (0 -SES1) S W SN ORIIN. s nea-onendoy
MESAND ) R1T = W) (N TON e e
J— w2 ) afesnae Sang penk samop s g )
(SO | ey {wpoaiens
HINTE10 1040w ey wndegdosa fspou i “enblogdoss £z Lpewog ) s
€1 wen TS0 0100 155 HO peuas v S phianes sabn jpas AL s o |20
saoues e 4oy o B0 SV NFON 1 /10 o) o g A ounpe) sunheydusea ‘y ymwogs e g s d-uosad PSRN
a0 e passadaud ' o0 enttpngdoss 10 ML= O] SALE W1 (G86 1-590L) SN apraiN Etsh | <R ‘Anmpiau) leetl vsn
LY A, ORI 0N DIT) = YO IBmERACTEODITIS L ume Ao xadens B WK PR
HO ey g s oid WO 1/ Fw gl sieag, e a0 ey do e UELIoN JO =, 10 N4 e ey pasve-uone (o g
Nirg-or0:) £1 » o sndrgdoss 2 250 0 SIS AN PR ~Zh] W PAMSI AL
DEL = B0 s IN-SON 1/ g T s sy pun swva ysodognuaidu
TEVS) Weitat i T et A W s SO SETO S WG RN —
. 5w 1550 D) T = [adea
HHAINFON 1/ Em:ﬂﬂﬁnqﬂﬁ A papeLaies spaas) sak oud ‘gm0 speas -~
— 0060 = B D 54 S0k p2) )/ B g maway, " él..ﬁhﬂihmuﬁii 10T-Sni aueping leil wsn
.ui.-.l.l.i!!_.wiinz (40 = puan 497-150 b Euﬂhﬂsﬂln!.egﬂnﬂ. 455 ol sman ..hﬂ...lsn..
N1 = HH INTON 175 oe ws gereE) AR prsned ousarysend jo
atliaan sl b pasy s apusaad igs Eliﬁiﬁ::iﬂi}i& progus pamig-uonepid |
(namad o) ) Aximae g g uoiranp pagsoda ot g potasd RS M. v ini
isg o s KoL ) LLL PO R aeaud P e 1-55611 SH U SRR SR
Tl e, — h.;..- SODIES L = HH (S0 a —
3 U 8GO 1T e WA S [ AL
. b s .ii..u 00 = P 1 T-0 | {3 UrIRAD (] ¥ AON 91T°L1) ey
o avensad ONTET = M S S ) ) B g mawal s apeanid ) S e oo AL LL [T S LT AR | 21l vsn
iﬂiﬂi}: (0 = puaig-d gEE-TT Areasy PR SPLIN B UL A, | AP pir-gy wale o o
O 20T = A (N-ON L0 w7/ R T A 1 S (] < i Moo aan (e prsoned o psod o FEDno)
s i woneann ong W T3 SIAR SM mamoy w4 iy wenind P (e 59610 SA W1 VAR SR, Mo Py
faawal ) 1) aninon sape s e wopeang popoda
R . g o ks soULAD INHLLL U ARy o -

5 BONTIIPORY (PP gy p— papnu) . vondimag (rearkay Aume) RN
ajyy o Uopragray ™" » SIS aour) sy, ‘uliveag) dpnyg Ry g
) T el
oL LRS1CLWUOT NI A g o twinang iy

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



Imt, |. Envciron. Res. Puldic Health 2008, 15, 1557 18of 31

Animal studies demonstrate that in ulero exposure to nitrosamides can cause brain tumors in the
exposed offspring. Water nitrate and nitrite intake during pregnancy was estimated in a multi-center
case-control study of childhood brain tumors in five countries based on the maternal residential water
source [1739]. Results for the California and Washington State sites were reported in our previous
review [5,140]. Nitrate/nitrite levels in water supplies were measured using a nitrate test strip method
in four countries including these U.S. sites; most of these measurements occurred many years after
the pregnancy. Measured nitrate concentrations were not associated with risk of childhood brain
tumors, However, higher nitrite levels (>1.5 mg/L NO=-N) in the drinking water were associated with

increased risk of astrocytomas.
8. Thyroid Disease

Animal studies demonstrate that ingestion of nitrate at high doses can competitively inhibit
iodine uptake and induce hypertrophy of the thyroid gland [111]. An carly study of women in the
Netherlands consuming water with nitrate levels at or above the MCL, found increased prevalence
of thyroid hypertrophy [142]. Since the last review, five studies have evaluated nitrate ingestion
from drinking water (the lowa cohort study also assessed diet) and prevalence of thyroid disease.
A study of school-age children in Slovakia found increased prevalence of subclinical hypothyroidism
among children in an area with high nitrate levels (51-274 mg/L NOs) in water supplies compared
with children ingesting water with nitrate <50 mgz/L (11 mg/L NO3-N). In Bulgarian villages with
high nitrate levels (75 mg/L NO3) and low nitrate levels (8 mg/L), clinical examinations of the
thyroids of pregnant women and school children revealed an approximately four- and three-fold
increased prevalence of goiter. respectively, in the high nitrate village [143,144]. The iodine status of the
populations in both studies was adequate. Self-reported hypothyroidism and hyperthyroidism among
a cohort of post-menopausal women in lowa was not associated with average nitrate concentrations in
PWS [17). However, dietary nitrate, the predominant source of intake, was associated with increased
prevalence of hypothyroidism but not hyperthyroidism. Modeled estimates of nitrate concentrations
in private wells among a cohort of Old Order Amish in Pennsylvania (USA) were associated with
increased prevalence of subclinical hypothyroidism as determined by thyroid stimulating hormone

measurements, among women but not men [145].

9. Other Health Effects

Associabons between nitrate in drinking water and other non-cancer health effects, including
type 1 childhood diabetes (T1D), blood pressure, and acute respiratory tract infections in children wene
previously reviewed [5]. Since 2004, a small number of studies have contributed additional mixed
evidence for these associations. Animal studies indicate that NOC may play a role in the pathology
of T1D through damage to pancreatic beta cells [146]. A registry-based study in Finland [147] found
a positive trend in T1D incidence with levels of nitrate in drinking water, In contrast, an ecological
analysis in Italy showed an inverse correlation with water nitrate levels and T1D rates [145]. A small
TID casc-control study in Canada with 57 cascs showed no assodation between T1D and cstimated
intake of nitrate from drinking water (highest quartile >2.7 mg/day NOy-N) [ 149]. Concentrations of
nitrate in drinking water (median ~2.1 mg/L NO3-N) were not associated with progression to TID in
a German nested case-control study of islet autoantibody-positive children, who may be at increased
risk of the disease [150].

In a prospective, population-based cohort study in Wisconsin (USA), increased incidence of
early and late age-related macular degeneration was positively associated with higher nitrate levels
(=5 mg/L vs. <5 mg/L NOy-N) in rural private drinking water supplies [151]. The authors suggested
several possible mechanisms, including methemoglobin-induced lipid peroxidation in the retina.

Potential benefits of nitrate ingestion include lowering of blood pressure due to production of
nitric oxide in the acidic stomach and subsequent vasodilation, antithrombotic, and immunoregulatory
effects |152]. Experimental studies in animals and controlled feeding studies in humans have
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demonstrated mixed evidence of these effects and on other cardiovascular endpoints such as vascular
hypertrophy, heart failure, and myocardial infarction {(e.g., [152-153]). Ingested nitrite from diet has
also been associated with increased blood flow in certain parts of the brain [155]. Epidemiologic
studies of these effects are limited to estimation of dietary exposures or biomarkers that integrate
exposures from nitrate from diet and drinking water. Recent findings in the Framingham Offspring
Study suggested that plasma nitrate was associated with increased overall risk of death that attenuated
when adjusted for glomerular function (HR: 1.16, 95% CI: 1.0~1.35) but no association was observed
for incident cardiovascular disease [156]. No epidemiologic studies have specifically evaluated nitrate
ingested from drinking water in relation to these outcomes. Another potential beneficial effect of
nitrate is protection against bacterial infections via its reduction to nitrite by enteric bacteria. In an
experimental inflammatory bowel disease mouse model, nitrite in drinking water was associated with
both preventive and therapeutic effects |157]. However, there is limited epidemiologic evidence fora
reduced risk of gastmintestinal disease in populations with high drinking water nitrate intake. One
small, cross-sectional study in Iran found no association between nitrate levels in public water supplies
with mean levels of ~5.6 mg /L NOs-N and gastrointestinal disease [158].

10. Discussion

Since our last review of studies through 2004 [5], more than 30 epidemiologic studies have
evaluated drinking water nitrate and risk of cancer, adverse reproductive outcomes, or thyroid disease.
However, the number of studies of any one outcome was not large and there are still too few studies to
allow firm conclusions about risk. The most commen endpoints studied were colorectal cancer, bladder,
and breast cancer (three studies each) and thyroid disease (four studies). Considering all studies to
date, the strongest evidence for a relationship between drinking water nitrate ingestion and adverse
health outcomes (besides methemoglobinemia) is for colorectal cancer, thyroid disease, and neural
tube defects. Four of the five published studies of colorectal cancer found evidence of an increased
risk of colorectal cancer or colon cancer associated with water nitrate levels that were mostly below
the respective regulatory limits [32,134,135,159]. In one of the four positive studies [159], increased
risk was only observed in subgroups likely to have increased nitrosation. Four of the five studies of
thyroid disease found evidence for an increased prevalence of subclinical hy pothyroidism with higher
ingestion of drinking water nitrate among children, pregnant women, or women only [37,144,145,160].
Positive associations with drinking water nitrate were observed at nitrate concentrations close to or
above the MCL. The fifth study, a cohort of post-menopausal women in lowa, had lower drinking
water nitrate exposure but observed a positive association with dietary nitrate [37]. To date, five of six
studies of neural tube defects showed increased risk with exposure to drinking water natrate below the
MCL. Thus, the evidence continues to accumulate that higher nitrate intake during the pregnancy isa
risk factor for this group of birth defects.

All but one of the 17 cancer studies conducted since 2004 were in the US. or Europe, the majority
of which were investigations of nitrate in regulated public drinking water. Thyroid cancer was studied
for the first ime |37] with a pesitive finding that shauld be evaluated in future studies Bladder
cancer, a site for which other drinking water contaminants (arsenic, disinfection by-products [DBPs])
are established or suspected risk factors, was not associated with drinking water nitrate in three
of the four studies. Most of the cancer studies since 2004 evaluated effect modification by factors
known to influence endogenous nitrosation, although few observed evidence for these effects. Several
studies of adverse reproductive outcomes since 2004 have indicated a positive association between
matemal prenatal exposure to nitrate concentrations below the MCL and low birth weight and small
for gestational age births. However, most studies did not account for co-exposure to other water
contaminants, nor did they adjust for potential risk factors. The relation between drinking water
nitrate and spontaneous abortion continues to be understudied. Few cases of methemoglobinemia,
the health concern that lead to the regulation of nitrate in public water supplies, have been reported in
the US. since the 1990s. However, as described by Knobeloch et al. [96], cases may be underreported
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and only a small proportion of cases are thoroughly investigated and described in the literature.
Based on published reports, [1(0] areas of the world of particular concern include several eastern
European countries, Gaza, and Morocco, where high nitrate concentrations in water supplies have
been linked to high levels of methemoglobin in children. Therefore, continued surveillance and
education of physicians and parents will be important. Biological plausibility exists for relationships
between nitrate ingestion from drinking water and a few other health outcomes including diabetes
and beneficial effects on the cardiovascular system, but there have been only a limited number of
epidemiologic studies.

Assessment of drinking water nitrate exposures in future studies should be improved by obtaining
drinking water sources at home and at work, estimating the amount of water consumed from each
source, and collecting information on water filtration systems that may impact exposure. These efforts
are important for reducing misclassification of exposure, Since our last review, an additional decade
of PWS maonitoring data are available in the LIS and Furopean countries, which has allowed
assessment of exposure over a substantial proportion of participants’ lifetimes in recent studies.
Future studies should estimate exposure to multiple water contaminants as has been done in recent
cancer studies [31,33,127,129]. For instance, nitrate and atrazine frequently occur together in drinking
water in agricultural areas [161] and animal studies have found this mixture to be teratogenic [ 162].
Regulatory monitoring data for pesticides in PWS has been available for over 20 years in the US;;
therefore, it is now feasible to evaluate co-exposure to these contaminants. Additionally, water
supplies in agricultural areas that rely on alluvial aquifers or surface water often have elevated levels
of both DBPs and nitrate. Under this exposure scenario, there is the possibility of formation of
the nitrogenated DBPs including the carcinogenic NDMA, especially if chloramination treatment is
used for disinfection [163,164]. Studies of health effects in countries outside the US. and Europe are
also needed.

A comprehensive assessment of nitrate and nitrite from drinking water and dietary sources as
well as estimation of intakes of antioxidants and other inhibitors of endogenous nitrosation including
dietary polyphenols and flavonoids is needed in future studies. Heme iron from red meat, which
increases fecal NOC in human feeding studies, should also be assessed as a potential effect modifier of
risk from nitrate ingestion. More research is needed on the potential interaction of nitrate ingestion and
nitrosatable drugs (those with secondary and tertiary amines or amides). Evidence from several studies
of birth defects [ 35,115-120] implicates nitrosatable drug intake during pregnancy as a risk factor for
specific congenital anomalies espedially in combination with nitrate. Drugs with nitrosatable groups
include many over-the-counter and prescription drugs. Future studies with electronic medical records
and record-linkage studies in countries like Denmark with national pharmacy data may provide
opportunities for evaluation of these exposures.

Populations with the highest exposure to nitrate from their drinking water are those living in
agricultural regions, especially those drinking water from shallow wells near nitrogen sources (e.g.,
crop fields, animal feeding operations). Estimating exposure for private well users is important because
it allows assessment of risk over a greater range of nitrate exposures compared to studies focusing
solely on populations using PWS. Future health studies should focus on these populations, many
of which may have been exposed to elevated nitrate in drinking water from early childhoed into
adulthood. A major challenge in conducting studies in these regions is the high prevalence of private
well use with limited nitrate measurement data for exposure assessment. Recent efforts to model
nitrate concentrations in private wells have shown that it is feasible to develop predictive models
where sufficient measurement data are available [41,45,49], However, predictive models from one area
are not likely to be directly translatable to other geographic regions with different aquifers, soils, and
nitrogen inputs,

Controlled human feeding studies have demonstrated that endogenous nitrosation ocours after
ingestion of drinking water with nitrate concentrations above the MCL of 10 mg /L NO3-N (~44 mg/L
as NO). However, the extent of NOC formation after ingestion of drinking water with nitrate
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concentrations below the MCL has not been well characterized, Increased risks of specific cancers and
central nervous system birth defects in study populations consuming nitrate below the MCL is indirect
evidence that nitrate ingestion at these levels may be a risk factor under some conditions. However,
confounding by other exposures or risk factors can be difficult to rule out in many studies. Controlled
human studies to evaluate endogenous nitrosation at levels below the MCL are needed to understand
interindividual variability and factors that affect endogenous nitrosation at drinking water nitrate
levels below the MCL.

A key step in the endogenous formation of NOC is the reduction of nitrate, which has been
transported from the bloodstream into the saliva, to nitrite by the nitrate-reducing bacteria that are
located primarily in the crypts on the back of the tongue [165-167]. Tools for measuring bacterial
DNA and characterizing the oral microbiome are now available and are currently being incorporated
into epidemiologic studies [168,169], Buccal cell samples that have been collected in epidemiologic
studies can be nsed o characterize the oral micmbiome and to determine the relative abundance of
the nitrate-reducing bacteria. Studies are needed to characterize the stability of the nitrate-reducing
capacity of the oral microbiome over time and to determine factors that may modify this capacity such
as diet, oral hygiene, and periodontal disease. Interindividual variability in the oral nitrate-reducing
bacteria may play an important role in modifying endogenous NOC formation. The quantification
of an individual’s nitrate-reducing bacteria in future epidemioclogic studies is likely to improve our
ability to classify participants by their intrinsic capacity for endogenous nitrosation.

In addition to characterizing the oral microbiome, future epidemiologic studies should incorporate
biomarkers of NOC (e.g., urinary or fecal NOC), markers of genetic damage, and determine genetic
variability in NOC metabolism. As many NOC require a-hydroxylation by CYP2E1 for bicactivation
and for formation of DNA adducts, it is important to investigate the influence of polymorphisms
in the gene encoding for this enzyme. Studies are also needed among populations with medical
conditions that increase nitrosation such as patients with inflammatory bowel disease and periodontal
disease [8]. Because NOC exposures induce characteristic gene expression profiles [170.171)
further studies linking drinking water intake to NOC excretion and gene expression responses ane
relevant to our understanding of health risks associated with drinking water nitrate. The field of
‘Exposome-research’ [172,173] generates large numbers of genomics profiles in human population
studies for which dietary exposures and biobank materials are also available. These studies provide
opportunities to measure urinary levels of nitrate and NOC that could be associated with molecular
markers of exposure and disease risk.

Nitrate concentrations in global water supplies are likely to increase in the future due to population
growth, increases in nitrogen fertilizer use, and increasing intensity and concentration of animal
agriculture. Even with increased inputs, mitigation of nitrate concentrations in water resources
is possible through local, national, and global efforts. Examples of the latter are the International
Nitrogen Initiative [174] and the EU Nitrates Directive | 17,18], which aim to quantify human effects
on the nitrogen cycle and to validate and promote methods for sustainable nitrogen management.
Evidence for the effectiveness of these efforts, which include the identification of vulnerable areas,
establishment of codes of good agricultural practices, and national monitoring and reporting are
indicated by decreasing trends in groundwater nitrate concentrations in some European countries
after the implementation of the EU Nitrates Directive [19]. However, the effect of this initiative
was variable across the FLL In the LIS, nitrogen applications to crop fields are not regulated and
efforts to reduce nitrogen runoff are voluntary. Although strategies such as appropriate timing of
fertilizer applications, diversified crop rotations, planting of cover crops, and reduced tillage can be
effective [175], concentrations in US. ground and surface water have continued to increase in most
areas [10]. Climate change is expected to affect nitrogen in aquatic ecosystems and groundwater
through alterations of the hydrological cycle [ 176]. Climatic factors that affect nitrate in groundwater
include the amount, intensity, and timing of precipitation. Increasing rainfall intensity, especially in
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the winter and spring, can lead to increases in nitrogen runoff from agricultural fields and leaching
to groundwater.

11 Conclusions

In summary, most adverse health effects related to drinking water nitrate are likely due to a
combination of high nitrate ingestion and factors that increase endogenous nitrosation. Some of the
recent studies of cancer and some birth defects have been able to identify subgroups of the population
likely to have greater potential for endogenous nitrosation. However, direct methods of assessing
these individuals are needed  New methods for quantifying the nitrate-reducing bacteria in the oral
microbiome and characterizing genetic variation in NOC metabolism hold promise for identifying
high risk groups in epidemiologic studies.

To date, the number of well-designed studies of individual health outcomes is still too few to draw
firm conclusions about risk from drinking water nitrate ingestion. Additional studies that incorporate
improved exposure assessment for populations on PWS, measured or predicted exposure for private
well users, quantification of nitrate-reducing bacteria, and estimates of dietary and other factors
affecting nitrosation are needed. Studies of colorectal cancer, thyroid disease, and central nervous
system birth defects, which show the most consistent associations with water nitrate ingestion, will be
particularly useful for clarifying these risks, Future studies of other health effects with more limited
evidence of increased risk are also needed including cancers of the thyroid, ovary, and kidney, and
the adverse reproductive outcomes of spontaneous abortion, preterm birth, and small for gestational
age births.
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m1 DEPARTMENT
OF HEALTH
Nitrate and Methemoglobinemia

Drinking water with high nitrate can cause a potentially fatal disorder called methemoglobinemia.
Methemoglobinemia is a condition in which more than one percent of the hemoglobin in red blood cells take
the form of methemoglobin. Hemoglobin carries oxygen in our blood, delivering it from the lungs to the rest of
our body. Methemoglobin does not carry oxygen well and, when it replaces hemoglobin, it can cause a gray-
blueness of the skin (cyanosis).

We have a lot of information about how excess nitrate in drinking water behaves in our bodies and leads to
methemoglobinemia. Nitrate in water is almost completely absorbed into the blood. Our bodies convert a
portion of that nitrate into nitrite. Nitrite reacts with blood to create methemoglobin. The more
methemoglobin in the blood, the worse that blood is at carrying oxygen where it is needed. Along with these
changes in blood chemistry, a person suffering methemoglobinemia may also experience elevated resting
heart rate, weakness, nausea, and in severe cases, death.

Methemoglobinemia in Minnesota and Wisconsin

Research and case reports show that nitrate in well water above 10 milligrams per liter (mg/L) can cause
methemoglobinemia in infants less than six months old. In 1945 the hypothesis that high levels of nitrate in
well water caused methemoglobinemia was published.! Two years later, an infant near the town of Tyler
became the first published case in Minnesota? In the following three years, there were 146 cases voluntarily
reported in Minnesota, including 14 deaths. In 1979 and 1980 there were two reported cases of
methemoglobinemia in Minnesota. In both cases nitrate concentrations in the wells were over 50 mg/L. Once
the source of water was changed in the homes, the methemoglobinemia resolved.*

Most Minnesota cases of methemoglobinemia in infants occurred in the southwestern part of the state, but
cases have been reported from the southern border to as far north as Becker County. Some infants developed
symptoms after fewer than two days, and other infants were fed formula prepared with well water for up to
60 days before symptoms appeared. It is suspected that many milder cases were resolved by changing the
source of the infant’s water and were never reported.’ There were no methemoglobinemia cases reported in
breast fed babies.

The most recognized symptom of methemoglobinemia is a gray-blue color to the lips that eventually spreads

to the whole body. In some cases, the bluish color can be so subtle that it goes unnoticed.? This was the case
when parents in Columbia County, WI brought their child in for immunizations in 1998 They noticed that their
child had been “crabbier than normal” and had been vamiting after feeding since they moved to a new house
served by a private drinking water well. Concerned that this may be a case of methemoglobinemia, a home
nurse visited the family and took water samples. The concentration of nitrate in their well water was 22.9
mg/L. The doctor placed the baby on bottled water and the methemoglobinemia resolved.*

Other Cases of Methemoglobinemia

Nitrate in well water and methemoglobinemia are not unique to the Midwest. It occurs all over the country, as
well as around the world. According to the Centers for Disease Control and Prevention, between 1979 and
1996 there were six infant deaths from methemoglobinemia in Texas, South Dakota, Louisiana, Virginia, and
Colorado, Additionally, it is a common problem in Eastern Europe, where most methemoglobinemia cases are
associated with contaminated water.*
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Infants Are Especially Sensitive to Nitrate in Water

While adults can develop methemoglobinemia due to high levels of nitrate in drinking water, public health
actions mainly focus on infants less than six months old because they are an especially sensitive population.
Infants fed formula prepared with water high in nitrate are the most highly exposed population. They receive
the highest dose of nitrate compared to all other age groups based on body weight.® In addition to their high
exposure, infants have different body chemistries than adults. They convert more nitrate to nitrite, which leads
to the creation of methemoglobin, and their bodies are less able to convert methemoglobin back into
hemoglobin. This causes methemoglobin to build up in the body of an infant faster than it builds up in the
body of an adult.

Scientific Support for 10 Milligrams per Liter

The evidence supporting the 10 mg/L US EPA Maximum Contaminant Level (MCL) for nitrate in drinking water
and the Minnesota Health Risk Limit (HRL; which is the adopted MCL) is strong. Because exposure to nitrate
and resulting illness has been observed in humans rather than just laboratory animals, values derived to
protect people do not have to be adjusted to account for differences in animals and humans.

Additionally, the six Minnesota cases of methemoglobinemia in infants described by Rosenfield and Huston
occurred in water with nitrate levels above 10 mg/L.? A nationwide survey performed by the American Public
Health Association in 1949 showed this was a national trend. The survey collected details of 278
methemoglobinemia cases, of which 214 included information about drinking water sources. All 214 cases
were associated with drinking water that had a concentration of nitrate above 10 mg/L.*®

Factors That May Reduce Cases of Methemoglobinemia

Much of what is known about the health risks of nitrate is from reports, surveys, and other work done in the
mid-1900s. Physicians and scientists quickly concluded that water with nitrate above 10 mg/L is potentially
lethal to infants less than six months old. Since that time, there have been several changes that may have
reduced the real or perceived number of methemoglobinemia cases in Minnesota.

s  The high number of cases of methemoglobinemia in 1947-1949 lead to a familiarity with the iliness in
infants and how to treat it (switch water sources). There has been a gradual drop off in the number of
cases voluntarily reported by physicians following this awareness. Additionally, new mothers are more
aware of their water source and may opt to feed their babies formula reconstituted with bottled
water.

= The condition may not be easily recognized by health care providers, particularly in mild cases with
symptoms like irritability, lethargy, and/or a blue skin color that may fade and return.

= Methemoglobinemia is not a reportable iliness in Minnesota and there is no mechanism in place for a
provider to report cases to the state health department. This limits our ability to know how many
infants are treated for this condition each year. In a recent review of hospital discharge data and
emergency department records in Minnesota from 2000-2016, there were 10 cases of
methemoglobinemia in infants greater than one day old and less than one year old. The majority of the
case records lacked supporting information needed to definitively rule out nitrate in drinking water as
a cause or contributor to the diagnosis,

¢ The 1974 MDH Well Code set a new standard for construction for all new wells in Minnesota.
Requirements on casing materials, distances from contamination sources, and well construction
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methods all help reduce nitrate and bacteria contamination. For example, Walton noted that in lowa,
water samples with nitrate concentrations over 10 mg/L occurred in 39.7 percent of dug wells, 21.5
percent of bored wells, and only 4.5 percent of drilled wells.®

* Baby formula ingredients have changed since the 1950s, Formulas now contain antioxidants such as
Vitamin C that can turn nitrite into nitric oxide, a beneficial molecule, and block the formation of
methemoglobinemia. This is also why vegetables, a source of high nitrate in the diet, have not likely
resulted in cases of methemoglobinemia. Their high antioxidant content may be playing a role in
converting the nitrite from nitrate to nitric oxide, reducing harmful effects of nitrate.

Emerging Health Risks for Adults from Nitrate in Water

In sum, the evidence remains compelling that high levels of nitrate in well water cause methemoglobinemia.
While methemoglobinemia in infants may be less commaon today, it has not disappeared, and remains an
important public health concern. Only recently has scientific evidence emerged to assess the health impacts of
drinking water with high nitrate on adults. A growing body of literature indicates potential associations
between nitrate/nitrite exposure and other health effects such as increased heart rate, nausea, headaches,
and abdominal cramps. Some studies also suggest an increased risk of cancer, especially gastric cancer,
associated with dietary nitrate/nitrite exposure,’” but there is yet no scientific consensus on this question.
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ORIGINAL ARTICLE

Health Effects from Exposure to Sulphates and Chlorides in

Drinking Water
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ABSTRACT

This study was designed keeping in view the negative and harmful effects of high levels of Sulphates
nmvestigatng

and Chiorides present in

waler sources afler |

ing Sulphate and Chionde contents.

drinking
Sadigabad, Rahim Yar Khan, Khanpur and Liagalpur cities of distnct RYK, Punjab, Palustan were
invastigated for the Sulphate and Chioride levels in different drinking water sourcee 53 and 23
percent of Sulphate and Chloride samples respectively were found having values greater than the
guideline value obtained from the whole distnct of Riashim Yar Khan. Health Survey was conducted in
the areas with higher contents of Sulphates and Chiondes Almost 55 percent of population confirmed
laxative effect and taste problem. Suggestions to prevent health effects were given
mm:mmm.m.m.w&gm

INTRODUCTION
In Pakistan, most of the population relies on shared

waler quality management plan or to efficiently focus
domestic and donor funds on priofity issues as
quality surveillance. Our study is one of the few
independent reports that attempt to evaluate the
concentrations of chlorides and sulphates in drinking
Waler spurces in Pakistan with an amnampt 1o provide
by SUrveys, epidemiological linkages o suggest
potential heaith effects from exposure to elevated
levels of the chemicals in drinking water.

MATERIALS AND METHODS

Rahim Yar Khan District has an area of 11880
square kKilometers and comprises four Tehsils, which
are Liagatpur, Khanpur, Rahim Yar Khan, Sadigabad
with a totsl populastion of more than 4 73 million in
2011. The distnict Rahimyarkhan les between 27 40
- 29.16" N latitudes and 6045 - T0.01" E longitudes
The climate of the district is hot and dry in the
summead and cnid and dry in the winter

Water samples were collected from different
water sources (hand pumps, lube wells, canals and
public water supply syslems) from cities of
Sadigabad, Rahimyarkhan, Khanpur and Liagatpur
period of 2010-11. Water quality
determinations of sulphate and chioride contents
were carried oul in chemistly  laboraloties  of
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Sulphate concentration was extrapolated with the
heip of a prepared standard curve (15).

With collaborative assistance received from a
local non-governmental organization (SAWACO), a
health survey was conducled in areas with high
values of chiondes and sulfates. Volunteers assisled
in the administration of gquestionnaires among
population in polluted areas in 1% quarter of 2012,
Results were analyzed o identify any health
concemns related to the elevated levels of chicride
and sulfales in source waters available for residents
each considered community.

RESULTS

A total of one hundred and fifty one samples were
analyzed during the study. This consisted of hand
pumps (n=88), tube wells (n=54), surface waler
(Canals) (n=06) and public water supply system
(n=03). Out of the 151 samples analysed, 47% has
sulphate levels within guideline limils while 53
percent of the sampies had values above the limits.
The number of samples with sulphate levels within
and above guideline values is presented in Fig. 1
Curiously, as in Table 1, sulphate concentrations of a

sample was as high as 7760 mgl for samples

collected from hand pumps. Altogether, 6.7%, 18.5%
and 25.2% respectively had suiphate values within
the range 250-300mg/L, 300-500mg/L and > 500
mg/L respectively. Oul of 151 samples analysed. 77
percent had chioride levels within guideline value (Fig
2). For samples that exceeded the guideline values,
chiofide concentration was relabvely low (23%)
(Table 2). However, high chloride levels of up lo 3190
mg/L were delected in samples from hand pumps.
On the whole, 4.0%, 9.3% and 9.9% respeclively had
sulphate values within the range 250-300mg/L, 300-
S00mg/L and > 500 mg/L

Resulls from the health mey revealed that
prolonged exposure to excessive levels of chlordes
and sulphates may be aftributable to health effects in
the sampled populafion In areas where consistently
higher than guideline values were observed,
residents complained of gastrointestinal ftract
problems such as diarrhea, nausea, inflammatory
bowel disease. Almost fifty five percenl among
survey reporled diarrheal Wmﬂmﬂmﬂ
dehydration. From an analysis of our survey
guestionnaires, chionde concentrations in excess of
about 250 mg/Litre was associated with detectable
taste in water. Consumers can, however, become
accustomed to concentrations in excess of 250
mg/Litre. Individuals moving into areas with high
Sulphate concentrabons from areas with low
Sulphate concentrations in drinking water complained
aboul heallh effects such as gashvenianiis, Allhough

it was not possible fo screen oul the possibility of
gastroenleriis resulting from other sources, for
example bacterial infection; tourists, huniers and
students not normally resident in Rahimyarkhan were
generally more affected. Questionnaire responss also
revealed that water disiribution system in the urban
area is either un-adequate or has reached its Tull
development. Physical observation revealed thatl
there is no public water supply system in rural area
considered in the study neither was there any water
treatment plant. Consequently, most of population
resolve to the use of groundwaler through electnic
pumps or hand pumps.

Fig.1: Samples (%) with sulphate levels within (-ve) and
above (+ve) guidefine volues

100

W -
ao -Sm-puwmwa._
70 resuit n

Fig. 2: Samples (%) with chioride levels within (-ve) and
above (+ve) gudeline values
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Table 1. Observed sulphate levels of different water

Sulphate Range
levels MglL)
within
guideline
values
40(45.5%) | 48(54.44%)
%ﬂ.ﬁﬁs] 51.85%) 0-1990
(33.33%) | B4(66.67%) 180413
03(100%) |0 823992 |

Sulphate
levels higher
than guideline
values

312.7760

Sulphate
levels
within
gulideline
values
BE(77.2T%

Sulphate
levels higher
than guideline
values

20(22.73%)
42(77.76%) | 12(2222%) | 16780

02 (50.00%) | 03(50.00%)
03(100%) |0

samples
Sample
source
[ HP
TW
m’.-u
WSS
Table 2@ Observed chlonde levels of different water
samples
Sampile
source
'_HP
TW

[ SW
WSS

DISCUSSION

preminsollalanget:iﬂnwadandmuﬂmatﬂy
releasad to groundwater as Sulfates. A number of
heaith concemns regarding sulfate in drinking waler
have been raised because of reporis that diarrhea
may be associaled with the ingestion of water
containing high levels of sulfate. In the current study,
high sulfate levels were observed especially in hand-
pumps. In most developing countries, major
settlements enjoy pipe bome water supply albeil
erratic. In the rural communities, bore holes fitled
with hand pumpsserve as the man source of
alternative ‘polable’ water. In an age where more and
more emphases is suggested to be placed on the
provision of hand pumps and wells for rural
settiements, the results of this study thus gives cause
for concern.  High sulphate levels in drinking water as
observed in the cument study may be atinbutable to
relatively chaliow depth of wells aftached o these
pumps and the proximity to resources of pollution
from human dwelling and animal yards. One striking
observation in support of this assumption was the
high sulphate levels from hand pumps on lands close
to cattle feed lols and intensive agricultural sites in
Punjab where chemical fertilizers were regularly
applied

There may be up to one percent sulfate present
in gastnc fluids. Normaily, the body maintains a
homeostasis between absorbed inorganic Sulphate,
Sulphate compounds, and renal excretion;
membrane franspori and regulation conlribule io this

homeostasis. There have been a number of studies
conducted to determine the toxicity of sulphate in
humans. Chien et al. presented case reports of
diarrhea in three infants exposad 1o water containing
Sulphate (ranging from 630-1,150mg/L)"". However,
there were other potential causes of the diarrhea in
thesa infants like consuming infant formula with high
osmolarity or the presence of microbial pathogens
that were notl thoroughly addressed by the
investigators. Almost fifty five percent among survey
reported diartheal symptoms and consequent
dehydration. These are mainly related o sulphale
loxicity and due lo these above menlioned effects
patients having dehydration. Sulfates have a laxative
effect that leads to dehydration especially infants are
more prone lo ils effects. Bul with passage of lime,
people and young live stocks become acclimatad to
the sulfate and the symploms
Amwmﬂﬂdinhﬁ:ﬂuﬂukﬂfwﬂa
slight increase in the percentage of people (28%)
who reporied that their drinking water had a laxative
effect when the drinking water contained 500 to 1,000
mg/L. Sulphate compared to the percentage of people
{21%) who reported a laxative effect from dnnking
water that contained <500 mg/L_ Fifty one percent of
people who consumed water with 1,000 to 1,500
mg/L reporied a laxative effect Arguably, the
generally accepled concem is that which relates fo
greater risk from the laxative effects of sulfale when
vulnerable populations experience an abrupt change
from drinking water with low sulfate concentrations to
drinking water with high sulfate concentrations. One
such potentially sensitive population is infants
receiving their first bottles containing tap water, either
as water alone or as formula mixed with water.
Ancther group of people who could potentially be
adversely affecled by waler with high Sulphate
concentrations are transient populations like toursts,
hunters, and other temporary visitors who moves into
areas with high Sulphale concentrations in the
drinking water from areas with low Sulphate
concentrations in drinking water™
ttlsmammtmmmﬁemwam
laxative effect when they drank water containing
>1000 mg of Sulphate per litre™ ™ However, like
other ones, the currenl study may nol be assertive
about a statistically significant associalion between
consumption of water with excessive sulphate levels
and clinical syndromes experienced by the surveyed
population. The science of sulphate levels in drinking
waler is itself rocked with inherent guestions which
stil remain answered. Where reported studies
suggest thal a certain sulfate level would not be likely
o cause adverse effects, existing data do not identify
the level of sulfate in drinking water that would be
unlikely to cause adverse human health effecls.
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Again with the assumplion of accimatization or
adaptation o ceriain levels of sulphates in drinking
waler, findings on how long this takes is still yel to be
published. Furthermore, in referring to the potential
heaith effects of elevated sulfate levels in drinking
water, one is quick to refer to vulnerable populations
as being at risk, parficularly infants. However, there
are no dose-response studies to substantiale ths
partly becausa of the difficulty of locating a population
of women feeding their infants formula mixed with
unfiltered tap water containing high levels of sulfate.
Consequently, it appears that there is nol enough
scientific evidence on which to base a regulation but
a mere health advisory in places where dnnking
water has sulfate levels of >500mg/L, based solely
on precaulionary principle

Chilorides cccur in surface and groundwaler as a
result of intrusion from both nalural and
anthropogenic sources, such as run-off containing
road de-icing salts, the use of inorganic fertilizers,
landfill leachates, seplic tank effluents, animal feeds,
industrial effluents, drainage, and seawater
intrusion in coastal areas (DNHW, 1978). Available
data reveal that the mean chionde concentration in
several rivers in the United Ki is in the range
11—42mg/litre during 1974-81 (Brooker and Johnson,
1984). Also evidence of a general increase in
chlonde concentrations in and drinking-
water has been found (WHO, 1978). In developed
nations, aquifers prone o scawaler intrusion have
been found to contain chloride al concentrations
ranging from 5 to 460 mgfitre (Phelan, 1887),
whereas contaminated wells in developing nations
such as the Philippines have been reported to have
an average chioride concentration of 141 mglitre
(Morales, 1987). Chionde levels in unpolluted waters
are often below 10 mgfitre and sometimes below
1mgfitre (WHO, 1996)

However, high chioride levels of up lo 3180
mg'L were detected in samples from hand pumps in
our curren! study. Chloride in swrface water and
groundwaler from both nalural and anthropogenic
sources, such as extensive use of Polassium fertilizer
in which Potassium Chloride is used dunng
production, landfill leachates, seplic tank effluent,
animal feeds, industrial effluents, and irngation
drainage. High values of Chlorides may also be due
to extensive use of Sodium Chioride in production of
industrial chemicals such as Caustic Soda, Chiorine,
Sodium Chiorile and Sodium hypochlonite. The
chionide ion is highly mobile and is transported fo
nearby walershed and river basins.

Usually, chionde concentrations in excess of
about 250 mg/Litre can give rise to detectable taste in
water, but the threshold depends wupon the
associated calions, a typical example being Sodium

The presence of sodium in drinking water is of
significant health concems. Therefore, the US
Environmental Protection Agency (EPA) now requires
drinking water to be monitored for sodium and public
waler suppliers are directed to report local health
authoriies any concenlration above 250 mg/L
Chlorides in drinking water usually create taste and
odor problems al concentrations exceeding 250
mg/L In New Hampshire from 1983 to 2003 the
NHDOT replaced more than 424 private wells
contaminated by road salt at a cost of $3.2 million
Ewaralpuhb:watﬂsa.rpplymﬁshwnimbaen
abandoned due lo contamination'”. Although
excessive intake of drinking-water nummrungmdhm
chloride at concentration above 250mg/L has been
reporled lo produce hypertension’, this effect is
believed to be related to the sodium ion
concentration. Consumers may become accustomed
to concentrations in excess of 250mg/L.

In humans, B8% of chioride is extracellular and
contributes to the osmotic activity of body fiuids. A
normal aduit human body contains approximately
81.7g chioride. On the basis of a lotal obligatory loss
of chloride of approximately 530mg/day, a dietary
intake for adults of 9mg of chloride per kg of body
weight has been recommended for children up to 18
years of age, a daily intake of 45 mg of
chloride should be A dose of 1 g of
m&um#hﬂpﬁkgdw“mmtn
have been lethal in a 9 week old child”. Chioride
toxicity has not been observed in humans except in
the special case of impaired sudlum chioride
metabalism, eglnmngamvnhmrahra Healthy
individuals can tolerate the intake of large quantities
of chioride provided that associated intake of fresh
waler. Little is known about the effect of prolonged
intake of large amounts of chionde in the diel. As in
expenmental animais, hyperlension associated with
sodium chionde intake appears to be related to the
sodium rather than the chionide ion’ However,
adverse effecls related to high chioride concentration
are increased number of polymorhonuclear leukocyte
and disturbed blood cell counts in full blood count

analysis.

CONCLUSION

On a conclusive note, the current study revealed that
higher than guideline leveis of consumers of sulfates
and chiorides in avalable drinking water in
Rahimyarkhan. Consumers can however, become
accustomed to concentrations in excess of
250mg/Litre. Individuals moving into areas with high
Sulphate concentrations from areas with low
Sulphate concentrations in drinking waler complained
aboul heaith elfecs such as gastroenlents. Although
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it was not possible to screen oul the possibility of
gastroenteritis resulting from other sources, for
example baclerial infection; tourists, hunters and
students not normally resident in Rahim Yar Khan
were generally more affected. It is thus suggested
that efforts be made to provide at least one laboratory
in each city working in collaboration with health
officials in district hospitals.
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Abstract

FPresemt study wimed fo assess and compure the growsd water qualitg with WHEO standards and iis related
dizeases in Bahawalpur city. Three sample areas Savellite town, Shahdrah and Islamic colony were chosen and
two water sumples have been taken from each area. Data collection based on the questionnaire and laboratory
analysis of water samples. Certain physical and chemical parameters like total dissolved solids (TDS), electrical
conductivity (EC), pH, hardness, alkalinity (Alk}) ete. was examined to find out quality of grosnd water, Findings
reveal that groundwarer quality in Bahawalpur (s deteriorating. Sitvation was much weorse in Islamic colony
where 48%, 55% and 41% residents have diluted, brackish and water with slight smell respectively. Laboratory
analysis of water parameters also disclosed the fact of significant contamination in ground water. EC, TDS,
hardness, pll ete. were considerably high from WHO permissible limits. Swelr poor quality of water reasoned
severe walterborne diseases lke diarrhea, cholera etc. In Islamic colony, about 36% residents have been facing
werinux diveatee To cove loeal rocidenre uqu. engger; rfgﬂfnr mnnitaring nfun.l'ﬂr qua.hn ehanld Furﬂﬂlnﬁf
maore water filiration plants should be installed by local govi. 1o provide safe drinking water ete.

Kev Words: Water quality parameters, Bahawalpur city, WHO standards, Waterborne diseases.
L Introduction

Water 1s most vital liguid for maintaming the life on the earth, About 97% water is exists in oceans that is not
suitable for drinking and only 3% is fresh water wherein 2.97% is comprised by glaciers and ice caps and
remaining little portion of 0.3% is available as a surface and ground water for human use (Miller, 1997). Safe
drinking water is a basic need for good health and it is also a basic right of humans. Fresh water is already a
limiting resource in many parts of the world. In the next century, it will become even more Ilmnmg due to
increased population, urbanization and climate change (Jackson et al, 2001). Unfortunately, in developing
couniries (i.e. Pakistan) the drinking quality of water is continuously being contaminated and hazardous for
human use due to high growth of population. expansion in industries, throwing away of waste water and chemical
effluents into canals and other water sources.  According to recent estimates, the quantity of available water in
developing regions of South Asia, Middle East and Africa is decreasing sharply while quality of water is
detenorating rapidly due to fast urbanization, deforestation, land degradation ete.
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Therelore, many cities in Asis facing increase o orgame and outient material in diioking waier due 1o the
discharge of untreated domestic and industrial waste water into these resources ( Annachharre, 2006). Situation is
more aggravated in South Asia, where more than 0.5 million deaths of infants happened per year with additional
health threats due to poor water quality and bad sanitation. For instance, in West Bengal (India) and some areas of
Bangladesh, groundwater is contaminated with arsenic at levels as much as 70 times higher than the national
drinking water standard of 0.05mg/| (UNEP, 1999). Woridwide, more people arc dying from poor quality of water
per year than from all forms of violence including war and it is estimated that about 26% of all deaths are
outcome from contagious diseases caused by pathogenic bacteria (WHO, 2002; UNEP GEMS' Water Programme,
2008). Lack of access 1o safe and clean water created waterborne diseases excessively by the residents of slums in
India (Lal et al. 1996). Diarrhea. a waterbome disease is reported as the leading cause of death in infants and
children in the country while every fifih citizen suffers from illness and disease caused by the polluted water
(Khalown et al., 2006).

Although, the issue of dninking water quality has a nsing concemn in developed world but little debated in
developing countries. Pakistan is ranked a water stress country with the availability of about 1,200 m’ per capita
that & rapidly declining. Moreover, the production of domestic and industrial wastewater is about 4 million acre
feet (MAF) per year in Pakistan that is discharging directly into water bodies except a little amount of 3% that is
brought under treatment. About 70 percent of the people in Pakistan rely on ground water for their houschold uscs
(Malik et al., 2010). Due to contamination and micro-biological impuritics majority of the Pakistani citizens have
inadequate access to safe drinking water with poor water supply lines and faulty drainage system (Farrukh et al.,
2004). Resultantly, this caused many discases among people (Tanwir et al., 2003). Particularly, bioclogical
discases caused high child mortality rate of 128/ 1000 per year (UNICEF and Meta-Meta, 2009). It is estimated
that, in Pakistan, 30% of all diseases and 40% of all deaths are caused by bad quality of water (Global Water
Partnership, 2000). Therclore, various studies have been conducted to examine and evaluate the quality of
drinking water in Pakistan. For instance, a study conducted by Pakistan Council of Research in Water Resources
(PCRWR) in all four provinces of Pakistan conclude that majority of the taken samples of water found insecure
for drinking purposes. High arsenic found in major industnal cities of Punjab due to industrial and chemical waste
discharge, high iron concentration is found in Khyber Pakhtunkhwa (KPK) while high turbadity level is observed
in Sindh (Soomro et al., 2011). In Islamabad, to determine microbiological quality, water and food ilems were
collected from different schools and colleges. Results show that out of 30 water and 10 food samples, 20 water
samples and 7 food samples were highly toxic and not safe for human use (Saddozai et al., 2009).

Similarly, during a study conducted in Pakistan's biggest city Karachi, out of hundreds of samples of water no
one was found safe for drinking purposes (Thsanullah, 2009). Another study conducted in district Kohat (KPK)
analyzed 18 samples collected from different sites to test the physiochemical parameters Le. pH, TDS, Alkalinity,
Electncal conductivity ete. Results mdicate that most of the samples were contaminated (Ahmad et al., 2012).
Similarly a study conducted by Khan e al (2012) in Kohat (KPK) indicates most of the samples taken from
wells, ube wells, hkind pumps, streans and tanks were contaminated particularly in Shakardrara, Lacht and Ara
Khail storage and wells were highly polluted whereas tube well water found safe for human use. It is summarize
in a study conducted in district Charsadda (KPK) that érinking water of the study arcas was contaminated with
504 NO, and heavy metals such as Pb. Cd, Fe, Ni. Zn and coliform bacteria.

Therefore, majority of the inhabitants of study arca have been facing various health issues. Improper disposal of
solid waste, sewnge water, and too much use of fertilizers were the main reasons of water contamination (Khan &
al., 2012). In a study to determine the effects of polluted water used for imigation on ground water quality and
causing health problems in Jamber, district Qasur (Pakistan) results indicate that use of polluted water enhance the
value of conductivity, total dissolved solids (TDS) and sodium absorption ratio ete. in ground water and exceeds
the national standards {Ashmf et al., 2010). It is proved that there is a keen relationship between people income
and literacy of mother to water quality and health issue. More literate mothers and high income groups have the
ability to prevent waterborne diseases to their family (Kausar et al., 2009). A study to analyze physiochemical
pamameters of water before and afler monsoon period i southen Lahore shows that before monsoon the
contamination of water ranges from 50-65% that risen after monsoon and reach 75%. This is possibly because of
leaking of water main and sewers main found elose W esch other (Haydar et al., 2009). Therelore, it i elear fel
that a broad range of physiochemical parameters of dricking water in Pakistan are not to meet the standards for
drinking water set by WHO and Pakistan (Malana et al., 201 1; Farid et al., 2012).
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Polluted drinking water causes nmny discases as dianlen, vomiting, gastroenteritis, dyseutery, kidoey problems
ctc. found in Thatta, Badin and Thar districts of southern Sindh, Pakistan (Memon et al., 200 1). The ground water
in Bahawalpur city is generally saline and brackish and not suitable for drinking purposes apant from arcas lies
close to canals and niver Sutlej that is the main water body of the region. Majority of the inhabitants have
complaints 10 Tehsil Municipal Admumistration (TMA) Bahawalpur city against the quality of water that was
found colored and sediment with bacterial conlamination. In addition, absence of the effective monitoring of
ground water quality on regular basis being made the situation more serious. The planning and management for
better water quality supply is not much efficient in Bahawalpur city (Anwar and Bureste, 2011). As a study
conducted in Bahawalpur city by PCRWR indicates afler treating 25 samples data, it is estimated that 24%
samples were polluted with E.Coliform bactaria; 52% samples were found contaminated with Coliform
bacterium: 76% possessed excess Arsenic (As) of more than 50 ppb (which s 5 times above than WHO sct
lirmits : 32%; possessed excess level of Turbidity and Satellite town has extreme levels of Turbidity may be due 10
damaged strainer pipes; 60% samples have higher concentration of Calcium {Ca) (Govt. of Punjab & World
Bank, 2006). About 75% water samples were influence by coliform bacteria in Bahawalpur city (Mehmood et al.,
2012). Hence, the main objective of the study is to assess the ground water quality and its causing diseases in
Bahawalpur city.

2. Study Area and Data Collection

Bahawalpur city is located in semi-arid region with dry and hot climate and less precipitation. It is lies between
latitude 29°-22" and longitude T1°-37" approximately. In recent years, rapidly increasing population and economic
and educational developments of the city brought a huge stress on natural resources including ground water, land
use, farmiand etc. Specifically, the quality of ground water is regularly being reported contaminated in many areas
of the city by PCRWR etc. and highly threaten the health of the local inhabitants. Majority of the people have
used electric pumps to extract water while few people used hand pumps.

In an order to assess the ground water quality and its related discases, three sample arcas were chosen namely
Islamic colony, Satellite town and Shahdrah (Figure 1). Islamic colony is a typical slum arca where majority of
the residents have lower standard of life and poor housing conditions. Satellite town is a well planned scheme by
government where middle and high class people are living and having all modern facilives. Standard of living is
reasonably high to Islamic colony residents. In Shahdrah mix standard of living exists. People engaged in shop
keeping, dairying and govi. jobs etc. Two water samples have been taken from each study area and got tested in
PCRWR regional lab to find oul the quality status of selected physical and chemical parameters of the water. The
samples were collected from electric pumps the most common source of drinking water in Bahawalpur city. Afler
it, the results of these parmmeters were compared and discussed with WHO standards. In addition, to discover the
overall physical quality of water and main waterborne diseases in study areas, a field survey was conducted and
data was gathered through questionnaire wsing random cluster sampling Results were portrayed in graphs
prepared in MS Excel. Maps of study arcas were made using ArcView 3.2a software.

3. Water Quality of the Study Areas

Water quality is the physical, chemical, and biological characteristics of water in association to the set of
standards. These parameters directly related 1o the safety of the drinking water to human use. Water quality
parameters provide important information about the health of a water body. These parameters are used to find ot
the quality of water for drinking purpose. During field survey the following physical parameters were also
investigated using questionnaire;

3.1 Color of the water

Water usually think a colorless liquid however it possesses some level of color, Colors in ground waters can
originate from decomposition of organic matter and leakage through sewage. Figure 2 clears that in Shahdrah,
86% residents have clear water and very small numbers of residents have diluted and faint. Over all water quality
was satisfactory in this area may be because of proximity to river Sutle] as compare to other areas. In Satellite
town, 61% residents have clear water while the residents having faint and diluted water were less in number. The
main reason for the change in water color was the over exploitation of water and lowing water table with passing
time. In Islamic colony, 48% residents have clear water while 50% residents have diluted water. It was possibly
due to suspended minerals and dead organic matter.
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3.2 Taste ol the Waler

Various odors and tastes may be present in water. Tasie is gencrally classified in three groups of sweet, medium
and brackish. Taste m water can be traced 10 a number of factors including decaying organic matter, Iiving
organisms, iron, mixing industrial waste etc.

Figure 3 portrays that in Shahdrah, water condition s much better as compared to other arcas. About 79%
residents have sweet ground water and a small numbers have medium (16%) and brackish water (5%). Water is
naturally of good quality and has sweet wste except some cases. Medium tasie i1s because of the naturally
occurring salts contents. In Satellite town, about 48% residents have sccessed to sweet water while 32% and 20%
residents having access to medium and brackish water respectively. Generally, quality of water is good except
some patches. Major sources of changing ground water taste were observed as sewer leakage, over pumping of
ground water, residential waste disposal ete. In Islamie colony water 15 brackish and bears a typical odor. About
55% residents have brackish water while 41% residents have accessed 1o sweet water. Bad taste and odor has
natural origin. The poor residents of this slum arca were forced 10 usc toxic water becausc they were unablc 10
afford mineral water etc.

33 Smell/ Odor of the Water

Smell in water in the present study was classified into three categonies of slight smell, no smell, and fast smell. In
Satellite town and Shahdrah water has no smell except few patches while in Islamic colony slight and fast smells
were noted in water. It s analyzed that 70% residents in Satellite town have accessed to water without any smell
while 20% residents have water with a slight smell (Figure 4). Smell in water may be due to the sewage leakage.
In Shahdrah §4% residents have water without any smell while 14% have the problem of slight smell. In Islamic
colony, 42% residents have water with no smell while a large number of residents (41%6) have water with slight
smiell. The level of fast smell in this area is also higher as compare to other study areas.

4. Analysis of Physical and Chemical Parameters of Water

Both physical and chemical parameters of collected water samples have been tested from the regional laboratory
of Pakistan Council of Research in Water Resources (PCRWR) in Bahawalpur city (Table 1.1). Important
physical parameters that were tested included Total dissolved solids (TDS), Electrical conductivity (EC) and pH
of water. While, important chemical parameters have been tested were Bicarbonates, chloride, sulfate,
magnesium, calcium, hardness, sodium, potassium, alkalinily and mitrate. The results were then matched and
discussed with WHO standards.

4.1 Total Dissolved Solids (TDS)

Water has the ability to dissolve a wide range of inorganic and some organic minerals or salts such as potassium,
calcium, sodium, bicarbonates, chlorides, magnesium, sulfates etc. These minerals produced un-wanted tasie and
diluted color in appearance of water. There is no agreement have been developed on negative or positive effects
of water that exceeds the WHO standard limit of 1,000 ppm. Total dissolved solids (TDS) in drinking water is
origimales many ways from sewage to urban industrial wastewaler etc. Therefore, TDS lest is consideéred a sign to
determine the general quality of the water. Figure 5 clears that in Islamic colony these values were ranges from
290-595 ppm. In Satellite town TDS range is 406-694 ppm and in Shahdrah these values range from 401429
ppm. Hence, these mnges were acceptable and concentrasion of TDS is not harmful.

4.2 Electrical Conductivity (EC)

Pure water is not a good conductor of electric current rather n good insulator. Increase in jons concentration
enhances the electrical conductivity of water. Generally, the amount of dissolved solids in water determines the
electrical conductivity. Electrical conductivity (EC) is actually measures the ionic process of a solution that
enables it to transmit current.

According 10 WHO standards EC value should not exceeded 400 pS/cm. In study areas, EC value in Islamic
colony was 290-595 pSicm, 406-694 pS/cm in Satellite town and 401-429 uS/cm in Shahdrah (Figure 6). These
resulis clearly indicate that water in study areas was considerably ionized and has the higher level of ionic
concentration activity due to excessive dissolve solids. Thus, it is a fine conductor of electric current.
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4.3 pH ol waler

The pH of pure water is refers to the measure of hydrogen jons concentration in water. It ranges from 0 to 14, In
general, water witha pH of 7 is considered neutral while lower of it referred acidic and a pH greater than 7 known
as basic. Normally, water pH ranges from 6 to 8.5. It is noticed that water with low pH is tend to be toxic and wath
high degree of pH it is turned into bitter taste. According to WHO standards pH of water should be 6.5 to 85. In
Islamic colony, it is ranges from 7.2-7.35; in Satellite town pH was 7.4-7.5 and in Shahdrah pH values observed
at 7.4-7.35 (Figure 7). Hence, in study areas the pH values were not exceeded the standard limit however these
were falling in basic or alkaline range.

4.4 Bicarbonates (HCO,)

Bicarbonates concentration in water relies on pH and is usually less than 500 mg/l in groundwater. It is the
standard alkaline constituent found almost all surface and ground water bodies and therefore affects alkalinity and
hardness of water. The weathering of rocks adds bicarbonate content in water. Mostly bicarbonates are soluble in
water i.e. bicarbonate of magnesium and calcium ete. is the main causes of hardness of water. The hard water is
not suitable for drinking purpose and causes the gastro diseases. The value of bicarbonates is not recommended
by WHO however it is considered 1o be not more than 500 mg/l. Current study revealed the concentration of
bicarbonates ranges from 225-320 mg/l in Islamic colony, 170-175 mg'l in Satellite town and 160 to 180 mg1 in
Shahdrah and hence these were within the standard values (Figure 8).

4.5 Chloride (CI)

Chloride is mainly obtained from the dissolution of sakis of hydrochloric acid as wble salt (NaCl), NaCO; and
added through industrial waste, sewage, sea water ¢e. Surface water bodies often have low concentration of
chlorides as compare to ground water. It has key importance for metabolism activity in human body and other
main physiological provesses, High ehidoride concentation damage wetallic pipes and stiucture as well as lanus
growing plants. According to WHO standards concentration of chloride should not exceed 250 mg/l. In study
arcas the chloride value ranges from 16-66 mg/l in Islamic colony, $4-78 mg/l in Satellite town and from 51-88
mg'l in Shahdrah. Thus, all the samples have lower concentration of chloride (Figure 9).

4.6 Sulfate (50,)

Sulfate mainly derived from the dissolution of salts of sulfuric ac¢id and abundantly found in almost all water
bodies. High concentration of sulfate may be due to oxidation of pyrite and mine drainage etc. Sulfate
concentration in natural water moges from a few 1o a several hundred mg per liter but no major negative impact of
sulfate on human health 1s reported. The WHO has established 250 mg/l as the highest desirable hmit of sulfate in
drinking water, In study arcas, concentration of sulfate ranges from 33-106 mg/l in Islamic colony, 79-310 mg/1 in
Satellite town and 72-86 mg/l in Shahdrah (Figure 10). The results exhibit that concentration of sulfate in Satellite
town was higher from standard limit and may harmful for human health,

4.7 Magnesium (Mg)

Mugnesium is the 3% most abundant element on earth crust und nuurul constituent of water. 1 15 un essenual for
proper functioning of living organisms and found in minerals like dolomite, magnesite etc. Human body contains
about 25g of magnesium (60% in bones and 40% in muscles and tissucs). According to WHO standards the
permissible range of magnesium in water should be 150 mg/l. In study arcas magnesium was ranges from 6-36
mg/l in Islamic colony, 36-56 mg/l in Satellite town and 58-84 mg/l in Shahdrah (Figure 11). The quantity of
magnesium is significantly low in Islamic colony as compare to Satellite town and Shahdrah. Such a low
concentration somewhat effects health of residents as it is essential for human body.

4.8 Calcium (Ca)

Calcium is 5% most abundant clement on the carth crust and is very important for human cell physiology and
bones. About 95% calcium in human body stored in bones and teeth. The high deficiency of calcium in humans
may caused rickets, poor blood cloting, bones fracture ote. and the exceeding limit of calcium produced
cardiovascular discases. According to WHO (1996) standards its permissible range in drinking water 15 75 mg/l
whereas PSQCA (2002) established the limit of 200 mg/l. [lowever, an aduli requires 1.000 mg/ day to work
properly. Despite others, the standards set by WHO were kept in consideration.
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In study aeas, results show that the coocenmtion of calcium ranges fiom 26-40 mg/l in Islamic colony, 61-84
mg/l in Satellite town and 18-29 mg/l in Shahdrah (Figure 12). Calcium guantity in Satellite town was exceeded
the limit by WHO and may harmful for local residents.

4.9 Hardness

Hard water is characterized with high mineral contents that are usually not harmful for humans. It s ofien
measured as calcium carbonate (CaCO;) because it consist mainly caleium and carbonates the most dissolved ions
in hard water. According to World Health Organization (WHO) hardness of water should be 500 mg/l. In study
arcas. hardness ranges from 195-330 mg'l in Islamic colony, 190-310 mg/l in Satellite town and from 265-285
mg/l in Shahdrah (Figure 13). These results clear, that hardness of water is according to the WHO standards and it
is not harmful for local inhabitants.

4.10 Sodium (Na)

Sodium i3 a silver white metallic clement and found in less guantity in watcr. Proper quantity of sodium in human
body prevents many fatal diseases like kidney damages, hypertension. headache efc. In most of the countries,
majority of water supply bears less than 20 mg/l while in some countries the sodium quantity in water exceeded
from 250 mg/l (WHO, 1984). According 10 WHO standards, concentration of sodium in drinking water s 200
mg'l. In study areas, finding shows that sodium conceniration ranges from 36-93 mg/l in Islamic colony, 61-140
mg/l in Satellite town and 28-33 mg/1 in Shahdrah (Figure 14). Sodium quantity in Shahdrah is quictly low
which could be harmful for the health of local inhabitants,

4.11 Potassium (k)

Potassium is silver white alkali which is highly resctive with water. Potassium is necessary for living organism
functioning hence found in all human and animal tissues particularly in plants cells. The total potassium amount
in human body lies between 110 1o 140 g It is vital for human body functions like heart protection, regulation of
blood pressure, protein dissolution, muscle contraction, nerve stimulus efc. Potassium is deficient in rare but may
led 10 depression. muscle weakness, heart rhythm disorder eic. According to WHO standards the permissible limit
of potassium is 12 mg/l. Results show that the concentration of potassium in study areas ranges from 5.2-7.5
mg'l m Islamic colony, 5.4-7.9 mg/l in Satellite town and 3.2-3.6 mg/l in Shahdrah (Figure 15). These results
were meet the WHO standards and may become preventive from discases associated from potassium extreme
deficiency.

4.12 Alkalinity

Alkalimity is the presence of one or more ions in water including hydroxides, carbonates and bicarbonates. It can
be defined as the capacity to neutralize acid. Moderate concentration of alkalinity is desirable in most water
supplics to stable the corrosive effects of acidity. However, excessive quantitics may cause a number of problems.
The WHO standards tell the alkalinity only in terms of total dissolved solids (TDS) of 500 mg/L In study areas,
results show that alkalinity ranges from 181-289 mg/l in Islamic colony, 171-188 mg/l in Satellite town and 277-
211 mgll in Shahdmh (Figure 16) Thus, these valies were under the permissihle limit of WHO standards and
may not caused health related problems.

4.13 Nitrate (NOy)

Nitrate one of the most important diseases causing parameters of water quality panticularly blue baby syndrome in
infants, The sources of mitrate are nirogen cycle, indusinal waste, nirogenous fertilizers eic. The WHUO allows
maximum permissible limit of nitrale in drinking water is 10 mg/l. In study areas. resulis clear that the
concentration of nitrate ranges from 4.5-6.4 mg/l in Islamic colony, 3.4-3.5 mg/l in Satellite town and 3.2-3.6
mg'l in Shahdrah (Figure 17). These results indicate that the quantity of nitrate in study sites is acceptable instead
Islamic colony where the range of nitrate is exceeding in water and posing threat on the health of inhabiants.

5. Diseases caused by Poor Water Quality

Unfortunately, the intensity of waterborne diseases in under developing countries is very high due to polluted
dnnhng water and poor hygienic conditions. Resultantly, the rate of casualties particularly in infants is alarmung.
It is estimated that in Pakistan, about 230,000 infants (less than five year old) have been died each year due 1o
waterborne diseases (DigiTex, 2013). The treatment facilities of water is almost absent in rural and suburban arcas
and water 1s being contaminated through sewage, fertilizers use, decayed and leached organic matter etc.
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A wide variety of fatal diseases are associated with poor water quality Le disrrhea, choleaa, iyphoid ete. Tn study
areas. many of these diseases were being occurred by the use of infected ground water,

Table 2 and Figure 18 have proved that in Islamic colony 16.1% residents were suffered from cholera, 7.2% in
diarrhea, 6.3% in typhoid. 4.4% in jaundice and 2% people in kidney stone disease. This is mainly caused by the
use of comaminated water and bad sanitation condition. In Satellite town, 12.6% inhabitants were suffered in
diarrhea and little portion of inhabitants suffered in kidney stone, typhoid, cholera and jaundice. This s because
of the better ground water quality and healthy life style of the inhabitants of Satellite town. In Shahdrah. 15.6%
residents were suffered in diarrhea, 3.8% in typhoid, 1.6% in kidney stone and 1.1% inhabitants were in cholera.
It is analvzed that in Islamic colony 36.0% residents were suffered from water bomn diseases because they were
being used 1o bad guality water as they cannot afford boutled and filtered water while 64.0% residents have no
water caused discase. In Satellite town §1.9% residents have no water born discase and less number of people
(18.1%) was suffered from water caused discases because people can afford filtered and bottled water. In
Shahdrah. 77.9% residents have no water related disease becanse the quality of ground water is good as compare
to other study arcas. Whereas, remaining 22.1% have been face various waterborne diseases.

6. Conclusion

Groundwater quality in Bahawalpur is deteriorating like in other main cities of Pakistan. The situation is much
aggravated in Islamic colony where ground water quality was highly toxic. Survey results depict that in Islamic
colony 48% residents have diluted water, 55% residents have brackish water and 41% residents have water with
slight smell. In Satellite town, 61% residents have clear water, 48% residents have access to sweet water and 70%0
residents have access to water without any smell. As compare to these, situation of ground water quality i much
better in Shahdrah where 79% residents have sweet water and 84% have found no smell in water. The laboratory
analysis of physical and chemical parameters of collected water samples disclosed the fact of significant
contamination in ground water. The findings of these parameters cither were exceed the permissible values
established by WHO or going below the average limits. For instance, among physical parameters, Electrical
conductivity (EC) of water samples was very high from permissible limat of 400 pS/em. Total dissolved solids
{TDS) and Hardness of ground water in Islamic colony and Satellite were also increasing and caused harmful
discases. Similarly, the pH values of water samples were above the neutral (= 7) limit and falls in basic (alkaline)
range. The valves of sulfate (SO,) and calcium (Ca) in Satellite town were 310 mg/l and 84 mg/l which were
above the permissible limits of 250 mg1 and 75 mg/l respectively causing health related problems.

In Islamic colony, chlonde (Cl) recorded 16-66 mg/l which is quite below than WHO standard of 250 mg/l
Sodium quantity i Shahdrah was 28-33 mg/l which was also quietly lower from WHO standard hmut of 200
mg/l and could be harmiul for the health of local inhabitants. Other parameters also reflect significant variations
to WHO standards. Due to this poor quality of water, the waterborne diseases like dinrrhea, cholera, typhoid etc.
were common in study areas particularly in Islamic colony about 36% residents have been facing serious diseases,
Whilc. the scverity of watcrborne discascs among the residents of Satcllitc town (18.1%) and Shahdrah (22.1%)
was proportionally less as compare to the Islamic colony. Therefore, in order to rescue precious human lives from
water related diseases current study suggests; regular monitoring of ground water quality should be practiced;
District government should installed more water filtration plants to provide safe drinking water; Sewer drains
should kept away from water supply drains to avoid waste water leaching in ground water; Sanitary conditions
should be improved on urgent basis; The awarcness campaign of waterbome diseases and importance of safe
water for human health should be commenced by TMA cic.
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Tahble 1: Laboratory Analysis of Physical and Chemical Parameters of Study Arcas and WHO Standards

Sample Parameters and Permussible Limit set by WHO
TDS EC pH HCO; €I SO, Mg Ca Had Na K Ak NO,
Location (1000 (400 (65- (500 (250 (250 (150 (7%  oes (200 (12 (500 (10
ppm)  pSc BES) mgl) mepd) mgl) mgl mgd) (500 mel) mgl) mgl) mzl

m) mg/l)
[ Islamic 290 45T 72 225 [ 33 6 26 195 36 7.5 181 45
Colony
2 Islamic 595 9 73 30 [ 6 66 40 30 93 52 X0 64
Colony
3 Spicllite Town 406 635 74 10 54 ™ 3 B W 6l 54 170 3a
4 Satellie Town 694 1085 7.5 175 8 30 56 1] 30 140 79 188 35
5 Shahdrah 401 627 T4 180 51 T2 58 x 65 33 55 217 36
[ Shahdrah 429 &M 73 1600 XE R 54 1] 85 28 52 211 32
Source: Laboratory Analysis of Water Samples (2013)
Figure 1: Location of Study Areas in Bahawalpur City
'_-T_: ' "
d
Source: Author (2013)
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I'nble 2: Waterborne Discases in Study Areas

Types of Islamic Satellite Shahdrah
Diseases Colony Town

Dharrhea 7.2% 12.4% 15.6%
Jaundice 4.4%, 0,99, 0.0%
Typhoid 6.3% 1.6% 3.8%
Cholera 16.1% 0.9%% 1.1%
Kidney stone 2.0% 2.3% 1.6%

No disease 64.0% £1.9% 77.9%;
Total 1009 | 0% 100%%

Source: Field Survey (2013)
Figure 2: Color of the warer
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Source: Field Survey (2013)
Figure 3: Taste of water
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Shahdrah Satellite Town Islamic Colony
Areas

Source: Field Survey (2013)
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Figure 4: Smell of water
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Source: Field Survey (2013)
Figure 5: Values of Total Dissolved Solids (TDS) in Study Areas
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Source: Laboratory Analysis
Figure 6: Values of Electrical Conductivity (EC) in Study Arcas
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Source: Laboratory Analysis
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Figure 7: Values of pH in Study Areas
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Source: Labormtory Analysis
Figure 8: Values of Bicarbonates (HCO;,) in Study Arcas

m HCO3 (500 mg/1)

50
300
= 250
E 20
g 150
£ 100
50
a — i
Islarmec Islamic Satellite Sateilite Shahdrah Shahdrah
Colony Colony Town Town
Study Areas
Source: Laboratory Analysis
Figure 9: Values of Chloride (C) in Studv Areac
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Source: Laboratory Analysis
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Figure 10: Values of Sulfate (S0,) in Study Areas
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Figure 11: Values of Magnesiuvm (Mg) in Stedy Areas
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Figure 12: Values of Caleium (Ua) in Study Areas
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Figure 13: Values of Hardness in Stodv Arcas
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Figure 14: Values of Sodium (Na) in Study Areas
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Figure 15: Values of Potassium (K} in Study Arcas
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Figure 16: Values of Alkalinity (AlK) in Study Areas
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Figure 17: Values of Nitrate (NO,) in Study Areas
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Figure 18: Waterborne Diseases in Study Areas
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ENVIRONMENTAL IMPACT AND TOXICOLOGY OF SULPHATE

Patricio Moreno
Facultad de Ingenieria, Universidad Diego Portales, Ejercito 441, Santiago, Chile

Hal Aral and Angelica Vecchio-Sadus
CSIRO Minerals, Box 312 Clayton South, Victoria 3169, Australia

ABSTRACT

Sulphaie can be found in the environment as a result of atmospheric and terresirial processes. Major
natural contribwiors of sulphate to the environment are sulphur released from erosion of evapaorite
deposits and sulphide containing rocks and minerals as well as volcanoes. During this cycle sulphate
is taken up by plants and microorganisms, and is later consumed by animals, thereby moving sulphur
through the food chain. One third of the sulphur reaching the environment is anthropogenic, and it is
generated from industrial activities such as mining and mineral processing, agriculture, paper and
pulp, combustion of fossil fuels and refuse. The mineral processing indusiries emit sulphur to the
environment in the form of sulphate, sulphuric acid. hydrogen sulphide and SOx gases. Sulphate in
mine discharge walters is a major issue around the world where acidic tailings are periodically
affected by drought and rain, and in mines where sulphuric acid is used to process the ore and
mineral concentrates. Many Latin-American surfece walters have been affected by mining activities
with high sulphate concentrations well above recommended limits of 250-500 mg/L for drinking water
and 500-1,0080 mg/L for discharge into surface water bodies, Some of these water streams are used
Jor irrigation, animal walering and human consumption. Sulphate levels in the Tore River, Chile,
have shown maximum concentrations of 1,161 mg/l, attributed to acid mine drainage. Water
samples collected from the Caren Creek draining the El Teniente mine tailings showed elevated
levels (1,440 to 1,490 mg/l) of sulphate.

INTRODUCTION

High sulphate in surface waters as a result of industrial development is becoming more and more an
1ssuc around the world. Most countries in the world recommend a drinking water standard for
sulphatc between 250 and 500 mg/L [35]. This is oficn bascd on a tasic and odour threshold as
sulphates can contribute 10 an undesirable taste in water. In several places in Chile, sulphaie discharge
levels into surface water bodies is well above this limit. Some of these waters are used for irrigation,
animal watering and human consumption. In agriculture, the use of imgation waters containing high
concentrations of sulphate could gencrate non-toxic stains in fruits and leaves of trees. It could also
cause scaling of pipes and blockage of sprinklers when associated with iron and calcium.

There is currently no evidence of adverse health effects in amimals or humans from chronic exposure
to sulphate in drinking water, however, infanis 2re more sensitive to sulphate. Groups within the
general population may be at greater risk from the laxative effects of sulphate when they experience
an abrupt change from drinking water with low sulphate concentrations to drinking water with high
sulphate concentrations. Caitle have shown change in their metabolism due to high concentrations of
sulphate in drinking water.

This paper discusses the extent of the sulphate problem in some Latin American countries and the

impact of sulphate on the aqueous and terrestrial environments, and human and animal health.
1
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SULPHATE IN THE ENVIRONMENT

Sulphate is present in the environment as part of the sulphur cyele [37]. The sulphur cycle contains
both atmospheric and terresinial processes. Within the terrestrial processes, the cycle begins with the
erosion of sulphate (evaporites) and sulphide comtaining rocks and minerals. This is a process that
releases the stored sulphur into the environment. The sulphur then comes into contact with air where it
is converted into sulphate (SO4). The sulphate is taken up by plants and microorganisms and is
converied into organosulphur compounds. Planis and animals consume the organic sulphur which
moves the sulphur up through the food chain. As plants and organisms die, some of the sulphur is
released back into the environment as sulphate. The breakdown of vegetation in swamps and tidal
flats releases hydrogen sulphide (H:5) gas into the environment. Hydrogen sulphide converts to
sulphate in aqueous environments. The other major natural contributor to the sulphur budget in the
environment is volcanoes. The fumarolic activity of volcanoes introduce SO, (S0, S0O:) and
hydrogen sulphide gases to the atmosphere. These gases eventually convert to sulphate 1ons in water
and precipitate as alkali sulphate salts. On geological imescales. the precipitated sulphate salis may
form cvaporite deposits.

Various forms of sulphur-containing chemicals are commonly used in the production of fertilisers,
fungicides, algae control and insecticides, as well as in the production of glass, paper and wood pulp
industrics, soap and detergent, in medicine, in hide-skin processing and water treatment [35]. One-
third of all sulphur that rcaches the atmosphere. including 90% of sulphur dioxide. stems from human
activitics. These include industries such as mining and mineral processing, agriculture, and paper and
pulp. Sulphur enters the almosphere primarily through the buming of fossil fuels, incincration of
refuse, and the processing of minerals and metals. The burning of coal and petroleum by industry and
power plants creates large amounts of toxic gases such as sulphur dioxide (S0:) and sulphur trioxide
($0:) which react with atmospheric water and oxygen to produce sulphuric acid (H.504) which
lowers the pH of soils and raises sulphate levels of surface waters.

Sulphate is especially a problem where acidic scils and mine tailings are periodically alfected by
drought and min, and in places where sulphuric acid is used to process the ore and mineral
concentrales. Sulphate may enter surface and ground water from industrial sources as the discharge or
disposal of sulphate-containing tailings, and seepage from acidic tailings ponds. Within the ocean,
some sulphur cycles through marine flora and fauna, and moves up through the food chain. A large
part of the sulphate in water combines with iron and manganese to form black ooze and wad which is
responsible for the black colour of most marine sediments.

SOURCES OF MAN-MADE SULPHATE IN LATIN AMERICA

Figure 1 shows the location and altitude of some mines in Chile and Peru. To extract copper from
oxidised ore, the lixiviation process is applied in the northermn Chilean mines (Escondida, Gaby,
Collahuasi) and Peruvian mines (Toquepala, Tintava y Cerro Verde). Lixiviation or heap leaching is a
hydrometallurgical procedure in which sulphuric acid and water arc spraved onto stockpiles of
oxidised copper ore to leach copper sulphate (CuSO.) which s later transporied to the solvent
extraction plant to obtain a high grade copper concentrate. Indiscnminant heap leaching of stockpiles
of oxidised copper ores using sulphuric acid is claimed [27] to increase the likelihood of
environmental contamination due to dusting, and leakage into the sublemancan water supplies,
therefore, causing damage to the surrounding fauna and flora.

Table | shows sulphur emissions from various smelters in Chile over a three-year period. In central
Chile, three copper smeliers produced 95% of the sulphur emissions in the arca. Emissions from the
Caletones smelter alone accounts for 0.4% of the world anthropogenic emissions of sulphur, causing
environmental risks to the surrounding population and agriculture [26]. Other smelters that emit
sulphur include Ventanas, Potrenllos (3™ District) and Chuguicamata (2™ District), the latter two
being located in the northem part of Chile. These four smelters together contnibuted more than
935,000 tonnes of SO: atmospheric emissions between 2005 and 2007. Populated areas such as

2

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



Catemu, Puchuncavi (5" District) and Nos (Metropolitan District) were found to be the sources of
acid rain in Chile, affecting the infrastructure and human health within its vicinity. The main problems
associatcd with the acid rain werc widcspread corrosion of infrastructure, and diminishing of
husbandry and agricultural activity in the region [14].

Table 1: SOz coissions from smelters i Chale [ 5]

Smelter Thousand Tonnes of SO: per vear
2005 2006 207
Chuguicamata 5751 75.73 TR.19
Potrenillos 03.39 9. 24 8027
| Venlanas 1215 13.73 11.51
Calctones 115.80 15274 155.10
Total 278.85 3344 32507

High sulphate in surface walers is an issue around the world and this is especially the case in Latin
American countries like Chile. The World Health Orgunization siates thut the sulphate content of
fresh water averages 20 mg/L, ranging from 0 to 630 mg/L in rivers, lakes range from 2 to 250 mg/L,
and groundwater from 0 to 230 mg/L [35]. In the 4* District of Chile, the Choapa River showed a
range of sulphate concentrations reaching up to 1,352 mg/L |7]. A slightly higher maximum
concentration of sulphate was found in the Loa River, 2* District of Chile, ranging from 20 10 2,293
mg/L [8]. Another industrial focus for the discharge of sulphate is the paper and pulp industry. In
Valdivia, Chile, a major pulp and paper plant discharges 40 tonnes of aluminum sulphate every day
into the Cruces River [30].

The increase in the sulphate concentrations and decrease in acidity in water bodies can be an indicator
of the acid mine drainage problem. The Toro River locaied in ihe 4% District of Chile, is one of the
runoffs of the Elqui River, a very important water body used as a source of potable water by 300,000
inhabitants and the agroindustry (crops, grapes for export, and vine production). Mining activities in
the area date from the 19th century, and ended with the closure of the El Indio mine (gold, silver and
copper). The Tore River is a direct receplor of acid drinage fom El Indie where sulphaie was
measured al a maximum conceniration of 1,161 mg/L [15]. There may be downstream problems
associated with structural dam failure due to seismic activity in tailing dams, and contamination of
waler bodies with high concentrations of heavy metals, low pH and sulphates. For example, in
Mexico, the inactive tailings of the Santa Barbara mine were found to contain sulphate concentrations
of 2,133 mg/L [16].

In 2006, more than fve million tonnes of copper was produced in Chile [22). Chile generates an
average of 28 tonnes of tailings for every tonne of copper concentrate produced [36]. Recently, the
National Commission for the Environment in Chile approved a special regulation for sulphate
discharges to the Caren Creek m the 6" Distnct that allowed effluent concentranon of 2,000 mg/L
sulphate from tailings dams of the El Teniente mine [10]. This special regulation created controversy
among the affected people in the area and nationwide. Nearly 46 million tonnes of tailings were
generated by El Teniente during 2007, with seven programmed discharges during the year into the
Caren Creck with a volume of over 51 million cubic metres released [4]. The discharge volume of El
Teniente tilings accounted for more than 60% of the total discharges of CODELCO (Copper
Corporation of Chile) mines in Chile, In 2006, seven significant accidental spills occurred in the
Caren Creck with a total 10,938 m’ of wailings released [3].

In this study, five water samples were collected from accessible locations of the Caren Creck (Fig. 2)
in October 2008 by personnel from Universidad Dicgo Portales. The analysis of these samples for
sulphate (SO"), iron (Fe), molybdenum (Mo), copper (Cu) and pH is shown in Table 2. Water
composition is highly uniform along the track of water. The variation was within the analytical
sensitivity levels and there was only negligible interference from other sources. Copper concentration
was rclatively low, but molybdenum concentrations ranged from 0.7 to | ppm, well above the levels
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in normal surface waters. The measured sulphate concentrations were under the present acceptable
level of 2,000 mg/L. The water of the Caren Creek is used for irmigation in Alhue (a small town
locaied on the side of the creck). CODELCO has conducicd studics over a decade using waiers from
the Caren Creck for alfalfa irrigation which showed that sulphate was nol retained in the soil because
it was leached casily [31).

Frgure 1 (left): Locanon and altitnde of some copper nmunes in Chale and Pemu. Source: Google Earth

Frgure 2 (nght): Caren Creek sample pomis. Source; Google Earth

Toble 2: pH. Cu, Mo, Fe and SO content m the Caren Creck

Parameters Approximste Distance from Tailing Dam Wall (m)

31,367 3661 3,761 8178 6,687
pH T2 1.25 T.28 T2 T.04
Cu {m.g'l.} <008 <{LO% <[.0% <1L.0K <{L0F
Mo (mg'L) L. 09 0.73 0.81 1.02
Fe{mgl) 0.22 0.21 0.21 023 D.35
Sulphate {mg L) 1 469 1462 1.475 1.491 1.441
ENVIRONMENTAL IMPACT

Impact on the Terrestrial Environment

Sulphur in the form of sulphate minerals is an essential nutritional element for plant growth and
development. Like nitrogen, sulphur is a mobile nutrient that may move rapidly downward through
the soil, especially through sandy surface layers. In humid regions such as North Carolina and the
southeastern United States, most of the sulphur in the surface soil is associated with organic matter.
Soluble sulphates seldom accumulate in the plough laver because they are leached into the subsoil.
Most of this sulphate probably comes from past applications of fenilisers that contain sulphur.
Sulphur often accumulates in the subsoil where soluble sulphates are absorbed by iron and aluminium
oxides. Sulphur accumulation rises as subsoil acidity increases. If this accumulation occurs in the top
43-51 cm of soil, and if the roots grow inio the subsoil, the plants can get an adequate amount of
sulphate. Forest soils may have considerable capacity to adsorb sulphate ions from soil solution.
Decreasing pH will have an increasing effect on sulphate adsorption to a maximum adsorption level
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which occurs at around pH 4. Swedish forest soils were found 1o have pH 4.64.7 and sulphate
concentrations of 100-300 mol/L | 18].

The sulphur content of upland and wetland vegetation was examined in north central Minnesota
(USA) [19]. The mean sulphur content varied between woody (0.1%) and non-woody (wetland)
planis. Submerged plants contained 0.31% sulphur, Mloating-lcaved plants contained 0.16% sulphur,
and emergent life forms contained 0.23% sulphur. Sulphur content was cstimated in fruits and
vegetables such as apples, strawberries, cabbage, carrots, cucumbers and carly potatoes from Lower
Silesia, Poland |25). Based on the analysis of 2,347 samples it was expected that with the present staie
of the natural environment, about 5.7% of the crops of fruits and vegetables cultivated in this region
would show excessive levels of sulphur, The limits of sulphur concentration were only slightly
exceeded in the samples studied which did not render the crops unfit for human consumption,

Sulphur oxides in ambient air are capable of causing harm to the environment and have been known
to damage vegetation, soils, watercourses and building materials. Irrigation water containing high
concentrations of sulphate could generate white non-toxic stains on the leaves and fruits of trees. High
concentrations of sulphate could cause scaling of pipes and blockage of sprinklers if associated with
won and calcium [31]. They can produce pitting, crevice corrosion, dealloying, siress comrosion
cracking, and stress-oricnted hydrogen-induced cracking of metals and public works [20]. The
physical scale over which the sulphur cycle influences corrosion varies with the environment. The
complete sulphur cycle of oxidation and reduction reactions can take place in macro-environments,
including sewers and polluted harbors, or within the micro-environment of biofilms [20]. Iron- and
sulphur-oxidising bacteria of the genus Thiobacillus have been shown to be active geochemical agents
in the oxidative weathering of sulphide minerals and production of acid drainage [39].

Impact on the Aquatic Environment

One of the adverse effects of sulphaie in the environment is its conversion in a process known as
bacterial sulphate reduction where sulphate-sulphur i1s converted to hydrogen sulphide:

SOy + 2CH:0 = H:S + 2ZHCOy

Hydrogen sulphide 1s a distasteful and highly toxic gas, and its release 1o the aimosphere is a problem.
However, hydrogen sulphide re-oxidises by reacting with dissolved oxygen in overlying pore-water or
with Fe(Ill} or Mn{IV) from within the sediment. Sulphate reduction is the most important pathway
for mineralisation of marine sedimentary organic matter. Around 75% to 90% of sulphide produced is
re-oxidised in this way. The smaller fraction of sulphide produced reacts with Fe(ll) to form FeS and
ulimarely FeS. (pyrite).

Marine algae produce and accumulaie high concentrations of sulphur compounds more than most
terrestrial plants because they live in habitats that are characterised by limited nitrogen and abundant
sulphur supply (such as underground volcanoes) [38]. The biogenic sulphur when come into contact
with seawater converis to sulphate ions. Sulphur is also imported into cells where it is incorporated
into organic sulphate (e.g., extracellular polysacchandes like agar) or is reduced to sulphide before
being incorporated as the thiol group of cysieine. Sulphur-containing metabolites participate in a
variety of cellular processes including disease resistance, tolerance to oxidation, heavy metals, water
stress, and developmental signalling.

A studywas carried out of the biological cffects of the detergent sodium dodecyl sulphate (SDS) on
the intestine of the gilthead seabream, Sparus aurata L [28], Sixty five giltheads weighing between 30-
40 g were exposed to SDS concentrations of 5, 8.5, 10, and 15 mg/L until 50% of the fish in cach
treatment had died. Afier the animals had died, examinations showed that the effect of SDS on the
intestinal epithelium depended upon concentration and exposure time, with a greater variation in those
specimens subjected 1o higher concentrations and longer exposure times, The levels of proleins in
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general and siderophil proteins decreased due to the observed development of the lesions and
exposure to the toxin, SDS,

Impact on Humans and Animals

There is limited information on the inhalation and oral. chronic and subchronic toxicity,
carcinogenity, and developmental and reproductive toxicity of sulphate in humans and animals [29].
While sulphur oxides in ambient air are capable of causing harm to human health and have been
associated with the aggravation of asthma and chronic bronchitis, sulphate is one of the least toxic
anions associated with many metabolites or foreign substances, increasing their water solubility and
elimination properties [6]. No reference dose has been derived for sulphate. The sulphate ion is poorly
absorbed {rom the human mtestne |34], however, some absorption of the component 10ns of sulphate
salts does occur |6]. Sulphate itsell slowly penetrates mammalian cellular membranes and is rapidly
climinated through the kidneys [34]. Taste thresholds are 200-500 mg/L for sodium sulphate, 250-900
mg/l. for calcium sulphate, 400-600 mg/L. for magnesium sulphate, and 300400 mg/L for the
sulphate ion in water [29, 34].

The US EPA has found no evidence of adverse health effects in animals or humans from chromic
exposure to sulphate in drinking water, People living in regions with high-sulphate drinking water
appeared to show no adverse effect, whereas newcomers drinking that region's water may initially
experience a laxative effect [ 17]. Infants are more sensitive to sulphate than healthy adults [2]. Infants
aged 5 to 12 months old who were given formulas prepared with water containing 630 1o 1,150 mg/L
of sulphate, developed diarrhea shortly afier they ingested the formula but the diarrhea stopped once
the use of high sulphate water was terminated.

High concentrations of sulphate in cattle drinking water have been found to affect the caule’s
metabolism by decreasing ruminal metabolic activity |5]. High concentrations of total salis and/or
sulphates also decreased forage digestibility, and negatively affected consumption, health and cattle
production,

According to a study by the Universidad Austral de Chile |[30], the industrial discharge of aluminium
sulphate to the Cruces River in Valdivia (Chile) caused the diminishing of “luchecillo’ (Egeria densa)
the main source of food of the black neck swans, causing their death and migration from a natural
sanctuary downflow from the plant. The excess sulphate in the river precipitated as calcium
bicarbonate which depleted the carbon dioxide levels of the water needed for the photosynthesis
process for the survival of ‘luchecillo’.

In gencral, sulphatc ion is not considered a respiratory rritant [1]. The amount of sulphatc that could
be transferred from the atmosphere through the pulmonary system to the gastrointestinal tract is very
small compared to what could be ingested.

REGULATORY LIMITS

Sulphate is a substance that occurs naturally in drnking water. The WHO has not proposed a health
standard for sulphate, however, most countries in the world recommend a drinking water standard for
sulphate between 250 and 500 mg/L |35]. This is ofien based on a taste and odour threshold as
sulphates can contribute (o an undesirable taste in water. The US Public Health Service recommended
that sulphate in drinking water should not exceed 230 mg/L, except when no more suitable supplies
are or can be made available [29]. The US EPA has recommended a contamination concentration of
250 mg/L of sulphate for drinking water [32]. The European Standards for Drinking Water sulphate
limit 15 set to 250 mg/L [21]. The Canadian guidcline for the maximum acceptable concentration of
sulphate in drinking water is 500 mg/L [13]. According 1o the Australian Drinking Water Guidelines
[24]. the taste threshold for sulphate is in the range 250-500 mg/L. Interestingly, in 2005 the Chilean
government increased the sulphate limit in drinking water from 250 mg/L (according to the 1984
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Drinking Water Code) to 500 mg/L [23]. The new maximum limit is still within the WHO

recommendations.

The Water Corporation in Western Ausiralia [33] has indicated an acceptance criteria for industrial
wasle discharged to Water Corporation sewers of 600 ppm (600 mg/L) sulphate. There may be
varations o this limit in individual permits to discharge industnal waste, In the Chilean code for
underground water. the vulnerability of the underground aquifer is classified into three categories
(high, medium and low) according 1o the velocity in which the contaminant may migrate into the
sawrated zone of the agquifer |9, 11, 12]. If the vulnerability is considered 1o be high, the sulphate
concentration infiltrated must be less than the one in the natural aquifer. If found 10 be medium, the
maximum concentration must be less than 250 mg’L, and if the vulnerability is considered to be low,
the maximum sulphate concentration is 500 mg/L [9]. The maximum concentration to be discharge
into surface water bodies or sea water should not be greater than 1,000 mg/L [11]. The maximum
sewer discharge is set up in 1,000 mg/L [12].

CONCLUSION

Many Latin-Amenican surface waters have been affected by mining activities with high sulphaie
concentrations well above WHO recommended levels. Some of these waters are used for irrigation,
ammal watering and human consumption. In agniculture, the use of irmigation waters containing high
concentrations of sulphate could generate non-toxic stains in fruits and leaves of trees. It could also
cause scaling of pipes and blockage of sprinklers when associated with iron and calcium.

Most countries in the world recommend a sulphate discharge limit to the environment not greater than
1,000 mg/L. In Chile, exemptions have been made to a copper mine (El Teniente, Codelco) accepting
a maximum sulphate discharge concentration of 2 000 mg/L. Further research is required to establish
the toxicity and carcinogenity of sulphate to humans and animals.
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Water Fluoridation and Cancer Risk

Many decades after fluoride was first added to drinking water in some parts of the
United States, there is still controversy about the possible health effects of drinking
water fluoridation. Many people have strong views either for or against water
fluoridation. Their concems are based on everything from legitimate scientific research,
to freedom of choice issues, to government conspiracy theories.

This is a review of the possible link between water fluoridation and cancer. Other
possible health effects of fluoridation (positive or negative) are not addressed here. This
is not a position statement of the American Cancer Society.

What is fluoride?

Fluorides are compounds that combine the element fluorine with another substance,
usually a metal. Examples include sodium fluoride, stannous fluoride, and fluoride
monofiuorophosphate (MFP fluoride).

Some fluorides occur naturally in soil, air, or water, although the levels of fluoride can
vary widely. Just about all water has some fluoride. Fluoride is also found in plant and
animal food sources.

Once inside the body, fluorides are absorbed into the blood through the digestive tract.

They travel through blood and tend to collect in areas high in calcium, such as the
bones and teeth.

How are people exposed to fluoride?

The major sources of fluoride for most people are water and other beverages, food, and
fluoride-containing dental products (toothpastes, mouth rinses, etc.). Because dental
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products are generally not swallowed (except, perhaps, by younger children), they
cause less concern for possible health issues.

Fluoride in drinking water

Water fiuoridation began in some parts of the United States in 1945, after scientists
noted that people living in areas with higher water fluoride levels had fewer cavities.
Starting in 1962, the United States Public Health Service (PHS) recommended that
public water supplies contain fluoride to help prevent tooth decay.

Fluoride is now used in the public drinking water supplied to about 3 out of 4 Americans.
The decision to add fluoride to drinking water is made at the state or local level. The
types of fluoride added to different water systems include fluorosilicic acid, sodium
fluorosilicate, and sodium fluoride.

Natural drinking water sources in the US also have some fluoride in them, although the
levels are much higher in some places than in others.

How is fluoride in drinking water regulated?

Fluoride is not required in all drinking water sources in the United States, but the levels
of fluoride in water are regulated by several government agencies.

Starting in 1962, the United States Public Health Service (PHS) recommended that
public water supplies contain between 0.7 and 1.2 milligrams of fluoride per liter (mg/L)
of drinking water to help prevent tooth decay. This recommendation was updated in
2015 to a fluoride level of 0.7 mg/L, The change was made in part to account for the fact
that people now get more fluoride from other sources (such as toothpaste) than in the
past. (Natural drinking water sources in the US have an average fluoride level of about
0.2 mg/L, although in some places it can be much higher.)

The US Environmental Protection Agency (EPA) has set a maximum amount of fluoride
allowable in drinking water of 4.0 mg/L. Long-term exposure to levels higher than this
can cause a condition called skeletal fluorosis, in which fluoride builds up in the bones.
This can eventually result in joint stiffness and pain, and can also lead to weak bones or
fractures in older adults.

The EPA has also set a secondary standard of no more than 2.0 mg/L to help protect
children (under the age of 9) from dental fluorosis. In this condition, fluoride collects in
developing teeth, preventing tooth enamel from forming normally. This can cause
permanent staining or pitting of teeth. (The secondary standard is a guideline, as
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opposed to an enforceable regulation, but public water systems must tell their
customers if the fluoride level goes above it.)

States can set maximum fluoride levels in drinking water that are lower than the national
4.0 mg/L standard.

Bottled water standards are set by the US Food and Drug Administration (FDA). The
fluoride levels allowed vary based on the annual average air temperature in the place
where the water is sold.

For bottled water with no fluoride added, the maximum fluoride level allowed is 2.4 mg/L
(in places with colder temperatures).

For water in which fluoride is added, the maximum allowed is 1.7 mg/L (in colder
climates). However, if fluoride is added, the FDA recommends that manufacturers not
go above 0.7 mg/L, which is in line with the PHS recommendation.

Does fluoride cause cancer?

People have raised questions about the safety and effectiveness of water fluoridation
since it first began. Over the years, many studies have looked at the possible link
between fluoride and cancer.

Some of the controversy about the possible link stems from a study of lab animals
reported by the US National Toxicology Program (NTP) in 1990. The researchers found
“equivocal” (uncertain) evidence of cancer-causing potential of fluoridated drinking
water in male rats, based on a higher than expected number of cases of osteosarcoma’
(a type of bone cancer). There was no evidence of cancer-causing potential in female
rats or in male or female mice.

Most of the concermn about cancer seems to be around nsteasarcoma. One theory on
how fluoridation might affect the risk of osteosarcoma is based on the fact that fluoride
tends to collect in parts of bones where they are growing. These areas, known as
growth plates, are where osteosarcomas typically develop. The theory is that fluoride
might somehow cause the cells in the growth plate to grow faster, which might make
them more likely to eventually become cancerous.

What have studies found?

More than 50 population-based studies have looked at the potential link between water
fluoride levels and cancer. Most of these have not found a strong link to cancer. Just
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about all of the studies have been retrospective (looking back in time). They have
compared, for example, the rates of cancer in a community before and after water
fluoridation, or compared cancer rates in communities with lower leveils of fluoride in
drinking water to those with higher levels (either naturally or due to fluoridation). Some
factors are hard to control for in these types of studies (that is, the groups being
compared may be different in ways other than just the drinking water), so the
conclusions reached by any single study must be looked at with caution.

And there are other issues that make this topic hard to study. For example, if
fluoridation is a risk factor, is the type of fluoride used important? Also, is there a
specific level of fluoride above which the risk is increased, or a certain amount of time or
an age range during which a person would need to be exposed?

Osteosarcoma is a rare cancer. Only about 400 cases are diagnosed in children and
teens each year in the United States. This means it can be hard to gather enough cases
to do large studies. Smaller studies can usually detect big differences in cancer rates
between 2 groups, but they might not be able to detect small differences. If fluoride
increased the risk only slightly, it might not be picked up by these types of studies.

Assessments by expert groups

Small studies by themselves might not provide the answers, but taken as a whole they
tend to have more weight. Several systematic reviews over the past 25 years have
looked at all of the studies published on this subject.

In its review published in 1987, the International Agency for Research on Cancer
(IARC), part of the World Health Organizaticn, labeled fluorides as “non-classifiable as
to their carcinogenicity [ability to cause cancer] in humans.” While they noted that the
studies “have shown no consistent tendency for people living in areas with high
concentrations of fluoride in the water to have higher cancer rates than those living in
areas with low concentrations,” they also noted that the evidence was inadequate to
draw conclusions one way or the other.

In 1991, the US Public Health Service issued a report on the benefits and risks of
fluoride. When looking at a possible link with cancer, they first reviewed the results of
studies done with lab animals. They concluded that the few studies available “fail{fed] to
establish an association between fluoride and cancer.” They also looked at population-
based studies, including a large study conducted by the National Cancer Institute. They
concluded: “Optimal fluoridation of drinking water does not pose a detectable cancer
risk to humans as evidenced by extensive human epidemiological data available to
date, including the new studies prepared for this report.”
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The National Research Council (NRC), part of the National Academies, issued a report
titled “Health Effects of Ingested Fluoride” in 1993. is conclusion was that “the available
laboratory data are insufficient to demonstrate a carcinogenic effect of fluoride in
animals.” They also concluded that “the weight of the evidence from the epidemiological
[population-based] studies completed to date does not support the hypothesis of an
association between fluoride exposure and increased cancer risk in humans.” The
report recommended that additional well-designed studies be done to look at the
possible link to cancers, especially osteosarcomas.

In the United Kingdom, the National Health Service (NHS) Centre for Reviews and
Dissemination, University of York, published a systematic review of water fluoridation in
the year 2000. After searching through the medical literature, they included 26 studies in
their analysis, all of which were considered to be of “low” to "moderate” quality. They
concluded, "Overall, no clear association between water fluoridation and incidence or
mortality of bone cancers, thyroid cancer, or all cancers was found.” However, they also
noted, “Given the level of interest surrounding the issue of public water fluoridation, it is
surprising to find that little high quality research has been undertaken.”

The National Research Council issued an update of its 1993 review in early 2006. While
the review included some new data, the results of this report were essentially the same:
“On the basis of the committee’s collective consideration of data from humans,
genotoxicity assays, and studies of mechanisms of actions in cell systems, the evidence
on the potential of fluoride to initiate or promote cancers, particularly of the bone, is
tentative and mixed.”

The European Scientific Committee on Health and Environmental Risks (SCHER)
reviewed the evidence on water fluoridation in 2010. It concluded that the evidence
linking fluoride in water to osteosarcoma was “equivocal,” and that therefore "fluoride
cannot be classified as to its carcinogenicity.”

In 2011, the state of California’s Carcinogen ldentification Committee (CIC) reviewed
the evidence and concluded that “fluoride and its salls has not been clearly shown to
cause cancer.”

The general consensus among the reviews done to date is that there is no strong

evidence of a link between water fluoridation and cancer. However, several of the
reviews noted that further studies are needed to clarify the possible link.

More recent research

Several studies looking at a possible link between water fluoridation and cancer have
been published in recent years.
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A partial report of a study from the Harvard School of Public Health, published in 2006,
found that exposure to higher levels of fluoride in drinking water was linked to a higher
risk of osteosarcoma in boys but not in girls. However, researchers linked to the study
noted that early results from a second part of the study did not appear to match those of
the report. They therefore advised caution in interpreting the results.

The second part of the Harvard study, published in 2011, compared the fluoride levels
in bones near tumors in people with osteosarcoma to the levels in people with other
types of bone tumors. The researchers found no difference between the fluoride levels
in the two groups.

More recent studies have compared the rates of osteosarcoma in areas with higher
versus lower levels of fluoridation in Great Britain, Ireland, and the United States. These
studies have not found an increased risk of osteasarcoma in areas of water fluoridation.

Can you reduce your fluoride exposure?

Even without fluoridation, the natural levels of fluoride in water in some places can be
even higher than 4 mg/L. Community water systems in such areas are required to lower
the fluoride level below the acceptable standard. But the levels in pnivate water sources,
such as wells, may still be higher.

For people concerned that they or their families may be exposed to too much fiuoride,
there are some steps you can take to reduce your exposure.

« Know the level of fluoride in your drinking water. If your drinking water comes
from a public source, you can find out about the levels of fluoride in your drinking
water by contacting your local community water system. People who get their
drinking water from a private source such as a well can have the fluoride levels
tested by a reputable laboratory. Each system is also required to provide its
customers with an annual report on water quality known as a Consumer
Confidence Report. This report lists the levels of certain chemicals and other
substances in the water, including fluoride. You can also contact the EPA's Safe
Drinking Water Hotline at 1-800-426-4791 for more general information about
drinking water safety.

« People who live in areas with high levels of fluoride in the water might
consider using alternate sources of drinking water, such as bottled water.
Most bottled water has some fluoride, with natural spring waters tending to have the
least. You can contact the bottler to find out about fiuoride levels. There are also
several methods to filter fluoride out of water, although these can be expensive.
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The US Centers for Disease Control and Prevention (CDC) recommends thal parents
give children under the age of 6 only a pea-sized amount of toothpaste for brushing,
and should do their best to make sure their children are not swallowing, as this can be a
significant source of fluoride. Speak to your child's dentist before using fluoride
toothpaste in children under 2 years of age. Low- and no-fluoride toothpastes and other
dental products are also available.

Hyperlinks

1. www.cancer.org/cancer/osteosarcoma.html

2. http://www.cdc.gov/

3. hitp://www.cde.gov/fluoridation/

4. hitps://www.epa.qov/

5. htips://water.epa.gov/drink/

6. http://www.cancer.gov/

7. http://www.cancer.gov/about-cancer/causes-prevention/risk/myths/fluoridated-

ar- =

Additional resources
Along with the American Cancer Society, other sources of information include:

Centers for Disease Control and Prevention (CDC) Toll-free number: 1-800-CDC-
INFO (1-800-232-4636) Website: www.cdc.gov_(http://www.cdc.aov/)?

Community water fluoridation page: www.cdc.gov/fluoridation
hitp://www.cdc. govifluoridation/)?

Environmental Protection Agency Toll-free number (Safe Drinking Water Hotline): 1-
800-426-4791 Website: www.epa.gov_(www epa.qov/)*

Epa: Ground water & Drinking Water (water.epa.gov/drink/)’

National Cancer Institute Toll-free number: 1-800-4-CANCER (1-800-422-6237)
Website: www.cancer.gov_(hitp://www.cancer.gov/)®

Fluoridated water page_(http://www.cancer.gov/about-cancer/causes-

revention/risk/myths/flucridated-water-fact-sheet)’
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“Inclusion on this list does not imply endorsement by the American Cancer Society.
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Preface

One of the primary goals of the World Health Organization (WHO) and its Member
States is that “all people, whatever their stage ol development and their social and
economic conditions, have the right to have access to an adequate supply of sale
drinking water.” A major WHO function to achieve such goals is the responsibility
“to propose ... regulations, and to make recommendations with respect to international
health matters ....”

The first WHO document dealing specifically with public dninking-water quality was
published in 1958 as International Standards for Drinking-water. It was subsequently
revised in 1963 and in 1971 under the same title. In 19841985, the first edition of the
WHO Guidelines for Drinking-water Quality (GDWQ) was published in three
volumes: Volume 1, Recommendations; Volume 2, Health cniteria and other
supporting mformation; and Volume 3, Surveillance and control of community
supplies. Second editions of these volumes were published in 1993, 1996 and 1997,
respectively. Addenda to Volumes | and 2 of the second edition were published in
1998, addressing selected chemicals. An addendum on microbiological aspects
reviewing selected microorganisms was published in 2002, The third edition of the
GDWQ was published in 2004, the first addendum 1o the third editon was published
in 2006 and the second addendum to the third edition was published in 2008. The
fourth edition will be published in 2011.

The GDWQ are subject to a rolling revision process. Through this process, microbial,
chemical and radiological aspects of drinking-water are subject to periodic review,
and documentation related to aspects of protection and control of public drinking-
water quality is accordingly prepared and updaed.

Since the first edition of the GDW(Q, WHO has published information on health
criteria and other supporting information to the GDWQ, describing the approaches
used in deriving guideline values and presenting critical reviews and evaluations of
the effects on human health of the substances or contaminants of potential health
concern in dnnking-water. In the first and second editions, these constituted Volume 2
of the GDWQ. Since publication of the third edition, they comprise a series of [ree-
standing monographs, including this one.

For each chemical contaminant or substance considered, a lead institution prepared a
background document evaluating the risks for human health from exposure to the
particular chemical in dnnking-water. Institutions from Canada, Japan, the United
Kingdom and the United States of America (USA) prepared the documenis [or the
fourth edition.

Under the oversight of a group of coordinators, each of whom was responsible for a
group of chemicals considered in the GDWQ, the draft health crileria documents were
submitted to a number of scientific institutions and selected experts for peer review.
Comments were taken into consideration by the coordinators and authors. The drafi
documents were also released to the public domain for comment and submitted for
final evaluation by expert meetings.
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During the preparation of background documenis and at expert meetings, careful
consideration was given to information available in previous risk assessments carried
out by the Intemmational Programme on Chemical Safety, in its Environmental Health
Criteria monographs and Concise Interational Chemical Assessment Documents, the
International Agency for Research on Cancer, the Joint FAO/WHO Meetings on
Pesticide Residues and the Joint FAO/WHO Expert Committee on Food Additives
(which evaluates contaminants such as lead, cadmium, nitrate and nitrite. in addition
to food additives).

Further up-to-date information on the GDW() and the process of their development is
available on the WHO Internet site and in the current edition of the GDWQ.
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Acronvms and abbreviations used in the text

IOM Institute of Medicine (USA)

LDsy median lethal dose

MMT methylcyclopentadienyl manganese tricarbony|
NOAEL no-observed-adverse-efTect level

TDI tolerable daily intake

USA United States of America
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1. GENERAL DESCRIPTION

1.1 Identity
Compovind Chemical Abstracts Service No. Meolecular formule
Manganese 7439-96-3 Mn
Manganese(11) chloride T7173.01-5 MnCly
Manganese(11. 111 oxide 1317-35-7 Mn;0,
Manganese dioxde 1313-13-9 MnO,
Polassium permanganate 7722-64-7 KMnO,
Manganese sulfate TI185-87-7 MnS0,

Source: ATSDR (2000

Manganese 1s one of the most abundant metals in Earth’s crust, usually occurring with
iron. It is a component of over 100 minerals but is not found naturally in its pure
(elemental) form (ATSDR, 2000). Manganese is an element essential 10 the proper
[unctioning of both humans and animals, as il is required for the lunctioning ol many
cellular enzymes (e.g. manganese superoxide dismulase, pyruvate carboxylase) and
can serve lo activale many others (eg. kinases, decarboxylases, transferases,
hydrolases) (IPCS, 2002). Manganese can exist in 11 oxidative stales; the most
environmentally and biologically imporiant manganese compounds are those that
contain Mn", Mn*" or Mn"" (USEPA, 1994).

1.2 Physicochemical properties
The physical and chemical properties of different manganese compounds vary

substanuially. These characteristics in turn determine the environmental behaviour and
fate, exposure potential and subsequent toxicological potential of each compound.

Property Mn MnCl:  MnJd, Mn()s KMn), MnS0,
Melting poimt 1244 650 1564 Loses Decomposes  Tid)
c) oxygen al al <240 °C

535°C
Boiling point 1962 1190 No data No data No data Decomposes
("C) at 850 °C
Density 7.21- 298 4 86 5.03 270 3325
{mlem’) 7.44
Waler Decom- 723 Insoluble  Insoluble 63.8(20°C)  520(5°C)
solubility (g1)  poses 25°C) T (70 °C)

Source: ATSDR (2000
1.3 Organoleptic properties

Al concentrations exceeding 0.1 mg/l, the manganese ion imparts an undesirable laste
to beverages and stains plumbing fixtures and laundry (Griffin, 1960). When
manganese(11) compounds in solution undergo oxidation, manganese is precipitated,

1
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MANGANESE IN DRINKING-WATER

resulting in encrustation problems. Al concentrations as low as 0.02 mg/l, manganese
can form coatings on water pipes that may later slough off as a black precipitate
(Bean, 1974). A number of countries have set standards for manganese of 0.05 mg/1,
above which problems with discoloration may occur.

1.4 Major uses

Manganese is used principally in the manufaciure of iron and steel alloys and
manganese compounds and as an ingredient in various products (IPCS, 1999;
ATSDR, 2000). Manganese dioxide and other manganese compounds are used in
products such as batteries, glass and fireworks. Potassium permanganate is used as an
oxidant for cleaning, bleaching and dismflection purposes (ATSDR, 2000; HSDB,
2001). Manganese greensands are used in some locations for potable water treatment
(ATSDR, 2000). An organic manganese compound, methylcyclopentadienyl
manganese tricarbonyl (MMT), is used as an octane-enhancing agent in unleaded
petrol in Canada, the United States of America (USA), Europe, Asia and South
America (Lynam et al., 1999). Other manganese compounds are used n fertilizers,
vamish and fungicides and as livestock feeding supplements (HSDB, 2001).

1.5 Environmental fuate

Manganese compounds may be present in the atmosphere as suspended particulates
resulting from industnal emissions, soil erosion, volcanic emissions and the burning
of MMT-containing petrol (IPCS, 1999). In surface waters, manganese occurs in both
dissolved and suspended forms, depending on such factors as pH, anions present and
oxidation-reduction potential (ATSDR, 2000). Anaerobic groundwater ofien contains
elevated levels of dissolved manganese. The divalent form (Mn"") predominates in
most water at pH 4-7, but more highly oxidized forms may occur at higher pH values
or result from microbial oxidation (ATSDR. 2000). Manganese can be adsorbed onto
soil, the exient of adsorption depending on the organic content and cation exchange
capacity of the soil. It can bioaccumulate in lower organisms (e.g. phytoplankton,
algae, molluscs and some fish) but not in higher organisms; biomagnification in food-
chains is not expected to be very significant (ATSDR, 2000).

2. ENVIRONMENTAL LEVELS AND HUMAN EXPOSURE

2.1 Air

Levels of manganese compounds in air vary widely depending on the proximity of
point sources, such as ferroalloy production facilities, coke ovens and power plants.
Average mangancse levels in ambient air near industrial sources have been reported
to range from 220 to 300 ng/m’, whereas manganese levels in urban and rural areas
without point sources have been reported to range from 10 to 70 ng/m’ (Barceloux,
1999). Existing data indicate that little difference is found between manganese levels
in ambient air in areas where MMT 15 used in the petrol and air levels in areas where
MMT is not used (Lynam et al., 1999). The United States Environmental Protection
Agency (USEPA, 1990) estimated the average annual background concentration of
2
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MANGANESE IN DRINKING-WATER

manganese in urban areas 10 be 40 ng/m’, based on measurements in 102 cities in the
USA.

2.2 Water

Manganese occurs naturally in many surface water and groundwater sources and in
soils that may erode into these waters. However, human activities are also responsible
for much of the manganese contamination in waler in some areas.

A survey of snow samples near an urban expressway in Montreal, Canada (where
MMT is used in petrol), was unable to establish an association between automobile
emissions and manganese concentrations in the snow (Lomanger et al., 1996).
Loranger et al. (1994) found ambient manganese concentrations to be significantly
correlated with traffic density. Areas of intermediate and high traffic densities in
Montreal had ambient manganese concentrations above the natural background level
of 40 ng/m’ (Loranger & Zayed, 1994; Loranger et al., 1994).

Ambient manganese concentrations in seawater have been reporied to range from 0.4
to 10 pg/l (ATSDR, 2000), with an average of about 2 pg/l (Barceloux, 1999). Levels
in fresh water typically range from 1 to 200 pg/l (Barceloux, 1999). ATSDR (2000)
reporled that a river waler survey in the USA found dissolved manganese levels
ranging from <11 1o >51 pg/l. The United States Geological Survey’s National Walter
Quality Assessment Program has gathered limited data since 1991 on representative
study basins around the USA. These data indicate a median manganese level of 16
pg/l in surface waters, with 99th-percentile concentrations of 400-800 pg/l (Leahy &
Thompson, 1994; USGS, 2001). Higher levels in aerobic walers are usually
associated with industnial pollution.

The reducing conditions found in groundwater and some lakes and reservoirs favour
high manganese levels; concentrations up to 1300 pg/l in neutral groundwater and
9600 pg/l in acidic groundwaler have been reported (ATSDR, 2000). The National
Water Quality Assessment Program data indicate that the 99th-percentile level of
manganese in groundwater (5600 pg/1) is generally higher than that in surface waters,
but the median level in groundwater (5 pg/l) is lower than that in surface water
(USGS, 2001).

Overall, the detection frequency of manganese in groundwater in the USA is high
(approximately 70% of sites) due to the ubiquity of manganese in soil and rock, but
the levels detected in groundwater are generally below levels of public health concern
(USEPA, 2002). Similarly, manganese is detected in about 97% of surface water sites
(at levels far below those likely to cause health effects) and universally in sedimenis
and tissues of aquatic biota (at levels that suggest that manganese does not
bicaccumulaie) (USEPA, 2002).

In the USA, the National Inorganic and Radionuclide Survey collected data lrom 989
community public water systems served by groundwater in 49 states between 1984
and 1986 and found that manganese was detected in 68% of the groundwater systems,
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with a median concentration of 10 pug/l. Supplemental survey data from public water
systems supplied by surface water in five states reported occurrence ranges similar to
those of groundwater. In Germany, the drinking-water supplied to 90% ol all
households contained less than 20 pg of manganese per litre (Bundesgesundheitsami,
1991).

2.3 Food

Manganese occurs naturally in many food sources, such as leafy vegetables, nuts,
grains and amimal products (IOM, 2002). Food is the most important source of
manganese exposure in the general population (ATSDR, 2000; USEPA, 2002).
Typical ranges of manganese concentrations in common foods are shown below:

Tvpe of food Range of mean concentrations (mg/'kg)
Nuts and nut products 18.21-46.83
Grains and grain products 0.42-40.70
Legumes 224573
Fruits 0.20-10.38
Frunt juices and drinks 0.05-11.47
Vegetables and vegetable products 0.42-6.64
Desseris 0.04=798
Infant foods 017483
Meal, poultry, fish and eggs 0.10-3.99
Mixed dishes 0.69-2.98
Condiments, fats and sweeteners 0.04-1.45
Beverages (including tea) 0,00-2.09
Soups 0,19-0.65
Milk and milk products 0.02-0.49

Source: ATSDR ( 2000,

Heavy tea drinkers may have a higher manganese intake than the general population.
An average cup ol tea may contain 0.4-1.3 mg of manganese (ATSDR, 2000). In
addition to dietary sources, approximately 12% of the adult population of the USA
consumed manganese supplements in 986 (Moss el al., 1989), The median inlake of
manganese in these dietary supplements was determined to be 2.4 mg/day, similar to
the amount of the element consumed in the diet (based on information from the Third
National Health and Nutrition Estimation Survey. held in 2001).

The hazard posed by overexposure to manganese must be weighed against the
necessity for some minimum amount of manganese in the diet, because manganese 1s
an essential nuirient, acting as a component of several enzymes and a participant in a

number of important physiological processes. Freeland-Graves et al. (1987) suggested
a range of 3.5-7 mg/day for adults based on a review of human studies. After
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reviewing dietary surveys, Greger (1999) presented a range for average intakes from
adult Western and vegetarian diets of 0.7-10.9 mg of manganese per day.

Infant formulas contain 50-300 pg of manganese per litre (Collipp et al., 1983),
whereas human milk contains approximately 3.5-15 pg/l (USEPA, 1997; ATSDR,
2000). Assuming an intake of 742 ml of breast milk per day (USEPA, 1996), a
breastfed infant would have an estimated daily manganese intake of 2.6-11.1 ug. An
infant consuming the same volume of infant formula would have an estimated daily
manganese intake ol 37.1-223 pup  Assuming an average weight of 6 kg for an infant
aged 6 months, the weight-adjusted average daily intake would range from 0.4 to 1.9
ug’kg of body weight per day for breastfed infamis. The corresponding weighi-
adjusted intake for a formula-fed infant would be 6.2-37.2 pg/kg of body weight per
day. Regarding the high manganese content of milk-based formula, the
underexposure of infants to manganese appears less probable than their overexposure
(Keen et al., 1986; Dérner et al., 1987: Davidsson et al., 1989a). Once solid foods are
introduced, however, the contribution of manganese intake from milk becomes less
significant.

In addition to manganese concentrations in food, an imporiant consideration for
determining human exposure to manganes2 in food is bioavailability. Several factors
can influence the degree o which manganese in foods is absorbed upen ingestion.
These include intake of dietary fibre, oxalic acids, tannins and phytc acids, which
tend to decrease manganese absorption (Gibson, 1994; USEPA, 2002), as well as
possibly sex-specific iron status (low iron can resull in increased manganese
absorption; Finley, 1999).

The Food and Nutrition Board of the Institute of Madicine (10M, 2002) set adequate
intake levels for manganese at 2.3 mg/day for men and 1.8 mg/day for women.
Adequate ntake levels for manganese were also set for other age groups; the values
were 0.003 mg/day for infants from birth to 6 months, 0.6 mg/day for infants from 7
months 1o | vear, 1.2 mg/day for children aged 1-3 vears, 1.5-1.9 mg/day for
children aged 4-13 years and 1.6-2.3 mg/day for adolescents and adults (10M, 2002).
The adequate intake for infants (newborn to 6 months) was set based on an average
manganese concentration of 0.0035 mg/l in human milk and an average milk
consumption of (.78 litres/day. The manganese concentration in human milk varies.
For example, manganese concentrations in human milk have been found to range
from 0.003 w0 0.01 mg/l (ATSDR, 2000) and from 0.007 w0 0.015 mg/l (USEPA,
1997). Assuming an intake ol U.7¥ litres ol milk per day and concentrations in human
milk ranging from 0,003 to 0.015 mg/l, an infant (0—6 months) would ingest 0.002-
0.012 mg of manganese per day from human milk, the upper limit of which is higher
than the adequate intake set by 1OM (2002) (i.e. 0.003 mg/day).

The I0OM also set a tolerable upper intake level at 11 mg/day for adults, based on a
recent review (Greger, 1999; 10M, 2002) that stated that the average manganese
intake for adults eating typical Western and vegetarian diels in varions surveys ranged

from 0.7 1o 10.9 mg of manganese per day. Davis & Greger (1992) reported that
women given daily supplements of 15 mg of manganese (as an amino acid-chelated
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manganese supplement) for 90 days experienced no adverse effects other than a
significant increase in lymphocyte manganese-dependent superoxide dismutase, a
biomarker that increases in direct relation to manganese exposure (Greger, 1998,
1999).

WHO (1973) reviewed several investigations of adult diets and reported that the
average daily consumption of manganese ranged from 2.0 10 8.8 mg/day. Higher
manganese intakes were associated with diets high in whole-grain cereals, nuts, green
leafy vegetables and tea. From manganese balance studies, WHO (1973) concluded
that 2-3 mg of manganese per day is adequate for adults and 8-9 mg/day 1s “perfecily
safe.”

Evaluations of standard diets from the USA, the United Kingdom and the Netherlands
reveal average daily intakes of 2.3-8.8 mg of manganese per day. Depending on
individual diets, however, a normal intake may be well over 10 mg of manganese per
day (Schroeder et al., 1966), especially for vegetarian diets.

2.4 Estimated rotal exposure and relative contribution of drinking-water

The greatest exposure to manganese is usually from food. Adults consume between
0.7 und 109 mg/day in the diet (Greger, 1999), with even higher intakes reportedly
being associated with some vegelarian diets (Schroeder et al_, 1966; Freeland-Graves
etal.. 1987).

Manganese intake from dnnking-water is normally substantially lower than intake
from food. At the median drinking-water level of 10 pg/l determined in the National
Inorganic and Radionuclide Survey described above. the imtake of manganese would
be 20 pg/day for an adult, assuming a daily water intake of 2 litres. Drinking mineral
water regularly can add significantly to manganese intake (Dieter et al, 1992).
Exposure 10 manganese from air i1s generally several orders of magnitude less than
that from the diet. typically around 0.04 ng/day on average (USEPA, 1990), although
this can vary substantially depending on proximity lo a manganese source.

3. KINETICS AND METABOLISM IN LABORATORY ANIMALS AND
HUMANS

Absorption of manganese across the gastrointestinal tract is regulated by normal
phvsiological processes to help maintain manganese homeostasis. A 7-week study in
which seven adult male volunteers ingested high-fibre diets containing 12.0-17.7 mg
of manganese per day (0.17-0.25 mg/kg of body weight per day) found that an
average of 7.7% = 6.3% of the manganese was absorbed during weeks 5-7, with no
measurable net retention of manganese (Schwartz et al., 1986). Similarly, an average
absorption of 8.4% + 4.7% was observed in seven adulits ingesting infant formula
containing manganese (Sandstrém et al,, 1986). Johnson et al. (1991) studied the
absorption ol radiolubelled mangunese from various plant foods in sdult men and
women and reported that the absorption ranged from 14% to 55% and was
significantly lower than the mean values of 7.8-10.2% from controls (manganese(Il)
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chloride dissolved in water). Manganese absorption may be higher in young animals
and infants (Keen et al., 1986).

As mentioned above, several factors can influence the degree 10 which manganese in
foods is absorbed upon ingestion. These include intake of dietary fibre, oxalic acids
and phyuc acids, which tend to decrease manganese absorption (Gibson, 1994;
USEPA, 2002). The absorption of manganese is also closely linked to iron
absorption; iron-deficient diets lead to an increased absorption of both iron and
manganese (Thomson et al., 1971; Sandstrom et al., 1986; Finley, 1999). Absorption
is also related inversely to the level of calcium in the diet (Schroeder et al., 1966;
McDermott & Kies, 1987: Lutz et al, 1993). Cenain constituents of tea, such as
tannins, can result in reduced manganese absorption (Freeland-Graves & Llanes,
1994),

Some constituents of both infant formula and breast milk may also affect manganese
bioavailability. Formula made from soy protein contains high levels of phytic acids
and vegetable proteins, which probably decrease manganese bicavailability. Data
from Keen et al. (1986) indicate that overall uptake of manganese from soy formula
in ral pups was much greater than that from human milk or cow’s milk, even though
fractional manganese absorption was lowest in the soy formula, because formula
contains much more manganese than human milk does. If the formula is also iron-
fortified, manganese bioavailability may be further decreased, although studies on the
inhibitory influences ol ron have produced conflicting results (Freeland-Graves,
1994). Davidsson et al. (1989a) reported that the fractional absorption of manganese
in adult humans given human milk (8.2%) was significantly higher than absorption
from cow’s milk (2.4%) and soy formula (0.7%). Manganese in infant formula is in
the divalent state (Mn’"), the absorption of which cannot be regulated by the
lactoferrin receptors in the gut; breast milk manganese is in the trivalent form bound
to lactoferrin, and its absorption is thus regulated (USEPA, 1997). Davidsson et al.
(1989a) suggested that the lactoferrin in human milk as well as the higher calcium
content in cow’s milk contributed 1o the difference in absorption. Therefore, many
factors probably control manganese absorption from infant formula. and firm
conclusions are difficult to make in the absence of further data.

It should be noted that Davidsson et al. (1989a) performed their studies in adults;
manganese body burden in infants may be influenced by the [act that the biliary
excretion sysiem, which i1s the primary route of manganese excretion, is nol
completely developed in human infants (L&nnerdal, 1994). Démer et al. (1Y8Y)
reported high retention of manganese in infants ingesting both human milk and cow’s
milk formulas. Studies in rats have demonstrated that voung animals absorb
significantly more manganese in the gut than do mature animals (Lonnerdal el al.,
1987). Also, experimental animal studies have shown that manganese crosses the
blood-brain barrier in neonates al a rate 4 times higher than that in adults (Mena,
1974). The relevance of these studies to humans is unknown, however, and few direct
absorption data for manganese in human infanis are available Evidence exists,
however, 1o indicate that infants are less well protected than adults against manganese
overload. The manganese contents of erythrocytes in infants up to the age of 6 weeks
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are higher by about 7-9% than those in adults (Hatano et al., 1985). Collipp et al.
(1983) reported manganese levels in hair that increased significantly from birth (0.19
ug/g) o 6 weeks (0.865 pg/g) and 4 months (0.685 pg/g) of age in infants given
formula, whereas infants given breast milk exhibited no significant increase (0.330
pg/e at 4 months). This study also reported that the average manganese level in hair
in children exhibiting leaming disabilities was significantly increased (0.434 pg/g)
compared with that in children who exhibited normal learmning ability (0.268 ug/g). It
should be noted that the Collipp et al. (1983) study did not indicate that the increased
manganese level in hair was from ingested manganese.

Manganese is present in all tissues of the body, the highest levels usually being found
in the liver, kidney, pancreas and adrenals (Tipton & Cook, 1963; Sumino et al.,
1975). It accumulates preferentially in certain regions of the brain in infants and
young animals (Zlotkin & Buchanan, 1986, Kontur & Fechter, 1988).

Manganese is almos! entirely excreted in the faeces, only a small proportion (0.1-2%)
being eliminated in the urine (Davis & Greger, 1992). Faecal manganese is composed
of unabsorbed dietary manganese plus manganese excreted in bile. In humans,
elimination is biphasic, with half-lives of 13 and 37 days (Sandstrém et al., 1986;
Davidsson et al., 1989b). Sweat, hair and the milk of lactating mothers also contribute
to excretion {Roels et al., 1992).

Possible indicators of manganese exposure are the blood, with background levels
ranging from 6.7 to 7.6 pg/ml (Roels et al., 1992; Mergler et al., 1994; Loranger &
Zayed, 1995). and perhaps the hair (Fergusson et al., 1983; Chutsch & Krause, 1987).
Manganese levels m blood do not provide data on long-term exposure. However, the
blood platelet monoamine oxidase should be taken into consideration as an early
biochemical indicator for adverse oxidative effects of manganese (Benedelli &
Dostert, 1989; Humfrey et al., 1990),

4. EFFECTS ON LABORATORY ANIMAILS AND IN VITRO TEST SYSTEMS
4.1 Acute exposure

ATSDR (2000) noted that the acute lethality of manganese in animals appears to vary
depending on the chemical species and whether exposure is via gavage or dielary
ingestion. Single-dose oral median lethal dose (LDso) values in adult rats exposed by
gavage ranged from 331 mg of manganese per kilogram of body weight per day (as
manganese chloride) (Kostial et al., 1989) to 1082 mg of manganese per kilogram of
body weight per day (as manganese acetate) (Smyth et al., 1969), whereas 14-day
exposure of rats to 1300 mg of manganese per kilogram of body weight per day (as
manganese sulfate) in feed resulted in no deaths (NTP. 1993).

4.2 Shaort-term exposure

The central nervous system is the chiefl 1arget of manganese toxicity. Oral doses
ranging from 1 to 150 mgkg of body weight per day produced a number of
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neurological effects in rats and mice, mainly involving alterations in neurotransmitter
and enzyme levels in the brain. These changes were sometimes accompanied by
clinical signs, such as incoordination and changes in activity level (ATSDR, 2000).
Deskin et al. (1980) reported an increase in monoamine oxidase activity in the
hypothalamus in rats intubated with a daily dose of 20 mg of manganese per kilogram
ol body weight per day from birth to 24 days of age. Gastric intation in the form of
paichy necrosis of the epithelium was observed in guinea-pigs administered 10 mg of
manganese per kilogram of body weight per day via gavage for 30 days (Chandra &
Imam, 1973); the method of administraticn might have contributed to the observed
effects, however. Male mice fed high doses of manganese in food for 13 weeks
exhibited mild hyperplasia and hyperkeratosis of the forestomach; no effects were
seen in female mice or male and female rats (NTP, 1993).

4.3 Long-term exposure

Chronic ingestion of 1-2 mg of manganese per kilogram of body weight per day
produced changes in appetite and reduction in haemoglobin synthesis in rabbits, pigs
and cattle (Hurley & Keen, 1987). Transient effects on biogenic amine levels and
activities of dopamine fi-hydroxylase and monoamine oxidase in ral brain have been
noted with long-term exposures to manganese (Lai et al , 1984; Enksson et al., 1987;
Subhash & Padmashree, 1990). An increase in physical activity level and a transient
increase in dopaminergic function were observed in rats given 40 mg of manganese
per kilogram of body weight per day for 65 weeks (Nachtman et al., 1986). Two-year
oral exposures to extremely high doses (1800-2250 mg/kg of body weight per day as
manganese(IT) sulfate) in male and lemale mice resulted in hyperplasia, erosion and
inflammation of the forestomach: no effects were seen in rats (NTP, 1993).

Neurotoxicity is a known effect of long-term exposure to inhaled manganese in
humans and animals, but the potential for neurotoxicity resulting from oral exposure
is less well characterized. Muscular weakness and lower limb rigidity were observed
in four male rhesus monkeys given oral doses of 6.9 mg of manganese per kilogram
of body weight per day (as manganese chloride) for 1% months (Gupta et al., 1980).
Degenerated neurons in the substantia nigra were observed at autopsy.

4.4 Reproductive and developmental toxicity

The results of several studies in rats and mice indicate that the ingestion of
manganese can delay reproductive maturation in male animals (ATSDR, 2000).
Testosterone levels were reduced in male rats given an oral dose of 13 mg of
manganese per kilogram of body weight per day for 100-224 days (Laskey et al.,
1982), whereas delayed growth of the testes was observed in young rats ingesting 140
mg of manganese per kilogram of body weight per day for 90 days (Gray & Laskey,
1980), These effects do not appear to be severe enough 1o affect male reproductive
function (ATSDR, 2000). Several studies that found effects on male reproductive
organs, however, did not assess reproductive performance (IPCS, 1999).
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The results of most studies indicate that oral exposure to manganese does not result in
reproductive toxicity in the female rodent (e.g. rats and mice) and rabbit (ATSDR,
2000), although increased post-implantation loss was observed in female rats in at
least one study (Szakmdry et al., 1995). Results from several developmental studies in
rodents and rabbits are equivocal. Data from the majority of these studies indicate that
manganese exposure during part or all of gestation results in increased manganese
levels in the pups (Jirvinen & Ahlstréom, 1975; Kontur & Fechter, 1988) but generally
causes 1) no measurable effect (Grant et al., 1997), 2) transient eflects such as weight
decreases and hyperactivity (Pappas et al., 1997) or 3) sell-correcting effects on
skeletal and organ development (Szakmdry et al., 1995). Studies involving oral
exposures 1o manganese in drinking-water or by gavage in neonatal pups have
teported changes in brain peurochemisty but generally do not show eflects on
neurological development (ATSDR, 2000). The data from one recent siudy indicate
that rodent pups administered 22 mg of manganese per kilogram of body weight per
day in drinking-water from birth to weaning (21 days) resulted in changes in brain
neurochemistry and evoked sensory response (Dorman et al., 2000),

4.5 Muragenicity and related end-points

The genotoxic potential of manganese in humans is not known (IPCS, 1999).
Laboratory evidence for the mutagenicity and penotoxicily of manganese is
equivocal. In vitro bacterial gene mutation tests have yielded both positive and
negalive results, whereas in vitro tests with fungi and mammalian cells have been
predominantly positive. In vivo rat studies have been negative, and in vivo mouse
studies have been positive (ATSDR, 2000). Manganese chloride produced an
increased frequency of mutations in Salmonella typhimurium strain TA1537, but
negative results in other strains; manganese sulfate was reported to be both positive
and negative in separate studies in Salmonella strain TA97, bul negative in other
strains (IPCS, 1999). Positive results were obtained with various manganese
compounds n Photobacterium fischeri and FEscherichia coli, as well as in
Saccharomyces cerevisiae, mouse lymphoma cells and hamster embryo cells
(ATSDR, 2000). Manganese sulfate and potassium permanganale have been shown to
increase sperm head abnormalities in vivo and increased the number of chromosomal
aberrations and micronuclei in rat bone marrow (ATSDR, 2000). In spite of these
results, the genotoxic potential of manganese in humans is not known (IPCS, 1999),

4.6 Carcinogenicity

No studies are available on the potential carcinogenicity of manganese following
inhalation or dermal exposure in humans or experimental animals (ATSDR, 2000). A
2-year oral study of manganese sulfate in rats and mice produced equivocal evidence
of carcinogenicity (NTP, 1993). In rais fed manganese sulfate (30-331 mg of
manganese per kilogram of body weight per day in males, 26-270 mg of manganese
per kilogram of body weight per day in females), no treatment-related increases in
tumour incidence were reported. In mice fed manganese sulfate (63-722 mg of
manganese per kilogram of body weight per day in males, 77-905 mg of manganese
per kilogram of body weight per day in females), the incidence of follicular cell
10

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



MANGANESE IN DRINKING-WATER

adenoma of the thyroid was increased slightly in high-dose animals compared with
controls. These increases were not statistically significant, and the tumours were
observed at the end of the study only. However, follicular cell adenoma of the thyroid
appears with low frequency in historical control male mice of this strain. Thus, the
significance of these results and their relevance to normal human exposure to
manganese are questionable.

5. EFFECTS ON HUMANS

Manganese 1s an essential element for many living organisms, including humans. For
example, some enzymes require manganese (e.g. manganese superoxide dismutase),
and some are activaled by the element (e.g. kinases, decarboxylases). Adverse health
effects can be caused by inadequate intake or overexposure. Manganese deficiency in
humans appears to be rare, because manganese is presenl in many common [oods.
Animals experimentally maintained on manganese-deficient diets exhibit impaired
growth, skeletal abnormalities, reproductive deficits, ataxia of the newborn and
defects in lipid and carbohydrate metabolism (USEPA, 1984; Hurley & Keen, 1987).

The neurological effects of inhaled manganese have been well documented in humans
chronically exposed to elevated levels in the workplace (Canavan et al., 1934; Cook
el ual, 1974, Roels et al, 1999, ATSDR, 2000). The syndrome known as
“manganism” 1s caused by exposure to very high levels of manganese dusis or fumes
and is characterized by a “Parkinson-like syndrome”, including weakness, anorexia,
muscle pain, apathy, slow speech, monotonous tone of voice, emotionless “mask-
like™ facial expression and slow, clumsy movement of the limbs, In general, these
effects are irreversible. Some motor functions may already be affected following
chronic exposure to levels of manganese of <I mgfm" (if the inhaled manganese 1s
respirable), but individuals in these situations have not shown the ovent, clinical
symptoms of those exposed to much higher levels (Roels et al., 1992; Mergler et al.,
1994).

From animal experiments, it 1s known that inhaled manganese (even the insoluble
manganese dioxide) is transported in a retrograde direction from the olfactory
epithelium to the striatum of the brain (Gianutsos et al., 1997, Roels et al., 1997).
During its uptake through the olfactory nerve endings (Tjalve et al., 1996; Brenneman
et al., 2000; Vitarella et al., 2000; Bench et al., 2001), it may damage the astrocytes
(Henriksson & Tjilve, 2000). Afier peroral uptake, manganese, like all other metals,
is filiered from the blood by the choroid plexus (Zheng et al., 1991: Ingersoll et al.,
1995). The retrograde transport of manganese through the olfactory epithelium
directly into certain regions of the central nervous system or the brain could explain
why the safe dose is much lower following inhalation exposure than afier oral
ingestion (Wang et al., 1989).

By the oral route, manganese is often regarded as one of the least toxic elements,
although there is some controversy as to whether the neurological effects observed
with inhalation exposure also occur with oral exposure. Several case reports of oral
exposure to high doses of manganese have described neurological impairment as an
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effect, but the quantitative and qualitative details of exposure necessary to establish
direct causation are lacking. An individual who took large mineral supplements over
several vears displayed sympioms of manganism (Bamia & Markesbery, 1977).
Another individual who ingested 1.8 mg of potassium permanganate per kilogram of
body weight per day for 4 weeks developed symptoms similar 1o Parkinson disease 9
months later (Holzgraefe et al., 1986; Bleich et al., 1999).

An epidemiological study in Japan described adverse effects in humans consuming
manganese dissolved in drinking-water, probably at a concentration close to 28 mg/l
(Kawamura et al., 1941). The manganese was derived from 400 dry-cell batteries
buried near a drinking-water well. Fifteen cases of poisoning were reported among 23
persons examined, with symptoms including lethargy, increased muscle tone, tremor
and mental disturbances. The most severe effects were seen in elderly people; less
severe effects were seen in younger people, and effects were absent in children aged
I-6 years. However, the level of exposure to manganese was poorly quantified, and
the people were also exposed to high levels of zinc. The rapid onset and progression
of the symptoms and the recovery of some patients prior to mitigation of the
manganese-contaminated well water suggest thal exposure lo other chemicals may
also have been a factor in the presentation of symploms.

An epidemiological study was conducted in Greece to investigate the possible
correlation between long-term (i.e. more than 10 years) manganese exposure from
water and neurological effects in elderly people (Kondakis et al., 1989). The levels of
manganese in the drinking-water of three different geographical areas were 3.6-14.6
pug/l in the control area and $1-253 pg/l and 1800-2300 pg/l in the test areas. The
authors concluded that progressive increases in the manganese concentration in
drinking-water are associated with a progressively higher prevalence of neurological
signs of chronic manganese poisoning and higher manganese concentrations in the
hair of older persons. However, no data were given on exposure from other sources
such as food and dust, and little information was provided on nutritional status and
other possible confounding vanables.

The individuals examined in the Kondakis et al. (1989) study also had exposure (o
manganese in their diet. This was onginally estimated 1o be 10-15 mg/day because of
the high intake of vegetables (X.G. Kondakis, personal communication, 1990). This
estimate was subsequently lowered to 5-6 mg/day (X.G. Kondakis, personal
communication, 1993). Because of the uncertainty in the amount of manganese in the
diet and the amount of water consumed, it is impossible 1o estimate the total oral
intake of manganese in this study. These hmitations preclude the use of this study to
determine a quantitative dose-response relationship for the toxicity of manganese in
humans.

Contrary to the above study, another long-term drinking-water study in a northem
rural area of Germany (Vieregge et al, 1995) found no neurological effects of
manganese at a level of at least 0.3 mg/l. No significant differences in neurological
tests were found in older people (41 subjects older than 40 vears with a mean age of
57.5 years) consuming well water containing at least 0.3 mg of manganese per litre
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(0.3-2.16 mg/l) for 1040 years. The control group (74 subjects, mean age 56.9
years) was exposed 10 water containing less than 0.05 mg of manganese per litre.
Subjects of both groups were randomly selected and matched with respect o age, sex,
nutritional habits and drug intake. However, like the Kondakis et al. (1989) study, this
study lacks exposure data from other routes and sources, and the manganese
concentration range in the water is very wide.

In one area of Japan, a manganese concentration of 0.75 mg/l in the drninking-water
supply had no apparent adverse effects on the health of consumers (Suzuki, 1970). No
signs of toxicity were observed in patients given 3() mg of manganese citrate (9 mg of
manganese) per day for many months (Schroeder et al., 1966). The incidence of
motor neuron disease in a small Japanese town was positively comrelated with a
significantly increased manganese concentration in local rice and a low magnesium
concentration in the drinking-water (Iwami et al., 1994). The study did not provide
good estimates of overall exposure to manganese in either the control population or
the population with motor neuron disease; therefore, development of the disease
could not be conclusively auributed to manganese exposure. The simullaneous
exposure to manganese and the deficiency of other essential minerals were possibly
the reasons for the enhanced incidence of neurotoxicelogical symptoms in Japan and
in another population in Guam (Yoshida et al., 1988; Florence & Stauber, 1989).
There was also some speculation on a link between mineral deficiency, enhanced oral
manganese uptake and manganese-catalvsed denaturation of copper-iree prion protein
to the pathogenic prion protein (Brown et al., 2000), which could contribute to the
enhanced occurrence of some prion diseases in certain world regions (Purdey, 2000).

Adverse neurological effects (decreased performance in school and in
neurobehavioural examinations of the Werld Health Organization core test battery)
were reported in 11- to 13-year-old children who were exposed 1o excess manganese
through ingestion of contaminated water and from wheat fertilized with sewage water
(He et al., 1994; Zhang et al., 1995). The exposed and control groups were both from
farming communities and were maiched for age, sex, grade, family income level and
parental education level. The average manganese concentration of the drinking-water
of the exposed group was 0.241 mg/l compared with the control level of 0.04 mg/l.
The total exposure data, including manganese exposure from food, waler and air,
exposure duration, the nutritional status of the children and other confounding factors
were not well characterized. Therefore, it was not possible to establish a cause—elTect
link between ingestion ol excess manganese and preclinical neurological effects in
children. Oral uptake of environmental manganese together with a deficiency of other
minerals was suggested as a possible contributory factor to explain the enhanced
incidence of neurological symptoms in isolated populations on Guam and the Ku
Peninsula in East Asia (Yoshida et al.. 1988; Florence & Stauber, 1989; Iwami et al,
1994),
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6. PRACTICAL CONSIDERATIONS
6. I Analytical methods

Sensitive methods exist for measuring total manganese in biological and
environmental samples, although distinguishing between different oxidation states of
manganese is not possible (IPCS, 1999). Alomic absorption spectroscopy is used for
determining manganese concentrations in biological samples (e.g. urine, faeces and
hair) at a detection limit as low as | pg/ for urine and 0.2 pg/g for hair. The
techmque has also been used to analyse manganese concentrations in water samples
at levels as low as 0.01 pg/l (ATSDR, 2000). Inductively coupled argon—plasma
optical emission spectrometry has also been used 1o measure manganese
concentrations in biological fluids, water, waste products and air and has a detection
limit of around 1-2 pg/1 for liquids and 5 pg/m’ for air (ATSDR, 2000). Colorimetric
methods are also used in water analysis and have detection limits of about 10 pg/l
(ISO, 1986).

6.2 Treatment methods and performance

Manganese concentrations in drinking-water are easily lowered using common
reatment methods. Oxidation and filration are usually adequate to achieve a
manganese concentration of 0.05 mg/l in drinking-water.

7. CONCLUSION

Experimental animal data, especially rodent data, are not desirable for human risk
assessment, because the physiological requirements for manganese vary among
different species. Further, rodents are of limited value in assessing neurobehavioural
effects, because the neurological effects (e.g. tremor, gail disorders) seen in primates
are often preceded or accompanied by psychological symploms (e.g. imitability,
emotional lability), which are not apparent in rodenis. The only primate study (Gupla
ct al., 1980) is of limited use in a quantitative risk assessment, because only one dose
group was studied in a small number of animals, and information on the manganese
content in the basal diet was not provided.

While several studies have determined average levels of manganese in various diets,
no quantitative information is available to indicate toxic levels of manganese in the
diet of humans. Because of the homeostatic control that humans maintain over
manganese, manganese is generally not considered to be very toxic when ingested
with the diet.

A review of typical Western and vegetarian diets found average adult manganese
intakes ranging from 0.7 to 10.9 mg/day (Greger, 1999; 10M, 2002). The upper range
manganese intake value of 11 mg/day from dietary studies is considered a no-
observed-adverse effect level (NOAEL). It is not believed that this amount of
manganese in the diet represenis an overexposure to the element (IOM, 2002).
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A health-based value can be calculated using this upper range value. A tolerable daily
intake (TDI) of 0.06 mg/kg of body weight can be calculated by dividing the NOAEL
of 11 mg/day by an uncertainty factor of 3 (to allow for the possible increased
bioavailability of manganese from water) and an adult body weight of 60 kg. The
guideline value of 0.4 mg/l is then derived from the TDI by assuming an allocation of
20% of the TDI to drinking-water and consumption of 2 litres of drinking-water per
day by a 60 kg adult. However, as this health-based value is well above
concentrations of manganese normally found in drinking-water, it is nel considered
necessary 10 derive a formal guideline value.

It should be noted that the presence of manganese in drinking-water will be
objectionable 10 consuwmers if the manganese is deposited in waler mains and causes
water discoloration. Concentrations below 0.05 mg/l are usually acceptable o
consumers, although this may vary with local circumstances.
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Executive summary

Background

In the last decade, traces of pharmaceuticals, typically at levels in the nanograms to
low micrograms per litre range, have been reported in the water cycle. including
surface waters, wastewater, groundwater and. to a lesser extent, drinking-water.
Advances in analytical technology have been a key factor driving their increased
detection. Their presence in water, even at these very low concentrations, has raised
concerns among stakeholders, such as drinking-water regulators, governments, water
suppliers and the public, regarding the potential risks to human health from exposure
to traces of pharmaceuticals via drinking-water.

Following requesis from several Member States for information regarding the
potential health impacts of residual concentrations of pharmaceuticals in drinking-
witer, this issue was added to the work plan of the World Health Organization
(WHO) Drinking-water Quality Committee in 2005. It was proposed that a working
group of expens be assembled to undertake a rapid review of the state of the science
of pharmaceuticals in drinking-water and develop guidance and recommendations in a
report and fact sheet.

A WHO working group that comprised experts in toxicology, water chemistry, water
quality and health, water treatment, pharmacology, and drinking-water regulation and
policy was formed in 2009. Consultations were held in 2009 and 2010 with the
Drinking-water Quality Committee and additional experts to review and summarize
the available scientific knowledge and evidence.

A literature review was a key source of evidence. This examined the fate and
occurrence of pharmaceuticals in water, exposure to pharmaceuticals in drinking-
water, assessment of the human health risk associated with pharmaceuticals in
drinking-water, removal of pharmaceuticals during wastewater and drnnking-water
treatment. and preventive management measures to reduce potential exposure to
pharmaceuticals in drinking-water.

This report contains the key findings and recommendations of the working group and
consultations with experts in the Drinking Water Quality Committee. It aims to
provide practical guidance and recommendations for managing the emerging concern
about pharmaceuticals in drinking-water, taking into consideration the evidence from
the literature review. More importantly, it emphasizes the need to prioritize this
emerging issue in the overall context of water safety management, which includes
microbial and other chemical risks that may threaten the safety of drinking-water.

Scope
This report focuses primarily on reviewing the risks to human health associated with

exposure to trace concentrations of pharmaceuticals in drinking-water. It does not
discuss the potential impacts on aquatic ecosystems or the broader physical

environment.

viii
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Pharmaceuticals in Drinking-water

Occurrence of pharmaceuticals in water

Pharmaceuticals are synthetic or natural chemicals that can be found in prescription
medicines, over-the-counter therapeutic drugs and vetennary drugs. Pharmaceuticals
contain active ingredients that have been designed to have pharmacological effects
and confer significant benefits to society. The occurrence of pharmaceuticals in the
environment and the water cycle at trace levels (in the range of nanograms to low
micrograms per litre) has been widely discussed and published in literature in the past
decade. The increase in detection is largely attributable to the advances in analytical
techniques and instrumentation. Many surveys and studies have confirmed the
presence of pharmaceuticals in municipal wastewater and effluents, and these have
been identified as a major source of pharmaceuticals in drinking-water (Figure ES1).

Veterinary drugs
Human drugs Feed additives

excretion disposal excretion

/'l' \J

- (run-off) {{liquid) manure )
\

¥
¥ —— (leakages)

landfill site l
(5™ ] (sgestea siudger S ——|—
o) o

\ /

Figure ES1: Fate and transport of pharmaceuticals in the environmenl (Ternes, 1998)

MNote; STP is sewage treatment plant.

Routine monitoring programmes to test drinking-water for pharmaceuticals have not
been implemented. as is the case for regulated chemical and microbial parameters.
Generally, data on the occurrence of pharmaceuticals in drinking-water have resulted
from ad hoc surveys or targeted research projects and investigations. Available studies
have reported that concentrations of pharmaceuticals in surface waters, groundwater
and partially treated water are typically less than 0.1 pgfl {(or 100 ngfl). and
concentrations in treated water are generally below 0.05 pg/l (or 50 ng/).

More systematic studies will help to further our understanding of the transport,
occurrence and fate of pharmaceuticals in the environment, especially dnnking-water
sources. Standardization of protocols for sampling and analysing pharmaceuticals
would help to facilitate the comparison of data.

Human health risk assessment for pharmaceuticals in drinking-water

Pharmaceuticals are normally governed by stringent regulatory processes and require
rigorous preclinical and clinical studies to assess their efficacy and safety before

ix
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commercialization. Therefore, pharmaceuticals are generally better characterized than
other environmental contaminants.

This report reviews human health risk assessments of pharmaceuticals in drinking-
water conducted in the United Kingdom, Australia and the United States of Amernica
(USA). The approaches of acceptable daily intake (ADI) or minimum therapeutic
dose (MTD) were adopted as the point of departure in these studies to assess potential
risks to human health through exposure to pharmaceuticals in drinking-water.
Margins of exposure (MOEs) were denved by comparing measured or modelled
exposure levels in drinking-water with a reference exposure concentration, which was
usually the ADI or MTD or sometimes a drinking-water equivalent level (DWEL). A
judgement of safety could then be based on the magnitude of this MOE for the
pharmaceutical under consideration. In other words, screening values to determine
whether further action is warranted could be derived from the ADI or the MTD, with
uncertainty factors applied as appropriate.

Analysis of the results indicated that appreciable adverse health impacts to humans
are very unlikely from exposure to the trace concentrations of pharmaceuticals that
could potentially be found in drinking-water. Concentrations of pharmaceuticals in
drinking-water are generally more than 1000-fold below the MTD, which is the
lowest clinically active dosage. The findings from these three case-studies are in line
with the evidence published over the past decade, which suggests that appreciable
risks 1o health ansing from exposure 1o trace levels of pharmaceuticals in drinking-
water are extremely unlikely.

Treatment technologies for removal of pharmaceuticals from drinking-
water

Having established that raw sewage and wastewater effluents are a major source of
pharmaceuticals found in surface waters and drinking-water, it is important to
consider and characterize the efficiency of processes for the removal of
pharmaceuticals during wastewater and drinking-water treatment. Most of the
research has been conducted at the laboratory scale or at full scale in developed
countries, including the USA, Japan, the Republic of Korea and countries in Europe.

Even though wastewater and drinking-water treatment processes are not designed
specifically to remove pharmaceuticals. they may do so lo varying degrees.
Pharmaceuticals are not “unusual” chemicals; their removal efficiencies during
wastewater and drinking-water treatment are dependent on their physical and
chemical properties. In cases where regulations require controls 1o mitigate risks from
exposure to pesticides, treatment barriers may already be optimized to remove
pharmaceuticals.

Conventional wastewater treatment facilities generally have activated sludge
processes or other forms of biological treatment such as biofiltration. These processes
have demonstrated varying removal rates for pharmaceuticals, ranging from less than
20% to greater than 90%. The efficiency of these processes for the removal of
pharmaceuticals varies within and between studies and is dependent on operational
configuration of the wastewater treatment facility. Factors influencing removal
include sludge age, activated sludge tank temperature and hydraulic retention time.
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Comparatively, advanced wasiewalter treaiment processes, such as reverse osmosis,
ozonation and advanced oxidation technologies, can achieve higher removal rates for
pharmaceuticals.

Studies on conventional drinking-water treatment processes have shown that
coagulation is largely ineffective in removing pharmaceuticals. Free chlorine is able
to remove up to approximately 50% of the pharmaceuticals investigated, whereas
chloramines have lower removal efficiency. Compounds that showed high removal by
free chlorine but low removal by chloramines include antibiotics, such as
sulfamethoxazole. trimethroprim and erythromycin.

Advanced water treatment processes, such as ozonation, advanced oxidation,
activated carbon and membranes (e.g. nanofiltration, reverse osmosis), are able 1o
achieve higher removal rates (above 99%) for targeted pharmaceutical compounds in
various studies in the published literature,

Advanced and costly water treatment technology will not be able to completely
remove all pharmaceuticals to concentrations less than the detection limits of the most
sensitive analytical procedures at all times. Therefore, it is imperative that the
toxicological relevance of various compounds be considered in the context of
appreciable risks to human health. An informed risk assessment is essential before
scarce resources are allocated to upgrade or invest in additional advanced treatment
processes to reduce trace concentrations of pharmaceuticals in drinking-water.

Preventing pharmaceuticals in drinking-water

Conventional drinking-water quality monitoring that focuses on end-product testing is
resource intensive in terms of capital investment and human resources. Coupled with
an expanding list of chemical contaminants in drinking-water and water sources that
may be of insignificant health concern, an overemphasis on end-product monitoring
and the upgrading of treatment infrastructure is not a sustainable, optimal use of
limited resources.

As outlined in the WHO Guidelines for Drinking-water Quality, the water safety plan
approach is “the most effective means of consistently ensuring the safety of a
drinking-water supply ... through the use of a comprehensive risk assessment and risk
management approach that encompasses all steps in the water supply from catchment
to consumer . Water safety plans highlight the importance of considering risk
assessment and risk management comprehensively from source to tap and adopting
preventive measures 10 address the source of risks.

Adapting the water safety plan approach to the context of pharmaceuticals in
drinking-water means that preventing pharmaceuticals from entering the water supply
cycle during their production. consumption (i.e. excretion) and disposal is a pragmatic
and effective means of risk management. Preventive measures need to be applied as
close as possible to the source of the risk and hazard.

Inappropriate disposal practices, such as flushing unwanted or excess drugs down
toilets and sinks and discarding them into household waste, are common and may be
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the main contributors to pharmaceuticals in wastewater and other environmental
media, such as surface waters and landfill leachate.

Preventive measures, such as policies promoting or regulations goveming disposal
practices at concentrated point sources (e.g. health-care and veterinary facilities), can
reduce the amount of pharmaceutical waste entering water bodies. In addition, take-
back programmes, guidance and enhanced consumer education will suppon efforts for
the proper disposal of medicines and reduce the impact of pharmaceuticals entering
our waler sources,

Conclusions

Published literature and national studies have shown that concentrations of
pharmaceuticals in surface water and groundwater sources impacted by wastewater
discharges are typically less than 0.1 pg/l {or 100 ng/l). and concentrations in treated
drinking-water are usually well below 0.05 pg/l (or 50 ng/l). There are few
comprehensive, systematic studies on the occurrence of pharmaceuticals in drinking-
water. Limited data on the occurrence of pharmaceuticals in drinking-water are a
challenge in assessing potential human health nsks from exposure (o trace
concentrations of pharmaceuticals in drinking-water.

Several approaches to screen and prioritize pharmaceuticals have been published in
peer-reviewed literature. These approaches usually apply the principles of the point of
departure to derive a margin of exposure between the reported worst-case exposure
and the MTD, the ADI or sometimes the DWEL,

Targeted investigations conducted in the United Kingdom, the USA and Australia
found that pharmaceuticals are largely present in drinking-water at concentrations
several orders of magnitude (more than 1000-fold) below the minimum therapeutic
dose and largely below the calculated ADIs and DWELs. The substantial margins of
safety for individual compounds suggest that appreciable adverse impacts on human
health are very unlikely at current levels of exposure in drinking-water.

From a treatment perspective, pharmaceuticals are not unusual organic chemicals, and
treatment removal rates depend on the physical and chemical properties of the
compounds. Conventional treatment processes with chlorination (free chlorine) can
remove about 50% of these compounds, whereas advanced treatment processes, such
as ozonation, advanced oxidation, activated carbon and membranes (e.g. reverse
osmosis, nanofiltration). can achieve higher removal rates; reverse osmosis, for
example, can remove more than 99% of large pharmaceutical molecules.

Recommendations

Trace quantities of pharmaceuticals in drinking-water are very unlikely to pose risks
to human health because of the substantial margin of exposure or margin of safety
between the concentrations detected and the concentrations likely to evoke a
pharmacological effect.

Xii
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Concerns over pharmaceuticals should not divert the attention and valuable resources
of water suppliers and regulators from the various bactenal, viral and protozoan
waterbome pathogens and other chemical priorities, such as lead and arsenic.

The current levels of exposure to pharmaceuticals in drinking-water also suggest that
the development of formal guideline values for pharmaceuticals in the WHO
Guidelines for Drinking-water Quality is unwarranted.

Routine monitoring of pharmaceuticals in water sources and drinking-water at the
national level and the installation of specialized drinking-water (reatment
infrastructure to reduce the very low concentrations of pharmaceuticals in drinking-
water are not currently deemed necessary given the limited additional health benefits.
However, where specific circumstances, such as a caichment survey, indicale a
potential for elevated concentrations of pharmaceuticals in the water cycle (surface
water, groundwater, wastewater effluent and drinking-water), relevant stakeholders
could undertake targeted, well-designed and quality-controlled investigative studies to
obtain more information to assess potential health risks anising from exposure through
drinking-water. If necessary, screening values could be developed and an assessment
of the need for treatment enhancement could also be considered within the context of
other risks and priorities using the water safety plan.

Human exposure to pharmaceuticals through drinking-water can be reduced through a
combination of preventive measures, such as take-back programmes, regulations,
public guidance and consumer education to encourage the proper disposal of
unwanted pharmaceuticals and minimize the introduction of pharmaceuticals into the
environment.

Enhanced risk communication 1o the public and public education efforts on water
quality issues from the human health standpoint will help the public to better
understand this issue relative to other hazards, such as pathogenic microbial risks.
This means conveying the risks of exposure to very low concentrations of
pharmaceuticals in drinking-water to the public using plain language.

Knowledge gaps and future research

Although current published risk assessments indicate that trace concentrations of
pharmaceuticals in drinking-water are very unlikely to pose risks to human health,
knowledge gaps exist in terms of assessing risks associated with long-term exposure
to low concentrations of pharmaceuticals and the combined effects of mixtures of
phanmaceuticals.

Future research in these areas may be beneficial to better characterize potential health
risks from long-term, low-level exposure to pharmaceuticals, particularly for sensitive
subpopulations.

One of the key challenges in estimating exposures to pharmaceuticals in drinking-
water and assessing the potential risks to human health is the limited occurrence data
for such a diverse group of human and veterinary pharmaceuticals. Implementing
monitoring programmes is resource intensive in terms of costs, human resources and
infrastructure, and there is also a lack of standardized sampling and analysis protocols
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1o support monitoring siudies. Future research should focus on filling these
knowledge gaps, including by providing support 1o practitioners through the
development of cost-effective methoeds and protocols for prioritizing pharmaceuticals
within the context of an overall risk assessment for all drinking-water hazards.

Noting that pharmaceuticals in drinking-water are an emerging issue. WHO will
continue to review relevant scientific evidence and, where necessary, update the
guidance provided in this report.

Xiv
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1. Occurrence of pharmaceuticals in water

Pharmaceuticals are synthetic or natural chemicals that can be found in prescription
medicines, over-the-counter therapeutic drugs and veterinary drugs, and they contain
active ingredients that evoke pharmacological effects and confer significant benefits
to society. The ubiquitous use of pharmaceuticals in human and veterinary medical
practices, aquaculture and agricultural products has led to the continual release of a
wide array of pharmaceutical chemicals into our environment. As illustrated in Figure
|, pharmaceuticals enter the environment through many routes, including human or
amimal excreta, wastewater effluent. treated sewage sludge. industrial waste, medical
waste from health-care and veterinary facilities, landfill leachate and biosolids.

Veterinary drugs
Human drugs Feed additives
excretion

¥ \ L
- (run-off) {{liquid) manure |
¥ — (eakages) —¥ 1

landfill site

LS ) igested siwage) SN d—|—»
N g
| surface water ] ——
N -

drinking water

Note: 5TP is sewage treatment plant.

Figure 1: Fate of pharmaceuticals in the environment (Ternes, 1998)

Pharmaceuticals and their metabolites undergo natural attenuation by adsorption,
dilution or degradation in the environment, depending on their hydrophobicity and
biodegradability and on the temperature. Therefore, pharmaceuticals in water sources
and drinking-water are often present at trace concentrations, as these compounds
would have undergone metabolism and removal through natural processes and, if
applicable, wastewater and drinking-water treatment processes.

1.1 Advances in analytical and detection methods

The increase in reported detections of verv low concentrations of pharmaceuticals in
various environmental matrices, including the water cycle (e.g. surface water,
groundwater, treated wastewater effluent and drinking-water), is mainly attributable
to technological advances in the sensitivity and accuracy of detection equipment and
analytical methods. Gas chromatography with mass spectrometry (GC-MS) or tandem
mass spectrometry (GC-MS/MS) and liquid chromatography with mass spectrometry
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(LC-MS) or tandem mass spectrometry (LC-MS/MS)' are advanced methods that are
able to determine target compounds to the nanogram per litre level and are commonly
applied for the detection of pharmaceutical compounds in water and wastewater, The
selection of methods is dependent on the physical and chemical properties of the
target compound. LC-MS/MS analysis is more suitable for measuning target
compounds that are more polar and highly soluble in water, whereas GC-MS/MS is
better for more volatile target compounds. Figure 2 provides examples of
pharmaceuticals in water and wastewater that can be detected using these advanced
analytical methods (Fatta et al., 2007).

Figure 2. An illustration of analytical methods applied to detect pharmaceuticals in
water and wastewater (Fatta et al., 2007)

Whereas improved detection and analytical capabilities will allow us 10 learn more
about the fate and occurrence of pharmaceutical chemicals in the environment,
including the water cycle, it is important to recognize that detection of these
compounds does not directly correlate to human health risks that could be verified by
available human risk assessment methods. In addition, there is currently no
standardized practice or protocol for the sampling and analytical determination of
pharmaceuticals in water or any other environmental media that ensures the
comparability and quality of the data generated.

| GC-MS/MS and LC-M5/MS refer to GC-MS” and LC-MS?, respectively, in Figure 2.
2
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1.2 Occurrence of pharmaceuticals in surface water

Scientists demonstrated the presence ol phanmuceuticals in the environment more than
30 years ago, with studies in the United States of America (USA) in the 1970s that
reported the presence of heart medications, pain relievers and birth control
medications in wastewater (Tabak & Burch. 1970; Gamison, Pope & Allen, 1976;
Hignite & Azamoff, 1977). The most cited reference in the peer-reviewed literature
on the occurrence of pharmaceuticals in surface waters is the survey by the United
States Geological Survey, in which more than 50 pharmaceuticals in 139 streams
across 30 states in USA were investigated during 1999 and 2000 (Kolpin et al., 2002).

Many peer-reviewed and published studies have shown that the primary sources of
pharmaceuticals entering surface water are from excretion and bathing through treated
or untreated municipal wastewater effluent discharges into receiving surface water
bodies (Buser, Muller & Theobald, 1998: Temes, 1998; Buser, Poiger & Muller,
1999; Daughton & Temes, 1999; Daughton, 2001; Heberer et al.. 2001; Heberer,
Reddersen & Mechlinski, 2002; Kolpin et al., 2002) and improper disposal of
pharmaceutical waste and excess medication by consumers and health-care and
veterinary facilities into sewers and drains. Table | illustrates several classes of
pharmaceuticals found in wastewater influent in a study conducted by the Drinking
Water Inspectorate in the United Kingdom.

Table 1. Excretion rates of unmetabolized active ingredients for selected
pharmaceuticals

Pharmaceutical Parent compound

Compound product group excreted (%) Reference

Amoxycillin Antibiolic 680 Bound & Voulvoulis (2005)
Atenolol Beta blocker a0 Bound & Voulvoulis (2005)
Bazafibrate Lipid regulator 50 Bound & Voulvoulis (2005)
Carbamazepine Antiepileptic 3 Bound & Voulvoulis (2005)
Cetirizine Antihistamine 50 Bound & Voulvoulis (2005)
Clofibric acid Active metabolite 6 Alder et al. (2006)
Diclofenac Anti-inflammatory 15 Alder et al. (2006)
Erythromycin  Antibictic 25 Bound & Voulvoulis (2005)
Felbamate Antiepileptic 40-50 Bound & Voulvoulis (2005)
lbuprofen Analgesic 10 Bound & Voulvoulis (2005)

Source: DWI (2007)

A monitoring programme in the United Kingdom focused on 12 pharmaceutical
compounds or their metabolites in surface waters (Ashton, Hilton & Thomas, 2004).
The results showed that a range of pharmaceuticals from different therapeutic classes
were present in both effluents from sewage treatment works and receiving waters in
England. The values reported were within the same range as those reported in
continental Europe and the USA, where more extensive monitoring has been
conducted. Results in the published literature for studies conducted in the USA and
Europe also suggest that usage data are positively associated with concentrations of
pharmaceuticals measured in effluent and in surface water bodies receiving the treated
effluent. Tables 2 and 3 show additional illustrative examples of pharmaceuticals that
have been found in the United Kingdom and other European countries, respectively.

3
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Table 2. Measured concentrations of selected pharmaceuticals in the aquatic
environment in the United Kingdom

Median (maximum) concentration
(ng)

Sewage

treatment works ~ Stream or
Compound effiuent river waters  References
Bieomycin 11 (19) nd (17) Aherne, Hardcastle & Nield

(1990)

Clotrimazole 14 (27) 21 (34) Roberts & Thomas (2006)

— 7(22) Thomas & Hilton {2004)
Diclolenac 424 (2349) < LOQ (568) Ashton, Hilton & Thomas (2004)

289 (598) < LOQ Roberts & Thomas (2006)

— < LOQ (185) Thomas & Hilton (2004)
Dextropropoxyphene 195 (585) 58 (682) Ashton, Hilton & Thomas (2004)

a7 (64) 12 (98) Roberts & Thomas (2006)
Erythromycin — < LOQ (80) Thomas & Hilton {2004)

< LOQ (1842) < LOO Ashion, Hilton & Thomas (2004)

(1022)

Fluoxetine 202 (290} 5 (70) Roberts & Thomas (2006)

76529 2-43.7 Boucard & Gravell (2006}
louprofen 3086 (27 256) 826 (5044) Ashton, Hilton & Thomas (2004)

2972 (4239) 297 (2370) Roberts & Thomas (2006)

— 48 (930) Thomas & Hilton {2004)
Mefenamic acid 133 (1440) 62 (366) Ashton, Hilton & Thomas (2004}

340 (396) < LOO Roberts & Thomas (2008)

- <LOQ(196) Thomas & Hilton (2004)
Morfluoxetine 5.2-30.7 4,5-83.0 Boucard & Gravell (2006)
Paracetamol <20 — Roberis & Thomas (2006)

—_ 555 Bound & Voulvoulis (2008)
Propanolol 76 (284) 29 (215) Ashton, Hilton & Thomas (2004)

304 (373) 61 (107) Roberts & Thomas (2006)

— < LOQ (56) Thomas & Hilton (2004)
Sulfamethoxazole < LOQ {132) < LOQ Ashton, Hilton & Thomas (2004)
Tamoxifen < LOQ (42) < LOQ Ashion, Hilton & Thomas (2004)
Tetracycline —_ -1000 Watts et al. (1983)
Theophylline — ~1000 Watts et al. (1983)
Trimethopnm 70 (1288) < LOQ (42) Ashton, Hilton & Thomas (2004)

271 (322) 9 (19) Roberts & Thomas (2008)

—_ 7 (569) Thomas & Hilton (2004)

LOQ, limit of quantification; nd, not detected (below the detection limit)

Source: DWI (2007)

+
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Table 3. Concenlrations of selected pharmaceuticals found in European surface waters

Median (maximum) concentrations (ng/)

Compound Austria Finland France Germany Switzerland
Bezafibrate 20 (160) 5(25) 102 (430) 350 (3100) -
Carbamazepine 75(2%4) 70(370) 78(800) 25(110) 30-150
Diclofenac 20 (e4) 15 (40) 18 (41) 150 (1200) 20150
Ibuprofen nd 10 (65) 23 (120) 70 (530) nd (150)
lopromide a1 (211) — TU17) 100 (210} —
Roxithromycin nd - 8(37) <LOQ (560) —
Sultamethoxazola® nd —_ 25 {133) 30 (480) —_

LOQ, limit of quantification; nd, not detected (below the detection limit)
* Includes the human metabolite N'-acetyl-sulfamethoxazole.
Source: Ternes et al. (2005)

1.3 Occurrence of pharmaceuticals in drinking-water

Most countries (if any) do not have monitoring programmes (0 routinely test for
pharmaceuticals in drinking-water owing to practical difficulties, such as high costs
and lack of availability of routine analytical technologies and laboratory infrastructure
to detect a diverse range of pharmaceuticals and their metabolites. As a result, the
majority of the occurrence data for pharmaceuticals in drinking-water and surface
waters come from targeted research projects, targeted investigations and ad hoc
surveys, most of which were designed to develop, test and fine-tune detection and
analytical methods. Nevertheless, they did provide an initial indication of the presence
of pharmaceuticals in the environment.

Studies in the USA have detected very low levels of pharmaceuticals in finished
drinking-water. The highest concentration reported was 40 ng/l for meprobamate
(Benotti et al., 2009). Swdies have also found several pharmaceuticals in tap water at
concentrations ranging from nanograms to low micrograms per litre in several
countries in Europe, including Germany, the Netherlands and Italy (Huerta-Fontela,
Galceran & Ventura, 2011). Two separate studies in Germany (Reddersen, Heberer &
Diinnbier, 2002; Zihlke et al.,, 2004) found phenazone and propylphenazone (an
analgesic and an antipyretic drug, respectively) in Berlin drinking-water, with the
highest concentration being 400 ng/l for phenazone. This high value was largely
attributed to groundwater, used as a drinking-water source, contaminated with sewage
(Jones, Lester & Voulvoulis, 2005). In the Netherlands, traces of antibiotics,
antiepileptics and beta blockers were detected in the drinking-water supply at
concentrations below 100 ng/l, with most concentrations below 50 ng/l (Mons,
Hoogenboom & Noij, 2003).

To date, between 15 and 25 pharmaceuticals have been detected in treated drinking-
water worldwide, as reported in the peer-reviewed scientific literature (Jones, Lester
& Voulvoulis, 2005; Benotti et al.,, 2009). More pharmaceutical compounds have
been detected in untreated water sources, such as wastewater, surface waters and
groundwaters (Focazio et al.. 2008) in the water cycle, largely attributable to
pharmaceuticals of very high usage, including antihyperlipidaemic compounds and
non-steroidal anti-inflammatory drugs (NSAIDs).
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1.4 Conclusion

The occurrence of pharmaceuticals in the environment, including the water cycle, at
concentrations ranging from nanograms to low micrograms per litre has been widely
discussed and published in the literature in the past decade (Heberer, Schmidt-
Biiumler & Stan, 1998: Zuccato et al.. 2000; Heberer, Fuhrmann, Schmidt-Baumier,
Tsipi, Koutsouba & Hiski. 2001; Heberer et al., 2004: Stackelberg et al., 2004, 2007;
Ziihlke et al., 2004; Jones, Lester & Voulvoulis, 2005: Vieno, Tuhkanen & Kronberg,
2005; Loraine et al., 2006: Loraine & Pettigrove, 2006: Snyder et al., 2006:
Vanderford & Snvder, 2006: Loos et al.. 2007; Pérez & Barceld, 2007; Togola &
Budzinski, 2008; Mompelat, Le Bot & Thomas, 2009).

The published literature and national studies have shown that concentrations of
pharmaceuticals in surface water and groundwater sources impacted by wastewater
discharges are typically less than 0.1 pg/l {or 100 ng/l), and concentrations in treated
drinking-water are usually well below (.05 pg/1 (or 50 ng/l).

There are few comprehensive, systematic monitoring studies on pharmaceuticals in
drinking-water, and limited occurrence data are a challenge in assessing potential
human health risks from exposure to trace concentrations of pharmaceuticals in
drinking-water. In addition, there is no standardized protocol for the sampling and
analytical determination of pharmaceuticals. More systematic studies, using
comparnble methods, will help further research on the transport, occurrence and fate
of these compounds in various environmental media, and standardization of protocols
for their sampling and analytical determination would help to facilitate the
comparison of data.

6
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2. Human health risk assessment for pharmaceuticals in
drinking-water

2.1 Introduction

Regulatory approval processes for pharmaceuticals require thorough assessments to
demonstrate the efficacy and safety of active compounds. These assessments
determine the margin of safety associated with human consumption and take into
account the risk-benefit equation. Those pharmaceuticals that are most widely used,
particularly thosc approved for over-thc=countcr salcs, rcquirc thc most stringent
assessment and require a substantial margin of safety. Most of the pharmaceuticals
that are likely to be found in water fall into the high usage category, because it is
those substances that will be present in the greatest quantity. The assessments for
approval for particular uses cover a senies of prechimical, clinical and sometimes
mechanistic studies and are wvsunally perfformed at doses close to the intended
therapeutic dose. For those substances that will be widely used, some studies are also
conducted at doses well above those anticipated. Because of these stringent regulatory
approval processes, pharmaceuticals will be better characterized and controlled than
most environmental contaminants.

Concern has been raised, however, because exposure to pharmaceuticals through
drinking-water is an unintended and involuntary exposure over potentially long
periods of time. Moreover, there are few scientific nsk assessments of exposure to
low levels of pharmaceuticals, both as individual species or as mixtures, in drinking-
water.

2.2 Assessing risks associated with pharmaceuticals in drinking-water

Chemical risk assessment methods for substances found in food and drinking-water
involve establishing an acceptable daily intake (ADI) or tolerable daily intake (TDI)
based on a variety of calculations (e.g. from extrapolations, applications of
uncertainty factors) applied o a selected point of depariure (PoD) from the
toxicological and epidemiological database. A common and widely accepted PoD is
that concentration at which no adverse effects are detected. which is the no-observed-
adverse-effect level (NOAEL), or, less optimally, the lowest concentration at which
adverse effects are detected, which is the lowest-observed-adverse-effect level
(LOAEL). in combination with an additional uncertainty Factor. The PoD may also be
derived through a benchmark dose based on statistical evaluation of the dose—
response curve of the critical study (FAO/WHO, 2009).

Health risks from pharmaceuticals in water have been most frequently assessed using
the minimum therapeutic dose (MTD, the lowest concentration that evokes a desired
therapeutic effect among target populations) as the PoD (DWI, 2007; Bull et al.,
2011). This is due to practical reasons, including the lack of readily available
toxicological data in the public domain that would be necessary to derive a
NOAEL/LOAEL or benchmark dose. The MTD is uwsually a dose below those
concentrations where, in rare instances, unacceptable adverse or toxic effects are
observed. Therefore, the use of the MTD as a PoD for risk assessment would often
result in the development of conservative screening values (reference concentrations
used to determine whether further action is warranted, as described below).

7
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The application of the MTD 1o inform the derivation of screening values does present
certain limitations. The MTD is determined by controlled studies in specific
preselected populations, which may not be based on the sensitivities of vulnerable
subpopulations that would not normally be given the drug. In addition, in specific
cases, such as with cytotoxic cancer treatment drugs, the MTD may be at a
concentration above which toxic effects are observed. Notwithstanding this,
especially in cases where the margins of exposure (MOEs) are substantial, use of the
MTD could be considered a pragmatic and sensible method to broadly assess and
screen risks.

The main challenges in assessing risks include the limited occurrence data available
for pharmaceuticals in drinking-water, the diverse range of pharmaceuticals in use,
the wide variation in the use of individual pharmaceuticals between countries, the
limited number of data in the public domain and technical limitations relating to
assessing risks from chronic exposure to low-dose of pharmaceuticals and mixtures.
Nonetheless, several publicly available approaches (USEPA, 2008b) have been used
for screening and prioritizing pharmaceuticals for assessing the potential risks to
human health from exposure to low concentrations of pharmaceuticals in drinking-
water. These reports (DWI, 2007; USEPA. 2008b; Bull et al., 201 1) have been subject
to scrutiny and peer review, These studies have used the MTD as the PoD for the risk
assessment, with subsequent application of uncertainty factors to derive screening
values and margins of safety against which to assess the potential risk

These screeming values are values against which to judge the likelihood that a
particular substance could be of concern at the concentrations observed and so
warrant further, more detailed investigation. Screening values are also used to identify
thosc substances from a long list that arc the most important and should be considered
more closely. As indicated above. there are two approaches that have been used. An
ADI or TDI is an amount that can be ingested daily for an extended period, generally
a lifetime, without significant risk to health. The large uncenainty factors frequently
involved in establishing an ADI or TDI generally serve to provide assurance that
exposure exceeding the ADI or TDI for shorter periods. or sometimes for longer
periods if the exceedance is small, is unlikely to have any deleterious effect. However.
any exceedance of the ADI or TDI needs to be evaluated on a case-by-case basis, as it
is very much dependent on the substance and its toxicological profile.

ADIs are typically set by determining the dose at which no adverse effect is observed
(the NOAEL) or, less optimally, the lowest level at which an adverse effect is
observed (the LOAEL). In both cases, uncertainty factors are applied 1o reflect
uncertainties in extrapolation from experimental animals o humans, in the likely
variation within the exposed population or important gaps in the database, to derive
the ADIL. These uncertainty factors are based on expent judgement, but there is a
considerable body of experience in their use. Data from well-conducied studies,
where a clear dose—response relationship has been demonstrated, are preferred,
typically using experimental animal models: however, where suitable data on human
populations are available. these would normally be preferred. The approaches used in
developing guideline or screening values for chemicals in drinking-water are
described in chapter 8 of the WHO Guudelines for Drinking-water Quality (WHO,
2011). Using an ADI to determine a suitable level for drinking-water requires
assumptions to be made regarding body weight, as an ADI is usually presented as an

8
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intake per kilogram of body weight. WHO uses a value of 60 kg for an adult and
assumes consumption of 2 litres of drinking-water per day. Usually for substances for
which an ADI is derived, exposure can also be from food and air, and so a proportion
of the ADI is allocated to drinking-water to allow for exposure from other sources. In
the case of pharmaceuticals, exposure from other sources is negligible, and so the
allocation can be high, even 100%. For individuals taking the pharmaceutical for
medical purposes, the additional amount from drinking-water is so small as to make
no difference.

The MTD. or the lowest clinically effective dose. is usually equivalent to the lowest
dose prescribed or recommended and takes into account the number of doses in a day.
These values are derived from an assessment of the balance between efficacy and
safety. The approach used to derive a screening value for drinking-water is to divide
the MTD by a factor that would provide reasonable assurance that effects, either
pharmacological or toxic. would be extremely unlikely. The derivation of this factor is
based on expert judgement, as are the uncertainty factors used in the derivation of the
ADL The use of the MTD as a starting point for assessing potential risks of
pharmaceuticals to human health or for deriving guideline values has been applied by
Schwab et al. (2005) in a human health risk assessment of pharmaceuticals in surface
waters in the USA and by Versteegh et al. (2007), Webb et al. (2003), van der Aa
NGFM et al. (2009) and Bull et al. (2011). DWI (2007) also used the MTD as the
basis for assessing the risk from pharmaceuticals in drinking-water.

The screening values developed are then used as reference points against which the
results of monitoring can be judged. In some cases, because monitoring data are so
limited, modelling has been used to develop worst-case estimates of potential
exposure through water, The screening values are then used as the criteria to support
decision-making when a chemical is detected in source water or drinking-water. If the
concentration of a particular pharmaceutical exceeds the screening value, then further
evaluations of the toxicity and occurrence of the pharmaceutical compound might be
warranted. On the other hand. if the concentration is below the screening value, this
strongly suggests that adverse health impacts should not be expected.

2.3 Applying the MTD approach: a Drinking Water Inspectorate study’

The Drinking Water Inspectorate for England and Wales commissioned a
comprehensive desk-based review of current knowledge on and estimation of
potential levels of 396 pharmaceuticals and 11 illegal drugs in drinking-water in the
United Kingdom based on specific demographic and usage data on active
pharmaceutical ingredients and using modelled concentrations based on actual
catchments. The DWI (2007) approach was to determine an MOE for each
pharmaceutical by comparing the MTD with the theoretical maximum intake from
drinking-water.

The modelled concentrations from drinking-water intake were based on two methods:
1) a deterministic method that resulted in estimates of worst-case concentrations in
drinking-water and 2) a probabilistic method that resulted in more realistic estimates

! This section is based on DW1 (2007).
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of the concentrations in drnking-water. Pharmaceuticals considered were first
evaluated using the deterministic method; for those 24 compounds that had the lowest
MOEs, further evaluation was done using the probabilistic method.

The health end-point used in this review was the MTD. Owing to insufficient data, an
MTD value of 10 mg per day was used for topically applied pharmaceuticals and a
conservative MTD value of 1 mg per day was used for pharmaceuticals for which
there were no data, including illegal drugs. For the DWI (2007) evaluation, an
uncertainty factor of 1000 was applied for all the compounds as a precautionary value
to extrapolate below the level at which effects might be seen. The resultant screening
values were used for determining the priority substances for further examination by
probabilistic modelling. This additional uncertainty factor, which is widely accepted
as a precautionary step by the medical profession, also provides an additional
reassurance with regard to exposure of infants and young children.

The MOE for each of the targeted pharmaceuticals was derived by comparing the
maximum estimated concentrations in drinking-water with the MTD. The results
allow an assessment of the significance of individual pharmaceuticals through
drinking-water exposure.

From the worst-case deterministic modelling, only 10 substances showed an MOE
less than 1000, of which 4 were illegal drugs, with highly precautionary values for the
lowest active dose. In only one case was the exposure ratio less than 100, and this was
an unique case, as a combined total for all NSAIDs was used, but compared against
the lowest individual MTD for any of the NSAIDs in the group. The results therefore
suggested that even in this worst-case situation, there is no significant health risk from
intake of pharmaceuticals via drinking-water.

When probabilistic modelling was used to obtain a more realistic estimate of
concentrations in drinking-water, the estimated concentrations of all but one
substance were significantly lower. The MOEs for all substances were significantly
greater than 1000, and only tetrahydrocannabinol and oseltamivir carboxylate had an
MOE less than 1000 {Table 4).

The DWI (2007) study led to the conclusion that majority of the pharmaceuticals had
MOEs greater than 100(), suggesting a substantial margin of safety against potential
adverse health impacts from exposure o trace concentrations of pharmaceuticals in
drinking-water.

2.4 Applying the ADI approach
2.4.1 Awwa Research Foundation study’

The Awwa Research Foundation commissioned a study to provide cntical information
regarding the occurrence of and risk assessment for pharmaceuticals and potential
endocrine disrupting chemicals (EDCs) in drinking-water. The study examined 62

! This section is based on Snyder et al. (2008).
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Table 4. Probabilistic modelling data for the top 24 drugs from worst-case deterministic

modelling
Mean PEC.. MTD

Drug name (ugh) (mg) MOE Comments

Total NSAIDs 274 7.5 2737 Combination of 19
anti-inflammatory
drugs

Cannabis 1.377 1 726 lllegal drug

(tetrahydrocannabinal)

Oseltamivir carboxylate 107 52 486 Used under

(Tamiflu active metabolite) pandemic conditions

LSD 0.097 1 10309 lllegal drug

Cocaine 0.029 1 34 483 lilegal drug

{methylbenzoylecgonine)

Aminophylline 015 1 6 667 Smooth muscle
relaxant

Beclometasone 0.005 0.05 10 000 Anti-asthmatic

Zidovudine 0.057 05 8772 Antiviral

Ecstasy 0.487 1 2053 liiegal drug

Acamprosate 0.435 1 2293 Alcoholism treatment

Tolal etatins 1.27 5 3937 Cholesterol reduction

Nitroglycerine 0.0354 0.15 4 234 Vasodilator

Heroin (diamorphine) 0.004 49 1 222 717 lllegal drug

Simvastatin 1.18 5 4 227 Cholesterol reduction

Codeine 0.0157 20 1277 139 Narcotic analgesic

Ramipril 0.153 1.25 8177 Diurelic

Lisinopril 0.396 2.5 6316 Angiotensin
converting enzyme
inhibitor

Methadone 0.082 2 1 12173 Opioid agonist

Furosemide 1.74 20 11 507 Diuretic

Amphetamine 0.017 4 1 57 405 |llegal drug

Morgthisterons 0.0236 0.35 14 824 Progesierons
derivalive

Doxazosin 0.006 81 1 146 843 «-blocker

Bendroflumethiazide 0.275 2.5 9094 Diurelic

Cyclosporin 0.0008 2 2500 000 Immunosuppression

LSD, lysergic acid diethylamide; PECdw, predicted concentration in drinking- water

Source: DWI (2007)

chemicals, including 20 pharmaceuticals and active metabolites, 26 potential EDCs, 5
steroid hormones and 11 phytoestrogens (natural estrogens from plants). The health
value applied in this study was the ADI. and a conservative approach was taken in the
process of developing the ADI values, as illustrated in Table 5.

In this study, the ADls were converted to dnnking-water equivalent levels (DWELs)
in micrograms per litre (or parts per billion) based on assumptions of a 70 kg body
weight in adults and consumption of 2 litres per day.
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Table 5. Principles for deriving ADIs for compounds considered in this study

Category of analytes Derivation of ADIs

Compounds that are not carcinogenic  Dividing the highest dose at which an effect was
not observed (NOAEL) or the lowest dose at
which an etfect was observed (LOAEL) in animal
or human toxicity studies by uncertainty factors to
account for extrapolation to potentially sensitive
populations

A linear exirapolation model was used to predict
the tumorigenic response al low dose level

Compounds with positive evidence of
carcinogenicity in high-dose animal
studies and data on tumour incidence
per dose level

Carcinogenic compounds with
reported evidence in animal studies,
but no available tumour incidence
data

A sale dose corresponding to a cancer risk of one
in a million was estimated

Even with the use of advanced and highly sensitive analytical procedures (with
reporting limits in the nanograms per litre or parts per trillion range). none of the
pharmaceuticals tested in this study were detected in finished drinking-water above
the calculated health risk thresholds. Adopting a conservative worst-case scenario
approach, the maximum detected concentrations in finished and piped dnnking-water
were used to calculate DWELs for each of the target pharmaceuticals. It was found
that none of the pharmaceuticals detected in drinking-water exceeded their
corresponding ADL

The minimum margin of safety or MOE for each compound tested was calculated by
dividing the DWEL by the maximum detected water concentration. According to
United States Environmental Protection Agency (USEPA) policy, compounds with
MOEs greater than 100 would generally indicate a low level of concern. Table 6
contains the calculated MOEs for some of the compounds that were detected in
drinking-water; these were orders of magnitude above 100, suggesting a low level of
concemn.

Table 6. MOEs calculated for compounds considered in the Awwa Research
Foundation study

Cuompuund MOE
Atenolol 2700
Diazepam 110 000
Flunxetine 41 000
Meprobamate & 000
Norfluoxetine 44 000
Sulfamethoxazole & 000 000
Triclosan 2 200 000
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2 4.2 Australian Guidelines for Water Recycling'

The Australian Guidelines for Water Recycling were developed to serve as an
authoritative reference for using recycled wastewater to augment drinking-water
supplies. These guidelines were established to protect against microbial and chemical
risks, including pharmaceuticals. The pharmaceuticals considered were categorized
into two groups: those used solely for humans and those used for agncultural and
velerinary purposes.

For veterinary pharmaceuticals, the health end-point is determined based on ADIs
established for pharmaceuticals used for agricultural and veterinary purposes by
organizations such as the Joint FAO/WHO Expert Committee on Food Additives, the
Australian Therapeutic Goods Administration and the European Medicines Agency.

For human pharmaceuticals, the health end-point was a surrogate ADI, which was
derived by dividing the lowest daily therapeutic dose by safety factors ranging from
1000 to 10 000. The use of the lowest daily therapeutic dose as a starting point for
deriving guideline values or assessing risk has been adopted by others (Webb et al.,
2003; Schwab et al., 2005; DWI, 2007; Versteegh et al., 2007; Bull et al., 2011). With
respect to pharmaceutical metabolites in source waters, it was considered that the
activity of metabolites is generally lower than that of the parent compound, and
application of safety factors in the range of 1000-10 000 should provide a safety
buffer that is sufficiently conservative.

For most pharmaceuticals, a safety factor of 1000 was applied to the lowest daily
therapeutic dose: it consists of a 10-fold factor for sensitive humans, a 10-fold factor
for infants and children and a 10-fold factor for the lowest therapeutic dose not being
a no-effect level. In addition, a factor of 10 was added for cytotoxic drugs as a result
of the higher toxicity associated with these compounds and for hormonally active
steroids, which are active at very low concentrations and for which there is a high
public perception of adverse effects.

In applying the guidelines, the calculated guideline values for the pharmaceuticals
were compared with the highest concentrations measured in secondary treated effluent
to derive the MOEs. Most of the calculated MOEs are more than 1000; given that this
does not take inte account reductions achieved by treatment processes, it is unlikely
that pharmaceutical chemicals will be present at levels approaching the recommended
guideline values or cause any adverse impacts on human health.

2.5 Conclusion

Risk assessmenis from the United Kingdom, the USA and Australia have applied the
the ADI or the MTD approaches. in conjunction with uncertainty factors, to derive
screening values for pharmaceuticals in drinking-water. Analysis of the results
indicated that adverse human health impacts are very unlikely from exposure to the
trace concentrations of pharmaceuticals that could potentially be found in treated
drinking-water. Available data have shown that for those substances that have been

' This section is based on NRMMC, EPHC & NHMRC (2008).
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detected, the concentrations are more than 1000-fold less than the MTD, which is the
lowesl clinically active dosage.

These findings are in line with other studies over the past decade that also supported
the conclusion that discemible risks to health arising from trace levels of
pharmaceuticals in drinking-water are extremely unlikely (e.g. Christensen, 1998:
Schulman et al.. 2002; Webb et al., 2003: Jones, Lester & Voulvoulis, 2005: Bercu et
al., 2008; Snyder, 2010).

Given the low likelihood of human health risk, it is not considered necessary to
implement routine monitoring programmes that are resource intensive and detract
from other dnnking-water concerns that are more important and more acute,
particularly the threat of waterbome pathogens. However, where specific
circumstances indicate a potential for elevated concentrations, screening values and
targeled investigative monitoring could be considered.

Future research could consider investigating the robustness and feasibility of adapting
the concept of the threshold of toxicological concern, which is currently more widely
used for food additives and contaminants, as an altermative screening-level risk
assessment, rather than developing values for each substance individually (Kroes et
al., 2004). Research could also look into improvement to risk assessment
methodology to address concerns related to pharmaceuticals mixtures and the effects
of chronic, low-level exposure to pharmaceuticals, including exposure of sensitive
subpopulations, such as pregnant women and patients with particular diseases and
medical treatments (Rowney, Johnson & Williams, 2009). The WHO Framework for
Risk Assessment of Combined Exposure to Multiple Chemicals (Meek et al., 2011)
could be utilized to further consider the issue of mixtures.
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3. Treatment technologies for removal of pharmaceuticals
from water

3.1 Introduction

Many studies have reported the presence of pharmaceuticals in effluents from
wastewater treatment facilities (Temes, 1998; Andreozzi et al., 2003: Miao et al.,
2004; Paxéus, 2004; Castiglioni et al., 2006: Vieno, Tuhkanen & Kronberg, 2007).
and identified these effluents as the main conveyors of pharmaceuticals and their
metabolites into receiving water sources, such as nvers, lakes, reservoirs and
groundwater aquifers, that are used for drinking-water supply (Heberer, 2002; Temes
& Joss, 2006: Xu et al., 2007: Zhang, Geissen & Gal, 2008: Huerta-Fontela, Galceran
& Ventura, 2011).

The presence of trace concentrations of pharmaccuticals in the water cycle, typically
in the nanogram to low microgram per litre range, has raised questions concerning the
efficacy of drinking-water and wastewater (reatment processes in removing
pharmaceuticals. The majority of research studies on treatment efficacy have been
conducted in Europe and the USA, with some studies conducted in developed
couniries in Asia (Lee et al., 2008; Simazaki el al., 2008; Van De Sicene, Siove &
Lamben, 2010; Huerta-Fontela, Galceran & Ventura, 2011). In addition, there are
more studies that focus on removal efficacies at laboratory scale or by single
treatment processes rather than at full scale. especially for drinking-water treatment
processes.

This chapter provides an overview of the removal of pharmaceuticals by conventional
and advanced wastewater and drinking-water treatment processes based on the
published literature.

3.2 Removal of pharmaceuticals by wastewater treatment processes

Conventional wastewater treatment facilities typically have biological degradation
using the activated sludge process, whereas advanced facilities have tertiary treatment
processes, such as reverse osmosis, ozonation and advanced oxidation technologics.
Pharmaceuticals are a diverse group of chemicals, with varying physical and chemical
properties (Jelic et al., 2011). Treatment efficacy depends on these physical and
chemical characteristics (e.g. hydrophobicity), their reactivity towards different
treatment processes and process control. such as solids retention time, temperature
and hydraulic retention time. For example, the majority of pharmaceuticals are
relatively hydrophobic and therefore less effectively removed by sorption to sludge
(Vieno, Tuhkanen & Kronberg, 2007). Treatment removal efficiency could therefore
vary significantly between different treatment facilities or at different ime periods
within the same treatment facility (Vieno, Tuhkanen & Kronberg, 2007).

Table 7 collates the results of several studies to illustrate the removal rates that can be
expected by different wastewater treatment processes. These are based on

observations of treatment processes ranging from single unit processes o full-scale
wastewater treatment facilities found in the various studies.
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Table 7. Conventional and advanced wastewater treatment processes and their
expected range of removal efficiency for pharmaceuticals

Treaiment Removal
process range (%)  Water source Areasstudied  Reference
Conventional wastewater treatment processes
Activated sludge  11-89 Raw sewage Australia Watkinson,
Murby &
Costanzo (2007)
7-100 Primary settled Europe, Japan DWI (2007)
sewage
< 20-80 Primary settled France Gabet-Giraud et
sewage al. (2010)
-193-86"  Primary settied Europe Vieno, Tuhkanen
sewage & Kronberg
(2007)
8-98 Not specified Brazil, Europe, Ziylan & Ince
Japan {2011)
Biological 6-71 Primary settied Europe DWI {2007)
filtration sewage
Primary settiing  3-45 Not specified Brazil, Europe, Ziylan & Ince
Japan {2011)
Coagulation, 5-36 Mot specified
filtration and
settling
Sand filtration 0-99 Activated sludge
effluent
Advanced wastewater treatment processes
Ozonation 1-98 Activated sludge Brazil, Europe, Ziylan & Ince
effluent Japan (2011)
86-100 Secondary effiuent France Gabet-Giraud et
al. (2010)
Ozonation/ 23-45 Not specified Europe, India, Ziylan & Ince
ultrasound and Japan, Turkey, (2011)
sonocalalysis USA
Ozonation and =9-100
catalylic
ozonation
UV irradiation 29 Not specified Brazil, Europe, Ziylan & Ince
Japan (2011)
Photolysis (UV/ 52-100 Not specified Europe, India,  Ziylan & Ince
hydrogen Japan, Turkey, (2011)
peroxide) USA
Dark and light 80-100
Fenton
UVITIO, =85
Biomembrane 23-99 Treated effluent Brazil, Europe,  Ziylan & Ince
Japan (2011)
Microfiltration and 91-100 Secondary treated  Australia Watkinson,
reverse 0smosis effluent Murby &
Costanzo (2007)
16
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Table 7 (contd)
Treatment Removal
process range (%) Waler source Areas studied Reference
Reverse osmosis 62-97 Secondary treated  France Gabet-Giraud et
effluent al. (2010)
Ultrasound 24-100 Not specified Europe, India,  Ziylan & Ince
Japan, Turkey, (2011)
USA
UV, ultraviolet

® The removal of some pharmaceuticals appears to be negative. This has been attributed to
the way in which removal is calculated, without hydraulic retention time being considered.
This means that the effluent sample does nol directly correspond to the influent sample. In
the case of carbamazepine, the increase observed was consistent, and the most probable
cause was reported to be conversion of carbamazepine glucuronides and other conjugated
metabolites to the parent compound by enzymatic processes in the ireaiment plant (Termes
et al., 1999; Vieno, Tuhkanen & Kronberg, 2007).

Table 7 demonstrates that conventional wastewalter treatment facilities with activated
sludge processes can achieve higher removal efficiency than simple biological filters.
Removal rates for pharmaceuticals can vary and could sometimes be limited
(Kasprzyk-Hordern, Dinsdale & Guwy, 2009), depending on such factors as sludge
age (DWI, 2007), activated sludge tank temperature and hydraulic retention time
{Wick et al., 2009; Gabet-Giraud et al.. 2010).

Advanced wastewater treatment processes, such as ozonation, membrane treatment
and advanced oxidation, can generally achieve higher removal rates (up to 100%) for
pharmaceuticals compared with conventional processes. For example, another bench-
scale study showed that advanced oxidation processes can achieve up to 100%
removal for diclofenac (Klavarioti, Mantzavinos & Kassinos. 2009),

Prediction of removal rates for wastewaler treatment processes is possible for
pharmaceuticals with very similar chemical structures. llowever, practical difficulties
do exist in predicting removal rates between different wastewater treatment facilities,
as highly variable removal rates are obtained for bela blockers, depending on the
wastewater treatment facility under consideration. For example, the beta blockers
betaxolol, hisprolol, carazolol and metprolol are sigmficantly removed by activated
sludge processes, with reported removal rates varving from 65% to about 90%
{Ternes, 1998; Gabei-Giraud et al., 2010), whereas low removal rates of less than
20% and approximately 32% are reported for soltalol and propranolol, respectively, in
other studies (Bendz et al., 2005; Gabet-Giraud et al., 2010).

3.3 Removal of pharmaceuticals by drinking-water treatment processes

Treated effluents from wastewater wreatment facilities that have an impact on
receiving water bodies constitute the main source of pharmaceuticals in surface
waters, which could be used for drinking-water supply (Rahman, Yanful & Jasim,
2009). Other possible pathways of pharmaceuticals to drnking-water sources include
leaching of pharmaceuticals to groundwater (Gomes & Lester, 2003) from sources
such as leaking sewage systems and pipes.

17

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



Pharmaceuticals in Drinking-water

None of the wide range of drinking-water treatment processes available have been
designed specifically to remove pharmaceuticals that may be present in source waters.
Nonetheless, removal of pharmaceuticals during drinking-walter treatment is largely
dependent on their physical and chemical properties, and treatment processes can
therefore achieve some level of removal. For example, biodegradation on slow sand
filters and/or sorption to panticles removed by coagulation may help reduce the levels
of some pharmaceuticals present in drinking-water sources: granular activated carbon
(GAC) and powdered activated carbon (PAC) are increasingly adopted in drinking-
water treatment to remove pesticides and improve taste and odour, and these
processes may remove some pharmaceuticals by sorption (or biodegradation on
GAC)., Groundwater sources that are used for dnnking-water typically have low
particulate matter and organic malter content. Therefore, drinking-water treatment is
mostly single-stage disinfection, without multiple treatment barriers.

Table 8 summarizes the findings in various published studies on the removal
efficiencies of conventional and advanced water treatment processes for
pharmaceuticals in drinking-water. The majority of these studies focused on bench-
scale removal by spiking water samples with target compounds, subjecting these
samples to treatment and measuring the resulting concentrations. However, some full-
scale studies at drinking-water treatment facilities have been carried out.

Bench-scale studies using both alum and ferric chloride as coagulants for natural
water or pure water samples spiked with pharmaceutical target compounds showed
that coagulation (with or without chemical softening) is largely ineffective in
removing pharmaceutical target compounds (Westerhoff et al., 2005; Yoon et al.,
2006; Snyder et al., 2007). An Awwa Research Foundation project also concluded
that coagulation was largely incffective for pharmaccutical removal in bench-scale,
pilot-scale and full-scale investigations (Khiari, 2007).

Chlorination and ozonation can achieve higher removal rates, with efficacy a function
of chemical structure and treatment conditions, such as pH and oxidant dose (Zwiener
& Frimmel, 2000; Adams et al., 2002; Huber et al., 2003, 2005; Snyder et al., 2003;
Termes et al.. 2003; Pinkston & Sedlak. 2004: Kim et al.. 2007). In some studies, free
chlorine was found to oxidize approximately half of the pharmaceuticals investigated,
but chloramine was comparatively less efficient. Antibiotics such as sulfamethoxazole,
trimethroprim and erythromycin arc among the compounds that showed high removal
by free chlorine (Khiari, 2007). Advanced oxidation processes using ozone with
hydrogen peroxide greatly improve oxidation and are frequently applied in
wastewater recycling processes for indirect potable reuse to convernt recalcitrant
organic chemicals.

PAC and GAC can achieve high removal of pharmaceutical target compounds,
especially hydrophobic compounds. Removal efficacy is a function of contact time,
organic loading, chemical structure, solubility and carbon type (Temes et al., 2002;
Yoon Y. et al, 2003: Snyder et al., 2006). lopromide, ibuprofen, meprobamate.
sulfamethoxazole and diclofenac were some of the compounds found to be most
resistant to activated carbon removal (Khiar. 2007).
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Table 8. Drinking-water treatment processes and their expected range of removal of

pharmaceuticals
Removal range Country studied (no.

Treaiment process (%) Scale  of compounds) Reference

RO > 939 Pilot Germany (6) Heberer, Reddersen
& Mechiinski (2002)

RO1 70-91 Bench Japan (6) Kimura et al. (2004)

RO2 10-85 Bench

UVIHO, 3—-=>95 Bench USA (2) Rosenfeld! & Linden
(2004)

Coag 24-72 Bench USA (49) Westerhoff et al.

PAC (20 mg/) >80 Bench (2005)

PAC (1 maf) 40-75 Bench

Ch 25-75 Bench

0, 5-95 Bench

Oy 33-100 Bench Germany (39) McDowell et al.
(2005)

ClO; 0-100 Bench Germany (11) Huber et al. (2005)

NF1 >98 Bench  Australia (3) Nghiem, Schifer &

NF2 >80 Bench S T

UF <30 Bench USA (27) Yoon et al. (2006)

MNE 30-90 Bench

Coag < 5-30 Bench Finland (5) Vieno, Tuhkanen &
Kronberg (2006)

Ck 20-100 Bench Japan (9) Simazaki et al.

PAC > 98 Bench (2008)

Coag <15 Bench

Constructed 28-60 Pilot Singapare (4) Zhang et al. (2011}

wetlands

Aeration/SF 25->95 Full Germany (5) Reddersen, Heberer
& Diinnbier (2002)

04/Coag/Sed/Cl, 100 Full USA (2) Boyd et al. (2003)

PAC/Coag/Sed 0 Full USA (1)

Cls 100 Full USA (1)

Coag Full Republic of Korea  Kim et al. (2007)

UF Fut (6

GAC 100 Full

NF 30-=90 Full Spain (12) Radjenovit e al.

RO 45->90 Full (2008)

Disinfection 2-97 Full France (7)" ANSES (2011)

Physical and 31-94 Full

chemical

0, + AC 47-97 Full

Membranes 6-68 Full

Pre-Cl: 0->99 Full Spain (35) Huerta-Fontela,

Coag/Floc/SF < 30-100 Full ?E;'ff;m i

05 5->99 Full
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Table B (contd)

Removal range Country studied (no. _
Treaiment process (%) Scale  of compounds) Reference
GAC 55->75 Full
Cl; 14-100 Full

AC; activated carbon, Cl,, chiorine; CIO,, chlorine dioxide; Coag, coagulation; Flog,
fiocculation; GAC, granular activated carbon; Hz0., hydrogen peroxide; NF, nanofiltration; O,
ozonation; PAC, powdered activaled carbon; RO, reverse osmosis; Sed, sedimentation; SF,
sand filtration; UF, ultrafiltration; UV, ultraviolet

* Naote that this was a national study incorparating 78 instances of pharmaceutical removal.

Membrane treatment is highly effective in removing chemicals from water, and
removal efficacy is a function of physical and chemical properties, such as molecular
weight, hydrophobicity, polarity, chemical nature and pore size of the membranes.
Some studies (Yoon et al.. 2006: Khiari, 2007) suggested that nanofiltration (NF) can
achieve better removal rates for most target compounds than ultrafiltration
(UF)microfiltration (MF) membranes as a result of both hydrophobic adsorption and
size exclusion. Higher molecular weight substances would be removed by size
exclusion, especially by NF membranes. Reverse osmosis (RO) was highly effective,
despite trace quantities of some target compounds breaching RO membranes.
However, a double-pass RO system was reported to remove all target compounds to
below detection limits (Khiari, 2007),

Ultraviolet (UV) irradiation at typical disinfection dosages was ineffective for
removing most target compounds, even though it can achieve more than 50% removal
of sulfamethoxazole (antibiotic), triclosan (antimicrobial) and diclofenac (NSAID).
However, a combination of higher-dose UV (400 ml/cm’ and higher) with hydrogen
peroxide (3 mg/l and above) removed most target compounds {Rosenfeldt & Linden.
2004; Khian, 2007).

3.4 Conclusion

This chapter has provided an overview of the removal of pharmaceuticals by
conventional and advanced wastewater and drinking-water treatment processes based
on the published literature.

Conventional wastewater treatment typically consists of activated sludge processes.
Biological treatment, such as activated sludge and biofiltration, has demonstrated
significant removal rates for pharmaceuticals that are biodegradable or readily bind 10
particles (Temes et al., 1999; Joss et al., 2005; Kim et al., 2007). However, removal
rates for pharmaceuticals can vary within and between studies (Kasprzyk-Hordem.
Dinsdale & Guwy, 2009: Wick et al.. 2009), depending on such factors as sludge age
(DWI, 2007), activated sludge tank temperature and hydraulic retention time. For
example, diclofenac removal in the activated sludge process ranges from 21% to 50%,
but this can be optimized by operating the process at a sludge age of eight days or
more (Ziylan & Ince. 2011).

Advanced wastewater treatment processes that comprise membranes, advanced
oxidation technologies, etc. have shown higher removal efficiencies for
pharmaceuticals (e.g. advanced oxidation processes can achieve up to 100% removal

20

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



Pharmaceuticals in Drinking-water

for diclofenac) (Klavarioti, Mantzavinos & Kassinos, 2009). However, conventional
treatment is generally sufficient to meet regulatory requirements, and capital-intensive
advanced treatment processes are not commonly adopted for wastewaler treatment
(Spellman, 2010).

With respect to conventional drinking-water treatment. bench-scale studies showed
that coagulation (with or without chemical softening) is largely ineffective in
removing pharmaceuticals (Westerhoff et al., 2005; Yoon et al., 2006; Snyder et al.,
2007). Free chlorine was found to oxidize approximately half of the pharmaceuticals
investigated. and chloramine was less efficient. Antibiotics such as sulfamethoxazole.
trimethroprim and erythromycin are among the compounds that showed high removal
by free chlorine (Khiari, 2007).

Advanced water treatment processes such as ozonation, advanced oxidation, activated
carbon and membrane processes (nanofiltration, reverse osmosis) were demonstrated
to achieve higher removal rates (above 99%) for targeted pharmaceutical compounds
in various published literature studies. However, advanced oxidation processes can
lead to incomplete degradation products, such as metabolites, and future research
could consider the value and feasibility of studying the formation and impact of these
metabolites (Celiz. Tso & Aga. 2009).

For drinking-water sources that are contaminated with pesticides, advanced treatment
may already be in place w meet regulations. In such cases, removal of
pharmaceuticals during treatment may already be optimized.

Most importantly, it is prudent 10 note that advanced and costly water treatment
technology will not be able to completely remove all micropollutants 1o
concentrations below the detection limits of the most sensitive analytical procedures
at all times. Therefore, it is imperative to consider the toxicological relevance of
various compounds in the context of appreciable risks to human health. Increased or
rapidly changing exposure arising from specific local circumstances (e.g. a significant
increase in the concentration of pharmaceuticals in surface waters impacted by
wastewater discharge) should be investigated.

An informed risk assessment considering the above principles is essential before
allocating scarce resources 1o upgrade or invest in additional advanced treatment
processes to reduce trace concentrations of pharmaceuticals in drinking-water,

In view of the substantial margin of safety for consumption of very low
concentrations of pharmaceuticals n drinking-water (Chapter 2 in this report),
concerns over pharmaceuticals should not divert the attention and resources of water
suppliers and regulators from other chemical and pathogenic microbial priorities. For
example, although the government in Australia has issued proposed guideline values
for 84 pharmaceuticals for water reuse schemes, but microbial pathogens remain their
overriding priority in water reuse (NRMMC, EPHC & NHMRC, 2008).
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4. Preventing pharmaceuticals in drinking-water

Conventional drinking-water quality monitoring that places emphasis on end-product
testing is very resource intensive in terms of capital investment and human resources.
With an expanding list of chemical contaminants detected in dnnking-water and water
sources that may be of insignificant health concern, an overemphasis on end-product
monitoring and the upgrading of treatment infrastructure is clearly not sustainable or
an optimal use of limited resources,

Chapter 4 in the fourth edition of the WHO Guidelines for Drinking water Quality
states that the water safety plan is “the most effective means of consistently ensuring
the safety of a drinking-water supply ... through the use of a comprehensive risk
assessment and risk management approach that encompasses all steps in the water
supply from carchment o consumer™ (WHO, 2011). The key principles of water
safety plans underline the importance of looking at risk assessmemt and nsk
management across the entire water cycle starting at source. Adapting this full life
cycle approach to pharmaceuticals in drinking-water means that preventing
pharmaceuticals entering the environment during their production, consumption and
disposal is a pragmatic and effective means of risk management.

Inappropriate disposal practices. such as flushing unwanted or excess drugs down
toilets and sinks and discarding them in household waste, are common and ofien a
significant contributor  of  phanmaceuticals  present in waslewater and  other
environmental media (e.g. surface waters and landfill leachate). A survey from
Germany’s Management Strategies for Pharmaceutical Residues in Drinking Water
research programme showed that consumers discarded 23% of liquid pharmaceuticals
prescribed and 7% of tablets. While some went into household trash, the equivalent
amount of pharmaceuticals that was flushed away is approximately 364 tons every
vear (Lubick N, 2010). Another survey of households in the United Kingdom in 2003
found that 63% of unwanted pharmaceuticals were discarded in household waste and
11.5% were flushed down sinks or toilets (Bound & Voulvoulis, 2005). Similarly,
proper and well-managed disposal practices at concentrated point sources such as
health-care and veterinary facilities will help mitigate the entry of pharmaceuticals
into our environment.

Currently, tighter rules and regulations apply to controlled substances and cytotoxic
drugs than for other pharmaceuticals. Despite this, disposal to sewers is not precluded
(USEPA, 2008a). Disposal of non-controlled substances tends to be more vanable and
is often developed on a local, jurisdictional or regional basis. A scan of the current
literature, which is not exhaustive, revealed a few broadly categorized preventive
measures in Australia, Canada, the USA and European countries that could potentially
reduce the entry of pharmaceuticals into our environment. These measures are
described below.

4.1 Improved regulations and guidance on pharmaceutical waste
management

All health-care facilities should have policies and procedures in place for the correct

management of pharmaceutical waste. In Australia, the Environmental Protection
Authority and the National Health and Medical Research Council had guidelines on
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the management of waste generated in health-care facilities. The National Health and
Medical Research Council stated that, where possible. pharmaceutical waste should
be incinerated and should not be sent to landfills or discharged 1o sewers (NHMRC,
1999). Licensed waste disposal companies collected all clinical and pharmaceutical
waste for disposal in authorized waste disposal facilities.

In the USA. frequently used pharmaceuticals, such as epinephrine, warfarin and
selected chemotherapeutic agents, are regulated as hazardous waste under the
Resource Conservation and Recovery Act. Failure to comply with the regulations
under this Act through improper management and disposal of waste can potentially
constitute serious violations and incur heavy penalties. To guide stakeholders on
acceptable disposal practices, the USEPA supported the development of Managing
Pharmaceutical Waste: A 10-Step Blueprint for Health Care Facilities in the United
States, which recommends a stepwise approach to help health-care facilities develop
and implement a comprehensive pharmaceutical hazardous waste management
programme. This blueprint adopts the best practices in waste minimization to meet
regulatory compliance for pharmaceutical waste disposal and safeguard human health
and the environment in a cost-effective manner (Pines & Smith, 2006).

To this end. the USEPA (2010b) has also drafted a guidance document, Best
Management Practices for Unused Pharmaceuticals at Health Care Facilities, to
advise health-care and vetennary facilities on reducing pharmaceutical waste, on
pharmaceuatical waste management and on application of disposal regulations. The
aim is 10 help reduce the amount of pharmaceuticals that are discharged 1o water
bodies.

4.2 Pharmaceutical take-back programmes

To augment regulations, take-back programmes have been established by government
and private organizations in several countries to reduce the amount of drugs entering
our environment (Daughton, 2003, 2004; Glassmeyer et al., 2009; Teleosis Institute,
2009). A survey of households in the United Kingdom in 2003 showed that 22% of
excess pharmaceuticals were returned to pharmacists; although take-back programmes
were effective, further improvement is needed (Bound & Voulvoulis, 2005).

These programmes can be of different scales. ranging from small one-day collection
events to regular and systematic regional collection, ongoing return of unused and
excess medicines lo participating pharmacies and mail-back programmes where
excess medicines are returned in prepaid packs to government-supervised mailboxes
(SCBWMI, 2005). Several household hazardous waste collection programmes have
also added pharmaceuticals to the list over the years (Glassmeyer et al., 2009).

In Australia, the Commonwealth Department of Health & Ageing Services provided
funds to establish a system for the collection and disposal of unwanted medicines,
known as the Return Unwanted Medicines (RUM) Project. Estimates from RUM
showed that in 2010-2011, more than 34 tonnes of unwanted medicines on average
are collected monthly by community pharmacies across Australia and subsequently
incinerated according to guidelines (RUM, 2011).
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In the USA, many scheduled pharmaceutical collection events facilitate prudent
disposal of unwanted medications at the regional level, such as the successful “Great
Lakes Earth Day Challenge™, which collected 4.5 million pills for safe disposal. The
USEPA has also awarded grants to support take-back of non-controlled, unused
medicines at pharmacies and mail-back of unused medicines with appropriate
involvement of law enforcement (USEPA, 2010a). Other mechanisms to reduce the
entry of pharmaceuticals into the environment include establishing best management
practices for handling solid wastes and minimizing discharge from landfills.

Canada has formal stewardship programmes for household pharmaceutical waste at
the provincial level or in cities that provide convenient options for consumers to
return pharmaceuticals to community pharmacies for safe disposal.

Europe has widespread standardized take-back programmes. In the 2010 repon
Pharmaceuticals in the Environment: Results of an EEA Workshop, the European
Environment Agency (EEA, 2010) stated that most countries in Europe collect unused
drugs separately from household waste, usually at pharmacies (a handful also have
separate collection sites alongside pharmacies). The national systems are operated and
funded by the pharmaceuticals industry. retail pharmacies or the public sector. The
operation of the take-back programmes may be the responsibility of the retail
pharmacies or of public or private waste contractors (Teleosis Institute, 2009).

4.3 Raising consumer awareness

Consumers are accustomed to disposing of unwanted and expired medicines through
household waste and sewers. Such improper disposal practices release pharmaceu-
ticals into our environment. wastewater and water sources. There is therefore a need
to raise public awareness and encourage consumers to adopt proper disposal practices
for unwanted pharmaceuticals. In Australia, the RUM Project focuses on raising
consumer awareness to inform consumers of the appropriate option for drug disposal
(RUM, 2010). In addition to regulations under New York’s Drug Management and
Disposal Act, the New York State Department of Environmental Conservation
publishes posters for all pharmacies and retail stores that sell drugs to advise
consumers on the proper storage and disposal of unwanted medication (DEC, 2010).
Consumers can then serve as environmental stewards to reduce water pollution.

4.4 Conclusion

Appropriate regulations governing disposal practices at point sources of hazards,
widespread take-back programmes, guidance and enhanced consumer education will
support efforts for the proper disposal of unwanted and excess medicines and reduce
the environmental impact of pharmaceuticals entering our environment, including
waler sources.

As most pharmaceuticals enter the water cycle through wastewater discharges or from
poorly controlled manufacturing or production facilities that are primarily associated

wilh generic medicines, the discharge of untreated or poorly treated wastewater to
water bodies used as drinking-water sources should be strongly discouraged.

24

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



5. Conclusions, recommendations and knowledge gaps

Pharmaceuticals are synthetic or natural chemicals that can be found in prescription
medicines, over-the-counter therapeutic drugs and veterinary drugs. They contain
active ingredients that are designed to achieve pharmacological effects and confer
significant benefits to society. Pharmaceuticals are primarily introduced into the
environment via human excretion, sewage cffluent, improper drug disposal,
agricultural runoff, and livestock and veterinary waste. The ubiquitous use of
pharmaceuticals in various settings has resulted in a continuous discharge of
pharmaceuticals and metabolites into the environment, leading to their “pseudo
persistence” in the environment. Significant advancements in the sensitivity of
detection and analytical technologies and methods have made it possible to detect
very low concentrations of pharmaceuticals in the range of nanograms to low
micrograms per litre in the water cycle. As pharmaceuticals contain active ingredients
that are designed to achieve specific pharmacological effects based on their biological
reactivity and biochemical properties, their presence at trace concentrations in the
water cycle has pgenerated concerns among various stakeholders, including
governments, regulators and the public. over potential risks to human health through
very low level exposure via drinking-water.

5.1 Conclusions

Targeted investigative studies conducted in the United Kingdom, the USA and
Australia have shown that concentrations of pharmaceuticals in surface water and
groundwater sources impacted by wastewater discharges are typically less than 0.1
pg/l (or 100 ng/l). Detection in treated drinking-water is rare; if pharmaceuticals are
present, their concentrations are usually well below 0.05 pg/ (or 50 ng/l). There are,
however, very few systematic monitoring programmes or comprehensive, systematic
studies on the occurrence of pharmaceuticals in dnnking-water. and limited
occurrence data present one of the key challenges in assessing the potential risks
associated with trace concentrations of pharmaceuticals in drinking-water.

Nonetheless, several approaches to screen and prioritize pharmaceuticals have been
published in the peer-reviewed literature. MTDs, ADIs and sometimes the DWELs
have been used as reference values by which to derive a margin of safety between
these and the reported or predicted worst-case exposure in drinking-water.

Targeted investigations conducted in the above-mentioned countries found that traces
of pharmaceuticals in drinking-water are largely present at several orders of
magnitude (more than 1000-fold) below the lowest therapeutic dose and largely below
the calculated ADIs. The substantial margins of safety for individual compounds
suggest that appreciable adverse impacts on human health are very unlikely at current
levels of exposure in drinking-water.

From a treatment perspective, pharmaceuticals are not unusual organic chemicals, and
treatment removal rates are reasonably predictable based upon the physical and
chemical properties of the compounds. Conventional treatment processes with
coagulation, filtration and chlorination can remove about 50% of these compounds,
whereas advanced treatment, such as ozonation, advanced oxidation, activated carbon
and membrane processes (e.g. reverse osmosis, nanofiltration), can achieve higher
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removal rates; reverse osmosis, for example, can remove more than 99% of large
pharmaceutical molecules.

5.2 Recommendations

The substantial margin of safety for consumption of very low concentrations of
pharmaceuticals in drinking-water suggests that appreciable adverse impacts on
human health are very unlikely. As such, concemns over pharmaceuticals should not
divert attention and valuable resources of water suppliers and regulators from other
priorities, such as pathogenic microbial water quality issues. The low risk to human
health from curmrent levels of exposure in drinking-water suggests that development of
formal guideline values for pharmaceuticals in the WHO Guidelines for Drinking-
water Qualiry and the installation of specialized treatment processes to reduce trace
concentrations of pharmaceuticals are not warranted.

Routine monitoring programmes for pharmaceuticals in water sources and drinking-
water and additional or specialized drinking-water treatment to reduce very low
concentrations of pharmaceuticals in drinking-water are not deemed necessary due to
the limited public health benefits. However, where local circumstances, such as a
catchment survey, indicate a potential for elevated levels of pharmaceuticals in the
water cycle (surface water, groundwater, wastewater effluent and drinking-water),
relevant stakeholders could undertake targeted, well-designed and quality-controlled
investigative studies to obtain more information with which to assess the potential
health risks arising from exposure through drinking-water. If necessary. screening
values could be developed based on the MTD or the AD] approaches, and an
assessment of the need for treatment enhancement could also be considered within the
context of other risks and prioritics using watcer safcty plans.

Reduction of human exposure to pharmaceuticals through drinking-water can be
achieved through a combination of preventive measures, such as take-back
programmes, regulations, public guidance and consumer education to encourage the
proper disposal of unwanted pharmaceuticals and minimize the introduction of
pharmaceuticals into the environment. [t i1s also imperative to enhance public
communication and education on water quality issues from the human health
standpoint. For example. conveying to the public the potential health nsks from
cxposure to very low concentrations of pharmaccuticals in drinking-water will help
them to beiter understand this issue relative to other hazards, such as waterbome
pathogenic microorganisms. However, in the long term, improvement of wastewater
treatment o more efficiently remove a range of organic substances that are seen as
emerging contaminants of concem would provide a more sustainable and
comprehensive solution in preventing their entry into the water environment.

5.3 Knowledge gaps and future research

Although cument risk assessments indicate that very low concentrations of
pharmaceuticals in drinking-water are very unlikely to pose any risks to human
health, there are knowledge gaps in terms of assessing the risks associated with long-
term, low-level exposures to pharmaceuticals and possible combined effects of
chemical mixtures, including pharmaceuticals. Future research investigating the
possible additive or synergistic effects of mixtures would be beneficial for an accurate
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exposure assessment to determine whether there are any potential risks (0 human
health, taking into account sensitive subpopulations.

One of the key challenges in estimating exposures to pharmaceuticals in drinking-
water and assessing the potential risks to human health is the limited occurrence data
for the diverse group of human and veterinary pharmaceuticals in use today.
Implementing monitoring programmes is resource intensive in terms of costs, human
resources and infrastructure, and there is also a lack of standardized sampling and
analysis protocols to support monitoring studies. As such, future research looking into
cost-effective methods to prioritize pharmaceuticals within the context of an overall
risk assessment will benefit our appreciation of low levels of pharmaceuticals in
drinking-water from a human health perspective.

27

MCEA February 14, 2022 References - OAH Docket No. 5-9003-37887



	Eric Lindberg Attachment 1
	1. MPCA should ensure that all groundwater is protected from degradation, including groundwater that is located on private property.
	2. MPCA should expand the Class 1 designation to connected surface waters.
	3. MPCA should update the scientific basis for the numeric Class 1 water quality standards.
	4. MPCA should not eliminate standards that were based on secondary MCLs.

	Eric Lindberg Attachment 2-1
	Eric Lindberg Attachment 2-2

