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Manganese is an essential nutrient with toxicity that depends on dose and route 

Manganese is an essential element that is found in all tissues and is required for 

normal growth and metabolism. Manganese is also a known neurotoxin and is the 

cause of a Parkinson’s-like disease called “manganism”. This disease is the result of 

manganese deposition into central nervous system (CNS) structures such as the basal 

ganglia, cerebellum and other brain structures. Manganism is characterized by cognitive 

slowing, rigidity, bradykinesia, resting tremor, gait instability, masked faces, dystonia, 

hypophonia, hypokinesia, and postural instability. Patients may exhibit a “cock walk“ 

gate in which the patient walks on the balls of the feet with the ankle extended due to 

abnormal motor functions in the brain. Symptoms of manganism may reverse if 

exposure is removed quickly. Psychological disturbances are often seen and manifest 

as hallucinations and psychosis, commonly called “manganese madness”. Progression 

can result in irreversible neurologic disability. Evidence demonstrates that low-dose 

exposures to manganese can lead to subclinical neurologic symptoms without overt 

manganism such as decreased cognitive abilities, decreased reaction time, poor hand-

eye coordination, and postural instability. Childhood exposure to toxic doses of 

manganese can lead to cognitive impairment, attention deficit, hyperactivity, 

aggressiveness, and memory loss. (Barceloux 1999). 

Manganism is most typically the result of inhalational or intravenous exposure to 

high levels of manganese. Occupations such as welding, mining, or battery 

manufacturing can exposure workers to high concentrations of manganese in the air. 

Manganese is inhaled and absorbed through the lungs and results in rapid distribution 

to the central nervous system through the blood stream. The United States 
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Environmental Protection Agency (EPA) has well-established health-based reference 

concentrations for inhalational exposure to manganese. Intravenous drug users who 

inject manganese-contaminated drugs or individuals who are getting intravenous 

parenteral nutrition with high levels of manganese have also demonstrated CNS 

deposition of manganese and manganism. (Keen1999). 

However, manganese is also an essential nutrient and demonstrates an 

“essentiality” U-shaped dose response curve when exposure is via ingestion. (Douron 

2010). “Essentiality” U-shaped dose response curves differ from classic toxicology dose 

response curves because they demonstrate adverse events with deficiency, improved 

health with adequate intake, and toxicity with excess. Hormesis dose response curves 

differ from essentiality or toxicology dose response curves in that no deficient state 

exists. Low levels of the substance improve health, and adverse events occur with toxic 

doses. The essentiality dose response curve is an important concept to understand 

when developing a reference dose (RfD) for manganese. Deficiency is rare because it is 

a ubiquitous element in our diet, and human physiology is highly adapted to absorb 

manganese. Dietary manganese is found in water, tea, legumes, nuts, leafy vegetables 

and fruits such as pineapple. (Aschner 2000, Chen 2015, Finley 1999).  Interestingly, 

pineapple juice is so rich in manganese that it can be ingested and used as a negative 

contrast agent when performing a magnetic resonance imaging (MRI) scan of the 

gallbladder. (Mohabir 2020). 

Many constituents of a vegetarian diet (e.g., tannins, oxalates, phytates, fiber, 

calcium, and phosphorous) have been found to inhibit manganese absorption from the 

digestive tract presumably by forming insoluble complexes with manganese in the gut. 
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Thus, a diet consisting of food high in manganese content may not result in an increase 

in manganese retention.   

Sufficient quantities of manganese are required for human health. Using data 

from the National Research Council (1973), Schroeder (1966), and the World Health 

Organization (WHO) (1989), the EPA selected a dietary manganese intake of 10 mg per 

day as representing the upper limit of adequate intake and the no observed adverse 

effect level (NOAEL) for oral dietary manganese. Deficiency in manganese causes bone 

demineralization, growth retardation, skin rashes, hair deep pigmentation, alteration of 

liver function, impairment of fertility, and abnormal carbohydrate and fat metabolism. 

Individuals deficient in iron demonstrate an increase in manganese absorption.  

Manganese toxicity via the oral route is distinctly unusual because: 1) well-

developed homeostatic mechanisms exist in the gastrointestinal tract to regulate 

manganese absorption and excretion 2) certain constituents in food inhibit absorption as 

previously discussed 3), the Secondary Maximum Contaminant Level (SMCL) of 0.050 

mg/L keeps most regulated drinking water below concerning concentrations, and 4) 

water with manganese levels greater than 0.100 mg/L has a visually detectable brown 

or black appearance, stains laundry and plumbing, and imparts a metallic taste. Most 

individuals find these aesthetic qualities objectionable and will subsequently reduce 

their water intake or lodge complaints with water authorities at even lower levels than 

0.100 mg/L. (PWD 2021)  

Manganese is absorbed from the small intestine and transported into the liver via 

specific mechanisms for manganese uptake. Homeostasis of tissue and serum 

manganese level is maintained by well-controlled excretion via the biliary tract. 
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Manganese is essential to many biochemical pathways and the activation of enzymes. 

Most notable is manganese superoxide dismutase, which is an important component for 

reducing oxidative free radicals. Adequate dietary intake is thought to be between 1.8 

and 2.3 mg per day for adults. (Institute of Medicine (IOM) 2001). Once in the 

bloodstream, manganese easily passes through the blood brain barrier and deposits 

into brain tissues, especially the basal ganglia and globus pallidus. (Lidsky 2007).  

Manganese deposition in the brain correlates significantly with clinical symptoms. 

(Bouabid 2016). Patients who have dysfunction of their liver or bile are at higher risk of 

manganese toxicity and accumulation due to impaired elimination. (Butterworth 1995, 

Hauser 1994, Spahr 1996, Hauser 1994, Chen 2015, Crossgrove 2004, Erikson 2007, 

O’Neal 2015, Schroeter 2012, Yoon 2011). 

  Toxic effects from high levels of manganese in drinking water were first 

established in a report by Kawamura et al (1941). They reported severe neurological 

symptoms in 25 people who drank well water contaminated with manganese from dry 

cell batteries for 2 to 3 months. The concentration of manganese in the water was 

between 14 and 28 mg/L.  

In conclusion, manganese has the potential to behave as a toxic substance in the 

body under various circumstances. Thus, it is appropriate that manganese is added to § 

93.8c Table 5 (Water Quality Criteria for Toxic Substances).  
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Methods for establishing RfDs, health advisory levels and regulatory limits of a 

toxin 

 The methods for establishing RfDs have been well-established by the EPA. An 

RfD is an estimated dose to the human population that is likely to be without an 

appreciable risk of deleterious effects during a lifetime. RfDs are used by the EPA and 

states to develop health advisory levels for drinking water, Maximum Contaminant 

Levels (MCLs) for drinking water and Ambient Water Quality Criteria (AWQC). The 

methods for developing health advisory levels, MCLs, and AWQCs have also been well-

established by the EPA. 

According to the EPA, health advisories provide information on contaminants that 

can cause human health effects, are known or anticipated to occur in drinking water, 

and lack a regulatory standard (i.e., MCL). EPA's health advisories are non-enforceable 

and non-regulatory and provide technical information to states agencies and other 

public health officials on health effects, analytical methodologies, and treatment 

technologies associated with drinking water contamination.   

In contrast to health advisories, MCLs are enforceable, regulatory limits 

established to ensure diseases and toxins are either removed from, or reduced to, 

acceptable levels in drinking water prior to consumption. While these values are 

primarily health-based, the EPA can also consider non-health-related factors, such as 

economics and treatability, when establishing drinking water MCL values. 

While health advisories and MCLs protect finished drinking water, AWQC and 

ambient water quality standards describe the desired condition of a waterbody (e.g., 

streams, lakes and other waterbodies). When establishing AWQC for the protection of 
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human health, the EPA and states must satisfy the requirements of the federal Clean 

Water Act. States typically follow the EPA’s methodologies for developing criteria, 

including the 2000 Methodology for Deriving Ambient Water Quality Criteria for the 

Protection of Human Health (EPA-822-B-00-004). The EPA recommends inclusion of 

the drinking water exposure pathway in this methodology for the following reasons: 1) 

drinking water is a designated use for surface waters under the Clean Water Act, 2) 

although rare, some public water supplies in the United States still provide drinking 

water from surface water sources without treatment, 3) it can be difficult and expensive 

to remediate surface waters, and 4) surface waters should not be so contaminated that 

the burden of achieving health objectives is shifted away from those responsible for 

pollutant discharges and placed on downstream users to bear the costs of upgraded or 

supplemental water treatment. 

These methods for deriving RfDs to calculate AWQC and other health-based 

goals and standards start with determining a point of departure (POD) on a toxicologic 

dose response curve established from experimental or observational data in humans, 

preferentially, or alternatively in animal models.  The point of departure is defined as the 

point on that curve that corresponds to either the recognized lowest observed adverse 

effect level (LOAEL) or the NOAEL. From this point of departure, uncertainty factors are 

applied to derive an RfD. Standard EPA methodologies, as described above, are then 

used to determine health advisory levels and other regulatory-based safe levels. 

When appropriate, the NOAEL or LOAEL approach is being replaced with the 

use of software to analyze the original data and avoid the difficulties of selecting a POD. 

This statistical analysis identifies a dose or concentration that produces a 
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predetermined change in the response rate of an adverse effect. This predetermined 

change in response is called the benchmark response (BMR). The default BMR is a 5% 

or 10% change in the response rate of an adverse effect relative to the response of the 

control group depending on whether response data is continuous or quantal 

(dichotomous). From there, a benchmark dose (BMD) is extrapolated to derive a RfD.  

Experience shows that calculating the RfD via multiple methods (NOAEL, 

LOAEL, BMR) builds confidence in the final determination. (USEPA 2000, 2015). The 

PODs and RfDs are then used in the derivation of AWQC. AWQC are derived using the 

2000 EPA Methodology for Deriving Ambient Water Quality Criteria for the Protection of 

Human Health with the 2015 updated exposure input values (body weight, drinking 

water intake, and fish consumption) and PA Chapter 93 regulations. The following rubric 

will be used to compare PODs and oral RfDs (Figure 1). AWQC for manganese are 

derived as a final step using the target population selected by PA DEP (Figure 2).  

  
 
Figure 1: Rubric for determining POD and RfD  

Manganese

AUTHORITY AND YEAR

Key Study Information

Critical Effect Key Study Reference The effect and study are listed here

Species e.g. humans, mice, etc

Study Exposure Duration in days

Kinetics

Method to Derive POD

Dose-Response

Dose Response Modeling Method Benchmark Dose, NOAEL, or LOAEL

POD POD is listed here

Uncertainty Extrapolation

Modifying Factor (MF) Consensus based on human variability data (100, 100.5 , 101 , 102, etc)

Human Variability (UFH) Consensus based on human variability data (100, 100.5 , 101 , 102, etc)

Animal to Human (UFA) Typically 101 Consensus based on evidence

Subchronic to Chronic (UFS) Typically 101  for subchronic studies to chronic

LOAEL to NOAEL (UFL) LOAEL 101 if NOAEL then 100)

Database (UFD) Consensus based on strength of evidence (100, 100.5 , 101 , 102, etc)

Total Composite (UFT) The final multiplication of all the MFs and UF’s

RfD = POD/UFT The HED is divided by the UFT here to derive RfD

Receptor Who did they consider (adult, infant, child, breast fed, bottle fed)

1. Study, species, and 
critical effect

2. Conversion from animal 
model to derive human 

equivalent dose if indicated

3. Method used and POD

4. Uncertainty factors and 
derivation of reference 

dose
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Figure 2: Rubric for deriving the AWQC 
 
 Establishment of RfDs, health advisories and water quality standards for 
manganese as an essential nutrient with toxicity 
 

In the case of manganese, a POD for oral exposure through water has been 

difficult to derive because of the 1) quality and observational nature of the evidence for 

toxicity via ingestion of water, 2) the difficulties with parsing out the retention rate and 

toxicity of manganese in water versus food, and 3) the lack of reliable biomarker for 

manganese toxicity. (Crossgrove 2004, USEPA 1994). Nonetheless, sufficiently robust 

data exists to establish the intersection between essentiality and toxicology dose 

response curves to establish an RfD for food ingestion by finding the upper limit of 

essentiality. This concept is described in Figure 3.  (Douron 2010). 

Exposure
Drinking Water Intake (DWI)

L/day
Consumption in liters a day per EPA (2.4L for adult 1 L for child typical)

Body Weight (Kg) 80 kg adult
Fish Intake (FI) kg/day 0.022 kg/day

Bioaccumulation Factor (BAF) 1 (no bioaccumulation for Mn)
Relative Source Contribution 

(RSC)
Contribution from water (by convention 20%, higher if target is child or infant or 
derived from water study)

Ambient Water Quality Criteria 
AWQC (mg/L)

AWQC = RfD x RSC x BW / (DWI + (FI x BAF))

Additional Information
Reference

5. Exposure 
calculation using 

2015 EPA 
standards and 

final derivation of 
AWQC
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Figure 3: Deriving a POD from essentiality curves (Douron 2010) 

 

In 1993, this concept of essentiality guided the EPA in selecting a dietary 

manganese intake of 10 mg per day as representing the upper limit of adequate and the 

NOAEL for dietary manganese from food. (USEPA 1993) Normalizing for 70 kg adult, 

this resulted in the oral RfD of 0.143 mg/kg/day. (Figure 4) At that time, the EPA chose 

not to set a health advisory or develop a human health-based water quality criterion 

recommendation for manganese since a secondary maximum contaminant level 

(SMCL) of 0.050 for nuisance characteristics was already in place.  
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Figure 4: USEPA derivation of POD and RfD (USEPA 1993, USEPA 1995) 
 
 

In 1995, the EPA revised the oral RfD recommendation for manganese in its IRIS 

database to include a modifying factor of 3 when manganese is ingested in water or 

soil. (USEPA 1995) There were four reasons for this change: 1) concern over increased 

uptake of manganese from water in fasted individuals, 2) endpoints in the Kondakis 

(1989) study and the derivation of lower reference doses from that data (see below), 3) 

high levels of manganese in infant formulas that would be exacerbated by manganese 

in drinking water, and 4) concern for increased neonatal absorption and enhanced 

uptake in the brain of neonates. (Figure 5) 

Manganese

US EPA 1993

Key Study Information

Critical Effect Key Study Reference NAS Food and Nutrition Board (NRC. 1989). Schroeder et al. (1966), and WHO (1973), a dietary 

manganese intake of 10 mg/day has been chosen to represent an upper limit of adequate daily 

intake chronic oral human NOAEL.

Species Human adults

Study Exposure Duration (days) in days

Kinetics

Method to Derive POD POD = (upper limit of adequate daily intake chronic oral human / BW)  

= (10 mg/day) / (70 kg)  = 0.143 mg/kg/day

Dose-Response

Dose Response Modeling Method NOAEL as upper limit of adequate intake of dietary Mn

POD 0.143 mg/kg/day

Uncertainty Extrapolation

Human Variability (UFH) 1

Animal to Human (UFA) 1

Subchronic to Chronic (UFS) 1

LOAEL to NOAEL (UFL) 1

Database (UFD) 1

Total Composite (UFT) 1

POD = RfD (mg/kg/day) 0.143 mg/kg/day dietary Mn

Receptor adults
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Figure 5: USEPA 2004 derivation of POD and RfD for manganese 

 

The modifying factor of 3 has created a great deal of discussion and controversy. 

The controversy was no less in 1994 at the Proceedings Workshop on the 

Bioavailability and Oral Toxicity of Manganese. (EPA 1994). At the time, there was no 

high-quality evidence to fully clarify the concern that enhanced absorption occurred in 

the fasted state. Discussion at that conference further suggested that the water RfD is a 

separate endpoint from the dietary RfD because of the wide variability of manganese in 

the diet, especially for those individuals that ingest amounts approaching or exceeding 

the NOAEL of 10 mg/day. Arguments were made that vegetarians, tea drinkers, and 

children drinking infant formulas may consume enough manganese to account for the 

need for a separate RfD in water. The conference concluded that further study was 

warranted. (USEPA 1994) 

Manganese

EPA 2004
Key Study Information

Critical Effect Key Study Reference NAS Food and Nutrition Board (NRC. 1989). Schroeder et al. (1966), and WHO (1973), a dietary 
manganese intake of 10 mg/day has been chosen to represent an upper limit of adequate daily 
intake chronic oral human NOAEL.

Species Adult humans
Study Exposure Duration (days) years

Kinetics
Method to Derive POD POD = (upper limit of adequate daily intake chronic oral human / BW)  

= (10 mg/day) / (70 kg)  = 0.143 mg/kg/day
Dose-Response

Dose Response Modeling Method NOAEL as upper limit of adequate intake of dietary Mn

POD 0.143 mg/kg/day
Uncertainty Extrapolation

Modifying Factor 3 (100.5) to account for drinking water derivation from dietary POD
Human Variability (UFH) 1
Animal to Human (UFA) 1

Subchronic to Chronic (UFS) 1
LOAEL to NOAEL (UFL) 1

Database (UFD) 1
Total Composite (UFT) 1

RfD = POD/UFT 0.047 mg/kg/d for oral exposure Mn

Receptor adults
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Nonetheless, the endpoints in the Kondakis study clearly point to a lower 

threshold for critical effects when exposure to manganese occurs through water 

consumption, even if the reasons are not entirely clear. Furthermore, high levels of 

manganese in infant formula are a concern, but so is the variability of dietary 

manganese. In particular, vegetarians and tea drinkers especially typically consume 

manganese at or above the RfD. Hence, manganese in water would be considered an 

additive burden.  

Establishment of RfDs for manganese based on available drinking water studies 
 

In the original effort in 1993, instead of deriving the reference dose from food, the 

EPA used one observational study to derive a specific RfD and health advisory 

recommendation for manganese in water. (USEPA 1993). 

Kondakis (1989) studied the health effects of manganese concentration and 

drinking water and three villages in Peloponnese’s Greece. A random sample of men 

and women above the age of 50 were included in the study with 90% participation. The 

authors studied three different villages with varying manganese concentration in their 

well water. The villages had similar diets, and samples of the vegetables in each area 

showed similar manganese content. Unfortunately, dietary manganese was not 

measured. Area A had the lowest manganese well water concentration ranging from 

0.004 to 0.015 mg/L, area B ranged from 0.020 mg/L to 0.253 (average 0.167 mg/L), 

and area C ranged from 1.800 to 2.300 mg/L (average 1.95 mg/L). The authors 

evaluated the patients for neurologic symptoms using a neurologic score and found that 

as the manganese level in the water increased, the neurologic scores and the 
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concentration of manganese in the hair increased. The authors concluded that 

elevations of manganese above 0.050 mg/L in drinking water may be harmful to health.  

The EPA used this study to establish a NOAEL and LOAEL using the arithmetic 

mean of the range of manganese concentrations in Area B and Area C respectively. 

(USEPA 1993) Thus, they set the NOAEL and LOAEL at 0.167 mg/L and 1.950 mg/L 

respectively. They further used the adult body weight and drinking water consumption 

exposure inputs from that time (70 kg and 2 liters) and derived an RfD NOAEL of 0.005 

mg/kg-day and RfD LOAEL 0.006 mg/kg-day, respectively.  

From the NOAEL, a drinking water health advisory level recommendation of 

0.200 mg/L was derived, but never published as a final recommendation due to the 

SMCL being more stringent. This advisory level recommendation would be the same 

even if the exposure inputs were updated to include EPA’s 2015 recommendations for 

average adult body weight, fish consumption intake (22 grams/day), and daily drinking 

water intake. (Figure 6 and Figure 7) 
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Figure 6: US EPA (USEPA 1993) derivation of RfD from water studies using NOAEL. 

 
Figure 7: US EPA (USEPA 1993) derivation of RfD from water studies using LOAEL. 
 

A long-term drinking-water study in a northern rural area of Schleswig-Holstein, 

Germany (Vieregge 1995) found no neurological effects of manganese when subjects 

drank well water for 10 to 40 years that was “at least” 0.300 mg/l when compared to 

Manganese

US EPA 1993
Key Study Information

Critical Effect Key Study Reference Kondakis Mn water in Greek villages; Accumulation of Mn and possible neuro impairment; NOAEL of 
0.167 mg/L from average Mn concentration in wells of village with no observed effects

Species Human adults
Study Exposure Duration (days) 10 years

Kinetics
Method to Derive POD POD = (0.167mg/L) x (2 L/d) / (70 kg)  = 0.0048 mg/kg-day ~ 0.005 mg/kg/d

Dose-Response
Dose Response Modeling Method NOAEL of 0.167 mg/L

POD 0.005 mg/kg/d
Uncertainty Extrapolation

Human Variability (UFH) 1
Animal to Human (UFA) 1

Subchronic to Chronic (UFS) 1
LOAEL to NOAEL (UFL) 1

Database (UFD) 1
Total Composite (UFT) 1

RfD = POD/UFT 0.005 mg/kg/d drinking water

Receptor adults

Manganese

US EPA 1993

Key Study Information

Critical Effect Key Study Reference Kondakis Mn water in Greek villages; Accumulation of Mn and possible neuro impairment; LOAEL of 

1.95 mg/L

Species Human adults

Study Exposure Duration (days) 10 years

Kinetics

Method to Derive POD POD = (average Mn concentration/water intake)/BW

=  (1.95 mg/L) x (2 L/d) / (70 kg)  

= 0.056 mg/kg-day ~ 0.060 mg/kg/d

Dose-Response

Dose Response Modeling Method LOAEL of 1.95 mg/L

POD 0.060 mg/kg/d

Uncertainty Extrapolation

Human Variability (UFH) 1

Animal to Human (UFA) 1

Subchronic to Chronic (UFS) 1

LOAEL to NOAEL (UFL) 10

Database (UFD) 1

Total Composite (UFT) 1

RfD = POD/UFT 0.006 mg/kg/d drinking water

Receptor adults
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individuals who drank water with “at most” 0.050 mg/L. No significant differences in the 

Columbia University Rating Scale for Parkinson’s disease were found in either cohort 

although the 0.050 mg/L group had lower blood manganese levels. Subjects of both 

groups were randomly selected and matched with respect to age, sex, nutritional habits 

and drug intake. Although the highest level of well water reported was 2.16 mg/L, the 

mean or standard deviation of the manganese concentration was not reported. The 

authors concluded that lowering the manganese concentrations below 0.050 mg/L was 

not warranted. Importantly, they did not suggest that the health advisory level increase. 

The Minnesota Department of Health derived a RfD of 0.083 mg/kg-d to protect 

bottled-fed infants less than one year of age. (Minnesota Department of Health 2020). 

They relied on a LOAEL identified by Kern (2010) with the critical effect as 

neurodevelopmental and neurotransmitter changes.  

 

 
Figure 8: Minnesota Department of Health derivation of RfD using Kern (2010) 
 

Manganese

Minnesota Department of Health

Key Study Information

Critical Effect Key Study Reference Kern, C. H., Stanwood, G. D., & Smith, D. R. (2010). Preweaning manganese exposure causes

hyperactivity, disinhibition, and spatial learning and memory deficits associated with altered

dopamine receptor and transporter levels. Synapse, 64(5), 363-378. doi:10.1002/syn.20736

Species Neonatal rats

Study Exposure Duration (days) 14 days

Kinetics

Dose conversion to Internal Serum Level none (dose study)

Method to Derive Human Equivalent 

Dose

Not applicable (Insufficient data to support use of DAFs for neonatal period) (MDH, 2017) (U.S. EPA, 

2011)

Dose-Response

Dose Response Modeling Method LOAEL

POD 25 mg/kg-d (LOAEL, Kern 2010)

HED = POD x DAF HED = 25 mg/kg/d x 1 (Dose Adjustment Factor = 1) 

Uncertainty Extrapolation

Modifying Factor Not used

Human Variability (UFH) 10

Animal to Human (UFA) 10

Subchronic to Chronic (UFS) 1

LOAEL to NOAEL (UFL) 3 (only mild effects at LOAEL)

Database (UFD) 1

Total Composite (UFT) 300

RfD = POD/UFT POD/Total UF = (25mg/kg-d )/300 = 0.083 mg/kg-d 

Receptor Bottle fed infants
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Health Canada (2019) and WHO (2021) also used the Kern study and selected 

the same POD but applied a standard UFL (LOAEL to NOAEL conversion) of 10 for 

LOAEL to calculate a UFT (Total Composite Uncertainty Factor) of 1000. Each authority 

subsequently derived an RfD of 0.025 mg/kg-d for bottle fed infants as the target 

population. (Figure 9) 

 

 

Figure 9: WHO (2021) and Health Canada (2019) derivation of RfD using Kern (2010) 
 

Recent work by Yoon (2019), sponsored and funded by the Afton Chemical 

Corporation, developed a physiological base pharmacokinetic model (PBPK). Given the 

known neurotoxicity of manganese and its predilection for concentrating in the basal 

ganglia, concentrations in the globus pallidus are considered the critical effect. In these 

studies, Yoon concluded that globus pallidus manganese concentrations would remain 

fairly constant for manganese in drinking water concentrations of up to 0.3 ppm (0.300 

Manganese

WHO 2021 and Health Canada 2019
Key Study Information

Critical Effect Key Study Reference Kern, C. H., Stanwood, G. D., & Smith, D. R. (2010). Preweaning manganese exposure causes
hyperactivity, disinhibition, and spatial learning and memory deficits associated with altered
dopamine receptor and transporter levels. Synapse, 64(5), 363-378. doi:10.1002/syn.20736

Species Neonatal rats
Study Exposure Duration (days) 14 days

Kinetics
Method of Administered Dose 

conversion to Internal Serum Level
none (dose study)

Method to Derive Human Equivalent 
Dose

Not applicable (Insufficient data to support use of DAFs for neonatal period) (MDH, 2017) (U.S. EPA, 
2011)

Dose-Response
Dose Response Modeling Method LOAEL

POD 25 mg/kg-d (LOAEL, Kern 2010)
POD x DAF = HED Dose Adjustment Factor = 1

HED = 25 mg/kg/d
Uncertainty Extrapolation

Modifying Factor Not used
Human Variability (UFH) 10
Animal to Human (UFA) 10

Subchronic to Chronic (UFS) 1
LOAEL to NOAEL (UFL) 10 

Database (UFD) 1
Total Composite (UFT) 1000

RfD = POD/UFT POD/Total UF = (25mg/kg-d )/1000 = 0.025 mg/kg-d

Receptor Bottle fed infants
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mg/L) for the toddler and child age groups. Figure 2 and Figure 6 from that study clearly 

demonstrate manganese concentrations in the globus pallidus of bottle-fed infants 

exceed that of breast-fed infants as the water level increases from the EPA Lifetime 

Health Advisory of 0.300 mg/L to 0.580 mg/L (95th percentile of the drinking water in 

Iowa according to the National Inorganics and Radionucleotide Study). 
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Figure 9. Figure 2 and Figure 6 from Yoon 2019 
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The authors concluded that the impact of adding drinking water exposure to daily 

manganese exposure via dietary intake and ambient air inhalation in children is not 

greater than the impacts in adults, even at a drinking water concentration of 0.580 mg/L. 

Their data (summarized in Figure 9) clearly indicates that globus pallidus concentrations 

increase in adults, children, toddlers, and infants above the EPA Lifetime Health 

Advisory Level of 0.300 mg/L. 

Finally, Kullar (2019) pooled combined analysis data from Bouchard (2011) from 

June 2007 to June 2009 (375 children from the province of Quebec) and Bouchard 

(2018) from between April 2012 and April 2014 (children from the province of New 

Brunswick). In this study, the authors used the Bayesian Benchmark Dose Analysis 

System to compute weight-averaged median estimates for the benchmark concentration 

(BMC) of manganese in water and the lower bound of the credible interval (BMCL), 

based on seven different exposure-response models. The BMCL for manganese in 

drinking water associated with a decrease of 1% Performance IQ score was 0.078 

mg/L.  
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Figure 10: Kullar 2019 Benchmark Concentration analysis 
 
  

Manganese

Kullar 2019
Standard / Guidance HA

Media Type DW
Threshold Level (mg/L) or (PPT) 0.080 - 0.400 mg/L

Key Study Information
Critical Effect Key Study Reference Kullar 2019 Benchmark concentration analysis to estimate water manganese levels 

associated with pre-defined levels of cognitive impairment in children, i.e. drop of 1%, 2% 

and 5% in Performance IQ scores. Data from two studies conducted in Canada were pooled 

resulting in a sample of 630 children (ages 5.9–13.7 years) with data on tap water 

manganese concentration and cognition, as well as confounders. Bayesian Benchmark Dose 

Analysis System to compute weight-averaged median estimates for the benchmark 

concentration (BMC) of manganese in water and the lower bound of the credible interval 

(BMCL), based on seven different exposure-response models.
Species Children age 5.9 to 13.7

Study Exposure Duration (days) years

Kinetics
Method of Administered Dose conversion to 

Internal Serum Level

Method to Derive Human Equivalent Dose Human study so POD = HED

Dose-Response
Dose Response Modeling Method benchmark concentration (BMC) of manganese in water and the lower bound of the credible 

interval (BMCL)
POD IQ decrease of 1% = 0.133 mg/L (BMCL, 0.078 mg/L); 

IQ decrease of 2%, this concentration was 0.266 mg/L (BMCL, 0.156 mg/L) 

IQ decrease of 5% it was 0.676 mg/L (BMCL, 0.406 mg/L). 
POD x DAF = HED Dose Adjustment Factor = 1
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Derivation of AWQC 
 

In accordance with the 2000 EPA Methodology for Deriving Ambient Water 

Quality Criteria for the Protection of Human Health, using the 2015 updated exposure 

input values (body weight, drinking water intake, and fish consumption) and 

Pennsylvania Chapter 93 regulations, DEP derived an AWQC for manganese of 0.3 

mg/L. Since manganese is currently not known to significantly bioaccumulate in fish, a 

bioaccumulation factor of 1 was assumed.  

 
AWQCMn = RfD x RSC x (BW ÷ [DWI + (FI x BAF)])  
Where:  
RfD = 0.05 mg/kg-day  
Relative Source Contribution Adults (RSC) = 0.2  
Body Weight (BW) = 80 kg  
Drinking Water Intake (DWI) = 2.4 L  
Fish Intake (FI) = 0.022 kg/day  
Bioaccumulation factor (BAF) = 1  
AWQCMn = 0.05 mg/kg-day x 0.2 x (80 ÷ [2.4 + (0.022 kg/day x 1)])  
AWQCMn = 0.3 mg/L 
 

This derivation by the PA DEP follows the methodology accurately. Using the 

range of RfDs established by authorities around the world and the same methodology 

and target population (adults) as PA DEP, the following range of AWQCs would be 

derived. (Table 1) 

 
Agency/Year RfD mg/kg-d AWQC mg/L 
USEPA 1993 NOAEL Dietary MN 0.143 0.945 
USEPA 1993 NOAEL Water 0.006 0.040 
USEPA 1993 LOAEL Water 0.005 0.033 
USEPA 2004 0.047 0.310 
Health Canada 2019 0.025 0.165 
Minnesota DOH 2020 0.083 0.548 
WHO 2021 0.025 0.165 

Table 1: RfD derived by various authorities and resulting AWQC  
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In conclusion, the RfD of 0.047 mg/kg-d and the AWQCMn of 0.300 mg/L derived 

by the PA DEP is consistent with other organizations and authorities. Notable, a lower 

AWQCMn would be derived if PA DEP considered bottle fed infants the target population, 

and the RSC was adjusted upward accordingly.  

 
Water Treatment Discussion 
 

Two alternative points of compliance for the manganese water quality criterion 

are under consideration in the PA DEP’s analysis of its water quality standards. The first 

alternative, consistent with Act 40 of 2017, moves the point of compliance to the point of 

all existing or planned surface potable water supply withdrawals. The second 

alternative, consistent with the Clean Streams Law, is to maintain the existing point of 

compliance in all surface waters (i.e., at the point of discharge). The Commonwealth of 

Pennsylvania currently enforces the EPA’s SMCL of 0.05 mg/L for public water supply 

systems. Thus, the question is whether manganese is most appropriately removed at 

the source, or at the point of potable water supply withdrawal with public water supply 

systems required to treat higher intake levels of manganese in order to meet the 0.05 

mg/L SMCL for drinking water. 

While qualitative, several factors nevertheless merit discussion. First, 

manganese is an element and hence cannot be destroyed by any chemical treatment 

processes. The treatment processes under consideration are concentration and 

separation processes. If a given level of concentration is to be achieved, it is inherently 

beneficial to start with a more concentrated solution. Mining and industrial effluents 

would have concentrated manganese which then become diluted with the surface 

waters of the Commonwealth upon discharge. The argument that manganese can only 
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be removed from concentrated effluent discharges at great expense and environmental 

impact but can be readily and cheaply be removed when present in dilute form in the 

huge volumes of water treated for public water supplies is strained. In some cases, unit 

operations already employed by public water supply systems in their treatment plants 

may have some efficacy for manganese removal, but Kohl and Medlar caution (2006) 

“Although manganese removal can be achieved incidentally by a unit process, if the 

process is not designed and operated for it, then there will be occasions that 

manganese control is lost.” Burdening public water supply systems with additional 

manganese cannot be assumed to be easy or cheap to remedy. 

While conventional drinking water treatment processes do not remove soluble 

manganese to a great extent, a variety of manganese concentration and separation 

processes are available and have been applied economically for decades to achieve the 

very low manganese concentrations needed to comply with the 0.05 mg/L SMCL. 

One reason soluble manganese is not well removed by conventional water 

treatment processes is that manganese is not readily oxidized by the most common 

oxidant used by these plants, chlorine, at pH values typical of treatment. Tobiason et al. 

(2016) report that oxidation of manganese by chlorine is not effective until pH 9, which 

is well above the range in which most water supply treatment plants operate. Thus, the 

equation given on page 15 of the Tetra Tech report, which shows the oxidation of 

manganese by chlorine, while not incorrect, would not occur to a substantial degree 

under typical water treatment conditions per Tobiason et al.  

Tetra Tech’s point regarding the need for large pH adjustments to remove 

manganese from coal mine drainage can also be confirmed as applicable in some 
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cases relating to manganese removal from water in general. Duarte et al. (2015) 

present a pC-pH diagram for Mn(II) in a hydroxide system (that is, no carbonate 

present) with a minimum solubility around pH 12. This confirms that substantial pH 

adjustment would be needed in a low carbonate system. However, carbonate plays a 

key role, as Buamah et al. (2008) note that manganese(II) solubility is controlled by 

magnesium carbonate. Buamah et al. use the Phreeqc water chemistry model to 

investigate solubility of Mn(II) under different pH and alkalinity values and find that 

solubility drops to less than 0.5 mg/L at pH 8 given a bicarbonate concentration of about 

150 mg/L (Figure 1 of Buamah et al.). Figures provided by Tetra Tech indicate pH, lime, 

and manganese concentrations but do not address carbonate concentrations, making it 

difficult to assess how alternative water chemistries might impact manganese removal 

versus pH. 

The challenges of manganese removal noted above can be addressed by the 

use of alternative oxidants, such as potassium permanganate, which effectively convert 

the reduced, soluble manganese to oxidized, insoluble manganese which can be 

removed by conventional filtration systems. Another option is to remove the Mn(II) 

without oxidation by manipulating pH and carbonate concentrations so as to reduce the 

solubility of Mn(II). Tobiason et al. (2016) describe how lime-soda precipitative softening 

can effectively remove manganese without the need for oxidation. Lime increases the 

pH and soda ash addition increases the carbonate concentration which, as described 

above, decreases Mn(II) solubility at high pH. This combination of lime and soda ash 

would be expected to be more effective than the addition of lime alone based on the 

Phreeqc modeling of Buameh et al. (2008) that is described above. Softening by lime 
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and soda ash addition is widely practiced. (MRWA 2022) Difficulties with simultaneous 

removal of aluminum and manganese from coal mine drainage are noted in Tetra 

Tech’s comments and clearly warrant careful consideration with respect to conventional 

drinking water treatment processes. Aluminum salts are widely used as a water 

treatment additive and at favorable pHs can precipitate readily. Wang et al. (2005) 

discuss recarbonation as an option to re-adjust pH towards a more neutral value. While 

clearly such an additional step has cost implications, it is feasible and widely practiced. 

Site specific consideration of water chemistry is likely needed to find effective treatment 

options but in general, one can state that feasible options for manganese removal have 

been in full-scale use for many decades and that removal of pollutants by precipitation 

is most effective when the pollutant is concentrated in a waste stream rather than widely 

dispersed in the environment.  

These processes all consume non-negligible amounts of energy both directly in 

the form of electricity use by pumps, aerators, etc. and indirectly through the 

considerable amount of fossil fuels currently embedded in the chemicals used in water 

treatment processes. The same argument applied to the economics of treatment also 

applies to the environmental impacts of treatment, that is to remove a given quantity of 

manganese it is preferable to do so before widely dispersing the manganese in the 

environment. Pumping and aeration electricity use (a proxy for both cost and 

environmental impact) would scale with the amount of water present, not the amount of 

manganese, and hence treating the manganese before it is dispersed into the 

environment is preferred. Given current water treatment and energy infrastructure, 

essentially any effort to protect the water environment and drinking water supplies can 
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be cast as having negative impacts on greenhouse gas emissions. The solution is not to 

forgo protecting the environment and human health but rather to gradually decarbonize 

our water treatment and energy infrastructures. The decarbonization of electricity is 

feasible and has been studied extensively (for example see, Foti et al. 2016, Sepulvida 

et al. 2018). The electrification of water treatment processes is an active area of 

research (https://profiles.stanford.edu/mauter?releaseVersion=9.6.0) with options such 

as electro-coagulation and membrane treatment already well characterized and 

feasible. 

Economic impacts to public water supply treatment 
 

Control of manganese concentrations in drinking water involves source water 

management as well as treatment processes for removal of manganese from water. 

Although manganese removal from water can be accomplished by a variety of physical, 

chemical, and biological processes, a major factor in selection and design of a 

treatment process to remove manganese are the characteristics of the source water, 

including the concentration and form of manganese, along with other key water quality 

parameters (e.g., pH, alkalinity, organic carbon, iron levels, hardness). Since there are 

so many variables that can influence manganese removal, it is not trivial to estimate 

changes in treatment costs (or savings) due to the modification of regulations relating to  

manganese in surface waters. 

Comments by the Pennsylvania Coal Alliance suggest that the only treatment 

method being considered by the mining sector prior to discharge is that of alkaline 

addition. It is unclear, however, if alkaline addition would be sufficient to remove 

manganese from drinking water. From a series of bench-scale tests conducted for a 
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study by Ballantyne et al. (2002) that considered different alternative methods for 

reducing manganese levels in the District Municipality of Muskova MacTier treatment 

plant in Ontario, Canada, it was found that alkaline conditions at pH values over 10 did 

not improve manganese removal in their conventional treatment process.  

In order to provide a more thorough estimation of potential costs (or savings) 

associated with any changes in the regulation of manganese, the discussion needs to 

account not only for alkaline addition but also the other alternative treatment processes 

that exist to specifically remove manganese from surface water and wastewater (Kohl 

2006, Tobiason 2016). For example, the Pennsylvania Coal Alliance estimates that if 

the 0.3 mg/L manganese limit is imposed at the discharge point versus the withdrawal 

point, a maximum potable water treatment savings would be realized of less than 

$0.007 per 1,000 gallons of water treated at the treatment plant. The Reading Area 

Water Authority, which provides water for about 125,000 residents from a 40 million 

gallons per day (mgd) drinking water plant, estimates that if compliance is moved to the 

withdrawal point versus the discharge point, it would cost them operationally $15.8 

million over 20 years, plus $540,000 per years in increased treatment chemical costs, 

and $6,530 annually for increased monitoring. This roughly translates to an increase in 

operational costs of $0.09 per 1,000 gallons water treated, a $0.097 increase relative to 

the Pennsylvania Coal Alliance.  

Kohl and Medlar (Kohl 2006) studied the capital cost for manganese removal 

water treatment and found that costs vary by design flow (mgd), finished water 

concentration goal (0.010 to 0.050 mg/L), influent concentration (typically assumed to 

be 0.500 mg/L), and treatment method (conventional gravity settling, direct filtration, 
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greensand, and membrane filtration), as well as financing structure and cost recovery. 

The authors produced a variety of estimates in capital costs that range from 

$750,000/mgd to $2 million/mgd for manganese control. This figure is in the range 

quoted by the Pennsylvania American Water Company (PAWC) response, although 

PAWC does not specify the model that they employed. They extrapolate a cost of $1.5 

million/mgd across aggregate capacity of the eight (8) identified plants in the range of 

40 mgd for a total cost of $40-60 million range. In addition, there were anticipated 5-10 

percent ($700,000 - $1.4 Million) annual increase in chemical costs or monitoring. A 

more thorough critique and comparison of the methodology employed by the 

Pennsylvania Coal Alliance and the Reading Water Authority is needed to determine the 

accuracy and validity of their cost estimates. 

The comments by PAWC state that their drinking water treatment plants would be 

significantly challenged by increased levels of raw water manganese and thus would 

need to make capital investments to alter their plants to specifically treat for manganese 

removal. Regardless if an existing potable water supply treatment plant is considered to 

employ “conventional treatment,” in a survey conducted by Kohl and Medlar (2006), it 

was discovered that utilities that did not have specific treatment in place to control 

manganese were not able to handle variable or intermediate manganese loadings and 

therefore manganese would pass through the treatment system into the distribution 

system, with a ratio of maximum manganese to average manganese concentration 

greater than 7.5:1 resulting in manganese issues, suggesting that the concern by 

PAWC, as well as the Reading Area Water Authority, is also a concern for other utilities 

in the state of Pennsylvania. These fluctuations in finished water quality typically result 
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in customer complaints that are costly to manage. Case studies show that many 

consumers will experience episodic dissatisfaction with water quality even at the SMCL 

of 0.050 mg/L. Public water systems typically use a value of 0.02 mg/L total manganese 

as a target that reasonably balances benefits to the cost of producing water at a low 

manganese concentration. For example, the Philadelphia Water Department (PWD) has 

established an even lower internal goal for treated drinking water of 0.015 mg/L. In 

2020, they reported average manganese levels in the treated water of 0.55 parts per 

billion (PPB) (i.e., 0.00055 mg/L) with a range of 0 to 0.95 PPB. (PWD 2021), which is 

well below their treated drinking water target of 0.015 mg/l. 

Unregulated water sources 

For most Pennsylvanians, the impact of elevated levels of manganese in surface 

waters would be experienced as an increase in the cost of treatment to deliver the state-

enforceable SMCL of 0.050 mg/L for public drinking water. However, it is important to 

note that Pennsylvania has the second highest number of private residential wells of 

any state in the Nation with approximately 1 million wells. These wells serve between 

2.4 and 3.5 million residents who depend on groundwater for their domestic water 

supply. (Clune 2019, PSE 2016). If Bradford County, PA is an appropriate example, 

30% of private residential wells may contain greater than 0.050 mg/L of manganese. 

(Clune 2019) Roughly 6% of Pennsylvanians are below the age of 6 - which equates to 

43,200 children currently affected by manganese in well water above the SMCL of 

0.050 mg/L.   

Although private residential wells are not regulated by the Commonwealth of 

Pennsylvania, manganese contamination of residential wells does occur either via 
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natural or anthropogenic geological process or from surface water influence, and  

homeowners are encouraged to routinely test their groundwater sources and provide 

treatment if the water quality does not meet regulatory standards. With drinking water 

and surface water recommendations (i.e., health advisories, MCLs, and water quality 

standards) for manganese becoming more stringent based upon current knowledge of 

manganese toxicity rather than strictly esthetic concerns, private well owners may be 

more likely to test their groundwater for manganese and install treatment systems for 

manganese removal if groundwater concentrations exceed current recommendations. 

Private well owners are responsible for the quality of their own water. Testing costs are 

approximately $100 per household. Individual whole home water filtration and treatment 

systems for iron and manganese cost in the range of $500 to $2000 depending on the 

complexity of the system. Filter replacement costs range from $40 to $100 annually. 

(Kohl 2006, Brandhuber 2013, PSE). The economic burden for removal of manganese 

from these private wells falls on the individual, but across the state it would substantially 

add to the economic burden of clean water. 

Socioeconomic impacts and cost of care 

Lidsky (2007) suggested that the heavy metal, lead, forms a paradigm for 

understanding the impact of heavy metals in the diet on socioeconomic burden. Gould 

(2009) demonstrated that each IQ point loss from lead toxicity represents a loss of 

$25,000 in present discounted value of lifetime earnings (inflation adjusted USD 2022). 

Assume for the moment that the lead paradigm is true for manganese when levels in 

the body exceed those necessary for adequate health and that manganese levels 

increase in private wells, including those under the influence of surface waters, 
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sufficiently to decrease the IQ by 1% of 43,200 potentially exposed children who 

consume well water. This would represent a loss of lifetime earnings of $1billion dollars 

for this group. Children receiving drinking water from surface water sources that lack 

appropriate treatment systems could also be affected. While unfiltered surface water 

sources are uncommon, they do still occur in Pennsylvania. The economic burden to 

Pennsylvanians becomes obvious when this is added to the loss of tax revenue at a flat 

15% rate, increased cost of education, social programs, and law enforcement 

associated with communities with diminished earning capacity.  

Summary 
 

In conclusion, RfDs of manganese have been informed by studies that clearly 

demonstrate adverse effects of elevated levels of manganese in drinking water. Multiple 

authorities on the matter have continued to revise previous RfDs downward. The PA 

DEP recommendation for AWQCMn of 0.300 mg/L (300 ug/L) is consistent with current 

EPA RfD recommendations for manganese and scientifically sound.  

To summarize, our recommendation is to maintain the existing point of 

compliance in all surface waters (i.e., at the point of discharge). Furthermore, it is 

appropriate to adopt a numeric water quality criterion, designed to protect human 

health, for manganese, a toxic substance. Scientific evidence supports the conclusion 

by the PA DEP that the AWQCMn of 0.3 mg/L is consistent with the goal of protecting 

human health from the toxicological effects of manganese in water.  
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