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 1 

1 EXECUTIVE SUMMARY  2 

To be written after public review 3 

 4 

2 GENERAL DESCRIPTION 5 

 Identity 6 

Manganese is a transition metal and one of the most abundant metals in Earth’s crust, frequently co-7 

occurring with iron. It is a component of over 100 minerals but is not found naturally in its pure (elemental) 8 

form (ATSDR, 2012). Manganese can exist in 11 oxidation states; the most environmentally and 9 

biologically important manganese compounds are those that contain Mn2+, Mn4+ or Mn7+. Manganese can 10 

form a large variety of complexes by combining with other elements such as oxygen, sulphur and chlorine, 11 

as well as carbonates and silicates (Stokes et al., 1988; ATSDR, 2012). Some of these compounds are listed 12 

below. 13 

 14 
Compound Chemical Abstracts No. Molecular formula 

Manganese(II) chloride 7773-01-5 MnCl2 

Manganese(II, III) oxide 

(manganese tetroxide) 
1317-35-7 Mn3O4 (MnO.Mn2O3) 

Manganese dioxide 1313-13-9 MnO2 

Potassium permanganate 7722-64-7 KMnO4 

Manganese sulfate 7785-87-7 MnSO4 

Source: ATSDR (2012) 15 

 16 

 Physicochemical properties 17 

The physical and chemical properties of manganese and manganese compounds vary substantially. 18 

These characteristics determine environmental behaviour and fate, exposure potential, and the subsequent 19 

toxicological impact of each compound or dissolved ion. 20 

 21 

Property Mn MnCl2 Mn3O4 MnO2 KMnO4 MnSO4 

Melting point (°C) 1244 650 1564 
Loses oxygen 

at 535 °C 

Decomposes 

at <240 °C 
700 

Boiling point (°C) 1962 1190 No data No data No data 
Decomposes 

at 850 °C 

Density (g/cm3) 7.21–7.44 2.98 4.86 5.03 2.70 3.25 

Water Dissolves 723 Insoluble Insoluble 63.8 (20 °C) 520 (5 °C) 

Source: ATSDR (2012); 1 – adapted from ATSDR (2012) 

 22 

 Organoleptic properties 23 

The taste threshold for soluble Mn(II) has been estimated as 75.4 mg/l (50% population threshold) and 24 

concentrations of 506 mg/l (maximum tested) can be visually undetectable (Sain et al., 2014). Estimates of 25 

the taste threshold of particulate Mn(IV)  are confounded by their discolouration of the water but have been 26 

reported to be > 0.05 mg/l (Sain et al., 2014). Particulate Mn(IV) can be visually detected at a concentration 27 

of 0.005 mg/l.  28 

 29 

When manganese is not adequately removed during treatment, soluble Mn(II) compounds may undergo 30 
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oxidation (e.g. as a result of disinfection), forming manganese oxides which can subsequently precipitate, 31 

in the distribution system. At concentrations as low as 0.02 mg/L, manganese can form coatings on water 32 

pipes that may later slough off as a black precipitate causing discoloured water and/or staining of 33 

laundry (Sly et al., 1990; Casale et al., 2002; Kohl & Medlar, 2006).  34 

 35 

2.4  Major uses and sources 36 

Manganese occurs naturally in many surface and groundwater sources, and in soils. Human activities are 37 

also responsible for manganese contamination in the environment. Manganese is used principally in the 38 

manufacture of iron and steel alloys and manganese compounds can be an ingredient in various products 39 

such as fertilizers and pottery glazes (IPCS, 1999; ATSDR, 2012; International Manganese Institute, 2014). 40 

Manganese dioxide and other manganese compounds are used in products such as dry-cell batteries, glass 41 

and fireworks.  42 

 43 

Potassium permanganate, a common oxidant, is used for cleaning, bleaching and disinfection purposes and 44 

can be added during water treatment to remove iron and manganese and improve taste and odor (Water 45 

Chemical Codex, 1982; ATSDR, 2012; Health Canada, 2019). Manganese can also be present as an 46 

impurity in coagulants (principally ferric-based coagulants) used in drinking water treatment. Manganese 47 

greensands are used in some locations for potable water treatment (ATSDR, 2012) to remove iron and 48 

manganese.  49 

 50 

An organomanganese compound, methylcyclopentadienyl manganese tricarbonyl (MMT), can be used in 51 

limited concentrations1 as an octane-enhancing agent in unleaded petrol in some countries; however its use 52 

declined sharply in Canada after 2004 due to voluntary action by Canadian petroleum refiners (Lynam et 53 

al., 1999; Walsh, 2007; Health Canada, 2019). Other manganese compounds are used in fertilizers, as 54 

livestock feeding supplements, fungicides and varnishes (HSDB, undated). 55 

 56 

The main sources of particulate manganese in ambient air are from industrial activities including iron and 57 

steel-production, burning of MMT-containing petrol, power plants, coke ovens, and dust from mining 58 

operations. Manganese can also be released into the atmosphere during volcanic eruptions, forest fires, 59 

ocean spray and from soil erosion (Stokes et al., 1988; IPCS, 1999; USEPA, 2004). Manganese in surface 60 

and groundwater can result from natural leaching (e.g. from rock and soil weathering) and anthropogenic 61 

(e,g, from industrial discharges, mining activities and landfill leaching). Anaerobic groundwater often 62 

contains high levels of dissolved manganese (Stokes et al., 1988; ATSDR, 2012; Kohl & Medlar, 2006; 63 

Ljung & Vahter, 2007). The species of manganese in soil are dependent on the pH of the soil and/or the 64 

water, the reduction potential of the water and, to a lesser extent, soil mineralogy, oxidative microbial 65 

activity and organic matter content. 66 

 67 

2.5 Environmental fate 68 

In air, manganese can exist as suspended particulate matter, which is removed largely by gravitational 69 

settling. In water, the transport and partitioning of manganese differs with the chemical form present and 70 

its solubility, which is determined by the pH, oxidation-reduction potential and characteristics of the 71 

available anions. Manganese can occur in particulate, colloidal, and dissolved forms in surface water, 72 

however the dissolved form (Mn(II)) is most common in groundwater, given that low dissolved oxygen 73 

levels favour reduction of Mn(IV) into dissolved Mn(II). Most manganese salts are soluble in water to some 74 

                                                      
1 Treat rate equivalent to 8.3 mg manganese/L in US. 
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extent (ATSDR, 2012; Health Canada, 2019). The extent of and retention in soils is dependent on the 75 

organic content and cation exchange capacity of the soil (ATSDR, 2012).  76 

 77 

3 ENVIRONMENTAL LEVELS AND HUMAN EXPOSURE 78 

3.1 Air 79 

Levels of manganese compounds in air vary widely depending on the proximity of point sources, 80 

such as ferroalloy production facilities, coke ovens and power plants. Average manganese levels in 81 

ambient air near industrial sources have been reported to range from 220 to 300 ng/m
3
, whereas ambient 82 

manganese levels in urban and rural areas without point sources have been reported to range from 10 83 

to 70 ng/m
3
. Over the past 30 years, levels of manganese emitted from the metals industry have decreased 84 

substantially due to the installation of emission controls (ATSDR, 2012).  85 

 86 

The United States Environmental Protection Agency (USEPA, 2007) estimated the geometric mean 87 

annual background concentration of manganese in particulate matter less than or equal to 10 µm in 88 

diameter (PM 10) in urban areas to be 6.68 ng/m3 (range 0.85-614 ng/m3), based on 114 measurements in 89 

20 urban locations across the USA. Existing data indicate that little difference is found between manganese 90 

levels in ambient air in areas where MMT is used in petrol and air levels in areas where MMT is not 91 

used (Lynam et al., 1999).  92 

 93 

Low manganese levels have been reported in atmospheric particulate matter in Canada, with a mean 94 

concentration of manganese in ambient air from 2009-2013 reported as 1.25×10-3 µg/m3 (range from below 95 

the limit of detection to 6.2×10-2 µg/m3), as measured over a 24 hr averaging time by the National Air 96 

Pollution Surveillance Program (Galarneau et al, 2016). Health Canada reported that the levels of 97 

manganese (PM2.5 and PM10) have dropped between the late 1980s and early 2000s by 13–77% (Health 98 

Canada, 2010).  99 

 100 

In Europe, the UK reported average manganese concentrations in ambient air across rural and urban 101 

locations to generally be in the range 0.8 to 15.7 ng/m3, although levels of 29.1, 43.2, 24.7 and 80.8 ng/m3 102 

were also measured associated with steel making industries (Defra, 2002). Loranger et al. (1994) found 103 

ambient air manganese concentrations to be significantly correlated with traffic density. Areas of 104 

intermediate and high traffic densities in Montreal had ambient air manganese concentrations above the 105 

natural background level of 40 ng/m3 (Loranger & Zayed, 1994; Loranger et al., 1994). 106 

 107 

3.2 Food 108 

Food is the most important source of manganese exposure for the general population.Since manganese is 109 

essential for photosynthesis and energy metabolism in plants manganese is ubiquitous in vegetable based 110 

foodstuffs, particularly whole grains, nuts and rice. Leafy vegetables, tea, seeds, legumes and chocolate are 111 

also good sources along with shellfish (Freeland-Graves et al. 2016IOM, 2001; USEPA, 2002; ATSDR, 112 

2012). Co-exposure to dietary fibre, oxalic acids, tannins and phytic acids, have been shown to decrease 113 

manganese absorption (Gibson, 1994; USEPA, 2002), whereas a low iron status (as reflected by low serum 114 

ferritin concentrations, (possibly sex-specific) can result in increased manganese absorption (Finley, 1999). 115 

For infants, breast milk substitutes as well as breast milk may be sources of exposure, although constituents 116 

in both breast milk substitutes and breast milk may impact bioavailability. 117 

 118 

In the EU, dietary manganese intakes in adolescents and adults were estimated to range between 2 to 6 119 

mg/day, with most values being around 3 mg/day. Estimated manganese intake in children is lower, 120 
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between 1.5 and 3.5 mg/day (EFSA, 2013). The Committee on Toxicity reviewed the results of the 2000 121 

Total Diet Study, which measured exposure of the UK population to manganese. For adults, the mean and 122 

97.5th percentile dietary intake rates of manganese was reported to be 5.2 mg/d, 9.2 mg/d, respectively. It 123 

was concluded that the estimated total dietary intake of manganese was unlikely to pose a risk to healthy 124 

adults (Committee on Toxicity, 2020). Dietary intakes within the Canadian population (all age groups) 125 

during the period 1993 – 2007 were between 3.1 and 4.3 mg/day (Health Canada, 2019). These levels are 126 

comparable to the estimated dietary intake of 3.8 mg/day in the US (ATSDR, 2012) and 4.2 mg/day in 127 

Sweden (VKM, 2018). People eating vegetarian diets and Western-type diets may have manganese intakes 128 

as high as 10.9 mg/day (IOM, 2001).  129 

 130 

Manganese concentrations reported in breast milk varies widely. A study of 70 human milk samples 131 

collected from breast-feeding women in Argentina (n=21), Namibia (n=6), Poland (n=23) and the USA 132 

(n=20) reported three- to four-fold differences in manganese concentrations in breast milk between the 133 

populations studied, with mean concentrations ranging between 1.6 to 11.6 μg/L (Klein et al., 2017). In this 134 

study, the average concentration of manganese from breast milk of US mothers was 2.71 μg/L (1.5-5.9 135 

μg/L; n = 20) at approximately 7 months post-partum on average, while in an earlier study of American 136 

mothers (Casey et al., 1985), concentrations were estimated at 3.7 μg/L (2.7–5.4 μg/L; n = 11) from days 137 

6-31 post partum, with the highest levels being measured at day one post-partum.. Levels decreased to an 138 

average of 1.9 μg/L at three months post-partum (Casey et al., 1985; IOM, 2001). In an analysis of seven 139 

studies of mothers residing in the EU, EFSA (2013) reported mean manganese concentrations of 3 to 30 140 

µg/L in breast milk. In an analysis conducted by the Committee of Toxicology of Chemicals in Food, 141 

Consumer Products and the Environment (2020), the average exposure from breast milk for the 0-4 month 142 

age group was estimated to be 5.4 µg/kg/day and 8.1 µg/kg/d for high-level exposure in the UK, assuming 143 

a maximum concentration of manganese in breast milk of 40 µg/L. Based on preliminary data, Health 144 

Canada estimated a median content of 2.2 ng manganese/g (2.2 µg/L) in breast milk using data from the 145 

Total Diet Study (TDS) (Health Canada, 2019).  146 

 147 

Manganese concentrations reported in breast milk substitutes also vary widely and has been reported to be 148 

higher than in breast milk. In a study of manganese in infant breast milk substitutes and young child 149 

nutritional beverages in the US and France, the measured concentrations of manganese ranged from 230-150 

830 µg/L in formulas labelled for infant use (Frisbie et al., 2019), with levels in soy-based human breast 151 

milk substitutes being particularly high. Mitchell et al. (2020) estimated mean daily manganese intakes in 152 

breast-fed infants and children encompassing four age ranges (ranging in age from 3 weeks to 18 months), 153 

based on estimated breast milk consumption rates among German breast-fed infants and published data on 154 

manganese concentrations in breast milk among populations in several countries in North America, Europe, 155 

and Asia. The weighted mean of means for manganese concentrations in breast milk based on the published 156 

data reviewed by Mitchell et al. (2020) was 7.7 µg/L; the mean manganese intake from breast milk is 157 

estimated to be 1.2 µg/kg/d for a 3-week-old infant (maximum of 4.67 µg/kg/d) and 1.8 µg/kg/d for an 18-158 

month old child (maximum of 6.97 µg/kg/d). 159 

 160 

In the UK, average exposure to manganese for infants aged 0-6 months feeding exclusively on ready-to-161 

feed formula was estimated to be 6.5-8.5 µg/kg/d and 10-13 µg/kg/d in those who consumed high levels. 162 

Exposure to manganese where tap water with manganese concentrations ranging from 1.4 to 15 µg/L was 163 

used to reconstitute formula was estimated at 9-14 µg/kg/d in average consumers and 14 – 21 µg/kg/d in 164 

high level consumers (Committee of Toxicology of Chemicals in Food, Consumer Products and the 165 

Environment, 2020. Average exposures based on concentrations detected in infant formulas in the US and 166 

France as reported by Frisbie et al., 2019 (and assessed by Mitchell et al., 2020) would be higher. Once 167 

solid foods are introduced, however, the contribution of manganese intake from milk becomes less 168 
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significant. 169 

 170 

The WHO/FAO Codex Committee and the Expert Panel of the Life Science Research Office have set 171 

guidelines at a minimum of 1 µg manganese/100 kcal and a guidance upper level2  of 100 µg 172 

manganese/100 kcal (67 µg/100 ml) for infant formula intended to be marketed as breast milk substitute, 173 

in order to comply with nutritional requirements (Raiten, 1998; WHO, 2016).  174 

 175 

In the US, the median and 95th percentile intakes of manganese from dietary supplements was estimated to 176 

be 2.6 and 5.1 mg/day, respectively, based on adults 19 years of age and older, the age group with the 177 

highest estimated exposure (IOM, 2001).  178 

 179 

3.3  Water 180 

Manganese occurs naturally in many surface water and groundwater sources (from the dissolution of 181 

manganese oxides, carbonates and silicates in soil and rock. Anthropogenic sources (from industrial 182 

discharges, mining activities and landfill leaching) can also be a source of manganese contamination in 183 

water (Stokes et al., 1988; Kohl and Medlar, 2006; Ljung and Vahter, 2007).  184 

 185 

The reducing conditions found in groundwater and some lakes and reservoirs favour high manganese 186 

levels; concentrations up to 1300 µg/l in neutral groundwater and 9600 µg/l in acidic groundwater 187 

a r e  reported (ATSDR, 2012). Manganese levels tend to be lower in flowing rivers and streams due to 188 

the presence of dissolved oxygen, which limits the amount of manganese that is dissolved. Surface water 189 

supplies such as lakes and reservoirs can, however, become seasonally stratified, which causes the lower 190 

sections of a lake or reservoir to become anoxic. This process allows release of manganese oxides from 191 

sediments at the bottom of a lake (Civardi and Tompeck, 2015). Elevated manganese concentrations can 192 

also occur in stream sources, although less common.  Concentration is dependent on stream-flow conditions 193 

and the water sources feeding the stream (Brandhuber et al, 2013; Health Canada, 2019). Higher levels in 194 

water bodies with higher dissolved oxygen are usually associated with industrial pollution. 195 

 196 

Manganese concentrations in seawater are  reported to range from 0.4 to 10 µg/L (ATSDR, 2012), with 197 

an average of about 2 µg/L. Levels in fresh water typically range from 1 to 200 µg/L. Manganese has 198 

been detected in about 97% of surface water sites in the USA at a median manganese concentration of 16 199 

μg/L (USEPA, 2002; ATSDR, 2012).ATSDR (2012) reported that a river water survey in the USA found 200 

dissolved manganese levels ranging from <11 to >51 µg/L. The United States Geological Survey’s 201 

National Water Quality Assessment Program gathered limited data on manganese from representative 202 

study basins around the USA starting in 1991. Combined, these data indicate a median manganese level 203 

of 16 µg/L in surface waters, with 99th-percentile concentrations of 400–800 µg/l (Leahy & Thompson, 204 

1994; USGS, 2001; USEPA, 2003).  205 

 206 

Overall, the detection frequency of manganese in groundwater in the USA is high (approximately 207 

70% of sites) due to the ubiquity of manganese in soil and rock. Groundwater in the USA contains 208 

median manganese levels of 5 to 150 μg/L (ATSDR 2012).  209 

 210 

The National Water Quality Assessment Program data indicate that the 99th-percentile level of manganese 211 

in groundwater (5600 µg/l) is generally higher than that in surface waters, but the median level in 212 

                                                      
2 Guidance upper levels are for nutrients without sufficient information for a science-based risk assessment. These 

levels are values derived on the basis of meeting nutritional requirements of infants and an established history of 

apparent safe use. 
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groundwater (5 µg/l) is lower than that in surface water (median of 16 µg/l) (USGS, 2001; USEPA, 2003).  213 

In contrast, maximum average annual concentrations were reported to be 3,000 µg/L for groundwater and 214 

500 µg/L for surface water for 179 treatment plants located across North America (Kohl and Medlar, 2006). 215 

However, it was noted that the median values for ground and surface waters were similar and below 100 216 

µg/L. 217 

 218 

In the USA, the National Inorganic and Radionuclide Survey collected data from 989 community public 219 

water systems served by groundwater in 49 states between 1984 and 1986 and found that manganese 220 

was detected in 68% systems, with a median concentration of 10 µg/l. Supplemental survey data from 221 

public water systems supplied by surface water in five states reported occurrence ranges similar to those 222 

of groundwater (EPA, 2002). U.S. EPA is currently monitoring manganese at a broader number of locations 223 

than were studied for NIRS in 1989.  As of July 2020, 1.9% of systems detected manganese at level higher 224 

than 300 µg/l and 88.5% of the systems that reported results detected manganese at levels greater than 0.4 225 

µg/l (EPA, 2020). In Germany, the drinking-water supplied to 90% of all households contained less than 226 

20 µg of manganese/L (Bundesgesundheitsamt, 1991). More recently in Germany, it was reported that less 227 

than 1% of approximately 54000 drinking-water samples taken post treatment during 2017 and 2018 228 

contained manganese exceeding 0.050 mg/L (Alexander Eckhardt, Federal Environment Agency, 229 

Germany, personal communication, August 2020). In the UK, four seasonal monitoring surveys were 230 

conducted on final drinking-water for up to 20 sites in England and Wales identified as being at potential 231 

risk of high manganese concentrations; 18 of these were public supplies and two were private supplies. In 232 

general, low levels of total manganese ranging from <0.1 to 11 μg/l, were reported (WRc, 2014). Among 233 

over 44,000 drinking-water compliance samples taken in England and Wales in 2016, only 16 exceeded 50 234 

µg/L; the maximum value reported was 706 µg/L and the 95%ile was 3.4 µg/L (pers. comm. P K Marsden, 235 

DWI, April 2017). 236 

 237 

Low levels of manganese in source or treated water (current or historic) may accumulate in the distribution 238 

system and periodically lead to high levels of manganese at the tap. In addition, other contaminants (such 239 

as heavy metals) that deposit with manganese oxides in the distribution system may also be released into 240 

the water and reach consumers' taps (Friedman et al., 2010; Brandhuber et al., 2015). 241 

 242 

Exposure to high levels (400 to 1700 μg/L) of manganese in drinking-water have been reported in some 243 

regions, including low- or middle-income countries such as Bangladesh, Burma, China and India (He et al., 244 

1994; Wasserman et al., 2006; Bacquart et al., 2012, 2015). Recent survey data from Costa Rica showed 245 

manganese levels up to 980 μg/L (provided by Dr Darner Mora Alvarado, Laboratorio National de Aguas, 246 

personal communication, June 2018). 247 

 248 

3.4 Speciation of manganese in water 249 

The concentration of manganese in ground and surface waters is governed by the local chemical 250 

environment (including, organic carbon content, cation exchange capacity, pH, Eh (measure of the redox 251 

state of a solution), mineral and particulate content), as this determines manganese speciation and, in turn, 252 

solubility (Stokes et al., 1988; Kohl & Medlar, 2006). The most common oxidation states in which 253 

manganese is found in water are Mn(II), Mn(IV) and Mn(VII) (Stokes et al., 1988; ATSDR, 2012; Rumsby 254 

et al., 2014)). The Mn(III), Mn(V) and Mn(VI) oxidation states are not stable in neutral (pH ≈ 7) solutions. 255 

In reducing environments and acidic media, and in the presence of nitrates, sulphates and chlorides, Mn(III) 256 

and Mn(IV) are reduced to Mn(II) (Stokes et al., 1988; Kohl & Medlar, 2006; ATSDR, 2012). At alkaline 257 

pH (pH > 8-9) and in the presence of oxidizing conditions (such as chlorine and ozone) Mn(II) is converted 258 

to Mn(IV) resulting in precipitation of manganese as Mn(IV) compounds, which are found as particulates 259 
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in water (Kohl & Medlar, 2006). 260 

 261 

A UK study (WRc 2014) measured total and soluble manganese in 18 public supplies. The soluble 262 

manganese was reported as Mn(II) and the difference between the total and soluble was reported as Mn 263 

(IV). The Mn(II)/ Mn(IV) ratio varied from 8.3 to 0.04 but was typically about 1.4, indicating slightly more 264 

Mn(II) than Mn(IV) was present in drinking water.  265 

    266 

3.5  Bioaccumulation 267 

Manganese can bioaccumulate in lower organisms (e.g. phytoplankton, algae, mollusks and some fish) 268 

but not in higher organisms; biomagnification in food chains is not expected to be very significant 269 

(ATSDR, 2012). 270 

 271 

3.6  Estimated total exposure and relative contribution of drinking-water 272 

Manganese is essential to proper physiological function in both humans and animals. It is required as 273 

a component or co-factor for many cellular enzymes (e.g. manganese superoxide dismutase, 274 

pyruvate carboxylase) and it can serve to activate many others (e.g. kinases, decarboxylases, transferases, 275 

hydrolases) that are also activated by similar divalent cations (IPCS, 2002). The highest exposure to 276 

manganese is usually from food and is estimated to range from 2 to 6 mg manganese/day in adults, although 277 

higher values have been reported (see section 3.2).  278 

 279 

Manganese intake from drinking-water is normally substantially lower than intake from food. At the 280 

drinking water concentrations described above (Section 3.3), the intake of manganese from drinking water 281 

could be one or more orders of magnitude less than intake from food, assuming a daily water intake of 2 282 

L.  283 

 284 

There is a potential for increased exposure to manganese in bottle-fed infants compared to breast fed infants 285 

– from the powdered formula itself as well as the tap water used to prepare the formula. As noted in section 286 

3.1 and 3.3, there is high variability of manganese in drinking-water and in -breast milk substitutes. 287 

However, in 4-18 month-old children in the UK, the exposure to manganese from tap water (2-15 µg/L) 288 

was found to make a negligible contribution to total exposure (Committee on Toxicity, 2020). Further, once 289 

solid foods are introduced, the contribution from formula becomes less significant. 290 

 291 

Exposure to manganese from air is generally several orders of magnitude less than that from the diet, 292 

typically around 0.04 ng/day on average (USEPA, 1990), although this can vary substantially depending 293 

on proximity to a manganese source. In addition the relative immaturity of the hepatobiliary excretion of 294 

manganese in infants is a contributory factor in increasing the internal dose or body burden in this age 295 

group. 296 

 297 

Care should be taken when extrapolating estimated intakes from different sources to the relative uptake 298 

from each source, as factors such as bioavailability and manganese speciation play key roles in uptake and 299 

potential toxicity (Health Canada, 2019). 300 

 301 

  302 
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4 TOXICOKINETICS AND METABOLISM IN HUMANS AND ANIMALS  303 

 Absorption 304 

Following ingestion, manganese is subject to homeostatic control through both regulation of its absorption 305 

across the gastrointestinal tract and its hepatobiliary excretion. However, following inhalation exposure, 306 

manganese may bypass this homeostatic control and be transported to the brain via the olfactory system 307 

(Aschner et al., 2005; Roth, 2006). Therefore, the absorption of manganese via inhalation differs 308 

significantly from absorption through ingestion of drinking water. 309 

 310 

Absorption of manganese across the gastrointestinal tract is regulated by normal physiological processes to 311 

help maintain manganese homeostasis. Absorption has been suggested to take place through an active 312 

transport mechanism (Garcia-Aranda et al., 1984) and passive diffusion (Bell et al., 1989). The metabolism 313 

of manganese, including its absorption has been more recently reviewed by Chen et al., 2018. 314 

 315 

A 7-week study in which seven adult male volunteers ingested high-fibre diets which naturally contained 316 

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 317 

7.6% ± 6.3% of the manganese was absorbed during weeks 5–7, with no measurable net retention of 318 

manganese (Schwartz et al., 1986). Similarly, an average absorption of 8.4% ± 4.7% was observed in 319 

seven adults ingesting infant formula containing manganese (Sandström et al., 1986). Johnson et al. (1991) 320 

studied the absorption of radiolabelled manganese from various plant foods in adult men and women 321 

and reported that the absorption ranged from 1.4% to 5.5% and was significantly lower than the mean 322 

values of 7.8–10.2% from controls receiving Mn(II) chloride dissolved in water. Similarly, a mean 323 

manganese absorption of 6.0-6.2% was observed from chard (Davidsson et al., 1991). Oral studies in 324 

animals generally yield similar absorption results (Pollack et al., 1965; Davis et al., 1993; Finley et al., 325 

1997; Zheng et al., 2000). EFSA notes that the absorption of manganese across the GI tract in adults is 326 

below 10% (EFSA, 2013). 327 

 328 

In infants, manganese absorption from the GI tract may be higher than adults (Keen et al., 1986; Davidsson 329 

et al., 1988a; Johnson et al., 1991; Finley et al., 1994; IOM, 2001; Health Canada, 2010) with up to 40% 330 

retention reported (Neal & Guilarte, 2013; Dorner et al, 1989). This may be attributable to a compensatory 331 

mechanism related to increased metabolic needs of infants in comparison with adults (Santamaria, 2008). 332 

It should be noted however, that the increased absorption may place neonates and infants at greater risk of 333 

exposure to high levels of manganese than older children and adults (Neal & Guilarte, 2013). 334 

 335 

Several factors can influence the degree to which manganese in foods is absorbed upon ingestion. These 336 

include intake of dietary fibre, oxalic acids and phytic acids, which tend to decrease manganese 337 

absorption, in some cases substantially (Chen et al, 2018; Gibson, 1994; IOM, 2001; USEPA, 2002; 338 

Aschner, et al., 2005; ATSDR, 2012). Since absorption iron and manganese are substrates of the same 339 

transport system (Davis et al., 1992a), the absorption of manganese is closely linked to iron absorption; 340 

iron-deficient diets lead to an increased absorption of both iron and manganese (Thomson et al., 1971; 341 

Sandström et al., 1986; Finley, 1999), independent of manganese body stores (Mena et al., 1969; Chandra 342 

& Shukla, 1976; Shukla et al., 1976; Finley & Davis, 1999; Arnich et al., 2004). The absorption of 343 

manganese is also related inversely to the level of calcium in the diet (Schroeder et al., 1966; 344 

McDermott & Kies, 1987; Lutz et al., 1993). Certain constituents of tea, such as tannins, can result 345 

in reduced manganese absorption (Freeland-Graves & Llanes, 1994).  346 

 347 

Although some studies report no statistically significant difference in the bioavailability (i.e. the fraction of 348 

intake that enters systemic circulation) of manganese when ingested in water compared to in food (Foster 349 
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et al., 2015), the absorption and bioavailability of manganese from drinking water (in a fasted state) has 350 

been suggested to be greater than from food in other published literature and other risk assessments (Ruoff, 351 

1995; U.S. EPA, 2002; Bouchard et al., 2011; Health Canada, 2019). Reliable quantitative data comparing 352 

the bioavailability and absorption of different chemical forms of manganese from drinking water was not 353 

found. 354 

 355 

Some constituents of both infant formula and breast milk may also affect manganese bioavailability. Breast 356 

milk substitutes made from soy protein contains high levels of phytic acids and vegetable proteins, which 357 

probably decrease manganese bioavailability (Keen et al., 1986). If the formula is also iron-fortified, as 358 

indicated above manganese bioavailability may be negatively affected,  since the use of the same transport 359 

system to cross the gut mucosa, results in competition between non-heme iron and manganese (Davis et al., 360 

1992a), although studies on the inhibitory influences of iron have produced conflicting results (Freeland-361 

Graves, 1994).  362 

 363 

Absorption of manganese from breast milk (8.2% ± 2.9%) consumed by adults has been reported to be 364 

higher than from cow’s milk (2.4% ± 1.7%) or soy formula (0.7% ± 0.2%), as measured by use of extrinsic 365 

labeling and whole-body retention measurements. The difference in absorption may be due to manganese 366 

speciation differences, as well as levels of lactoferrin (Davidsson et al., 1989a; USEPA, 1997, Health 367 

Canada 2019). It should be noted that Davidsson et al. (1989a) performed their studies in adults; 368 

however, neonates retain higher levels of manganese, with up to 20% retention reported in formula-fed 369 

infants (Aschner & Aschner, 2005) (See section 4.4).  370 

 371 

Soluble manganese such as manganese chloride has been reported to be more readily absorbed than the 372 

complex-associated trivalent oxidation state of manganese found in human milk (Roels et al., 1997). This 373 

complex can bind lactoferrin, and lactoferrin receptors in the brush border membranes of epithelial cells 374 

throughout the length of the small intestine subsequently regulate its uptake from the GI tract. Unlike 375 

manganese chloride, infant formula contains manganese in the divalent oxidation state. This divalent state 376 

does not bind to lactoferrin, and therefore lactoferrin receptors cannot regulate intestinal uptake (Erikson 377 

et al., 2007; Health Canada, 2019). 378 

 379 

Studies in rats have demonstrated that young animals absorb significantly more manganese from the 380 

gut than do mature animals (Lönnerdal et al., 1987). Also, experimental animal studies have shown that 381 

manganese crosses the blood–brain barrier in neonates at a rate four times higher than that in adults 382 

(Mena, 1974).   383 

 384 

In humans, GI absorption of manganese appears to be influenced by gender, with higher levels of absorption 385 

reported in females than in males. This may be related to the lower iron status in women and their higher 386 

iron requirement (Finley et al., 1994). 387 

 388 

 Distribution 389 

Following ingestion and absorption, manganese is distributed via the systemic circulation to all tissues of 390 

the body, with the highest levels usually being found in the liver, kidney, pancreas and adrenals (Tipton & 391 

Cook, 1963; Sumino et al., 1975; Aschner and Aschner, 2005; ATSDR, 2012). It accumulates preferentially 392 

in certain regions of the brain in infants and young animals (Zlotkin & Buchanan, 1986; Kontur & Fechter, 393 

1988; Chan et al., 1992; Lai et al., 1999). Within blood, manganese may be present in plasma (bound to 394 

albumin), red blood cells (bound to hemoblobin), and also in white blood cells. Chemical form and 395 

solubility of manganese can influence its distribution (Health Canada, 2019).  396 
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 397 

Exposure of fetuses, neonates and pups resulting from maternal exposure is reported to be possible, given 398 

that manganese crosses the placental barrier and may be found in milk (Health Canada, 2019). 399 

 400 

 Metabolism 401 

Mn (II) is the predominant form in biological systems, however in many enzymes it is present as Mn (III) 402 

(Utter, 1976; Leach & Lilburn, 1978; Aschner et al., 2005). This suggests that over time, Mn (II) in plasma 403 

is oxidised to Mn (III) (ATSDR, 2012), although the mechanisms involved in this conversion are not fully 404 

elucidated (Roth, 2006). The valence state of manganese is reported to influence the retention of manganese 405 

and its toxicity (Yokel et al., 2006; Health Canada, 2019)  406 

 407 

 Elimination 408 

The principal route of elimination of manganese from the body is fecal elimination via hepatobiliary 409 

excretion (ATSDR, 2012), with only a small proportion (0.1-2%) being eliminated in the urine (Davis & 410 

Greger, 1992; Park et al., 2003). Small amounts of manganese are also excreted in sweat, hair, nails, and 411 

the milk of lactating mothers (Roels et al., 1992; Merian et al., 2004; Health Canada, 2010). 412 

 413 

As noted above, neonates retain higher levels of manganese than adults. Manganese body burden in infants 414 

may be influenced by the fact that the biliary excretion system, which is the primary route of manganese 415 

excretion, is not completely developed in human infants (Lönnerdal, 1994). Dörner et al. (1989) reported 416 

high retention of manganese in infants ingesting both human milk and cow’s milk formulas, with absolute 417 

retention being highest in formula-fed infants. In addition, the manganese contents of erythrocytes in infants 418 

up to the age of six weeks are 7–9% higher than those in adults (Hatano et al., 1985). Collipp et al. 419 

(1983) reported manganese levels in hair that increased significantly from birth (0.19 µg/g) to six weeks 420 

(0.865 µg/g), and remained elevated at four months (0.685 µg/g) of age in infants given breast milk 421 

substitutes, whereas infants given breast milk exhibited no significant increase. 422 

 423 

The use of urinary manganese as a biomarker of exposure can be problematic because it reflects short-term 424 

exposure of only a few hours (Andersen et al., 1999; Signes-Pastor et al., 2019). Other biomarkers of 425 

manganese exposure include blood concentration, with background levels ranging from 6.7 to 7.6 µg/ml 426 

(Roels et al., 1992; Mergler et al., 1994; Loranger & Zayed, 1995), hair concentration (Fergusson et al., 427 

1983; Chutsch & Krause, 1987; Eastman et al., 2013), and toenail concentration (Signes-Pastor et al., 2019).  428 

 429 

Although manganese levels in blood do not reflect long-term exposure, the blood platelet monoamine 430 

oxidase should be taken into consideration as an early biochemical indicator for adverse oxidative effects 431 

of manganese (Benedetti & Dostert, 1989; Humfrey et al., 1990; Abdelouahab et al., 2010). In an 432 

evaluation of manganese biomonitoring, Michalke et al. (2015) noted that: (a) manganese exposure in the 433 

central nervous system is not necessarily associated with total manganese increases in blood or serum, (b)  434 

blood and serum manganese concentrations amongamong , and exposed vs. unexposed cohorts are often 435 

not significantly different, and (c) that manganese-citrate in serum, rather than total manganese in serum, 436 

may provide a more accurate estimate of manganese in the cerebrospinal fluid. 437 

 438 

Hair has been used as a longer-term biomarker of exposure in epidemiological studies, although proper 439 

treatment is required to ensure any potential exogenous manganese contamination is removed, such that 440 

only internal manganese that is metabolically incorporated is considered (Eastman et al., 2013). 441 

   442 

More recently, toenail samples have been reported to be reliable biomarkers of environmental manganese 443 
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exposure, including exposure to manganese from drinking water (Signes-Pastor, A.J. et al, 2019). In theory, 444 

the slow growth of nails could provide an indication of exposure over several months (Signes-Pastor et al., 445 

2019). 446 

 447 

In comparison to adults, it is known that infants, and especially neonates, have a reduced capacity for biliary 448 

excretion (Cotzias et al., 1976). Consequently, neonates and young children will acquire a higher body 449 

burden of manganese from a given exposure than will adults; this, along with the important 450 

neurodevelopmental processes occurring in neonates, renders them particularly susceptible to toxicity from 451 

exposure to manganese (Neal and Guilarte, 2013; Health Canada, 2019 ). 452 

 453 

 Physiologically-based pharmacokinetic (PBPK) models  454 

PBPK models have been developed for manganese in several species including rats, monkeys and humans 455 

(reviewed by Health Canada, 2019). Models for monkeys and humans (Schroeter et al., 2011; 2012) allow 456 

estimation of manganese concentrations following multi-route exposure (ingestion, inhalation and 457 

injection) in numerous tissues (including, liver, lung, nasal cavity, bone, blood, olfactory bulb, cerebellum, 458 

globus pallidus and pituitary gland). The models also account for differences in manganese tissue-binding 459 

capacities, preferential fluxes of manganese in specific (brain) tissues and homeostatic control processes 460 

(i.e., reduced intestinal absorption and induced biliary secretion at elevated levels of exposure). The models 461 

could be useful for estimating manganese exposure levels that would cause an increase in tissue 462 

concentrations (Shroeter et al., 2011; Gentry et al., 2017). However, as the human model has not been 463 

validated against actual measurements in brain tissue, simulations for brain tissue using the model would 464 

need to be treated with caution (Health Canada, 2019).  A human model recently developed to predict brain 465 

manganese based on blood manganese data from occupational epidemiological data demonstrated 466 

consistency between model predictions and measured data (Ramoju et al., 2017).   Further, Yoon et al. 467 

(2019) have updated a previously published model that includes drinking water as an exposure source for 468 

manganese and predicts bioavailability of manganese from drinking water in children. The authors 469 

indicated that based on model simulations, children did not appear to be at a greater risk from drinking 470 

water manganese than adults, however more data and validation are needed.  471 

 472 

5 EFFECTS ON HUMANS 473 

 Essentiality 474 

Manganese is an essential element for many living organisms, including humans. Some enzymes 475 

structurally require manganese (e.g. manganese superoxide dismutase), and some are activated by the 476 

element (e.g. kinases, decarboxylases). Adverse health effects can be caused by inadequate intake or 477 

overexposure. Manganese deficiency in humans appears to be rare because manganese is present in 478 

many common foods. A specific deficiency syndrome has not been clinically described in humans (IOM, 479 

2001). In male subjects fed a conventional diet providing 2.59 mg manganese/day for three weeks 480 

(baseline), followed by a purified diet containing 0.11 mg manganese/day for 39 days, adverse effects were 481 

described. These included, dermatitis and miliaria crystalline (prickly heat/heat rash) in five of the seven 482 

subjects at the end of the depletion period, however these disappeared as repletion began (Friedman et al., 483 

1987). 484 

Requirements for manganese have not been established due to inadequate data (WHO, 1996, EFSA 2013, 485 

IOM 2001). Accordingly, some institutions have established Adequate Intakes based primarily on studies 486 

of reported intakes, such as in the US (IOM, 2001) and the EU (EFSA, 2013). The Food and Nutrition 487 

Board of the Institute of Medicine (IOM, 2001) has  set Adequate Intake levels for manganese at 2.3 488 

mg/day for men and 1.8 mg/day for women. Adequate Intake levels for manganese for other age groups 489 
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were set as: 0.003 mg/day for infants from birth to 6 months, 0.6 mg/day for infants from 7 months to 490 

1 year, 1.2 mg/day for children aged 1–3 years, 1.5–1.9 mg/day for children aged 4–13 years and 1.6–491 

2.3 mg/day for adolescents (IOM, 2001). EFSA also applied an Adequate Intake approach (2013), 492 

proposing 3 mg/day for all adults, including pregnant and lactating women. An Adequate Intake of 0.02-493 

0.5 mg/day was proposed for infants from 7-11 months, reflecting the wide range of intakes in this age 494 

group that appears adequate. Adequate Intake levels for manganese for other age groups were established 495 

at 0.5 mg/day in children aged 1-3, to 3.0 mg/day for adolescents. 496 

 497 

The IOM (2001) set a Tolerable Upper Intake Level (UL) of 11 mg/day for adults, based on a review of 498 

manganese intake for adults eating typical Western and vegetarian diets which was reported to range from 499 

0.7 to 10.9 mg of manganese per day (Greger, 1999; IOM, 2001. This was supported by evidence reported 500 

by Davis & Greger (1992) that women given daily supplements of 15 mg of manganese (as an amino acid–501 

chelated manganese supplement) for 90 days experienced no adverse effects other than a significant 502 

increase in lymphocyte manganese-dependent superoxide dismutase, a biomarker that increases in direct 503 

relation to manganese exposure (Greger, 1998, 1999).  504 

 505 

The Expert Group on Vitamins and Minerals (EVM) conducted an evaluation of data to establish a Safe 506 

Upper Limit (SUL) for manganese in the diet (EVM, 2003). Although it was concluded that no SUL could 507 

be derived for manganese, an acceptable total dietary intake of 12.2 mg/day for the general population and 508 

8.7 mg/day for older adults was thought appropriate. EVM considered two large cohort studies in their 509 

evaluation (Vieregge et al., 1995 and Kondakis et al., 1989), both of which assessed neurotoxicity as an 510 

endpoint following drinking-water exposure to manganese. Of the two studies evaluated, EVM considered 511 

that reported by Vieregge et al. to be the most robust. In this, manganese burden was assessed in a cross-512 

sectional study of adults (mean 57 years of age, range of 41-86 years of age) in rural Germany with 10-40 513 

years exposure to drinking-water supplied from well water. Two groups homogeneous with regards to age, 514 

sex, nutritional habits and drug intake were established, based on manganese levels in well water: Group A 515 

were exposed to levels > 0.3 mg/L (range 0.3 – 2.16 mg/L) and Group B to levels <0.05 mg/L, with both 516 

having durations of exposure to the water source for up to 40 years. Neurological assessment of 517 

Parkinsonian symptoms (Columbia University Rating Scale) was carried out by clinicians blinded to the 518 

exposure status. The authors reported no significant difference in neurological outcome between the two 519 

groups.  520 

 521 

 Acute exposure 522 

No studies to assess potential adverse effects following acute exposure to manganese in humans were 523 

identified.  524 

 525 

 Short-term exposure 526 

Accidental ingestion of low doses of potassium permanganate (about 1.8 mg manganese/kg bw/day) for 4 527 

weeks in a 66-year-old man was associated with muscle weaknesses and neurological disturbances such as 528 

impaired mental capacity (Holzgraefe et al., 1986; Bleich et al., 1999). However, the quantitative and 529 

qualitative details of exposure necessary to establish direct causation to manganese are lacking. 530 

Consumption of hydrated manganese sulfate (three table spoons daily, total duration unknown) was 531 

associated with lethargy, vomiting, abdominal pain, profuse diarrhea, liver failure, acute renal injury, acute 532 

respiratory distress, myocardial dysfunction, shock with lactic acidosis and death within 72 hours in a 50-533 

year old man undertaking a protein-free diet and consuming several herbal teas during a liver-cleansing diet 534 

(Sanchez et al., 2012). 535 
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 Long-term exposure 536 

5.4.1 Systemic effects 537 

There is a lack of data concerning systemic toxic effects in humans following ingestion of manganese. This 538 

may be due to the homeostatic mechanisms that strictly control levels of manganese absorbed following 539 

oral exposure and protect the body from the toxic effects of excess manganese. A possible association 540 

between manganese exposure and infant mortality was reported by Hafeman et al. (2007).  In Bangladesh, 541 

infants (< 1 year) exposed to manganese in water at levels ≥ 0.4 mg/L experienced elevated mortality during 542 

the first year of life as compared with unexposed infants [odds ratio (OR) = 1.8; 95% confidence interval 543 

(CI), 1.2–2.6]. The data were adjusted for water arsenic, indicators of social class, and other variables 544 

without an appreciable impact on the results.  545 

 546 

In a pilot study carried out across counties in North Carolina, Spangler and Spangler (2009) reported that 547 

for every log increase in groundwater manganese concentration, there was a 2.074 increase in county level 548 

infant deaths per 1,000 live births after; adjustments were made for low birth weight, economic status, 549 

education and ethnicity.  550 

 551 

The interpretation of the findings of these studies is limited because other confounding exposures, in 552 

addition to manganese exposure, could have been responsible for the deaths reported.  553 

 554 

Organ-specific adverse effects are reported in the relevant sections below.   555 

 556 

5.4.2 Neurologic effects 557 

Evidence of adverse effects resulting from chronic exposure to high levels of manganese in humans is 558 

mainly derived from occupational inhalation exposures. The central nervous system is the chief target of 559 

manganese toxicity. Neurotoxic effects resulting from exposure to manganese can be categorized as those 560 

affecting (1) behavioral endpoints (including information related to altered reflex, motor activity, learning, 561 

memory, or sensory alterations), (2) structural endpoints (including gliosis and neuroinflammation, in 562 

addition to neurostructural alterations), and (3) neurochemical endpoints (altered neurotransmitter systems) 563 

(Health Canada, 2019).  564 

 565 

The neurological impacts of inhaled manganese have been well documented in workplace studies of 566 

humans chronically exposed to elevated levels (Canavan et al., 1934; Cook et al., 1974; Roels et al., 1999; 567 

ATSDR, 2012).  The syndrome known as “manganism” is caused by exposure to very high levels of 568 

manganese dusts or fumes and is characterized by a “Parkinson-like syndrome” that includes weakness, 569 

anorexia, muscle pain, apathy, slow speech, a monotonous tone of voice, an emotionless “mask-like” facial 570 

expression and slow, clumsy movement of the limbs. In general, these effects are irreversible. Some motor 571 

functions may be affected following chronic exposure to levels of manganese of ≤1 mg/m3 (if the inhaled 572 

manganese is respirable). Overt, clinical symptoms of manganism have also been reported following 573 

chronic exposure to high levels of manganese (e.g. 730 µg/m3 for respirable dust)  (Roels et al., 1992; 574 

Mergler et al., 1994). Indeed, subclinical neurological effects including decreased performance on 575 

neurobehavioral tests; significantly poorer eye-hand coordination, hand steadiness, and reaction time; 576 

poorer postural stability; and lower levels of cognitive flexibility, have been described in workers exposed 577 

to air manganese concentrations in the range 0.07 to 0.97 mg manganese/m3 (ATSDR, 2012). 578 

 579 

By the oral exposure route, manganese is regarded as one of the least toxic essential elements. However, 580 

due to toxicokinetic differences between inhalation and oral intakes there is some controversy as to whether 581 

the neurological effects observed with inhalation exposure also occur following chronic oral exposure. 582 

Accidental ingestion of 125 ml of a 8% solution of potassium permanganate within four weeks was 583 
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associated with impaired mental capacity and muscle weakness after several weeks. After nine months a 584 

Parkinson’s like syndrome was noted (Holzgraefe et al., 1986).  585 

 586 

A number of epidemiological studies reported neurological effects in adult populations exposed to high 587 

environmental manganese concentrations (e.g. Kawamura et al. 1941 – in drinking-water possibly up to 28 588 

mg/L; Florence & Stauber, 1989 – in soil; Kondakis et al., 1989 – in drinking-water up to 2.3 mg/L;  Iwami 589 

et al., 1994 – food and water with higher concentrations in food) However no neurological effects were 590 

found in another epidemiological study of the adult population exposed to manganese in drinking-water at 591 

a level of up to 2.2 mg/L (Vieregge et al., 1995). Due to limitations in the exposure assessment methods 592 

and related uncertainty in the actual exposure concentrations in the study populations, the epidemiological 593 

data are insufficient to evaluate the causal relationship between manganese exposure and neurological 594 

effects. 595 

 596 

As previously discussed, infants and children are potentially a sensitive group with regards to exposure to 597 

high levels of manganese. Case studies report potential neurological effects and/or behavioural problems 598 

in children following oral exposure to high levels of manganese (Woolf et al., 2002; Sahni et al., 2007), 599 

although the findings are often limited in terms of defining causality. 600 

 601 

A large number of cross-sectional epidemiological studies have been carried out, particularly in recent 602 

years, to assess potential adverse neurological outcomes (including behavioural disinhibition, and lower 603 

scores in tests of executive function, reading and digit agility tests) in children and infants following 604 

environmental exposure to elevated levels of manganese in drinking-water and/or food (e.g. He et al. 1994; 605 

Zhang et al. 1995; Wasserman et al. 2006, 2011; Wright, 2006; Bouchard et al. 2007, 2011; Kim et al. 2009; 606 

Farias et al. 2010; Claus Henn et al. 2010, 2011; Riojas-Rodríguez et al., 2010; Khan et al., 2011, 2012; 607 

Menezes-Filho et al., 2011; Oulhote et al., 2014; Yu et al., 2014; Haynes et al.,2015; and reviews of studies 608 

by Bjørklund et al. 2017; Iyare, 2019; Kullar et al. 2019). None of these studies are sufficiently robust to 609 

be a key study on their own, because of a number of limitations often related to the study design of the 610 

epidemiological study or to the exposure assessment. However, all together they provide the overall weight 611 

of evidence supporting to the human relevance of neurotoxicity as the key endpoint. Given that many of 612 

the earlier (pre-2011) epidemiology studies were reviewed by ATSDR (2012), only a limited number of 613 

early studies and those published after 2012 are discussed below.  614 

 615 

Canadian children aged 6 – 13 years exposed to well drinking-water with high (0.61 mg/L) or low (0.16 616 

mg/L) manganese concentrations were estimated to have daily exposures of 0.02 mg manganese/kg bw per 617 

day and 0.007 mg manganese/kg bw per day respectively. Manganese levels in hair were found to be 618 

significantly higher in those exposed to high concentrations of manganese in drinking-water. In this pilot 619 

study, a statistically significant relationship between increased levels of oppositional behaviours (breaking 620 

rules, getting annoyed or angered, and hyperactivity) and increased levels of manganese in drinking-water 621 

was established (Bouchard et al., 2007). No manganese-related differences were observed for tests related 622 

to cognitive problems (disorganization, slow learning, lack of concentration). In a follow-up study, the 623 

authors assessed intellectual function in Canadian children aged 6-13 years in relation to manganese intake 624 

from water and food (estimated as 0 – 0.03 mg/kg bw per day and 0.01 – 0.44 mg/kg bw per day 625 

respectively). Findings demonstrated associations between increased estimated manganese intakes from 626 

water and intellectual impairment in children, as reflected in Full Scale and Performance IQ scores. Higher 627 

concentrations of manganese measured in hair was also associated with a lower score for Full Scale IQ, and 628 

manganese levels in hair increased with increased consumption of manganese from drinking-water, but not 629 

from food. (Bouchard et al., 2011).    630 

 631 
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An analysis of the Canadian school-aged cohort by Oulhote et al. (2014) described associations of exposure 632 

to manganese, determined from measurements in water and hair, with adverse effects on memory, attention, 633 

motor function, and parent- and teacher-reported hyperactive behaviors. The authors concluded that 634 

exposure to manganese in water was associated with poorer neurobehavioral performances in children, even 635 

at low levels (a steeper decrease in memory and motor function was reported at drinking-water 636 

concentrations of 100 µg/L and 180 µg/L, respectively). There was no significant association between 637 

manganese exposure and hyperactivity.  638 

 639 

A follow-up assessment of this cohort at age 10.5 – 18 years (n=287) has recently been reported, using the 640 

same methodology (Dion et al., 2018). Tap water manganese ranged from 0.2 – 90 µg/L (geometric mean 641 

of 14.4 µg/L), with 40% of the cohort being exposed to levels > 50 µg/L. The authors reported that higher 642 

levels of manganese in tap water were associated with lower Performance IQ scores in girls and higher 643 

Performance IQ in boys. The authors propose that this finding may indicate a gender-related difference in 644 

manganese toxicity. In addition, a significant decrease in Performance IQ scores was reported for those 645 

children who had been exposed to higher concentrations of manganese between the prior first study and the 646 

follow-up assessment. However, this only related to a small number of households. Thus, the finding should 647 

be interpreted carefully. The hair manganese exposure biomarker was not significantly associated with IQ 648 

score in this follow-up study.   649 

 650 

These studies have limitations that need careful consideration when interpreting findings, including: (1) the 651 

cross-sectional design of the studies does not allow causality to be established (Bouchard et al., 2007, 2011; 652 

Oulhote et al., 2014), (2) the studies did not account for potential prenatal manganese exposure, (3) there is 653 

no consideration of metabolic or genetic disorders that could alter manganese absorption and excretion, and 654 

(4) the number of participants was small with 46 children evaluated in the Bouchard et al (2007) pilot study, 655 

362 children enrolled in the Bouchard et al. (2011) baseline study and 287 children enrolled in the Dion et 656 

al. (2018) follow-up study). Potential confounding factors including the consumption of water from other 657 

sources and smoking in the household were not evaluated in the Bouchard et al. (2007) pilot study but were 658 

evaluated in the subsequent Bouchard et al. (2011) and Dion et al. (2018) studies.  659 

 660 

In an additional publication, Bouchard et al, (2018) assessed the IQ scores of 259 children aged 5.9 – 13.7 661 

years from 189 households in New Brunswick, Canada, against additional indicators of manganese 662 

exposure from drinking-water: (1) concentration in tap water; (2) intake from the consumption of water 663 

divided by child’s weight; (3) manganese concentration in children’s hair, toe nail clippings, and saliva. 664 

These biomarkers are considered by the authors to represent accumulation of manganese following long-665 

term, low-level exposure (see also Ntihabose et al. 2018). Exposure levels from drinking-water were 666 

generally lower [geometric mean of 5.96 µg/L (range of <0.03 – 1046 µg/L)] than those reported in the 667 

author’s previous studies with a different cohort (Bouchard et al., 2011). In 48% of children, exposure levels 668 

were <5 µg/L and in 4% of children levels were >400 µg/L. There was no clear evidence of an association 669 

between exposure to manganese and cognitive development in the cohort, although the authors suggested 670 

possible sex-specific associations between measured manganese concentrations and Performance IQ 671 

scores. In boys, Performance IQ scores were better with higher manganese concentrations, whereas in girls, 672 

higher manganese concentrations were associated with poorer Performance IQ scores. It should be noted, 673 

however, that significance of this observation was not established for all parameters measured. 674 

 675 

A pooled and sex-stratified analysis of cross-sectional study data from two Canadian populations suggests 676 

that boys are less sensitive to manganese exposure-related decrements in Performace IQ than girls; 677 

benchmark concentration levels (BMCLs) of 75, 153, and 386 µg/L corresponded to decrements in 678 

Performance IQ of 1%, 2%, and 5% respectively in boys, whereas BMCLs of only 9, 21, and 74 µg/L 679 
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corresponded to similar decrements in Performance IQ in girls. Limitations described above preclude the 680 

use of this work for quantitative risk analysis, but the study’s findings nonetheless support neurotoxicity as 681 

a key endpoint of concern following exposure to manganese in drinking water (Kullar et al, 2019). 682 

 683 

In a prospective cohort study, Rahman et al. (2017) evaluated the effects of exposure to manganese in 684 

drinking-water on cognitive and behavioural effects in school children in Bangladesh (n = 1265), for a 685 

period that covered from conception to 10 years of age.  Exposure levels were in the range 0.001 – 6.6 mg/L 686 

(median of 0.2 mg/L) during pregnancy, and <0.001 – 8.7 mg/L (median of 0.34 mg/L) at 10 years. As 687 

arsenic was also present in the drinking-water, the manganese statistical analysis was restricted to the 688 

children with low arsenic exposure. The authors reported that pre-natal exposure to manganese (< 3 mg/L) 689 

in drinking-water was positively associated with cognitive function in girls, whereas boys appeared to be 690 

unaffected.  In boys, early life exposure to manganese in drinking-water was associated with a decreased 691 

risk of emotional problems [odds ratio(OR)=0.39 (95% CI:0.19,0.82)]. In girls, there was an association 692 

between prenatal exposures and low prosocial scores [OR=1.48(95%CI:1.06,1.88)].  693 

 694 

Henn et al. (2017) reported a prospective birth cohort study that assessed associations between prenatal 695 

manganese exposure and placental transfer, and neurodevelopment in 2-year old children (n = 224) living 696 

near a former mining area in rural Oklahoma, USA. The concentration of manganese in maternal blood at 697 

or near the time of delivery was associated with lower neurodevelopment scores at 2 years of age. When 698 

adjusted for potential confounders including arsenic and lead, maternal blood manganese levels 699 

(interquartile range, IQR) was associated with a reduction in mental and psychomotor indices (MDI and 700 

PDI) of -3.0 (95%CI: -5.3, -0.7) and -2.3 (95%CI: -4.1, -0.4) points respectively. Cord manganese 701 

concentration was not associated with the neurodevelopment scores. The authors highlight several 702 

limitations of the study including the potential influence of sample collection timing on manganese levels, 703 

given that little is known about how levels of manganese in maternal blood vary during labour and delivery, 704 

the small sample size and potential sampling bias due to loss at follow-up. 705 

 706 

The potential joint action of manganese and lead on full scale and verbal IQs was assessed in a study of 707 

Korean children (average age 9.6 years). Participants were separated into two groups, based on blood 708 

manganese levels of <14 μg/L (n=131) and >14 μg/L (n=130), with blood lead levels showing no difference 709 

between the two exposure groups. A significant inverse association was found between blood manganese 710 

and blood lead (combined group) with full scale and verbal IQ scores when the group was considered as a 711 

whole. Blood lead levels were shown to be a significant predictive variable for full scale and verbal IQ 712 

scores in the high manganese group, but not in the low manganese group. The authors concluded that the 713 

results are consistent with a joint toxic action of lead and manganese on full scale and verbal IQ scores 714 

(Kim et al., 2009).  715 

 716 

A longitudinal study of 448 children in born in Mexico investigated the neurotoxic effects of early-life 717 

exposure to manganese. Blood samples from children at age 12 and 24 months were measured, and mental 718 

and psychomotor development were scored between 12-36 months. The study reported a possible biphasic 719 

relationship for dose-response for manganese exposure and neurodevelopment, which the authors report 720 

would be consistent with the fact that manganese is an element that is both essential and toxic (Claus-Henn 721 

et al., 2010). The same author published a second study that evaluated manganese-lead interactions in the 722 

cohort and suggested a possible synergism between lead and excessive manganese in the impairment of 723 

mental and psychomotor skill development (Claus-Henn et al., 2012). 724 

 725 

In a study of school-aged children in Bangladesh, Khan et al. (2011) reported an association between 726 

increasing drinking-water manganese concentration and negative behavior in the classroom. The authors 727 
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adjusted for arsenic, sex, BMI, maternal education, and arm circumference as confounders. A follow-up 728 

study addressed the question whether there was a potential association between combined exposure to 729 

manganese and arsenic in drinking-water and academic achievement in school-aged children (n=840). 730 

Exposure to drinking-water containing manganese levels > 400 μg/L identified a significant association 731 

with decreased mathematics test scores after adjustment for confounders (i.e., arsenic, school grade, 732 

maternal education, paternal education, head circumference, and within-teacher correlations in rating the 733 

children) (Khan et al., 2012). These findings should be interpreted with caution as the possibility of co-734 

exposure to other neurotoxic substances such as lead could not be eliminated, and total manganese 735 

exposures were not well characterized.   736 

 737 

A meta-analysis that included articles published between January 2000 and March 2012 was carried out to 738 

assess the potential for an association between manganese, arsenic and cadmium exposure with 739 

neurodevelopment and behavioural disorders in children (Rodríguez-Barranco et al., 2013). Of the 17 740 

articles relating to manganese exposure, 14 reported a significant negative effect on neurodevelopment and 741 

behavioural disorders. Of these, four studies used measurements in hair as a biomarker of exposure (Wright, 742 

2006; Riojas-Rodríguez et al., 2010; Bouchard et al., 2011; Menezes-Filho et al., 2011). Rodríguez-743 

Barranco et al. (2013) suggested that a 50% increase in manganese levels in hair was associated with a 744 

decrease of 0.7 points in the IQ (performance and verbal) of children aged 6 – 13 years. However, the meta-745 

analysis was limited by the low number of subjects (n = 556). 746 

A longitudinal mutli-centre cohort study in China reported an association between high prenatal exposure 747 

to manganese (based on umbilical cord serum concentrations) and lower scores in Neonatal Behavioural 748 

Neurological Assessments (NBNA) in mother-newborn pairs (n=933) [adjusted ß=-1.1, 95% CI: -1.4-0.7, 749 

p<0.01)] after adjustment for confounders including parents’ age, education, incomes, occupation, and 750 

smoking status. Other variables evaluated included neonate gestational age, gender, birth weight, lead, and 751 

mercury exposures (Yu et al., 2014). Limitations to the assessment included lack of long-term follow-up 752 

and no consideration of socio-economic impacts on prenatal development.  753 

 754 

Haynes et al. (2015) described a significant association between high blood (> 11.2 μg/L) and high hair (> 755 

747 ng/g) manganese concentrations and lower full-scale IQ scores in US children aged 7-9 years (n=404), 756 

when compared with control groups (blood: 8.2–11.2 μg/L; hair: 207–747 ng/g). The authors reported an 757 

inverted U-shaped association between the biomarkers of blood and hair manganese and cognition, where 758 

both low and high blood and hair manganese concentrations were associated with lower Full Scale IQ and 759 

subscale scores. Significant negative associations between the highest and middle two quartiles of blood 760 

manganese were observed [(β -3.51; 95% CI: -6.64, -0.38) and hair manganese (β -3.66; 95% CI: -6.9, -761 

0.43%) and Full Scale IQ]. Confounders including creatinine, blood lead, community, gender, and parent’s 762 

IQ and education were considered and adjusted for by the authors. However, a degree of bias may have 763 

been introduced to the analysis through exclusion of some participants due to missing data on one or more 764 

model covariates, as well as exclusion of participants with high manganese levels. 765 

 766 

5.4.3 Reproductive and developmental effects 767 

No studies to assess the potential reproductive toxicity of manganese following oral exposure in humans 768 

were identified.  769 

 770 

A potential association between prenatal exposure to manganese and reduced birth weight was investigated 771 

in a number of studies (Zota et al., 2009; Yu et al., 2013; Chen et al., 2014; Eum et al., 2014; Guan et al., 772 

2014). However, none of these studies were able to establish a statistical link.  773 

 774 

As discussed in Section 5.4.2, there is some evidence of an adverse effect on neurodevelopment in infants 775 
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and children exposed to elevated manganese levels, including through drinking-water (He et al., 1994; 776 

Zhang et al., 1995; Wasserman et al., 2006, 2011; Bouchard et al., 2007, 2011; Kim et al., 2009; Farias et 777 

al., 2010; Claus Henn et al., 2010, 2012; Khan et al., 2011, 2012; Oulhote et al., 2014; Yu et al., 2014; 778 

Haynes et al., 2015; Rahman et al., 2017; Henn et al., 2017). Although individually, these studies have 779 

limitations that prevent the establishment of causality, when evaluated collectively the weight-of-evidence 780 

suggests an association between exposure to manganese and developmental neurotoxicity. 781 

 782 

5.4.4 Immunological effects 783 

No studies to assess potential adverse effects on the immune system following long-term exposure to 784 

manganese in humans were identified.  785 

 786 

5.4.5 Genotoxicity and carcinogenicity 787 

Inorganic manganese compounds were identified as either known to be human carcinogens or reasonably 788 

anticipated to be carcinogenic to humans by the National Toxicology Programs 14th Report on Carcinogens 789 

(NTP, 2016). Previous reports indicated that the genotoxic potential of manganese in humans had not been 790 

defined (IPCS, 1999; ATSDR, 2012). 791 

 792 

6 EFFECTS ON ANIMALS AND IN VITRO TEST SYSTEMS 793 

 Essentiality 794 

Deficiency effects in animals experimentally maintained on manganese-deficient diets include impaired 795 

growth, skeletal abnormalities, reproductive deficits, ataxia of the newborn and defects in lipid and 796 

carbohydrate metabolism (Hurley & Keen, 1987).  797 

 Acute exposure 798 

ATSDR (2012) noted that the acute lethality of manganese in animals appears to vary depending on the 799 

animal species and whether exposure is via gavage or dietary ingestion. The acute toxicity of manganese 800 

compounds is relatively low. The oral LD50 of manganese chloride in adult rats is reported to range between 801 

331 and 642 mg/kg bw. manganese acetate has an oral LD50 in rats of 1082 mg/kg bw and manganese 802 

sulphate an oral LD50 of 782 mg/kg bw. 803 

Following a single exposure of rats to aqueous manganese chloride (50 mg/kg) by gavage, neurological 804 

effects were reported. These included a significant and reversible decrease in total activity, along with 805 

delayed acquisition of an avoidance reaction in response to unconditioned and conditioned stimuli, an 806 

increased latent period of conditioned reflex activity, and a temporary worsening of the learning process 807 

(Shukakidze et al., 2003).  808 

 Short-term exposure 809 

6.3.1 Systemic effects 810 

A 14-day exposure of rats to 1300 mg of manganese per kg bw per day (as manganese sulphate) in feed 811 

resulted in no deaths. Hepatic changes appeared to vary depending on the chemical species and whether 812 

exposure was via gavage or dietary ingestion. In the 14-day study above, reductions in liver weight were 813 

reported in male rats but not in mice given 3,900 mg manganese/kg bw per day (as manganese sulphate) in 814 

feed for 14 days (NTP, 1993). Exposure of male rats to 271 mg manganese/kg bw per day (as manganese 815 

chloride) in drinking-water for 2 or 4 weeks did not result in changes to liver weight, histology or function 816 

(Rivera-Mancía et al., 2009). However, in a 13-week study where rats were fed up to 618 mg manganese/kg 817 

bw per day (as manganese sulfate), liver weights were decreased in males (at ≥33 mg manganese/kg bw 818 

per day) and females (at 618 mg manganese/kg bw per day) (NTP 1993). Similarly, male mice administered 819 

dietary concentrations equivalent to 1,950 mg manganese/kg bw per day (as manganese sulfate) for 13 820 
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weeks exhibited reduced relative and absolute liver weights, with similarly exposed female mice showing 821 

no hepatic effects (NTP, 1993).  822 

 823 

Gastric irritation in the form of patchy necrosis of the stomach epithelium was observed in guinea-pigs 824 

administered 10 mg of manganese/bw per day via gavage for 30 days (Chandra & Imam, 1973); the 825 

method of administration might have contributed to the observed effects. Male mice fed high doses of 826 

manganese in food for 13 weeks exhibited mild hyperplasia and hyperkeratosis of the forestomach; no 827 

effects were seen in female mice or male and female rats (NTP, 1993). 828 

 829 

Decreased body weight gain was observed in rats and mice following oral exposure to manganese. In the 830 

14-day NTP study, rats were administered dietary concentrations of 0 to 50000 ppm Mn(II) sulfate 831 

monohydrate (equivalent to 25 to 370 mg/kg bw according to the authors of the NTP report), and decreases 832 

in body weight gain of 57% in male rats and 20% in female rats were reported. Similar decreases of 50% 833 

were described by Avila et al. (2008) in Wistar rats receiving 760 mg manganese/kg bw per day (as 834 

manganese chloride) in drinking-water.  No changes in eating habits in the lowest dose group were 835 

observed, although rats in the highest dose group exhibited decreased weight gain, which could in part be 836 

attributed to a decrease in consumption in feed because the manganese presumably rendered it unpalatable.  837 

The authors noted signs of starvation in rats of this high-exposure group. No histopathological changes 838 

were reported in the exposed animals. The authors suggested that the decrease in weight gain might have 839 

been compounded by manganese interference in metabolism of calcium, phosphorous, and iron. 840 

 841 

6.3.2 Neurological effects 842 

In infant monkeys exposed to manganese chloride in milk feed at a level of 328 mg manganese/kg bw per 843 

day for 4 months, there were no marked differences in gross motor maturation, growth, cerebrospinal fluid 844 

levels of dopamine or serotonin metabolites, or performance on tests of cognitive end points in the exposed 845 

animals compared to controls. Decreased activity during sleep at 4 months and decreased play activity 846 

between 1 and 1.5 months were noted (Golub et al., 2005). The authors proposed that the behavioral effects 847 

were indicative of subtle neurobehavioral changes.  848 

 849 

Neurobehavioral effects have also been observed in adult rats orally exposed to inorganic manganese for 850 

periods of from 30 days up to 22 weeks (Calabresi et al., 2001; Centonze et al., 2001; Torrente et al., 2005. 851 

Shukakidze et al., 2003; Vezér et al., 2005, 2007). The lowest daily dose reported to be associated with 852 

neurobehavioral effects in adult rats was 5.6 mg manganese/kg bw per day (as manganese chloride in the 853 

diet for 30 days). The 5.6 mg/kg/day dose was identified as a LOAEL based on severely impaired cognitive 854 

performance in a maze test (Shukakidze et al., 2003). In adult mice exposed to 10 or 30 mg/kg bw per day 855 

(as manganese chloride) via gavage for 8 weeks, no changes in open field activity were reported (Moreno 856 

et al., 2009a). Conversely, in adult mice exposed during PNDs 20-34, subsequent postnatal exposure to 857 

manganese for 8 weeks was associated with a decrease in open field novelty seeking behaviour in males, 858 

but not in the females. With doses of 10 and 30 mg/kg manganese per day, total overall movement in the 859 

open field was decreased in males (Moreno et al., 2009a). 860 

 861 

Additional studies also report subtle neurobehavioral effects in animals following oral exposure to 8–20 862 

mg manganese/kg bw per day during neonatal periods (Kristensson et al. 1986; Pappas et al., 1997; 863 

Brenneman et al., 1999; Dorman et al., 2000; Tran et al., 2002a,b; Garcia et al., 2006; Reichel et al., 2006; 864 

Moreno et al., 2009b; Kern et al., 2010, 2011; Beaudin et al., 2013). In general, evidence from these studies 865 

support subtle neurobehavioral effects following short-term neonatal exposures at doses ≥10–20 mg 866 

manganese/kg bw per day. Kern et al. (2010) reported a comprehensive evaluation of the 867 

neurodevelopmental effects of manganese exposure in Sprague-Dawley rats exposed through the oral route 868 
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to 25 or 50 mg manganese/kg bw/day from birth through to PND 21, corresponding to the period of 869 

development of dopaminergic pathways in regions of the brain that are important in the regulation of 870 

executive function behaviours (involving attention, learning, and memory). Behavioural tests (open arena, 871 

elevated plus maze, and 8-arm radial maze) were performed and levels of dopamine receptor and transporter 872 

proteins were measured in the brain. At the higher tested dose, altered locomotor activity and behavioural 873 

disinhibition in the open area test on PND23, altered learning and increased number of errors in the radial 874 

maze on PND23, and impaired learning/memory (delay/failure to reach the learning criterion and increased 875 

number of learning errors in the 8-arm radial test) over PND 33–46 were observed. In addition, at the lower 876 

dose, increased stereotypic behaviour on a greater number of session days during the 8-arm radial maze test 877 

(shift in goal-oriented behaviour, indicating impaired spatial memory) and a reduced level of D1-like 878 

receptors in the dorsal striatum were reported. manganese exposure (up to 50 mg manganese/kg bw per 879 

day) did not impact on fear and anxiety (as measured by elevated plus maze performance). A LOAEL of 880 

25 mg/kg bw/day can be identified from this study. 881 

 882 

In a follow-up study, the authors reported that without exposure beyond PND21, the observed 883 

neurochemical effects lasted into adulthood, with altered dopamine receptor levels and astrogliosis (as 884 

measured by Glial Fibrillary Acidic Protein, or GFAP) being observed. Behavioural changes were not 885 

observed in animals exposed as adults, however, enhanced locomotor response to a D-amphetamine 886 

challenge was seen in adults exposed during the neonatal period. (Kern & Smith, 2011).  887 

 888 

Histopathological changes in the rat brain following short-term neonatal oral exposure are not consistently 889 

reported (Chandra & Shukla, 1978; Kristensson et al., 1986; Pappas et al., 1997; Dorman et al., 2000; 890 

Bikashvili et al., 2001; Shukakidze et al., 2002; Moreno et al., 2009a; Lazrishvilli et al., 2009; Wang 891 

et al., 2012; Krishna et al., 2014). The weight of evidence indicates that subtle neurobehavioral effects in 892 

neonatally exposed rats are not consistently associated with histological changes in the brain. 893 

 894 

Oral doses ranging from 1 to 150 mg/kg bw per day produced neurological effects in rats and mice, mainly 895 

involving alterations in neurotransmitter and enzyme levels in the brain. These changes were sometimes 896 

accompanied by clinical signs, such as incoordination and changes in activity level (ATSDR, 2012). 897 

Deskin et al. (1980) reported an increase in monoamine oxidase activity in the hypothalamus in rats 898 

intubated with a daily dose of 20 mg of manganese per kilogram of body weight per day from birth to 24 899 

days of age. In rats administered 150 mg manganese/kg bw per day (as manganese chloride), a rigid and 900 

unsteady gait was observed following 2-3 weeks, which was no longer apparent following 7 weeks of 901 

exposure (Kristensson et al., 1986). More recent studies have continued investigations of brain chemistry 902 

alterations in animals following acute-to intermediate-duration oral exposure to manganese (Chandra & 903 

Shukla, 1978; Desole et al., 1997; Lipe et al., 1999; Ranasinghe et al. 2000; Calabresi et al., 2001; Liu et 904 

al., 2006; Morello et al., 2007; Avila et al., 2008; Moreno et al., 2009b). Neuropathology following 905 

manganese exposure, as evidenced by neuronal damage and/or increased oxidative stress was reported 906 

(Spadoni et al., 2000; Liu et al., 2006; Avila et al., 2008). Behavioral assessments in rats have found changes 907 

in measures related to fear, locomotor activity, and cognitive performance (Calabresi et al., 2001; 908 

Shukakidze et al., 2003; Torrente et al. 2005; Vezér et al., 2005, 2007). In some of these studies, 909 

electrophysiological changes in the brain were associated with behavioral changes (Calabresi et al., 2001; 910 

Vezér et al., 2005, 2007). 911 

 912 

6.3.3 Immunological effects 913 

Alterations in white blood cell counts were reported in rats and mice following oral exposure to manganese 914 

in a 13-week study (NTP, 1993).  Male rats were administered between 33 and 520 mg manganese/kg bw 915 

per day and female rats 40 to 618 mg manganese/kg bw per day. Increased neutrophil counts were seen in 916 
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the males at levels of manganese ≥33 mg/kg bw per day. There was a decrease in lymphocyte count in 917 

males at ≥130 mg manganese/kg bw per day, and in total leukocytes in females at ≥155 mg manganese/kg 918 

bw per day (NTP, 1993). Komura and Sakamoto (1991) reported decreased white blood cell counts in mice 919 

following exposure to 284 mg manganese/kg bw per day (as manganese acetate, manganese chloride, or 920 

manganese dioxide) for 100 days. It is not known if any of these changes are associated with significant 921 

impairment of immune system function. 922 

 Long-term exposure 923 

6.4.1 Systemic effects 924 

There are limited animal data regarding the effects of exposure to manganese by ingestion on systemic 925 

target tissues.  926 

 927 

Chronic ingestion of 1–2 mg of manganese per kilogram of body weight per day produced changes 928 

in appetite and reduction in haemoglobin synthesis in rabbits, pigs and cattle (Hurley & Keen, 1987). 929 

Two-year oral exposures to extremely high doses (1800–2250 mg/kg of body weight per day as Mn(II) 930 

sulfate) in male and female mice resulted in hyperplasia, erosion and inflammation of the forestomach. 931 

The authors concluded that this was due to direct contact irritation of the GI epithelium and of minor 932 

consequence; no effects were seen in rats (NTP, 1993). No significant hepatic histological changes were 933 

observed in either mice or rats exposed for 2 years, with rats fed up to 232 mg manganese/kg bw per day 934 

(as manganese sulfate), and mice fed up to 731 mg manganese/kg bw per day (as manganese sulfate) (NTP, 935 

1993).   936 

 937 

In a 2-year study, male rats exposed to 200 mg manganese/kg bw per day (as manganese sulfate in food) 938 

exhibited a significant fall in body weight (10% lower than controls), however, in females, body weights 939 

were unaffected. This was unrelated to food intakes which were similar for males and females in all groups 940 

(NTP, 1993).   941 

 942 

6.4.2 Neurological effects 943 

Neurotoxicity is a known effect of long-term exposure to inhaled manganese in humans and animals, 944 

however the potential for neurotoxicity in animals resulting from chronic oral exposure is less well 945 

characterized. 946 

  947 

A limited number of animal studies observed manganism-type effects in animals similar to those seen in 948 

humans. Muscular weakness and lower limb rigidity were observed in four male rhesus monkeys given 949 

oral doses of 6.9 mg manganese/kg bw per day (as manganese chloride) for 18 months.  Degenerated 950 

neurons in the substantia nigra were observed at autopsy (Gupta et al., 1980). A staggered gait and 951 

histochemical changes were also reported in two third-generation mice (total number not stated) treated 952 

with 10.6 mg manganese/kg bw per day (as manganese chloride) in drinking-water (Ishizuka et al., 1991). 953 

Fine sensorimotor function, learning, and attention tasks were affected in adult male Long Evans rats orally 954 

exposed to manganese at ≥ 25 mg manganese/kg bw per day during PND 1-21 or throughout life beginning 955 

PND 1 (Beaudin et al., 2013; 2017). The presence and severity of effects were dependent on the dose and 956 

duration of exposure. Many studies report altered behaviors following developmental manganese exposure, 957 

including hyperactivity, altered social interactions, transient ataxia, altered acoustic startle, impaired 958 

learning, and increased stereotypic behaviors (Kristensson et al. 1986; Dorman et al., 2000; Tran et al., 959 

2002a,b; Golub et al., 2005; Moreno et al. 2009a; Kern et al., 2010; Kern & Smith, 2011).  960 

 961 

Many of the animal studies address changes in brain chemical endpoints following exposure to manganese, 962 

particularly during the early postnatal and juvenile time periods. Alterations in the dopaminergic, 963 
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noradrenergic, serotonergic, or gabaergic systems; increased monoamine oxidase; and decreased iron levels 964 

are reported (Chandra & Shukla 1978; Deskin et al. 1981; Kristensson et al. 1986; Dorman et al. 2000; Tran 965 

et al. 2002a,b; Reichel et al. 2006; Anderson et al., 2007, 2009; Moreno et al. 2009b; Kern et al. 2010; Kern 966 

and Smith 2011). Transient effects on biogenic amine levels and activities of dopamine β-hydroxylase 967 

and monoamine oxidase in rat brain wer e  noted with long-term exposures to manganese at oral exposure 968 

levels ranging from around 1 to >2,000 mg manganese/kg bw per day (as manganese chloride, manganese 969 

acetate, or Mn (II, III) oxide) (Lai et al., 1984; Eriksson et al., 1987; Subhash & Padmashree, 1990; 970 

Desole et al. 1997; Ranasinghe et al. 2000; Calabresi et al., 2001). An increase in physical activity level 971 

and a transient increase in dopaminergic function were observed in rats given 40 mg manganese/kg bw 972 

per day for 65 weeks (Nachtman et al., 1986).  973 

 974 

6.4.3 Reproductive and developmental effects 975 

The results of several studies in rats and mice indicate that the ingestion of manganese can delay 976 

reproductive maturation in male animals (ATSDR, 2012). Testosterone levels were reduced in male rats 977 

given an oral dose of 13 mg of manganese per kilogram of body weight per day for 100–224 days (Laskey 978 

et al., 1982), whereas delayed growth of the testes was observed in young rats ingesting 140 mg 979 

manganese/kg bw per day for 90 days (Gray & Laskey, 1980). These effects do not appear to have been 980 

severe enough to affect male reproductive function (ATSDR, 2012). Sperm abnormalities were reported in 981 

several studies in mice following oral exposure to manganese (Joardar & Sharma, 1990; Elbetieha et al., 982 

2001; Ponnapakkam et al., 2003a,b) with a lowered male reproductive performance at levels as low as 23 983 

mg manganese/kg bw per day in mice exposed over a 21-day period (Joardar & Sharma, 1990).   984 

 985 

The results of most studies indicate that oral exposure to manganese does not result in reproductive 986 

toxicity in the female rodent (e.g. rats and mice) and rabbit (ATSDR, 2012), although increased post-987 

implantation loss was observed in female rats in at least one study (Szakmáry et al., 1995).  988 

 989 

Results from several developmental studies in rodents and rabbits are equivocal. Data from the majority 990 

of these studies indicate that manganese exposure during part or all of gestation results in increased 991 

manganese levels in the pups (Järvinen & Ahlström, 1975; Kontur & Fechter, 1988) but generally caused 992 

1) no measurable effect (Grant et al., 1997), 2) transient effects such as weight decreases and hyperactivity 993 

(Pappas et al., 1997) or 3) self-correcting effects on skeletal and organ development (Szakmáry et al., 994 

1995).  995 

 996 

Studies involving oral exposures to manganese in drinking-water or by gavage in neonatal pups reported 997 

changes in brain neurochemistry (ATSDR, 2012). The data from one recent study indicate that rodent 998 

pups administered 22 mg of manganese per kilogram of body weight per day in drinking-water from 999 

birth to weaning (21 days) resulted in changes in brain neurochemistry and evoked sensory response 1000 

(Dorman et al., 2000). While results were varied and inconsistent, taken together, the weight-of-evidence 1001 

suggests that excess manganese exposure during development can lead to alterations in brain chemistry and 1002 

behavioral development (ATSDR, 2012). 1003 

 1004 

Several animal studies of the effects of manganese on reproductive development show developmental 1005 

effects (Gray and Laskey 1980; Laskey et al. 1985, 1982). In pre-weanling mice exposed to 1,050 mg 1006 

manganese/kg bw per day (as Mn (II,III) oxide) from PND 15 (to a maximum of 90 days), decreased growth 1007 

of reproductive organs (preputial gland, seminal vesicle, and testes) was reported.  Laskey et al. (1982) 1008 

showed a significant decrease in the number of pregnancies in rats following dietary manganese exposure 1009 

at feed concentrations ranging from 0 and 3,500 ppm during gestation, continuing during nursing and after 1010 

weaning. No other adverse effects were noted. In a further study, Laskey et al. (1985) showed decreased 1011 
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serum testosterone levels in pre-weanling rats administered manganese at levels between 0 and 214 µg 1012 

manganese/kg bw per day (as Mn (II,III) oxide)  from birth to 21 days of age. 1013 

 1014 

6.4.4 Immunological effects 1015 

Alterations in white blood cell counts were reported in rats and mice following oral exposure to manganese.  1016 

Rats fed up to 232 mg manganese/kg bw per day (as manganese sulfate) and mice fed up to 731 mg 1017 

manganese/kg bw per day (as manganese sulfate) for 2 years exhibited no gross or histopathological 1018 

changes or organ weight changes in the lymph nodes, pancreas, thymus, or spleen (NTP 1993). 1019 

 1020 

6.4.5 Genotoxicity (in vivo) and carcinogenicity 1021 

6.4.5.1 Genotoxicity 1022 

Laboratory evidence for the mutagenicity and genotoxicity of manganese is equivocal. In vivo studies in 1023 

rats have been negative, whilst those in mice have been positive (ATSDR, 2012). Manganese sulfate and 1024 

potassium permanganate administration increased sperm head abnormalities, the number of chromosomal 1025 

aberrations and micronuclei in rat bone marrow (ATSDR, 2012). 1026 

 1027 

In Drosophila melanogaster, exposure to manganese sulfate or manganese chloride was not associated with 1028 

the induction of sex-linked recessive lethal mutations (Valencia et al., 1985; Rasmuson, 1985; NTP, 1993). 1029 

No heritable translocations in mice or dominant lethal mutations in rats were detected following 1030 

administration of manganese sulfate in the diet for 7 weeks in mice or by gavage once a day for 1 to 5 days 1031 

in rats (Newell et al., 1974 as cited in NTP 1993).   1032 

 1033 

In Swiss albino mice exposed to manganese sulfate through the oral route at doses between 33 and 132 mg 1034 

manganese/kg bw per day for three weeks, there was an increase of sperm head abnormalities and of the 1035 

frequency of chromosomal aberrations and micronuclei in bone marrow cells (Joardar & Sharma, 1990). 1036 

Similar findings were reported for oral exposure to potassium permanganate at doses of 22.6, 45.2 and 1037 

132.1 mg manganese/kg bw per day for three weeks, with an increase of sperm head abnormalities and in 1038 

the frequency of chromosomal aberrations in bone marrow cells (Joardar & Sharma, 1990). No significant 1039 

chromosomal damage occurred in either bone marrow or spermatogonial cells of male rats orally exposed 1040 

to 0.014 mg manganese/kg bw per day (as manganese chloride) for 180 days (Dikshith & Chandra, 1978). 1041 

 1042 

6.4.5.2 Carcinogenicity 1043 

A 2-year oral study of manganese sulphate in rats and mice produced equivocal evidence of 1044 

carcinogenicity (NTP, 1993). In rats fed manganese sulphate (30–331 mg of manganese/kg bw per day 1045 

in males, 26–270 mg of manganese/kg bw per day in females), no treatment-related increases in tumour 1046 

incidence were reported. In mice fed manganese sulphate (63–722 mg of manganese/kg bw per day in 1047 

males and 77–905 mg of manganese/kg bw per day in females), the incidence of follicular cell adenoma 1048 

of the thyroid was increased slightly in high-dose animals compared with controls. These increases 1049 

were not statistically significant, and the tumours were observed at the end of the study only. However, 1050 

follicular cell adenoma of the thyroid appears with low frequency in historical control male mice of 1051 

this strain. Thus, the significance of these results and their relevance to normal human exposure to 1052 

manganese are questionable. 1053 

 In vitro systems 1054 

In vitro bacterial gene mutation tests have yielded both positive and negative results, whereas in vitro 1055 

tests with fungi and mammalian cells have been predominantly positive. Manganese chloride produced 1056 

an increased frequency of mutations in Salmonella typhimurium strain TA1537, but negative results in 1057 

other strains; manganese sulfate was reported to be both positive and negative in separate studies in 1058 
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Salmonella strain TA97, but negative in other strains (ATSDR, 2012). Positive results were obtained 1059 

with various manganese compounds in Photobacterium fischeri and Escherichia coli, as well as in 1060 

Saccharomyces cerevisiae, mouse lymphoma cells and hamster embryo cells (ATSDR, 2012; NTP, 1993).  1061 

It has been suggested that the lack of mutagenicity of manganese in some of the Ames assays could  be due 1062 

to the lack of bioavailability of the metal ion (because components of the culture media have been shown 1063 

to inhibit the mutagenic activity of metal ions by chelating them) or because of competition for active 1064 

transport sites (NTP, 1993).  1065 

 1066 

Oberly et al. (1982) reported positive results for manganese chloride in the mouse lymphoma assay, without 1067 

activation, at doses of 80, 60, and 40 µg/mL.  Manganese chloride was also positive in the Comet assay 1068 

(single cell gel assay) with cultured human lymphocytes. (de Méo et al., 1991). Induction of cell 1069 

transformations in Syrian hamster embryo cells has also been shown at a dose of 0.13 mM manganese 1070 

chloride (Casto et al., 1979).   1071 

 1072 

NTP (1993) reported that manganese sulphate (12,500 ppm) induced sister chromatid exchanges without 1073 

metabolic activation in mouse fibroblasts (Andersen, 1983), Chinese hamster ovary (CHO) cells (Galloway 1074 

et al., 1987), and human lymphocytes (Andersen, 1983). With metabolic activation, manganese sulphate 1075 

was also positive for sister chromatid exchanges in CHO cells (NTP, 1993). Potassium permanganate did 1076 

not induce chromosomal aberrations in Syrian hamster embryo cells when tested without metabolic 1077 

activation (Tsuda & Kato, 1977). 1078 

 1079 

7 MODE OF ACTION 1080 

Although there is clear evidence that the primary target of manganese toxicity is the CNS where it acts to 1081 

impair cellular transport systems, enzyme activities, and receptor functions, the principal mode of action of 1082 

manganese neurotoxicity has not been clearly established (Aschner & Aschner, 1991; Aschner et al., 2007). 1083 

Occupational studies reporting severe neurotoxic effects have focused research into potential modes of 1084 

action on areas of the brain concerned with movement, principally the organs of the basal ganglia, the 1085 

globus pallidus, putamen and caudate nucleus, the substantia nigra, and the dopaminergic system (WRc, 1086 

2014). Many studies investigating effects of manganese on these areas of the brain have been published but 1087 

interpretation is difficult due to differences in the experimental methodologies.  1088 

 1089 

Studies show that manganese is selectively taken up with the globus pallidus and the substantia nigra, 1090 

accumulating in neurons, astrocytes and oligodendrocytes as mediated by transferrin receptors. Once inside 1091 

the cell, manganese is transported into mitochondria through a calcium one-way transporter where it 1092 

accumulates. It is hypothesized that the accumulation of manganese results in several interrelated processes, 1093 

ultimately leading to neurotoxicity. These processes include free radical formation (Desole et al., 1994; 1995; 1094 

Hussain et al., 1997; Taylor et al., 2006), neurotransmitter impairment (Chandra et al., 1979a; Deskin et al., 1095 

1980; Chandra & Shukla, 1981; Lai et al., 1982; 1984; Subhash & Padmashree, 1991; Komura & Sakamoto, 1096 

1994; Ranasinghe et al., 2000; Calabresi et al., 2001; Montes et al., 2001; Tran et al., 2002a; 2002b; 1097 

Fitsanakis et al., 2006; McDougall et al., 2008; Peneder et al., 2011), and mitochondrial disfunction (Gavin 1098 

et al., 1992; Zheng et al., 1998). The generation of free radicals can disrupt the processes of oxidative 1099 

phosphorylation and ATP synthesis, and lead to cellular dysfunction, apoptosis/necrosis and cell death.  1100 

 1101 

Elevated intracellular manganese levels are linked with the pharmacologic disruption of iron regulation; a 1102 

process that appears to play a role in neurotoxicity (Kwik-Uribe et al., 2003; Kwik-Uribe & Smith, 2006; 1103 

Reaney et al., 2006; Crooks et al., 2007). A further consequence of elevated intracellular manganese levels 1104 

is disruption of the regulation and interaction of neurotransmitters  including dopamine, glutamate, and 1105 

GABA in the basal ganglia (Chandra et al., 1979a; Deskin et al.,1980; Chandra & Shukla, 1981; Lai et al., 1106 
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1982; 1984; Subhash & Padmashree, 1991; Komura & Sakamoto, 1994; Ranasinghe et al., 2000; Calabresi 1107 

et al., 2001; Montes et al., 2001; Tran et al., 2002a,b; Fitsanakis et al., 2006; McDougall et al., 2008; Burton 1108 

& Guilarte, 2009; Peneder et al., 2011). Dopamine plays a role in regulating cognition, behaviour, 1109 

locomotor activity, and neuroendocrine secretion (Fitsanakis et al., 2006; Farina et al., 2013; Guilarte, 1110 

2013). In addition, executive function behaviours (e.g., memory, learning, attention) are regulated by 1111 

dopaminergic pathways (Kern et al., 2010).  1112 

 1113 

Glutamate is the most prevalent excitatory neurotransmitter in the brain and appears to play a role in various 1114 

CNS functions including cognition, learning and memory, as well as in CNS development (Fitsanakis et 1115 

al., 2006). Mechanistic studies demonstrate that elevated levels of manganese in astrocytes cay lead to 1116 

impairment of the glycine/Glu-GABA cycle, which is essential for optimal CNS function because it 1117 

produces excitatory (Glu) and inhibitory (GABA) neurotransmitters (Erikson & Aschner, 2003; Aschner et 1118 

al., 2009; Sidoryk-Wegrzynowicz et al., 2009; Farina et al., 2013; Karki et al., 2013; Sidoryk-1119 

Wegrzynowicz & Aschner, 2013a,b).  1120 

 1121 

8 OVERALL DATABASE AND QUALITY OF EVIDENCE 1122 

8.1  Summary of Health Effects 1123 

Manganese is an essential element with trace levels necessary for human health. The acute toxicity of 1124 

manganese compounds may vary depending on route of administration; however, in general, inorganic 1125 

manganese compounds have low acute oral toxicity. 1126 

 1127 

Exposure to high levels of manganese is associated primarily with neurological and cognitive effects. A 1128 

number of epidemiological studies report neurological effects in adult populations exposed to high levels  1129 

in drinking-water as well as in children following ingestion of manganese-contaminated water (He et al., 1130 

1994; Zhang et al., 1995; Wasserman et al., 2006, 2011; Kim et al., 2009; Farias et al., 2010; Claus Henn 1131 

et al., 2010, 2011; Khan et al., 2011, 2012; Bouchard et al., 2011; Oulhote et al., 2014; Yu et al., 2014; 1132 

Haynes et al., 2015; Henn et al., 2017; Rahman et al., 2017; Iyare, 2019). Another study described above 1133 

did not find any association (Vierrege et al, 1995) 1134 

 1135 

However, the quality of the epidemiological studies is variable, particularly with respect to the reliability 1136 

of the exposure estimates.  No single study quantifies a clear causal relationship between manganese dose 1137 

and neurotoxicity. Although limitations in these studies prevent their use in quantitative risk assessment, 1138 

collectively they provide qualitative support that the choice of the critical effect in animal studies is also 1139 

relevant in humans. 1140 

 1141 

Animal studies identified neurotoxicity as an endpoint of concern following oral exposure to manganese. 1142 

Some of these studies assessed neurodevelopmental endpoints in early life that were supported by 1143 

corresponding neurochemical findings (Kern et al., 2010, 2011; Beaudin et al., 2013). 1144 

 1145 

Infants or children are considered to have a greater sensitivity to manganese toxicity than adults. Infants 1146 

are particularly vulnerable because of greater gastrointestinal absorption and immaturity of their 1147 

homeostatic control of bile excretion, meaning that they excrete less manganese (Valcke et al., 2018). 1148 

Manganese is also able to cross the blood-brain barrier. 1149 

 1150 

There is no evidence that manganese causes cancer in humans and equivocal evidence of the 1151 

carcinogenicity of manganese sulphate in a 2-year oral toxicity study in rats and mice (NTP, 1993). 1152 

Further, no manganese compounds have been reviewed by the International Agency for Research on 1153 
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Cancer (IARC) with respect to its carcinogenic potential nor are included in the National Toxicology 1154 

Program’s report on substances that are known to or may be reasonably anticipated to cause cancer in 1155 

humans (NTP, 2016)  1156 

8.2 Adequacy of the database 1157 

Although cross-sectional and prospective cohort epidemiology studies investigated the potential adverse 1158 

neurological effects in humans following chronic exposure to manganese though drinking-water, 1159 

opportunities for quantification of the findings are limited by numerous uncertainties, particularly with 1160 

regard to the assessment of manganese exposure levels. Longitudinal epidemiology studies with robust 1161 

exposure measurements and valid established or novel biomarkers of effect would help to further inform 1162 

and refine the dose-response for the spectrum of endpoints observed.  1163 

 1164 

Additional data gaps in humans include the limited information on reproductive or immunological effects 1165 

following oral exposures, along with mode-of-action information relating to the genotoxic and/or 1166 

carcinogenic potential. 1167 

 1168 

Laboratory animal studies report subtle neurobehavioral effects following manganese exposure during the 1169 

neonatal period (Kristensson et al. 1986; Pappas et al., 1997; Brenneman et al., 1999; Dorman et al., 2000; 1170 

Tran et al., 2002a,b; Reichel et al., 2006; Moreno et al., 2009b; Kern et al., 2010, 2011; Beaudin et al., 1171 

2013, 2017).  Although a number of LOAELs have been identified, there is some question concerning the 1172 

suitability of rodent models to assess potential neurotoxicity in humans due to differences in the 1173 

neurological effects seen in humans as compared to rodents. The human tremor and gait disorders that are 1174 

preceded by psychological symptoms, including irritability and emotional lability are not seen in rodents. 1175 

In addition, there are considerable differences in species’ nutritional requirements for dietary manganese. 1176 

(USEPA, 2004).  On the other hand, effects seen in children following exposure to manganese could 1177 

possibly involve the dopaminergic system. Mechanistic data indicate that there are commonalities between 1178 

rodents and non-human primates with respect to the involvement of this system in manganese-induced 1179 

neurotoxicity (Neal and Guilarte, 2013). Additional limitations in several animal studies include the short 1180 

duration over which reported effects were examined and the potential for confounding by factors other than 1181 

manganese intakes. 1182 

 1183 

The most robust animal dose-response studies that closely assessed and quantified neurological effects had 1184 

results that are consistent with the epidemiological studies. They identified a neurodevelopmental LOAEL 1185 

of 25 mg manganese/kg bw per day in rats following oral exposure to manganese in early life (Kern et al., 1186 

2010, 2011; Beaudin et al., 2013, 2017).  These studies characterized executive function parameters such 1187 

as behavioural hyperactivity and learning deficits following early life exposures. They demonstrated that 1188 

the behavioural and sensorimotor effects observed are accompanied by neurostructural and neurochemical 1189 

changes. The animal data provide mechanistic support for the effects observed in the epidemiology studies.  1190 

Long-term follow-up studies demonstrate the ability of early life manganese exposure to result in effects 1191 

that persist into adulthood, after levels in the brain have returned to normal. 1192 

 1193 

9 PRACTICAL CONSIDERATIONS 1194 

9.1 Monitoring  1195 

As part of the hazard assessment phase of water safety planning, water sources should be assessed to 1196 

determine if manganese is present. In general, compared to surface water sources, manganese 1197 

concentrations in groundwater sources are more stable. Manganese can be a particular issue in lakes and 1198 

reservoirs where there is sufficient depth for the development of thermoclines and layers of low oxygen 1199 

that can result in the release of manganese from sediments. When there is turnover of the water column 1200 
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significant amounts of manganese can be released (Health Canada, 2019).  1201 

 1202 

Where manganese is present at concentrations close to the guideline value or where there is treatment to 1203 

remove manganese, routine monitoring should be conducted post-treatment. In many small rural supplies, 1204 

under resource limited circumstances, monitoring may be very limited. Whenever possible sampling should 1205 

be designed to determine whether manganese is at concentrations in excess of the guideline value. Where 1206 

there are signs of organoleptic acceptability problems due to manganese deposits or precipitation of 1207 

insoluble manganese it is an indicator that treatment for manganese removal is not optimized or that the 1208 

distribution system is not appropriately managed. 1209 

9.2 Analytical methods and achievability 1210 

Total manganese ( dissolved and particulate fractions) should be monitored and sensitive methods exist 1211 

for measuring this in biological and environmental samples. Colorimetric methods are suited to 1212 

monitoring source waters and within treatment plants to assess treatment effectiveness and have detection 1213 

limits of between 10 and 70µg/l (ISO, 1986; Brandhuber et al., 2013). The US Environmental Protection 1214 

Agency has four recommended analytical methods (Method 200.5 revision 4.2, Method 200.7. revision 4.4, 1215 

Method 200.8 revision 5.4 and Method 200.9 revision 2.2) for the analysis of total manganese in drinking-1216 

water (USEPA, 2014). These utilize inductively coupled plasma atomic emission spectrometry (ICP-AES), 1217 

inductively coupled plasma mass spectrometry (ICPMS) and graphite furnace atomic absorption (GFAA) 1218 

spectrometry and have detection limits of between 0.005 and 50 µg/L (ATSDR, 2012). In addition, one 1219 

standardized analytical method is available (SM3125) which uses ICP-MS and has a detection limit of 1220 

0.002 µg/L (APHA et al., 1992, 1995, 1998, 2005, 2012). Atomic absorption spectroscopy is a l so  used 1221 

for determining manganese concentrations in biological samples (e.g. urine, faeces and hair) at a 1222 

detection limit as low as 1 µg/l for urine and 0.2 µg/g for hair (ATSDR, 2012). None of the methods 1223 

described above distinguish between t h e  different oxidation states of manganese (ATSDR, 2012).  1224 

9.3 Source control 1225 

Management of source waters is important where possible, otherwise treatment for removal of manganese 1226 

is necessary. Manganese contamination of drinking water sources is generally due to natural occurrence in 1227 

the underlying rocks and soil and therefore, source control may be limited. In the case of groundwater 1228 

sources, options may relate to source water selection or blending of source waters, where possible. With 1229 

lake and reservoir sources, management of the sources to prevent release of manganese from sediment, 1230 

particularly when there is a thermocline and the lower water levels become anoxic, is important. Aeration 1231 

and variable depth intakes are control options for lowering manganese levels in surface water. Hypolimnetic 1232 

aeration and oxygenation can be used to add dissolved oxygen to reservoirs to minimize manganese release 1233 

from sediments while maintaining stratification. Variable depth intake is an option for treatment plants that 1234 

have deep reservoirs and a multi-level intake system. These systems can select the level in the reservoir 1235 

from which to draw water into a plant based on the water quality present at different depths (Brandhuber et 1236 

al., 2013). 1237 

9.4  Treatment methods and performance 1238 

Manganese concentrations in drinking water are easily lowered to less than 0.05 mg/L using common 1239 

treatment methods including: oxidation/filtration; adsorption/oxidation; softening/ion exchange; and 1240 

biological filtration. In well operated and optimized systems, manganese concentrations can be reduced to 1241 

less than 0.02 mg/L (Kohl and Medlar, 2006; Tobiason et al., 2008, Brandhuber et al., 2013). Selection of 1242 

the appropriate treatment system for manganese removal depends on the form of manganese (dissolved or 1243 

particulate) present in the source water. Dissolved Mn(II) is most often the predominant form present (i.e., 1244 

in anoxic and acidic groundwater or lakes). However, depending on the pH and the dissolved oxygen 1245 

content of the water, a combination of dissolved and particulate manganese can be present. In general, 1246 



MANGANESE IN DRINKING-WATER 

DRAFT Background document for the WHO GDWQ, December 2020 

 

 

28 

treatment methods used for manganese rely on a combination of processes to remove both the dissolved 1247 

and particulate forms of manganese (e.g., oxidation, adsorption and/or filtration) (Health Canada, 2019).  1248 

 1249 

A commonly used technology for decreasing manganese concentrations in drinking water is based on 1250 

directly oxidizing dissolved Mn(II) to form MnOx(s) particulates, which are then removed by a physical 1251 

removal process, such as clarification and granular media filtration or low-pressure membrane filtration. 1252 

The chemical oxidants typically used include permanganate (MnO4–), chlorine dioxide (ClO2) and ozone. 1253 

Under high pH conditions, chlorine and oxygen may also be effective. Effective oxidation of manganese 1254 

depends on several factors, including pH and Eh, temperature, reaction time, alkalinity, and the total oxidant 1255 

demand in the water (e.g., presence of iron, sulphide, nitrate, ammonia and organic compounds) (Casale et 1256 

al., 2002; Brandhuber et al., 2013). The effectiveness of physical removal processes is dependent on 1257 

ensuring that the manganese entering the filter is in the particulate form (Tobiason et al., 2008). These 1258 

processes typically remove 80% to 99% of manganese to achieve treated water concentrations below 1259 

0.04 mg/L (Health Canada, 2019). 1260 

 1261 

Another common treatment technique for manganese removal is the use of MnOx(s)-coated filter media 1262 

that adsorb dissolved Mn(II) and then oxidize it at the surface when coupled with the presence of an 1263 

appropriate oxidant such as free chlorine or KMnO4. This treatment technology generally achieves treated 1264 

water concentrations consistently below 0.02 mg/L (Brandhuber et al., 2013). Filter media that can adsorb 1265 

dissolved Mn(II) include traditional manganese greensand, pyrolusite and conventional filter media with 1266 

MnOx(s) coatings that are commercially applied by the media supplier. Continuous or intermittent dosing 1267 

of an oxidant into the raw water prior to contact with the medium is required to maintain the MnOx(s) 1268 

adsorption sites (Knocke et al., 1990b; Tobiason et al., 2008; Islam et al., 2010). The location of this process 1269 

within a treatment plant can vary. For surface water treatment plants that chlorinate prior to filtration, it is 1270 

often part of the existing particle removal filtration process. When pre-filter chlorination is not practised, 1271 

an adsorptive contactor unit can be placed following filtration (Knocke et al., 2010). For groundwater 1272 

treatment plants, adsorption/filtration is often a process that is installed specifically for manganese and/or 1273 

iron removal (Health Canada, 2019).  1274 

 1275 

Another treatment method that relies on adsorption/oxidation is the adsorptive uptake of Mn(II) onto 1276 

MnOx(s) coatings. These coatings develop on anthracite coal or silica sand filter media due to the presence 1277 

of dissolved Mn(II) and free chlorine across the filter bed (Knocke et al., 1988, 1990b). The adsorbed Mn(II) 1278 

is subsequently oxidized by the presence of free chlorine across the filter to create new MnOx(s) adsorption 1279 

sites (i.e., continuously regenerated). Only partial removal of the MnOx(s) coating occurs during 1280 

backwashing, resulting in a net increase in MnOx(s) adsorption sites over the time of operation (Hargette 1281 

and Knocke, 2001). In many treatment plants, the MnOx(s)-coated media process initiates and sustains 1282 

itself without operators being aware that it is occurring (Kohl and Melar, 2006; Brandhuber et al., 2013). 1283 

This process is routinely able to achieve very low treated water manganese concentrations (<0.015 mg/L) 1284 

even when pre-filter manganese concentrations are as high as 0.5 mg/L 1285 

 1286 

Biofiltration can successfully remove manganese from groundwater (Mouchet et al., 1992; Li et al., 2005; 1287 

Burger et al., 2008b; Kohl and Dixon, 2012) and to a lesser extent from surface water (Kohl and Dixon, 1288 

2012; Granger et al., 2014; Hoyland et al., 2014). Removal of manganese using biological filtration relies 1289 

on the ability of naturally occurring manganese-oxidizing bacteria (MOB) present in biofilms on filter 1290 

media to adsorb and oxidize dissolved Mn(II) and form particulate Mn(IV), which can then be removed by 1291 

backwashing. Kohl and Dixon (2012) reported data from eight treatment plants in Canada, Europe and 1292 

China that were using downflow mono-medium sand biofilters. These treatment plants were capable of > 1293 

93% removal of manganese to achieve treated water concentrations below the MDL of 0.03 mg/L. An 1294 
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important consideration for utilities considering a transition from MnOx(s)-coated media filtration to 1295 

biological filtration is the potential for release of previously accumulated manganese on the filter media 1296 

once the free chlorine residual across the filters is terminated (Gabelich et al., 2006; Kohl and Dixon, 2012). 1297 

 1298 

Treatment plants that use lime or soda ash softening can also achieve manganese removal by raising the pH 1299 

of the water (e.g., >9.5–10) above the solubility of various manganese hydroxide and carbonate solid 1300 

phases. Likewise, the elevated pH present in lime or lime–soda ash softening will greatly increase the rate 1301 

at which dissolved Mn(II) is oxidized in the presence of dissolved oxygen (DO). Where DO is present, the 1302 

formation of oxidized MnOx(s) solids will occur. Raising the pH of the source water to achieve dissolved 1303 

Mn(II) removal is not a cost-effective treatment approach by itself; rather, this treatment method is typically 1304 

used only if softening of the source water is also required. A lime softening treatment plant reported 1305 

lowering the average manganese concentration in the source water from 0.520 mg/L down to an average 1306 

treated water concentration of 0.001 mg/L (Kohl and Medlar, 2006). Dissolved Mn(II) can also be removed 1307 

through cation exchange in zeolite softening processes. As with other cation exchange processes, 1308 

backwashing the zeolite, typically with a brine solution, removes the manganese (as well as iron, calcium 1309 

and magnesium) accumulated on the resin. 1310 

 1311 

In addition to manganese in source water, chemical addition and treatment plant processes can contribute 1312 

to the total amount of manganese that must be managed. The three main sources of manganese from 1313 

treatment plant operations are (1) the presence of manganese impurities in coagulants (principally ferric-1314 

based coagulants (2) resolubilization of Mn(II) from the reduction of MnOx(s) solids stored in 1315 

sedimentation basins as a result of anoxic conditions in the basin, and (3) the presence of dissolved 1316 

manganese in recycle streams from solid-processing operations (Tobiason et al., 2008). 1317 

 1318 

In cases where a community water supply is not available, manganese removal at a small or household level 1319 

is an option. Ion exchange (i.e., water softener) and greensand filtration can be used at the point of entry 1320 

(POE) to a home to reduce the likelihood of discoloured water and staining of laundry and fixtures. 1321 

However, deficient operation/maintenance of greensand filters has been associated with increased 1322 

manganese concentrations in homes treating well water (Barbeau et al., 2011). To remove manganese 1323 

specifically for drinking water in a home, point of use (POU) units  based on reverse osmosis are the most 1324 

effective and reliable treatment technology. POU units using cation exchange (and GAC) media such as 1325 

pour-through filters are also moderately effective at reducing manganese concentrations (Health Canada, 1326 

2019).   1327 

9.5  Distribution system  1328 

Low levels of manganese in source or treated water (current or historic) can accumulate in the distribution 1329 

system and periodically lead to high levels of manganese at the tap. Notably, in Brandhuber et al. (2015) 1330 

estimates were made for manganese stored on distribution system pipes based on data collected in Friedman 1331 

et al. (2010). Deposited manganese ranged from 0.1 mg/ft2 to 10,000 mg/ft2, with an estimated median of 1332 

210 mg/ft2, equivalent to approximately 3.8 lbs manganese/mile (based on a 6-inch-diameter pipe) or 7.7 1333 

lbs manganese/mile (based on a 12-inch-diameter pipe). In addition, other contaminants (such as arsenic 1334 

and lead) that deposit with manganese oxides in the distribution system may also be released into the water 1335 

and reach consumers' taps. It is therefore appropriate to implement a range of controls within the distribution 1336 

system to minimize the likelihood of manganese release events. This typically involves maintaining stable 1337 

water chemistry and minimizing several factors: the manganese levels entering the distribution system, the 1338 

amounts of manganese oxide deposits in the distribution system (through best practices for main cleaning); 1339 

and physical/hydraulic disturbances (U.S. EPA, 2006; Friedman et al., 2010; Ginige et al., 2011; 1340 

Brandhuber et al., 2015; Health Canada, 2019). 1341 
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 1342 

10 CONCLUSIONS 1343 

Manganese is an essential nutrient that acts as a component of several enzymes and participates in a number 1344 

of important physiological processes. Though essential, deficiencies in manganese are unlikely given that 1345 

levels in the diet are generally ample to provide adequate amounts for human health. Conversely, elevated 1346 

levels of manganese in drinking water have been associated with toxicity. Recognizing data gaps and 1347 

uncertainty, health-based values have been established for manganese, including lifetime drinking-water 1348 

levels and dietary Upper Levels by a number of authoritative bodies. Differences and limitations in terms 1349 

of the data considered at the time of assessment and their interpretation result in a wide range of proposed 1350 

values (Health Canada, 2019).  1351 

10.1 Derivation of the provisional guideline value 1352 

From a toxicological perspective, there is evidence emerging to support consideration of the oral route as a 1353 

potentially important route of exposure for manganese toxicity. From a drinking-water perspective, a 1354 

health-based guidance value is warranted. The limitations in the human epidemiological oral studies such 1355 

as the lack of an accurate assessment of manganese exposure levels, absence of determination of temporality 1356 

of effects, and potential confounding factors preclude their use in GV derivation. The results from newer 1357 

epidemiological studies also do not fully corroborate earlier studies that suggested weak associations 1358 

between oral manganese exposure, including drinking-water, and neurodevelopmental effects in infants or 1359 

children such as decreased IQ or behavioral performance (Khan et al., 2011, 2012; Rodríguez-Barranco et 1360 

al., 2013; Oulhote et al., 2014; Yu et al., 2014; Haynes et al., 2015; Henn et al., 2017; Rahman et al., 2017; 1361 

Bouchard et al., 2011, 2018; Dion et al., 2018; Ntihabose et al. 2018). Further, no studies are available that 1362 

specifically address the potential for increased susceptibility of infants (0-4 months) to manganese, 1363 

especially those that are bottle-fed. 1364 

 1365 

With respect to the animal toxicity studies, the most robust animal toxicity data are from studies conducted 1366 

in rats and include neonatal exposure, a life stage with potentially increased susceptibility. However, studies 1367 

in rodents can have limitations, as described in Section 8.2. Previously, in 2004 and retained in 2011, the 1368 

WHO derived a health-based value of 400 µg/L that was based on the absence of health effects observed in 1369 

composite dietary studies in healthy adult women (Greger et al., 1999; IOM 2002)). This work identified a 1370 

calculated NOAEL of 11 mg/kg/d based on average daily intakes. However, this study was primarily based 1371 

around nutritional parameters and was not intended to be a comprehensive epidemiological study of 1372 

possible adverse effects. 1373 

 1374 

Since that time other research has been published that indicates the potential for adverse effects, particularly 1375 

in children, through exposure to lower concentrations of manganese in drinking-water. Despite the data 1376 

from the new studies, uncertainties regarding manganese dose-response properties and susceptible 1377 

populations remain. Further, there are questions on the bioavailability of the different chemical forms of 1378 

manganese in drinking-water, including compared to food. 1379 

 1380 

Newer data in neonatal rats (Beaudin et al., 2013, 2017) have identified neurobehavioral effects similar to 1381 

those reported in previous rodent studies (Kern et al., 2010, 2011).  1382 

 1383 

From multiple well-conducted studies in rats, a LOAEL of 25 mg manganese/kg bw per day can be 1384 

identified based on adverse neurological indices, such as behavioural and sensori-motor effects and 1385 

corresponding neurostructural and neurochemical changes in exposed offspring, some of which persisted 1386 

into adulthood after levels of manganese the brain had returned to normal (Kern et al., 2010, 2011; Beaudin 1387 

et al., 2013; 2017). As noted by Health Canada (2019), several other studies reported  neurotoxicity resulting 1388 
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from oral exposure to manganese in rats, mice, or monkeys at lower doses (Chandra and Shukla, 1978; 1389 

Chandra et al., 1979a,1979b; Deskin et al., 1980; Golub et al., 2005; Gupta et al., 1980; Öner and Sentürk, 1390 

1995; Sentürk and Öner, 1996; Shukakidze et al. 2002, 2003; Tran et al., 2002b; Lazrishvili et al., 2009; 1391 

Moreno et al., 2009a, 2009b; Vezer et al., 2005, 2007), however study limitations, such as the lack of a 1392 

clear account of animal dosing and lack of information concerning long-term effects, confound the 1393 

interpretation of these studies. Nonetheless, these studies support neurotoxicity as a key endpoint of concern 1394 

for risk assessment. 1395 

To calculate the tolerable daily intake (TDI) based on exposure through drinking water, the 25 mg/kg/day 1396 

LOAEL is divided by an uncertainty factor (UF) of 1000, comprising: 1397 

• 10 for interspecies uncertainty due to the noted interspecies differences between rodents and 1398 

humans. 1399 

• 10 for intraspecies differences due to uncertainties in the level of variation within the human 1400 

population. 1401 

• 10 for database uncertainties including the use of a LOAEL rather than a NOAEL.  1402 

 1403 

TDI =  25 mg/kg bw per day  1404 

                                          1000 1405 

=  0.025 mg total manganese/kg bw per day 1406 

 1407 

Numerous factors might influence the extent of toxicity specific to drinking-water exposure in infants, such 1408 

as differing chemical forms and valence states in drinking-water, and the higher absorption and increased 1409 

retention of manganese in infants compared to adults (Health Canada, 2019). Milk or soy-based formula 1410 

represents the total diet in non-breast fed infants for the first few months of life, and, as noted in section 1411 

3.6, there is potential for increased exposure to manganese in this group compared to the breast fed infants 1412 

because  of manganese in both the tap water used to prepare formula and the  powdered  formula itself. 1413 

Thus, the source allocation from drinking water is assumed to be half of the total potential exposure, with 1414 

the balance from the formula itself. Accordingly, an allocation factor of 50% for drinking-water is applied 1415 

for this assessment, although as noted above, there is high variability of manganese concentrations in both 1416 

drinking-water and formula. Taking the above TDI, allowing for a 50% allocation, and a 5 kg body weight 1417 

for a bottle-fed infant consuming 0.75 L water per day yields a health-based guideline value of 0.08 mg 1418 

manganese/L for bottle-fed infants. They are the subpopulation most susceptible to manganese exposure. 1419 

 1420 

Health-based guideline value  =  0.025 mg/kg bw per day ×5 kg ×0.5  1421 

      0.75 L/d 1422 

 1423 

    = 0.08 mg total manganese/L 1424 

  1425 

This guideline value is provisional (pGV) because of the high level of uncertainty in this value (as reflected 1426 

in the database UF of 1000.) It is important to note that levels below this health-based value may result in 1427 

significant organoleptic acceptability problems For example at concentrations as low as  0.02 mg/L. 1428 

Manganese can deposit on the surface of pipes and when disturbed causes discoloration  of the water and 1429 

impact consumer acceptability. 1430 

10.2  Considerations in applying the guideline value 1431 

The provisional GV is for total manganese.  Since the pGV falls above the concentration of manganese 1432 
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normally causing acceptability problems in drinking-water, aesthetic as well as health aspects should be 1433 

considered when setting drinking-water quality regulations and standards. 1434 

 1435 

Manganese levels in drinking-water can be an issue in some low-income countries and should be considered 1436 

in establishing national standards and local guidance. It is recognised that resource-limited suppliers may 1437 

have difficulty in achieving the pGV and in such cases, incremental improvements towards meeting the 1438 

pGV are encouraged. Where there are issues of acceptability these should be taken into account since 1439 

reduced acceptability may lead consumers to turn to more aesthetically acceptable but less 1440 

microbiologically safe water supplies. 1441 

 1442 
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