
ABSTRACT 

GILLISPIE, ELIZABETH CATHERINE.  Sources and Environmental Factors Controlling 
Manganese Distributions in Well Water of the North Carolina Piedmont.  (Under the 
direction of Dr. Matthew Polizzotto).   
 

Manganese (Mn) contamination of well water is a widespread problem and an 

increasing concern in North Carolina’s (NC’s) drinking water supplies.  Roughly 50% of 

wells in NC have Mn concentrations exceeding the state standard of 0.05 mg/L.  Recent 

studies have shown that routine consumption of well water with elevated Mn concentrations 

may lead to increased infant mortality rates, death by cancers, and cognitive impairments in 

children.  In NC, Mn in well water is naturally derived, but specific sources of Mn to 

groundwater are generally unknown, and concentrations are spatially variable, ranging from 

<0.01 to >2 mg/L.  Thus, it is often difficult to predict risks to exposure. 

The goal of this thesis research was to identify environmental factors that regulate 

dissolved Mn concentrations in groundwater of the NC Piedmont.  To accomplish this goal, 

chemical analyses of Mn in regolith (soil and saprolite), bedrock, and well-water samples 

from ten NC Division of Water Resources groundwater research stations were integrated 

with existing statewide well-water data, soil maps, and geology maps.  In general, results 

show that a zone of solid-phase Mn-oxide accumulation persists near the water table (~4.6-

9.1 m) in saprolite, and solid-phase Mn speciation – as determined by sequential extraction – 

is dominated by primary, less-reactive Mn-bearing minerals at deeper depths. Across the 

region, dissolved Mn concentrations in wells are generally highest just below the zone of 

solid-phase Mn-oxide accumulation and decrease with depth.  Based on results from 

adsorption isotherm experiments, Mn in groundwater is ~4 times more likely to adsorb in 

saprolite than in the transition zone or bedrock. Collectively, these results suggest that near-



surface cycling has led to Mn repartitioning and delivery to groundwater and is likely to 

occur for a range of geological parent materials.  Following accumulation near the water 

table, Mn is reductively mobilized and transported downward through a network of bedrock 

fractures.  Manganese concentrations both above the drinking water standard (0.05 mg/L) 

and below detection limits (< 0.01 mg/L) are observed in wells from different depths at 

nearly every research site across the Piedmont, suggesting that localized environmental 

processes at individual well sites could be controlling current Mn concentrations in well 

water.  Therefore, integrated soil-bedrock-system analyses for a specific well site are needed 

for effective Mn prediction and management.  
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Introduction 
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1.1. Research Motivation: The Issues of Manganese in North Carolina Well Water 

Over half of North Carolina’s population relies on groundwater as their primary 

drinking water source.  In addition, North Carolina is one of the fastest growing states in the 

United States (U.S.), and with a rapidly increasing population, the demand on groundwater is 

expected to grow significantly.  Currently, more than 2,700,000 residents use privately 

owned individual wells in NC, which may contain anthropogenic and naturally occurring 

contaminants (NCGWA, 2007).  Until 2008, NC did not require private drinking well testing 

to ensure adequate water quality and, even currently, annual inspection of wells is optional 

for homeowners (EHS, 2014).   Contaminants in drinking water can pose a serious hazard to 

human health, and therefore, it is necessary to identify and mitigate the threats to drinking 

water supplies in order to protect these vital resources.   

Manganese (Mn) contamination in drinking water has recently been recognized as a 

potential threat to human health. In NC, approximately 50% of sampled groundwater wells 

have naturally occurring Mn concentrations exceeding the state’s recommended drinking 

water standard of 0.05 mg/L (“State of the Environment”, 2011).  Studies have shown that 

consuming Mn in high concentrations or over a long period of time can have neurological 

effects on humans, called “manganism” (WHO, 2011).  Symptoms are described as a 

“Parkinson’s-like syndrome” and can cause muscular weakness, early signs of gout, and 

cognitive learning impairments in children (WHO, 2011).  Recent studies in NC have 

observed that an increase in groundwater Mn concentrations corresponds to increases in 

infant mortality rates (IMR) and deaths from cancers (Spangler et al., 2009; Spangler et al., 

2010).  
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Whereas it is known that Mn is naturally occurring in rocks and soils, the specific 

sources of Mn and the environmental processes and factors that control its delivery to 

groundwater in NC remain unknown. Manganese concentrations above 0.05 mg/L can be 

found throughout NC, especially in well water within the Piedmont physiographic region, 

where concentrations can be over an order of magnitude above the drinking water standard 

(Figure 1).  Research in this thesis seeks to identify the major sources of manganese 

contamination in the NC Piedmont and characterize the dominant environmental factors 

controlling the variability of manganese concentrations in well water by integrating 

previously existing data, laboratory experiments, and field analyses.   

 

1.2.  Background 

1.2.1. Adverse health effects from Mn in well water 

Despite efforts made to demonstrate the health impacts of Mn consumption on 

humans, there is no widely accepted formal guideline to regulate Mn in drinking water 

because there is no quantitative information that indicates the concentration at which Mn 

becomes toxic to humans (WHO, 2011).  Manganese contamination in drinking water is 

normally recognized as a nuisance issue, in which concentrations at or above 0.05 mg/L may 

affect the appearance, taste, or odor of water (EPA, 2004).  This concern led to the United 

States Environmental Protection Agency’s (EPA’s) recommendation but not enforcement of 

the secondary maximum contaminant level (SMCL) 0.05 mg/L for Mn in drinking water.  

Rather than a nuisance guideline, the World Health Organization (WHO) established a 

health-based guideline of 0.50 mg/L for Mn in drinking water in 1993, which was lowered to  
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0.40 mg/L in 2004 but then discontinued completely in 2011 (WHO, 2011).  The reasoning 

for discontinuation was that the WHO determined normal concentrations of Mn found in 

drinking water tended to be much below their health-based value of 0.40 mg/L, and so it was 

unnecessary to keep a formal guideline (WHO, 2011).  North Carolina has adopted the 

EPA’s SMCL for Mn in drinking water as a guideline for homeowners.  Concentrations 

above 0.05 mg/L are encouraged to be treated with using various filtration options, but 

remediate action it is not mandatory.  Although a health-based guideline is not established in 

NC, NC State Toxicologist Dr. Kenneth Rudo stated that health effects can be seen over time 

if water with Mn concentrations as low as 0.10 mg/L is chronically consumed (Kenneth 

Rudo, personal communication, 2014).   

Although there is currently no strict regulation on Mn concentrations in drinking 

water, there have been numerous cases identifying negative health impacts from consuming 

Mn.  Kawamura et al. (1941) reported adverse health affects in a Japanese community who 

had consumed drinking water with Mn concentrations around 28 mg/L and Kondakis et al. 

(1989) reported from a study in Greece that a progressive increase in Mn consumption 

resulted in increased chronic Mn poisoning.  Studies in NC analyzed the relationship between 

Mn concentrations in well water, infant mortality rates (IMR) and deaths from cancer 

(Spangler et al., 2009, Spangler and Reid, 2010).  Spangler and Reid (2010) showed that with 

every log increase in Mn concentrations in groundwater, there was a 2.1 increase in infant 

deaths per 1,000 live births.  In another study, Spangler et al. (2009) correlated that with 

every log increase in groundwater Mn concentration, there was a county-level increase of 

12.10 deaths from all-site cancer per a population of 100,000.   
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Additional recent studies have focused on the intellectual impairment of children 

consuming chronic or high levels of Mn from drinking water around the world (Woolf et al., 

2002; Bouchard et al., 2011; Wasserman et al., 2006; He et al., 1994; Zhang et al., 1995).  

Below-average verbal and visual memory performance was detected in a 10-year old boy 

chronically exposed to Mn concentrations around 1 mg/L in his family’s drinking well in 

Boston, MA (Woolf et al., 2002).  A study in Quebec, Canada concluded that higher Mn 

concentrations in tap water and children’s hair were significantly associated with lower IQ 

scores (Bouchard et al., 2011).  Studies of intellectual impairments in groups of children in 

Araihazar, Bangladesh concluded that Mn in drinking water was associated with reduced IQ 

scores (Wasserman et al., 2006).  In an effort to minimize health risks associated with Mn 

consumption of drinking water around the world and in NC, research has begun to recognize 

distributions of manganese in well water and has attempted to better understand the 

contamination issue.   

 

1.2.2.  Global distribution and known environmental influences of Mn in well water 

 Elevated concentrations of Mn are present in well water across the world, far 

exceeding the previous recommended WHO guideline of 0.4 mg/L (Hug et al., 2011; 

Buschmann et al., 2007; Homoncik et al., 2010; Katsoyiannis et al., 2007; Berg et al., 2001).  

Over 1.2 million people living in Cambodia are exposed to elevated Mn concentrations, in 

which 57% of those concentrations are greater than 0.4 mg/L (Buschmann et al., 2007).  In 

this study, elevated Mn concentrations tended to be found in groundwater with suboxic 

conditions and the absence of nitrate.   
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Most deep (> 100 m depth) tubewells in Munshiganj District, Bangladesh contain 

concentrations of Mn greater than 0.4 mg/L, which are often higher than shallow tubewells 

(Hug et al., 2011).  When looking at depth distribution of Mn concentrations in this study, it 

was observed that Mn tended to peak near 1.1 mg/L around a depth of 27 m and then 

decrease with depth.  However, concentrations rose sharply to greater than 3 mg/L at depths 

below 180 m where a stratigraphic transition occurred from grey sediments to brown 

sediments.   

 Manganese contamination is also a problem in Scottish groundwater, and 

concentrations seem to be influenced by both aquifer rocks and the physicochemical 

conditions of the aquifer (Homoncik et al., 2010).  Concentrations varied across all 

geological units in the study area within Scotland, but elevated concentrations occurred 

particularly more in groundwater from the Northern Devonian, Carboniferous and Superficial 

geological units (Homoncik et al., 2010).  Manganese concentrations varied more within an 

aquifer type rather than between them, which led the researchers to conclude that pH and 

redox conditions explained the variability more completely than aquifer mineralogy did 

(Homoncik et al., 2010).  

 

1.2.3. Biogeochemical processes and environmental factors governing Mn solubility 

 Anthropogenic sources of manganese, such as industrial emissions attributed to iron 

and steel production facilities, fossil fuel combustion, and mining, typically lead to the 

greatest exposure of manganese in humans (ATSDR, 2000). However, natural sources of 

manganese, although occurring in lower concentrations, can have a major impact on human  
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health (e.g. Woolf et al., 2002; Bouchard et al., 2011; Buschmann et al., 2007; Wasserman et 

al., 2005).  Manganese occurs in numerous minerals found in soils, sediments, and rocks.  

Manganese is abundant in the Earth’s crust, but in general is most accessible to the 

environment after weathering of mafic (or siliceous) rocks (Dixon and Schultz, 2002; 

ATSDR, 2000).  Therefore, Mn-bearing minerals found in soils and sediments that are 

derived from weathered rocks are likely to be the major sources of manganese to 

groundwater. The most common such minerals are Mn(III) or Mn(IV) oxides (e.g. pyrolusite, 

MnO2) (Ruggiero, 1989; Dixon and Schultz, 2002), and other abundantly occurring minerals 

are rhodochrosite (MnCO3), manganite (Mn2O3*H2O), hausmannite (Mn3O4), braunite 

(3Mn2O3*MnSiO3) and rhodonite (MnSiO3) (Adriano, 2001; Martin, 2005).   

Manganese in the solid phase is released to the aqueous phase when Mn oxides 

become reduced to Mn(II), which is relatively soluble. Therefore redox potential, Eh, is a 

strong indicator of the ability for manganese to be released to solution.  A relatively lower Eh 

tends to favor conditions for Mn to become reduced and released into the groundwater as 

Mn2+ (Figure 2; Eby, 2004; Buschmann et al., 2007; Gotoh and Patrick, 1972).  Eh values for 

the reduction of Mn(IV) to Mn(II) tend to be around 1.4V to 0.2V (Dixon and Schulze, 2002; 

WHO, 2011).  An example of the reductive dissolution of Mn oxides can be seen in the redox 

half reaction,  

 

MnO2 (s) + 4H+
 (aq) + 2e-

 (aq) çè Mn2+
 (aq) + 2H2O (l) 
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in which Mn(IV) reduction to Mn(II) is favored under low pE and pH, transferring Mn from 

the solid phase to the aqueous phase (Dixon and Schulze, 2002; Hue et al., 2001; Singleton et 

al., 1987).  

The rate of manganese reduction can be increased in the presence of microbes, and 

over 200 species of Mn reducers can be found in the soil (Gounot, 1994).  Microbial activity 

can be influenced by the presence of organic matter as well as seasonal and daily changes in 

moisture and temperature.  For example, high levels of organic matter activate microbial 

activity to reduce Mn(IV) to Mn(II), allowing Mn2+ to be released into groundwater (Gounot, 

1994; Adriano, 2001). Finally, the onset of saturated conditions creates a potential for 

Mn(IV) reduction due to an increase in organic matter decomposition by microorganisms 

(Gounot, 1994).   

The degree of manganese reduction and release into groundwater is influenced by Eh 

as well as pH (Figure 2).  More acidic groundwater will tend to have a greater probability of 

reducing manganese than more basic conditions, and therefore Mn2+ tends to predominately 

be in the groundwater at pH values ranging from 4 to 7 (Eby, 2004; Martin, 2005; Dixon and 

Schulze, 2002).  Conditions vary, however, and there are situations where an environment 

may experience higher pH values than typical for Mn reduction; in this case, Mn can still be 

reduced and released into groundwater if lower redox values are present (Dixon and Schulze, 

2002; Homoncik et al., 2010).  In general, Mn release to groundwater tends to be due to a 

combination of reducing conditions and lower pH, and the extent of release may vary with 

location.   

Multiple factors may inhibit the mobility of Mn2+ in the groundwater once manganese  
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oxides are reduced.  For example, Mn(II) may re-partition in the solid phase in secondary 

precipitates, such as MnCO3, or as an adsorbed species on mineral surfaces (Gounot, 1994).  

Plants may also take up dissolved Mn once in the groundwater (Intawongse and Dean, 2006).  

The microbial or abiotic oxidation of Mn(II) may remove Mn from the aqueous phase, but 

this tends to be a slower process compared to the reduction of Mn oxides (Gounot, 1994; Sly 

et al., 1990). An example of dissolved manganese becoming immobile is when bodies of 

water such as streams or swamps become aerated and Mn(II) becomes oxidized (Gounot, 

1994).  Sometimes areas that contain less vegetation and coarser grained sediments above the 

water table will allow for more aerated conditions and permit the oxidation of Mn(II) as well 

(Gounot, 1994).  Manganese can also coat fractures during groundwater transport through 

bedrock (Douglas, 1987; Eren et al., 2014; Weaver, 1978).   One way this can occur is when 

Mn-bearing minerals, such as biotite, in saprolite are exposed to acidic weathering (pH ~ 5) 

and liberate Mn; the released Mn may migrate to pre-existing fractures where higher pH 

values (pH ~ 7) induce Mn precipitation (Weaver, 1978).   

 

1.2.4. General unknowns of naturally occurring Mn contamination in groundwater 

Natural manganese contamination of groundwater is understudied, despite the 

evidence of elevated Mn concentrations in well water, health implications associated with 

Mn consumption, and the resulting acute need for fundamental understanding of 

biogeochemical processes impacting Mn cycling.  Previous research has touched upon 

understanding the sources and controls of Mn in groundwater; however further study is 

needed to characterize relationships between Mn and groundwater chemistry, geological and  
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environmental factors, and depth (e.g. Homoncik et al., 2010; Hug et al., 2011; Buschmann 

et al., 2007).  It is unknown how the depth distribution of Mn concentrations within a single 

location compares to concentration profiles in surrounding areas.  This knowledge is 

important because if shallower depths regionally experience similar concentrations of Mn 

and deeper depths experience different concentrations than shallower ones, this could lead to 

a potential management consideration when placing wells as drinking water sources.  

Additionally, the role of geology and rock composition on the presence of Mn in 

groundwater has been scarcely studied and may play a key role in controlling regional 

variability in Mn concentrations.  Finally, there is a lack of understanding of how integrated 

soil-bedrock system processes influence Mn sources to groundwater and mobility.  By 

assessing Mn contamination in this way, a more comprehensive risk assessment could be 

made for predicting occurrences of elevated Mn concentrations in groundwater.    

In the North Carolina Piedmont, Mn concentrations occur at very high levels in 

numerous wells, but little is understood about the natural source that is contributing to these 

concentrations.  Manganese occurs in soil, saprolite, and bedrock materials, but the extent to 

which each material supplies Mn to the groundwater system is unknown. Previously, detailed 

solid-phase Mn distributions have been classified within one county of NC (McDaniel and 

Buol, 1991), while the distribution of groundwater Mn concentrations had been previously 

evaluated based on average Mn concentrations per NC county (Spangler et al., 2009; 

Spangler et al., 2010; UNC SRP, 2010).  Understanding the influence of geological and 

physiochemical processes on Mn within the groundwater system would also allow for a more 

accurate risk assessment of possible areas of Mn contamination.    
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1.3. Scope of Research 

 The research presented in this thesis seeks to identify the major sources of manganese 

contamination in groundwater of the NC Piedmont and characterize the dominant 

environmental factors controlling the variability of manganese concentrations in well water.  

Field, laboratory, and geospatial investigations are integrated in order to understand 

manganese contamination from a variety of spatial scales.  The main goal of this research is 

to create a working model that assesses the risk of manganese contamination to wells by 

combining hydrogeochemical factors that influence Mn concentrations with existing well 

water data.  In particular, the specific objectives of this research are to: 

(i) identify the most prevalent source(s) of manganese contributing to groundwater 

contamination; 

(ii) characterize factors influencing the spatial distribution of manganese in wells; and 

(iii) create a broad scientific foundation that can be used in support of better 

management of manganese as a contaminant. 

Study sites were located in the NC Piedmont, where manganese in well water is a threat to 

residents and the potential for contamination is difficult to predict due to the high spatial 

variability of concentrations.   

 The chapters in this thesis described a new approach to investigating the 

environmental controls on naturally occurring manganese contamination.  The aim of 

research in Chapter 2 was to use existing and newly collected well water data from the NC 

Piedmont to describe hydrogeochemical conditions present with elevated (and low) 

concentrations of Mn in groundwater.  Research in Chapter 3 focused on field and laboratory  
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analyses to identify likely sources of Mn to groundwater.  A brief summary of each research 

chapter is given below.   

 

Chapter 2: Groundwater chemistry and Mn concentrations in the NC Piedmont  

 Previous research in NC had not combined analyses of groundwater geochemistry 

and geological systems with spatial and depth distributions of Mn concentrations in well 

water.  Consequently, the lack of environmental considerations when managing well 

installations could impact the quality of drinking water and health of individuals consuming 

this water.  The research presented in Chapter 2 identified depth and spatial distributions of 

Mn concentrations in well water across the Piedmont, then investigated the influence of 

aqueous chemistry and soil/geologic factors on these distributions.   Concentrations of Mn 

that exceeded the drinking water standard of 0.05 mg/L occurred more frequently in the 

Carolina Slate Belt system, while across the Piedmont similar trends of decreasing Mn 

concentrations with depth were observed.  Major-ion groundwater chemistry was somewhat 

different between geological systems but tended to change little with depth.  Mineral 

solubility calculations indicated that groundwater was undersaturated with respect to several 

Mn-bearing minerals, and if such minerals were present within aquifer solid phases, mineral 

dissolution could release Mn to solution.  Reducing conditions in groundwater appeared to be 

the most predictive factor for elevated Mn concentrations.  Results from this study opened 

further research based on new questions, such as what is the source of higher Mn 

concentrations within wells of shallower depth and what happens to Mn once groundwater 

reached deeper wells. 
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Chapter 3: Solid-phase Controls on Manganese Contamination of Groundwater in the North 

Carolina Piedmont  

 Groundwater flow, parent material, and reducing conditions all contribute to the 

potential for manganese contamination of groundwater, but the sources of Mn and the extent 

to which environmental factors impact the sources within the Piedmont subsurface are still 

unknown.  The research presented in Chapter 3 quantified total manganese concentrations in 

Piedmont regolith and bedrock, the different phases in which Mn occurred within the 

subsurface, and the partitioning of Mn from groundwater onto saprolite, transition, and 

bedrock material.  Acid digestions and sequential extraction experiments coupled with 

previous research and literature in Chapter 3 suggested that Mn oxides within saprolite were 

the most likely source of manganese to NC Piedmont groundwater.  Across the Piedmont, 

reducing conditions were observed around a zone of solid-phase Mn accumulation in the 

saprolite, implying that Mn from Mn oxides could be easily released and transported 

downward with groundwater flow. Wells cased at depths slightly below these reducing zones 

of accumulation tended to have higher concentrations of Mn than deeper cased wells in the 

same location. In addition, adsorption isotherm experiments concluded that Mn in solution 

was more likely to be transported with groundwater through transition and bedrock material 

due to lower a sorption potential.  Therefore, it is likely that Mn in groundwater not taken up 

by shallower wells will continue to move with groundwater flow and be transported via the 

Piedmont’s highly fractured bedrock system.  Although the conceptual model developed by 

the results of this research can be applied across the Piedmont, there is still local variability 

that should be further investigated when installing a well site.   
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Summary 

 The overall research presented in this thesis indicates that in the NC Piedmont, 

manganese is delivered to groundwater from saprolite in the near-surface regolith and is 

subsequently stored in shallower aquifers until transported downward to underlying fractured 

bedrock aquifers.  Distributions of manganese concentrations across the Piedmont reflect 

patterns of geological weathering and suggest that underlying formations impact 

concentrations of Mn found in well water.  Spatial variability makes it difficult to predict 

where manganese contamination might occur and therefore an integrated understanding of 

hydrology and biogeochemistry of localized areas is vital in the protection of human health.   

Since Mn concentrations tend to be above the standard of 0.05 mg/L in locations all 

across the NC Piedmont and at varying depths, it becomes important for homeowners to be 

educated on the health effects of Mn contamination. Well drillers and public health personnel 

should encourage annual well testing to private well homeowners since there is currently no 

enforcement to have wells tested every year.  Based on my findings, well drillers may 

consider casing the wells deeper down in the subsurface to minimize Mn exposure in 

drinking water.  Geological areas that exceed the drinking water standard in greater 

frequency, such as the Carolina Slate Belt system, should be more aware of their greater risk 

for exposure to Mn contaminated drinking water and encouraged to invest in filtering 

systems. 
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Figure 1.  Manganese concentrations greater than the NC drinking water standard of 
0.05 mg/L within the NC Piedmont.  Manganese concentrations collected from the United 
States Geological Survey (USGS) National Uranium Resource Evaluation (NURE) program, 
1976 – 1978, were plotted on a map of NC. Data were clipped to show only Mn 
concentrations greater than or equal to the NC drinking water standard of 0.05 mg/L. 
 
 
 
  



 

 19 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.  Eh-ph diagram of the system Mn-O-H.  Diagram from FACT database.  System 
parameters include: Mn = 10-10, 298.15K, 105 Pa (NIAIST, 2005).   
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Chapter 2 

Groundwater Chemistry and Manganese Concentrations in Wells of the North 

Carolina Piedmont 
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1. Introduction 

 Manganese (Mn) contamination of well water is a widespread problem and an 

increasing concern in North Carolina (NC).  Roughly 50% of NC wells have Mn 

concentrations greater than the Environmental Protection Agency’s (EPA) secondary 

maximum contaminant level (SMCL) of 0.05 mg/L (“State of the Environment”, 2011).  The 

secondary maximum contaminant is a non-mandatory drinking water quality standard that is 

designed for managing chemicals that may have aesthetic impacts to water but are usually 

not considered threats to human health (USEPA, 2013).  However, despite Mn’s SMCL 

designation, there are known health impacts from consuming Mn in drinking water.  

Manganese consumption in high concentrations or over a long period of time can cause 

manganism, a condition which is manifested by neurological symptoms similar to 

Parkinson’s disease (WHO, 2011).  Recent research has shown that county averages of Mn 

concentrations in NC well water positively correlate with infant mortality rates and deaths by 

cancer (Spangler et al., 2009 and Spangler et al., 2010).   

 Although there has been increasing research on health implications of consuming 

elevated Mn concentrations in drinking water, studies addressing the processes influencing 

and leading to Mn contamination of well water are limited.  Many studies nationally and 

internationally have put effort into identifying the distributions of Mn across a region and 

characterizing the overall groundwater chemistry of associated aquifers (Robbins and 

Goldman, 2007, Buschmann et al., 2007, Hug et al., 2011, Homoncik et al., 2010).  Elevated 

concentrations of Mn in well water potentially pose a health threat to over 1.2 million people 

living in Cambodia (Buschmann et al., 2007).  After groundwater testing, elevated  
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concentrations of Mn were observed mostly in suboxic conditions (Buschmann et al., 2007).  

Another study in Bangladesh observed high Mn concentrations (0.2 – 1.0 mg/L) in shallow 

and intermediate water (20 to 180 m deep) and then maximum concentrations (2 to 5 mg/L) 

in well depths between 190 and 240 m (Hug et al., 2011).  In general, Mn concentrations are 

most likely found in groundwater with reducing conditions and lower pHs (Dixon and 

Schulze, 2002; Eby, 2004).   

 In North Carolina, less research has been conducted on groundwater geochemistry 

and its impact on Mn concentrations; however, recent studies have more broadly assessed the 

influence of geology on groundwater chemistry.  Lindsey et al. (2006) described the 

hydrology and water quality of the NC Piedmont crystalline-rock aquifer, which provided 

detailed information on groundwater flow and facilities assessment of the transport of 

contaminants, such as Mn.  More specifically, a recent study evaluated the utility of grouping 

groundwater quality data based on regional geological settings as an approach for 

characterizing ambient water quality conditions in NC Piedmont bedrock aquifers (Harden et 

al., 2009).  It concluded that manganese was one of five constituents and parameters 

measured that most commonly exceeded their respective drinking water criteria.  In fact, Mn 

exceeded NC’s maximum contaminant level of 0.05 mg/L in six geozones, with the Carolina 

Slate and Milton geozones containing the highest proportion of these occurrences.   

Tying together existing knowledge of NC geology, water quality, and groundwater 

flow with current groundwater chemical composition information will allow for a 

strengthened understanding of Mn well-water contamination and improved well-water risk 

assessment and management. Accordingly, the overarching goal of this research was to  
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assess the hydrogeochemical factors defining Mn contamination of NC well water. Particular 

focus of the analyses was devoted to the NC Piedmont physiographic region, which is home 

to rapidly expanding surburban populations that rely on well-water for household use. The 

specific objectives of this study were to: (a) characterize the current groundwater aqueous 

chemistry of the NC Piedmont where a range of Mn concentrations are found: (b) identify the 

regional and depth distributions of Mn concentrations in NC Piedmont groundwater; (c) 

relate existing knowledge of groundwater quality - based on geology, soil, and groundwater 

flow information - to measured manganese concentrations in well water; and (d) evaluate 

potential geochemical processes known to release Mn to groundwater. Overall, this study 

shows that there is great spatial variability in Mn concentrations, but in general, Mn in the 

NC Piedmont is closely associated with specific geological and soil systems.  Research also 

indicates that Mn concentrations in groundwater are potentially influenced by redox 

processes and mineral solubility. Although previous health assessments have been based on 

county-averages of Mn concentrations within wells, our collective results imply that 

management of Mn contamination should instead be based on environmental considerations 

and depth when constructing and installing wells.   

 

2.  Overview of the North Carolina Piedmont Groundwater Flow System 

 The NC Piedmont physiographic region groundwater-flow system is a complex and 

multi-component system that combines the regolith and underlying fractured bedrock 

(Lindsey et al., 2009).  The crystalline-rock aquifer, which contains zones of igneous and 

metamorphic rocks of varying compositions that are highly folded, faulted, and fractured  
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(Lindsey et al., 2009), is the main aquifer system within the Piedmont.  The ionic 

composition of the NC Piedmont groundwater generally reflects the underlying parent 

material, with median  specific conductance of 120 µS/cm, pH of 6.6, total hardness of 40 

mg/L, and bicarbonate of 51 mg/L (Lindsey et al., 2009). 

The transport of groundwater constituents is impacted by groundwater flow through 

the regolith and fractured bedrock within the NC Piedmont.  The regolith and fractured 

bedrock groundwater flow system is generally classified into four zones - the unsaturated 

regolith zone (vadose; includes soil), the saturated regolith zone, the transition zone, and the 

fractured bedrock (Lindsey et al., 2006, Figure 1).  The unsaturated regolith zone provides a 

medium for the recharge to infiltrate to the groundwater system, in which metals and other 

constituents may be released from the soil into the percolating water that flows toward 

groundwater.  The saturated regolith zone acts as a reservoir that supplies water to the 

bedrock (Lindsey et al., 2006, Figure 1).  The transition zone tends to be more permeable 

than the other zones, thus creating a potentially high-flow groundwater system, while 

groundwater only flows through interconnected fractures within the bedrock (Lindsey et al., 

2006).  

Recently installed domestic wells in the Piedmont crystalline aquifers tend to be 

cased through regolith and transition zones and openly screened into the bedrock to yield 

water from the network of fractures that serve as pipelines between the well and regolith 

reservoir (Lindsey et al., 2009, Figure 1).  However, older wells can be cased at varying 

depths greater than 10 feet below the surface. Despite enforcement of wells not being placed 

in anthropogenically contaminated aquifers, natural contaminants, such as Mn, are typically  
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not considered when installing wells.  

 The major geozones within the NC Piedmont are the Mesozoic, Outer Carolina, 

Carolina slate, Raleigh and Charlotte, Felsic intrusive, Milton, and Inner Piedmont; and the 

major soil systems are the Carolina Slate Belt, Felsic Crystalline, Mixed Mafic and Felsic, 

and Triassic Basin (Harden et al., 2009; Daniels et al., 1999).  Soil systems, which consist of 

residuum (saprolite) material, are weathered from the underlying parent bedrock and 

generally match the boundaries produced by geological formations (Heath, 1980; Daniels et 

al., 1999).  Due to this in-place weathering sequence, soil systems and geozones are 

collectively referred to as “geological systems” for the spatial analyses used in this research, 

and soil system maps are used to convey spatial relationships.   

 

3.  Methods and Materials 
 
3.1. Background well water-quality data 

 Background well water-quality data were obtained from the United States Geological 

Survey (USGS) National Uranium Resource Evaluation (NURE) Hydrogeochemical and 

Stream Sediment Reconnaissance (HSSR) program (Smith, 2006, Figure 2) and the NC 

Department of Health and Human Services (DHHS) Environmental Health Section (EHS) 

private well database (Figure 3).  As part of the NURE program, 5174 wells were sampled 

across North Carolina from 1976-1978, with an attempt to create study areas on a 1° x 2° 

quadrangle basis (Smith, 2006).  Well water consisted of private, semi-private, and public 

water supplies.  Water samples were initially analyzed only for uranium, but were later re-

analyzed for a wide range of inorganic and organic species, as well as other parameters such  
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as well depth and pH (Smith, 2006).  In our study, the NURE dataset was used for a baseline 

understanding of Mn concentrations in well water across North Carolina and the NC 

Piedmont.  The NURE data for North Carolina were geocoded using ArcGIS then clipped to 

the Piedmont physiographic region. Manganese concentrations, well depth, and pH were 

used for comparisons to samples collected from more recent field sampling across the NC 

Piedmont (described below).   

 In addition to the NURE data, the NC Department of Health and Human Services 

(DHHS) Environmental Health Section (EHS) provided a dataset of Mn concentrations in 

wells from 2008-2011 that was also used in this study for further evaluation of Mn 

concentrations in groundwater.  The DHHS dataset contains well water data from 8926 

private drinking wells across all 100 counties of NC that were constructed, repaired, or 

abandoned on or after July 2008 (Session Law 2006-202).  A variety of different analytes, 

but not well depth, are contained in the DHHS dataset.  Data were clipped to the Piedmont 

physiographic region and spatially projected using the longitude and latitude coordinates 

associated with each well. 

 

3.2. Site description and monitoring well sample collection 

Well water data were collected from monitoring well sites located at nine North 

Carolina Department of Environmental and Natural Resources (NCDENR) Division of Water 

Resources (DWR) groundwater research stations in the Piedmont (Table 1, Figures 2 and 3).  

Well sites consisted of one or more well clusters and included at least one shallow (generally 

screened within the regolith), one intermediate (screened within the transition zone), and one  
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deep well (open borehole within the bedrock) (Figure 1).  The bottom of casing depth ranged 

from depths of 6-12 m for shallow wells, 8-25 m for intermediate wells, and 30-162 m for 

deep wells.  These depths correspond to the very bottom of the well and were used when 

plotting Mn concentrations with depth for the DWR data.  The top of casing depth ranged 

from depths of 1-12 m for the shallow wells, 2-19 m for intermediate wells, and 9-27 m for 

deep wells.  All 9 research stations were sampled within the summer of 2013 (a total of 46 

wells), and 4 of the research stations were sampled again within the winter of 2013-2014 (12 

wells).   

Monitoring wells at the research stations were sampled following a well-water 

sampling protocol designed by NCDENR DWR.  Water levels were measured in each well at 

the site before sampling.  Shallow and intermediate wells were purged to three well volumes 

of water and deep wells were purged to one well volume using a SS Geosub 12 Volt DC 

Sampling pump and controller (Geotech Environmental Equipment, Inc.), Monsoon Purging 

pump (Geotech Environmental Equipment, Inc.), Grundfos (Geotech Environmental 

Equipment, Inc.), or a peristaltic pump (Pine Environmental Services, Inc.) depending on 

location and well depth.  Temperature, pH, dissolved oxygen (DO), oxidation-reduction 

potential (ORP), and specific conductance were measured throughout purging using a YSI 

Plus multi-probe, and were recorded when these parameters reached steady values. Alkalinity 

was measured using a field alkalinity titration kit (Hach Company). 

Following purging, samples were filtered using a 0.45-micron filter (Dispos-a-filters, 

Geotech Environmental, Inc.) into 30 mL HDPE bottles for chemical analyses of dissolved 

Mn, As, Ca, Fe, K, Mg, Na, P, S, Si, Cl-, F-, NO3
-, PO4

3-, NH4
+, and SO4

2-. Samples collected  
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for dissolved organic carbon (DOC) were filtered into 30 mL glass bottles. Cation samples 

were acidified to pH ~3 using trace-metal-grade concentrated nitric acid, and DOC and 

nutrient samples were acidified with trace-metal-grade concentrated hydrochloric acid. Anion 

samples were not acidified.  All samples were immediately stored on ice and then stored at 

4°C in the dark until analysis.  

All pumps were de-contaminated after each use.  Pumps were rinsed inside and out 

with a soap bath and then a deionized water bath according to the NCDENR DWR protocol 

(DWQ, 2008).   

 

3.3. Chemical analyses of monitoring well water samples 

All water samples were analyzed at the North Carolina State University 

Environmental and Agricultural Testing Service (EATS) laboratory.  Anion samples (Cl-, 

NO3
-, PO4

3-, and SO4
2-) were analyzed using a ion chromatograph (DIONEX model 500), 

with a detection limit of 0.05 mg/L for all anions.  Nutrient samples (NO3
-, NH4

+, and PO4
3-) 

were analyzed using a flow injection analyzer (LACHAT, Hach model 8000), with detection 

limits of 0.10 mg/L for N-NO3
- and N-NH4

+, and 0.01 mg/L for P-PO4
3-.  Metals were 

analyzed by inductively coupled plasma-optical emission spectroscopy (ICP-OES, Perkin 

Elmer model 2000 DV), in which the detection limit was 0.05 mg/L for Ca, Fe, K, Mg, Na, 

P, S, and Si and 0.01 mg/L for Mn.  Arsenic was analyzed by inductively coupled plasma-

mass spectrometry (ICP-MS, Varian Model 820) with a method detection limit of 1.0 µg/L.   
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3.4. Data analysis 

Data were compiled and analyzed in Excel, and plots were made using SigmaPlot 

(ver. 12.5, Systat Software Inc.). Geospatial analyses and maps were developed using 

ArcMap ver. 10.1 (ESRI). Saturation indices for potential Mn-bearing minerals within the 

groundwater were calculated using Visual MINTEQ ver. 3.1.  Based on availability of a full 

suite of groundwater chemical parameters, data from 28 out of the 46 wells collected in 

summer 2013 were analyzed via MINTEQ.  All parameters were in mg/L unless otherwise 

noted and included: Temperature (°C), pH, alkalinity (HCO3
-), Eh (mV), DO (O2(aq)), DOC 

(Gaussian), F-, Cl-, NO3
-, PO4

3- , SO4
2-, NH4

+, As, Ca2+, Fe2+, K+, Mg2+, Mn2+, Na+, and Si.   

 

4.  Results and Discussion 

4.1. Mn concentrations in well water of the NC Piedmont 

Manganese concentrations were widespread and variable throughout the NC 

Piedmont and on average were above the drinking water standard 0.05 mg/L (Figures 2 and 

3, Table 2).  The average concentrations of Mn in well water for the DWR, NURE, and 

DHHS datasets were 0.17 mg/L, 0.06 mg/L, and 0.10 mg/L, respectively (Table 2).  Forty-

three percent of the DWR wells, 27% of NURE wells, and 27% of DHHS wells had Mn 

concentrations greater than or equal to 0.05 mg/L.  Roughly 50% of counties and 90% of 

DWR research stations within the NC Piedmont had one or more wells containing Mn 

concentrations above the standard of 0.05 mg/L. 

Among the sampled DWR wells, Mn concentrations in well water showed little 

variability (R2 = 0.99) between summer and winter (Figure 4). The lack of change of Mn  
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concentrations (and other groundwater constituents) with season could suggest that 

groundwater pulled from wells tends to be relatively unaffected by short-term surface 

changes and that subsurface processes control the groundwater chemistry.  A change in 

season could slow or increase the biotic and abiotic rates at which minerals are broken down 

and their constituents released into the aqueous phase.  However, since the groundwater table 

is several meters below the surface, the relevant geochemical processes controlling Mn in 

well water are likely less affected by outside factors and instead are more likely to be 

influenced by processes that occur in the deeper saturated regolith, transition zone, and 

bedrock.  Moreover, although annual rainfall in the Piedmont is on average 45 inches/year, 

the groundwater recharge rate (i.e. the downward movement of surface water to 

groundwater) is roughly 8 inches/year (NCDWR, 2009; Mew and Spruill, 2000).  Given that 

groundwater recharge rates are relatively low and that wells are generally open over many 

meters, it is probable that any seasonal influences on Mn concentrations were masked from 

samples. 

 

4.2. Depth distribution of Mn concentrations  

Manganese concentrations in NC Piedmont well water were generally highest at 

shallower depths.  Bulk data collected from the NURE program for the Piedmont suggested 

that Mn concentrations are largest at relatively shallower depths as compared to deep 

bedrock aquifers, where concentrations tend to be low (Figure 5). 

Depth distributions from monitoring well clusters consisting of shallow, intermediate, 

and deep wells within each DWR research station showed a more localized trend of  
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decreasing Mn concentration with well depth (Figure 6).  In seven out of the nine research 

stations, Mn concentration decreased from shallow or intermediate wells to deep wells. In 

one well Mn was lower at shallow depths, and in another Mn concentration remained roughly 

constant as a function of depth.  Maximum Mn concentrations among the seven well sites 

with decreasing concentrations with depth ranged from 0.01 mg/L to 1.43 mg/L (Figures 6 B-

F, G, I). At the only station (LW) where Mn concentrations increased with depth, Mn 

changed from 0.01 mg/L to 1.05 mg/L (Figure 6 A).   According to the DWR data, the 

average concentration of Mn was highest in shallow wells at a concentration of 0.20 mg/L 

(Table 3).  However, the median concentration of Mn was highest for deep wells at a 

concentration of 0.07 mg/L (Table 3).  Out of the 46 DWR wells sampled, 42% of shallow 

wells, 31% of intermediate wells, and 56% of deep wells had concentrations greater than 

0.05 mg/L, although these percentages are partially biased by well clusters in Mn-

contaminated areas with more deep wells than shallow or intermediate wells.  

The depth variability of dissolved Mn concentrations suggests that certain subsurface 

layers are more susceptible to Mn release to groundwater than others. In particular, higher 

concentrations of manganese within shallow and intermediate wells may reflect Mn 

mobilization at or below the water table, where the onset of reducing conditions would 

stimulate in situ reductive dissolution of Mn oxide minerals and Mn mobilization to 

groundwater. If groundwater was being pulled from wells near a source of high Mn, then it 

would be more likely to observe higher concentrations of dissolved Mn at or around these 

depths.  Because groundwater generally moves downward from the reservoir to the bedrock 

(Lindsey et al., 2006), Mn released at upper layers could contribute to concentrations 
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observed at deeper depths through Mn transport.  Once delivered to bedrock aquifers, Mn 

could be distributed through the NC Piedmont’s highly fractured groundwater system.   

 

4.3. Spatial distribution of Mn concentrations 

 Spatial distributions of Mn concentrations in well water appeared to be closely related 

to regional geologic formations and their corresponding soil systems (Figures 7 and 8).  

Based on the NURE data, the average Mn concentrations for Felsic Crystalline, Mixed Mafic 

and Felsic, and Carolina Slate Belt systems were 0.03 ± 0.06 mg/L, 0.05 ± 0.11 mg/L, and 

0.11 ± 0.21 mg/L respectively (Figure 7).  The average Mn concentrations for Felsic 

Crystalline, Mixed Mafic and Felsic, and Carolina Slate Belt systems from the DHHS data 

were 0.18 ± 0.22 mg/L, 0.27 ± 0.36 mg/L, and 0.36 ± 0.57 mg/L respectively (Figure 8).   In 

general, data from both datasets and Harden et al. (2009) revealed that high concentrations (> 

0.05 mg/L) of Mn also occurred in greatest frequency within the Carolina Slate Belt system.   

The composition of NC Piedmont groundwater is primarily impacted by underlying 

parent material and then controlled by other chemical and hydrological processes (Harden et 

al., 2009).  The Carolina Slate Belt system is composed of magmatic-arc rocks and low-grade 

metamorphic rocks such as gneiss, schist, metavolcanics, and amphibolites (Harden et al., 

2009).  Since these rocks tend to include Mn-bearing mafic minerals, they may be more 

likely to contribute Mn for subsurface cycling than other systems.  Although there are 

differences between the geological systems, similar rocks, such as gneiss or schist, can be 

distributed throughout the Piedmont, which could contribute to the heterogeneity of high 

concentrations of Mn in well water.     
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 For previous health-based studies, Mn concentrations for a given county have been 

represented by the average concentration for all wells tested in that county (Spangler et al., 

2009; Spangler et al., 2010; UNC SRP, 2010).  However, geology and soil systems can often 

times be mixed within a county, creating variability in concentrations of Mn observed in 

wells.  For example, Davidson County, NC (Figure 8) has three dominant soil-geological 

systems present within it: Felsic Crystalline, Mixed Mafic and Felsic, and Carolina Slate 

Belt.  Using DHHS data, the overall average Mn concentration for Davidson County is 0.12 

mg/L, but the averages of Mn found within each system show substantial variability.  The 

Felsic Crystalline, Mixed Mafic and Felsic, and Carolina Slate Belt systems had average Mn 

concentrations of 0.04 mg/L ± 0.03 mg/L, 0.03 mg/L ± 0.00 mg/L, and 0.27 mg/L ± 0.39 

mg/L, respectively.  Thus, grouping Mn concentrations by county may distort health risks, 

and accordingly, assessments of well water quality could better reflect hydrogeochemical 

factors associated with subsurface units.   

 

4.4. Spatial and depth variations of bulk groundwater chemistry  

Samples from the DWR research stations were used to characterize NC Piedmont 

groundwater chemistry (Table 3). Groundwater composition tended to vary among location 

in the NC Piedmont and less so with depth, although some slight differences were noted.  

The average conductivity for shallow, intermediate, and deep wells was 132 µS/cm2, 186 

µS/cm2, and 280 µS/cm2 respectively (Table 3).  Average values of redox potential (Eh),        

-0.08 V and -0.09 V, were similar for shallow and intermediate wells respectively, but 

decreased in deep wells to -0.18 V (Table 3). Average alkalinity increased in deeper wells to  
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103 mg/L CaCO3 from concentrations of 53 mg/L CaCO3 and 47 mg/L CaCO3 in shallow 

and intermediate wells, respectively (Table 3).  pH was variable within all well depths, 

ranging between 5.0 and 8.0 in all categories.  

Based on relative proportions of the major ions, groundwater tended to be classified 

mostly as a calcium type to no dominant type for cations and a bicarbonate type for anions.  

Bulk groundwater cations and anions did not show systematic trends according to well depth 

(Figure 9 A), but bulk chemical profiles were more distinctly grouped according to 

geological systems, with particular uniformity within the Carolina slate geozone and Carolina 

Slate Belt soil system samples (Figures 9 B and C).    

Weathering of geological material is a major contributor to the chemical composition 

of Piedmont groundwater and varies depending on the type of minerals present in an area 

(Lindsey et al., 2007).  Accordingly, major-species (bulk) groundwater chemistry is more 

likely to be associated with spatial variations in geology than with depth variations in one 

location.  Importantly, however, Mn in Piedmont groundwater appears to be associated with 

both geology and with depth, suggesting that there are overarching processes, such as 

mineral dissolution and redox reactions (Adriano, 2001; Harden et al., 2009; Homoncik et al., 

2010) occurring in the subsurface that contribute to the depth distribution of Mn 

concentrations but do not influence bulk chemistry. Manganese concentration distributions 

may be further modulated by groundwater transport with variable retardation. 

 

4.5. Solubility of Mn-bearing minerals  

 In order to evaluate the potential for dissolution of Mn-bearing minerals, we  



 

 35 

calculated saturation indices based on the groundwater chemistry measured in well water.  

Only six wells were oversaturated with a Mn-bearing mineral in the MINTEQ database, and 

in each case the mineral was MnHPO4(s) (Table 4). Instead, NC Piedmont groundwater 

underlying the DWR research stations was undersaturated with respect to numerous Mn-

bearing minerals (Table 4).    The observation of an undersaturated groundwater system in 

regards to Mn-bearing minerals identifies the thermodynamic drive for mineral dissolution, 

and could indicate that Mn concentrations may persist or even increase in the future.  

However, it is unknown if the identified undersaturated minerals are actually present in the 

subsurface because the minerals were generated from measured groundwater constituents 

using a theoretical modeling program.  Moreover, the rates of dissolution of Mn oxides are 

often slow and can limit environmental processes, and thus the dissolution of the minerals 

present may not necessarily contribute substantially to Mn concentrations in groundwater 

(Martin, 2005).  Future research into subsurface mineralogy and dissolution could play a key 

role in understanding possible contributors to Mn in groundwater. 

 

4.6.  Redox conditions  

 Mn oxides, which tended to be the most common forms of environmentally 

“available” solid-phase Mn observed within our cores (see Chapter 2), require reducing 

conditions, acidic conditions, or both to promote their dissolution into groundwater (Adriano, 

2001; Stumm and Morgan, 1996; Dixon and Schulze, 2002).  Although there was no clear 

relationship between Mn concentrations and pH in well water (Figure 10B), average Eh 

values ranged from -0.08 V to -0.18 V (Table 3), which are much lower than the general  
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redox potential range for the reduction of Mn(IV) to Mn (II), 1.4 to 0.2 V (Dixon and 

Schulze, 2002).  Because Mn(IV) is insoluble and Mn(III) is only soluble in the presence of 

strong complexing agents (Morgan, 2000), reducing conditions, which promote Mn(II) 

production, are more likely to promote buildup of dissolved Mn in groundwater (McDaniel 

and Buol, 1991; Bricker, 1965; Adriano, 2001).  Manganese concentrations were generally 

below regulatory limits when DO concentrations were > ~50% saturation (~ 4 mg/L at 25oC) 

and NO3
- was present in well water (Figures 10 D and E).  In contrast, Mn concentrations 

were elevated when DO and NO3
- were found at low concentrations, supporting the notion 

that Mn reduction is required for dissolution of Mn to groundwater.   

 Iron and SO4
2- concentrations did not trend with Mn concentrations (Figures 10 F and 

G), which could be attributed to various factors.  Thermodynamically, Fe and SO4
2- reduction 

should generally occur after Mn has been reduced. However, once Mn is reduced, it can stay 

into solution and therefore can co-occur with reduced Fe2+ and SO4
2- (Stumm and Morgan, 

1996).  Furthermore, varying rates and extent of secondary precipitation could also variably 

alter concentrations of Mn, Fe, and SO4
2- in well water.     

  

5.  Conclusions and Implications 

 Manganese concentrations above the NC drinking water standard of 0.05 mg/L are 

often detected in wells across the Piedmont, although there has been limited research on the 

distribution and cause for these concentrations.  Previous studies have used average Mn 

concentrations to assess the possible risk of Mn contamination to wells within a county, but 

our research suggests that geological and soil systems within a county are better indicators of  
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spatial distributions of Mn concentrations.  For example, a single county can have multiple 

geological systems within it, in which Mn concentrations show a specific distribution among 

them instead of being equally distributed throughout the county.  Moreover, concentrations 

of groundwater components remained fairly uniform with well depth, whereas Mn 

concentrations tended to decrease.  These observations suggest a near-surface source of Mn 

contributing to concentrations in groundwater and favorable reducing conditions for Mn 

release.  

 Based on depth profiles of well-water Mn concentrations, we can infer that saprolite 

represents an important near-surface source of Mn, and in the presence of reducing 

conditions, may deliver Mn to groundwater.  However, results also show that there is still 

great variability of Mn concentrations in a single location.  In other words, concentrations 

above the drinking water standard and below the detection limit of Mn are observed in 

almost every well site, just as at different depths, which could imply that environmental 

factors play a more localized role at individual well sites.  Such factors may include redox 

variability, mineral presence and solubility, depth to water table, and groundwater flow paths 

through fractures in the bedrock.    

From a management perspective, results from this study suggest that, rather than 

based on county averages, risks from Mn in wells would be better assessed based on 

associations with geological units and depth of casing in the groundwater zones – 

information that is frequently familiar to experienced well drillers. For example, the highest 

concentrations of Mn were generally observed in shallower wells, so implementation of 

deeper cased wells should be considered for future well installations.  Unfortunately, Mn  
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concentrations occur in extremely high concentrations throughout the NC Piedmont, and it is 

therefore important for well drillers and public health personnel to encourage annual well 

testing to private well homeowners since there is currently no enforcement to have wells 

tested every year.  However, with background research and careful well installation 

management, it is possible that groundwater with low concentrations of Mn could be 

accessed for most any well site.   
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Figure 1.  Conceptualized cross-section of NC Piedmont physiographic region depicting 
groundwater flow and well installation.  The NC Piedmont is a complex system in which 
groundwater flows downward through the regolith and into highly fractured bedrock.  The 
groundwater flow system is classified into four zones: unsaturated regolith, saturated 
regolith, transition zone, and fractured bedrock.  Current wells in place can be installed in the 
regolith, transition zone, or bedrock and newly installed wells are generally installed into the 
bedrock with an open borehole.   
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Figure 2.  Manganese concentrations in wells greater than the NC drinking water 
standard of 0.05 mg/L from the USGS NURE database plotted with DWR field sites.  
Manganese concentrations (black circles, with symbol size proportional to concentration) 
collected from the United States Geological Survey (USGS) National Uranium Resource 
Evaluation (NURE) program, 1976 – 1978, were plotted on a map of NC based on 
concentrations greater than or equal to the NC drinking water standard of 0.05 mg/L.  Ten 
Division of Water Resources (DWR) research stations (stars) throughout the NC Piedmont 
were used as field sites to compare data to the NURE bulk dataset. 
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Figure 3.  Manganese concentrations in wells greater than the NC drinking water 
standard of 0.05 mg/L from the DHHS database plotted with DWR field sites.  
Manganese concentrations (black circles, with symbol size proportional to concentration) 
collected from the Department of Human and Health Services (DHHS), 2009 - 2011, were 
plotted on a map of NC based on concentrations greater than or equal to the NC drinking 
water standard of 0.05 mg/L.  Ten Division of Water Resources (DWR) research stations 
(stars) throughout the NC Piedmont were used as field sites to compare data to the NURE 
bulk dataset. 
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Table 1.  DWR groundwater and monitoring research stations used for well water and 
geological core collection.   
 

Groundwater and Monitoring  
Research Station Acronym Geozone Soil System 

Lake Wheeler Road  LW Raleigh and Charlotte Felsic Crystalline 
Duke Forest  DF Carolina Slate Carolina Slate Belt 
Neuse River Waste Water Treatment Plant NRWWTP Felsic Intrusive Felsic Crystalline 
Rocky Branch  RB Raleigh and Charlotte Felsic Crystalline 
Upper Piedmont  UPRS Milton Felsic Crystalline 
NC Zoo  NCZP Carolina Slate Carolina Slate Belt 
Morgan Mill  MM Carolina Slate Carolina Slate Belt 
Pasour Mountain  PM Carolina Slate Felsic Crystalline 
Langtree Peninsula  LT Raleigh and Charlotte Felsic Crystalline 
Allison Woods  AW Inner Piedmont Felsic Crystalline 
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Table 2.  Manganese concentrations, well depth and pH from the NURE and DHHS 
datasets compared to collected samples from DWR research stations. 
 
 

 

_______________ DWR _______________ 
(n=46) 

_____ NURE PIEDMONT _____ 
(n=1867) 

_____ DHHS PIEDMONT 
______ 

(n=4426) 
  Avg Max Min Med Avg Max Min Med Avg Max Min Med 
Depth (m) 43.34 161.54 3.05 46.00 22.02 365.76 0.00 15.24 - - - - 
pH 6.29 7.62 4.92 6.07 6.60 8.90 4.50 6.60 - - - - 
Mn 
(mg/L)  0.17 1.42 0.01 0.03 0.06 2.42 0.00 0.02 0.10 7.50 0.03 0.03 
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Figure 4.  Seasonal comparison of manganese concentrations in DWR monitoring wells.  
Wells from four research stations - LT, LW, MM, and NCZP - were sampled in both the 
summer of 2013 and in the winter of 2013-14 to obtain seasonal comparisons of Mn 
concentrations.  Samples had a strong linear relationship (R2 = 0.99).   
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Figure 5.  Manganese concentrations with well depth from NURE bulk data.  
Manganese concentrations from NURE well data were plotted against corresponding bottom-
of-well depths and showed a general trend of decreasing concentrations with well depth.  
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Table 3.  Chemical groundwater analyses for shallow, intermediate, and deep DWR 
well sites.  
 

 
Shallow (n=12) Intermediate (n=16) Deep (n=18) 

Parameters Avg Max Min Med Avg Max Min Med Avg Max Min Med 

             
Mn (mg/L)  0.20 1.43 0.01 0.02 0.11 0.42 0.01 0.02 0.20 1.10 0.01 0.07 

             
Depth (m) 8.41 11.58 3.05 9.45 16.55 24.38 7.92 16.00 92.18 161.54 30.48 91.44 

Temp (°C) 16.29 19.60 13.70 16.37 16.27 17.50 15.00 16.20 16.96 18.21 15.70 16.90 

DO (mg/L) 4.60 9.09 0.29 5.19 4.75 9.07 0.50 4.23 2.56 7.50 0.02 2.12 

Spec. Conduc. 
(µS/cm2) 131.9 422.4 14.6 110.7 186.6 630.0 40.0 117.7 279.9 1106.0 127.0 203.6 

pH 5.75 7.27 4.92 5.79 6.01 7.41 5.03 5.69 6.90 7.62 5.57 7.21 

ORP (mV) 121.3 255.4 -282.7 134.2 111.9 239.7 -116.0 142.5 21.8 159.8 -151.1 45.1 

Eh (V) -0.08 0.06 -0.28 -0.07 -0.09 0.04 -0.32 -0.06 -0.18 -0.04 -0.35 -0.15 

DOC (mg C/L) 15.24 79.00 0.50 1.20 12.00 80.00 0.60 1.30 16.13 84.00 0.60 1.30 

             
CaCO3

-(mg/L) 53.07 223.2 2.44 17.69 46.73 192.7 3.66 27.45 102.7 184.22 17.08 135.4 

F- (mg/L) 0.09 0.24 0.05 0.05 0.09 0.20 0.05 0.05 0.17 0.39 0.05 0.15 

Cl- (mg/L) 6.91 17.00 1.00 4.00 6.26 28.00 1.20 3.55 8.88 25.00 1.10 3.75 
NO3

2- (mg 
N/L) 1.70 12.00 0.05 0.09 2.62 12.00 0.05 0.38 1.46 11.00 0.05 0.05 

PO4
3- (mg P/L) < 0.05 <0.05 < 0.07 < 0.08 < 0.05 < 0.05 < 0.05 < 0.05 <0.05 0.00 0.00 <0.05 

SO4
2- (mg 

SO4/L) 7.59 31.00 0.17 1.85 7.75 72.00 0.20 1.75 53.91 750.00 0.43 8.95 

             NH4
1+ (mg 

N/L) 0.15 0.67 0.10 0.10 1.41 2.50 0.31 1.41 7.11 14.00 0.22 7.11 

As3+ (µg/L) 0.74 1.40 0.35 1.00 0.81 1.00 0.35 1.00 4.48 26.14 0.35 1.00 

Ca2+ (mg/L) 11.10 45.60 0.24 4.80 21.54 91.71 1.49 9.20 42.32 261.00 8.48 24.04 

Fe3+ (mg/L) 0.28 1.71 0.02 0.05 0.09 0.77 0.02 0.05 0.37 4.36 0.02 0.05 

K+ (mg/L) 1.80 4.07 0.21 1.52 2.56 5.72 0.58 2.56 2.66 16.30 0.42 1.32 

Mg2+ (mg/L) 2.78 8.44 0.27 2.10 4.38 14.26 0.46 2.97 5.05 7.72 0.86 5.41 

Na1+ (mg/L) 9.64 21.80 0.68 8.57 12.17 30.58 2.16 10.52 13.10 31.60 2.74 13.63 

Si (mg/L) 10.66 18.50 3.13 9.03 13.47 22.20 6.15 13.00 13.49 21.70 9.13 11.85 
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Figure 6.  Manganese concentrations with well depth for 9 DWR research stations.  
Seven DWR research stations showed a decrease in Mn concentration from shallow or 
intermediate wells to deep wells, one showed an increase, and one remained constant.  
Monitoring wells from a single cluster are shown for every research station except PM, in 
which a shallow, intermediate, and deep well were analyzed from separate well clusters 
within the research station (no lines connecting points).   
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Figure 7.  Manganese concentrations from NURE bulk data overlying NC Piedmont 
Soil Systems.  Manganese concentrations from NURE well data above the drinking water 
standard of 0.05 mg/L are spatially distributed over NC Piedmont soil systems.  Soil systems 
tend to reflect the mineralogy of underlying geological units due to weathering in situ of 
parent rock within the NC Piedmont (Heath, 1980).  Therefore, soil systems also represent 
how distributions of Mn vary with regional geology.   
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Figure 8.  Manganese concentrations from DHHS bulk data overlying NC Piedmont 
Soil Systems. Manganese concentrations from NURE well data above the drinking water 
standard of 0.05 mg/L are spatially distributed over NC Piedmont soil systems.  Soil systems 
tend to reflect the mineralogy of underlying geological units due to weathering in situ of 
parent rock within the NC Piedmont (Heath, 1980).   Therefore, soil systems also represent 
how distributions of Mn vary with regional geology. Davidson County is outlined in red for 
further analyses of the distributions of Mn concentrations within geological systems in a 
single county. 
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Figure 9 A.  Piper diagram of groundwater chemistry for DWR research station wells, 
grouped by well depth.  Major anion and cation groundwater chemistry data for shallow, 
intermediate, and deep DWR wells are plotted using a piper diagram.  Thirty one of the 46 
wells were plotted.  The PM research site was eliminated due to the absence of measured 
alkalinity.  Data used for NCZP research station were from winter sampling, and data from 
all other sites reflect summer samples.  
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Figure 9 B.  Piper diagram of groundwater chemistry for DWR research station wells, 
grouped by location with respect to geozone.  Major anion and cation groundwater 
chemistry data for shallow, intermediate, and deep DWR wells are plotted using a piper 
diagram.  Thirty one of the 46 wells were plotted.  The PM research site was eliminated due 
to the absence of measured alkalinity.  Data used for NCZP research station were from winter 
sampling, and data from all other sites reflect summer samples.     
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Figure 9 C.  Piper diagram of groundwater chemistry for DWR research station wells, 
grouped by location with respect to soil system.  Major anion and cation groundwater 
chemistry data for shallow, intermediate, and deep DWR wells are plotted using a piper 
diagram.  Thirty one of the 46 wells were plotted.  The PM research site was eliminated due 
to the absence of measured alkalinity.  Data used for NCZP research station were from winter 
sampling, and data from all other sites reflect summer samples.     
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Table 4.  Saturation indices for Mn-bearing minerals in DWR research station wells 
computed from Visual MINTEQ.  
 

Saturation Indices for Mn-bearing Minerals in DWR Well Sites 
(n=28a) 

Mineral 

Number of 
wells 

under-
saturated 

Number 
of wells 
over-

saturated 

Saturation Index Range 

Hausmannite 28 0 -68.54 to -11.80 
Manganite 28 0 -25.60 to -2.39 
Mn3(PO4)2(s) 28 0 -74.19 to -14.15 
MnCl2:4H2O(s) 28 0 -50.96 to -14.15 
MnCO3 (am) 28 0 -14.29 to -0.89 
MnHPO4(s) 22 6 -20.96 to 1.85 
MnSO4(s) 28 0 -35.17 to -11.44 
Pyrochroite 28 0 -21.04 to -7.07 
Pyrolusite 28 0 -40.01 to -1.78 
Rhodochrosite 28 0 -13.80 to -0.40 
aPM and NCZP are not incorporated due to lack of available alkalinity data. 
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Figure 10 A.  Groundwater redox potential (Eh) plotted against pH measured across  
DWR research station wells.  Groundwater measured from DWR research stations were 
used to show the correlation between Eh (V) and pH.  Twenty-eight wells out the 46 sampled 
in the summer were plotted.  Redox potential data were not collected from PM and NCZP.    
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Figure 10 B.  Groundwater pH plotted against Mn concentrations measured across all 
DWR research station wells.   
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Figure 10 C.  Groundwater redox values (Eh) plotted against Mn concentrations 
measured across all DWR research station wells.   
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Figure 10 D.  Groundwater dissolved oxygen (DO) plotted against Mn concentrations 
measured across DWR research station wells.  Data include DO measured from 44 of the 
46 well sites.   
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Figure 10 E.  Groundwater NO3

- concentrations plotted against Mn concentrations 
measured across all DWR research station wells.  
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Figure 10 F.  Groundwater Fe concentrations plotted against Mn concentrations 
measured across all DWR research stations wells.  Log concentrations of Fe and Mn, 
plotted from all 46 wells, were slightly correlated (R2 = 0.35).  Detection limits varied for 
measured Fe concentrations, and some data points overlap.   
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Figure 10 G.  Groundwater SO4

2- concentrations plotted against Mn concentrations 
measured across all DWR research station wells.   
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Chapter 3 

Solid-phase Controls on Manganese Contamination of Groundwater in the North 

Carolina Piedmont  
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1.  Introduction 

Manganese (Mn) is a naturally occurring trace metal of increasing concern in North 

Carolina’s drinking water supplies.  In particular, Mn contamination of well water is a 

widespread problem in NC’s Piedmont physiographic region, where roughly 50% of wells 

have Mn concentrations greater than the drinking water standard of 0.05 mg/L (Figure 1, 

Smith, 2006).  Although this standard was created to represent the level at which Mn can 

become a nuisance contaminant and cause aesthetic issues to drinking water (USEPA, 2013), 

at high concentrations, Mn is also known to cause adverse health effects on humans (WHO, 

2011).  Health effects include “Parkinson-like” symptoms, early signs of gout, muscle 

weakness, and intellectual impairment in children (WHO, 2011). In NC, an increase in 

groundwater Mn was linked to an increase in infant mortality rate (IMF) and death by 

cancers (Spangler et al., 2009; Spangler et al., 2010). With high concentrations of Mn 

occurring throughout NC groundwater and a lack of stringent regulation on concentrations in 

drinking water, concerns of negative health impacts from excessive Mn consumption are 

rising. Moreover, the major source(s) of Mn to well water and the factors controlling the 

spatial variability of concentrations in wells are currently unclear, preventing effective 

management of this water quality challenge. 

High concentrations of Mn in well water are not isolated to NC, but rather are an 

increasing global concern (Robbins and Goldman, 2007, Buschmann et al., 2007, Hug et al., 

2011, Homoncik et al., 2010). However, the specific processes influencing Mn 

concentrations within an integrated soil-bedrock system are frequently unknown. Studies in 

Cambodia and Bangladesh observed that wells containing concentrations of Mn exceeding  
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the former World Health Organization (WHO) guideline of 0.4 mg/L varied with depth and 

were influenced by suboxic conditions with low redox potentials (Buschmann et al., 2007; 

Hug et al., 2011).  Elevated concentrations of Mn were identified in private wells in 

Connecticut after construction of a new development with wells drilled into their bedrock 

aquifer, but the causes for the high concentrations are still being investigated (Robbins and 

Goldman, 2007).  A study in various locations throughout Scotland concluded that Mn 

concentrations varied more within an aquifer type than among different aquifers, which was 

largely explained by redox and pH conditions instead of mineralogy (Homoncik et al., 2010).  

While these studies have begun to investigate controls on elevated concentrations of Mn in 

well water, there currently lacks a comprehensive approach for assessing multiple possible 

factors as influences on Mn concentrations.   

Manganese is naturally occurring in rocks and soils, and numerous biogeochemical 

processes can influence its release into groundwater, making it difficult to predict 

concentrations in wells.  Typically Mn oxides are the major source of solid-phase Mn in soils 

due to weathering of mafic (or siliceous) rocks, but it is not uncommon that Mn is found in 

the form of numerous other minerals (Ruggiero, 1989; Dixon and Schultz, 2002; Adriano, 

2001; Martin, 2005).  Because of this, parent material can contribute greatly to the presence 

(or lack) of Mn in soils. Conditions necessary to solubilize Mn tend to be reducing and acidic 

but can still be greatly influenced by other environmental components, like the presence of 

humic substances and microorganisms (Dixon and Schultz, 2002; Eby, 2004; Buschmann et 

al., 2007; Gotoh and Patrick, 1972; Gounot, 1994; Adriano, 2001).  Because the controls on 

Mn are variable, it can be difficult to predict the release and mobility of Mn in a groundwater  
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system. In NC, although high concentrations of Mn in wells have been recognized (USGS, 

2004; UNC SRP, 2010), the conditions that influence the variability and presence of elevated 

concentrations of Mn have not been researched.  

The overarching goal of this research is to define the dominant environmental factors 

leading to Mn contamination of groundwater within the NC Piedmont. Therefore, the specific 

objectives of this study were to: (a) chemically characterize potential sources of manganese 

to groundwater by analyzing soil, saprolite, and bedrock samples throughout the NC 

Piedmont; (b) quantify the retention capacities for dissolved manganese by subsurface solids; 

and (c) integrate solid-phase analyses with hydrogeochemical data to create a working model 

for Mn release, retention, and transport.  Overall, this study shows that the dissolution of Mn 

oxides in saprolite is likely the major source dissolved Mn, which may be transported to 

bedrock aquifer wells through natural groundwater flow. With over half of people in North 

Carolina using groundwater as their primary drinking water source, these results suggest that 

care must be taken during well installation and utilization in order to minimize adverse Mn 

impacts to human health.   

 

2. Hydrogeological overview of the North Carolina Piedmont 

The North Carolina Piedmont is a physiographic region located between the coastal 

plain to the east and Appalachian Mountains to the west.  The dominant soil systems in the 

Piedmont are Felsic Crystalline, Mixed Felsic and Mafic, Carolina Slate Belt, and the 

Triassic Basin (Figure 1). Although these systems are comprised of numerous soil series with 

different compositions, each system generally consists of moderately drained soils with some  
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version of loam texture (Daniels et al., 1999). The Piedmont bedrock is mainly composed of 

igneous and metamorphic rocks and therefore contains mostly crystalline-rock aquifers, 

although there is a small section containing a siliciclastic-rock aquifer (Lindsey et al., 2006).  

In general, the Piedmont physiographic region has a rock-saprolite-solum weathering pattern, 

in which an average of 1-meter thick soil solum overlies a 1 to 25 m thick saprolite layer 

(Buol and Weed, 1991).  Groundwater can flow through all three layers of soil, saprolite, and 

bedrock, creating different potential sources of Mn to well water (Figure 2). 

The Piedmont hydrogeologic system is often classified into four zones, including the 

unsaturated regolith zone (includes soil and some saprolite), the saturated regolith zone 

(includes saprolite), the transition zone (includes some saprolite and some bedrock), and the 

fractured bedrock (includes bedrock) (Lindsey et al., 2006) (Figure 2).  The unsaturated 

regolith zone provides a medium for the recharge water to infiltrate to the groundwater 

system, and the saturated regolith zone acts as a reservoir that supplies water to the bedrock 

through fractures (Lindsey et al., 2006).  The transition zone tends to be more permeable than 

the other zones, thus creating a potential high-flow groundwater system, whereas 

groundwater only flows through interconnected fractures within the bedrock (Lindsey et al., 

2006).  The most restrictive layer to groundwater percolation is at the transition from the soil 

solum to the saprolite, and the water table tends to fluctuate with season within the saprolite, 

sometimes intersecting the soil surface depending on location (Buol and Weed, 1991).   

Groundwater Mn concentrations vary spatially and with depth throughout the NC 

Piedmont (Chapter 1). High Mn concentrations can be found within all soil systems and 

geozones, although the Carolina Slate Belt hosts the greatest percentage of wells with Mn  
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exceeding the drinking water standard (Figure 1).    

 

3.  Materials and methods 

3.1.  Site descriptions and core handling  

 Geological cores and soil samples were obtained from ten North Carolina Department 

of Environmental and Natural Resources (NCDENR) Division of Water Resources (DWR) 

research stations (Figure 1 and Table 1). Geological cores were originally drilled and 

extracted by well drillers during the installation of the well clusters for each research station.  

All original geological cores began at surface depth and extended to as deep as 61 meters, 

were placed in multiple boxes provided by DWR, and were stored across the state in various 

warehouses.  An average of 12 subsamples for the geological cores from eight of the ten 

research stations were retrieved in May and June 2013 for this study. RB and PM had no 

geological core associated with the research station.  Samples were chosen from the 

geological cores to obtain a representation of the unsaturated regolith, saturated regolith, 

transition zone, bedrock, and any transition between those zones.  Samples were placed into 

storage bags and stored in a dark box at room temperature for laboratory experiments.   

Soil cores to an average depth of 1.3 meters from nine of the ten research stations 

were retrieved in the summer of 2013 (May – August) using a soil auger and soil corer with 

plastic liners.  No soil cores were obtained at NRWWTP. Soil samples were kept in plastic 

core tubes, placed in storage bags, and stored at 4°C until laboratory experimentation and 

analysis.   
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3.2. Well sampling 

Wells in all study sites were sampled for Mn concentrations following a well water 

sampling protocol by NCDENR DWR (NCDENR and USGS, 2008). Water levels were 

measured in each well at the site before sampling.  Prior to sampling, 3 pore volumes of 

water were purged from shallow and intermediate wells and 1-1.5 pore volumes of water 

were purged from deep wells using a SS Geosub 12 Volt DC Sampling pump and controller 

(Geotech Environmental Equipment, Inc.), Monsoon Purging pump (Geotech Environmental 

Equipment, Inc.), Grundfos (Geotech Environmental Equipment, Inc.), or a peristaltic pump 

(Pine Environmental Services, Inc.) depending on location and well depth.  Water samples 

were filtered using in-line 0.45-micron filters (Dispos-a-filters, Geotech Environmental, Inc.) 

into 30 mL HDPE bottles, acidified using concentrated nitric acid, then stored on ice until 

permanently stored at 4°C. All pumps were de-contaminated after each use by rinsing inside 

and out with a soapy water and then deionized water according to the NCDENR DWR 

protocol (NCDENR and USGS, 2008).  Samples were analyzed for Mn by inductively 

coupled plasma-optical emission spectrometry (ICP-OES, Perkin Elmer model 2000 DV) at 

the North Carolina State University Environmental and Agricultural Testing Service (EATS) 

laboratory. Detailed well sampling and analytical method descriptions are provided in 

Chapter 2 of this thesis. 

Manganese concentrations in groundwater and corresponding well depths collected 

from the DWR research stations were compared to an existing bulk groundwater dataset 

created by the United States Geological Survey (USGS) National Uranium Resource 

Evaluation (NURE) Hydrogeochemical and Stream Sediment Reconnaissance (HSSR)  
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program (Smith, 2006) for a greater understanding of Mn concentrations distributed across 

the Piedmont.  Bulk data for Mn concentrations in well water were then compared to total 

Mn concentrations distributed with subsurface depth to better identify likely sources of Mn 

on a regional scale.  Further analyses and explanation of these data were provided in Chapter 

2 of this thesis.  

 

3.3.  Total “available” manganese digestions 

 To measure available Mn concentrations in solid phases, a one-inch thick slice from 

the center of all samples was air dried and crushed with a mortar and pestle to pass through a 

2-mm sieve.  Manganese was then analyzed after an acid digestion protocol based on EPA 

Method 3050b (1994).  This method uses strong acids that test for “environmentally 

available” Mn, which is Mn not incorporated into silicate minerals but instead tends to be 

more mobile in the environment. In duplicate, samples were digested by first weighing 1 g of 

sample into digestion tubes with caps.  Ten mL of 7 M HNO3 was added to each tube, which 

was then vortexed, placed in a digestion block and heated to 95°C for 15 minutes.  Samples 

were taken off the block and 5 mL of 14 M HNO3 were added, and tubes were vortexed and 

replaced on the rack for 30 minutes. This step was repeated.  Digestion tube caps were 

removed and the tubes heated on the block for 2 hours.  After 2 hours, tubes were removed 

from the block, caps were replaced, and 2 mL of DI water was added to each tube.  One mL 

of H2O2 was added to the each tube and then repeated six times so that a total volume of 6 

mL was added per tube.  Uncapped tubes were replaced on the block for two more hours.  

After 2 hours the caps were replaced, and tubes were removed and set aside overnight.  Ten 
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mL of HCl were added to each tube, vortexed, and placed on the rack for 15 minutes.  

Samples were then filtered using Whatman 41 filter papers and diluted to 100 mL. 

Ten mL aliquots of the digested samples analyzed for total dissolved Mn by using 

ICP-OES.  The detection limit for dissolved Mn using the ICP-OES was 0.01 mg/L. 

 

3.4.  Manganese sequential extractions 

 Fractionation of subsurface Mn was performed using a sequential extraction 

procedure adapted by McDaniel and Buol (1991) for acid soils in the North Carolina 

Piedmont.  Cores from four out of the DWR research stations – LT, MM, NCZP, and LW – 

were chosen for sequential extraction analysis based on their associations with different soil 

systems and geozones, and their different levels of Mn in monitoring wells (Figure 3, Table 

1).  The extracting solutions for obtaining Mn from exchangeable, organic matter, Mn oxide, 

amorphous iron oxide and crystalline iron oxide fractions were, respectively: 1 M Mg(NO3)2 

at a pH of 7, 0.7 M NaOCl at a pH of 8.5, 0.1 M NH2OH�HCl at a pH of 2, 0.2 M 

(NH4)2C2O4�H2O-0.2 M H2C2O4 at a pH of 3, and a citrate-bicarbonate-dithionite (CBD) 

extract consisting of 0.3 M Na3C6H5O7�2H2O, 0.1 M NaHCO3 and 1 g Na2S2O4(s). Residual 

Mn phases were calculated as the difference between total Mn concentrations (by EPA 3050b 

acid digestion) and the sum of Mn from the five extraction steps.   

 

3.5.  Adsorption isotherm 

 Batch adsorption isotherm experiments were conducted to quantify Mn sorption onto 

regolith and bedrock samples from the MM and LT research stations. Experiments were  
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conducted within a custom-built anaerobic glovebox with a 97:3 N2:H2 environment. Two 

liters of anaerobic water were made by boiling and purging with nitrogen gas.  After several 

hours, the bottle was sealed and placed into the glovebox where experimental solutions were 

made. A background solution of 0.1 M NaCl and 0.025 M HEPES [4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid] in 1.0 L of anaerobic water was buffered to a pH of 7.0, 

roughly the average pH of NC groundwater.  A Mn standard of 12 mg/L was made using 

MnCl2 � 4H2O and 500 mL of the buffered salt solution.   

 Saprolite, transition, and bedrock samples were tested for each site.  In triplicate, nine 

different concentrations of Mn2+ were applied to each sample: 0 mg/L, 0.2 mg/L, 0.5 mg/L 

1.0 mg/L, 2.0 mg/L, 3.0 mg/L, 5.0 mg/L, 7.5 mg/L, and 10.0 mg/L.  One gram of regolith or 

bedrock sample was added to 15 mL centrifuge tubes, and Mn-standard and buffered-salt 

solutions were added in certain volumes to obtain the desired Mn concentration.  Controls 

were run for all samples, and included: 0 mg/L of added Mn in the buffered salt solution with 

solids added (triplicate), no solid and 1 mg/L Mn in the buffered salt solution (duplicate), and 

no solid with 0 mg/L Mn added to the buffered salt solution (duplicate).  Samples were 

shaken for 48 hr with pH-adjustment after 24 hr and 48 hr if necessary, filtered, and acidified 

under anaerobic conditions. The resulting filtered and acidified samples were analyzed for 

Mn by ICP-OES.    

The Freundlich model was applied to isotherm data to describe the distribution of Mn 

between the solid phase and aqueous phase at equilibrium.  The empirical equation used was 

𝑞 = 𝐾!𝑐!, where q is the mass of Mn sorbed per mass of solid-phase material, Kd is the 

partioning coefficient, c is the concentration of Mn in solution in equilibrium, and N is the  
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exponential fitting parameter.  Dissolved Mn (mg/L) was corrected for desorption of Mn 

already present on the solid-phase material (i.e., data from controls with 0 mg/L Mn plus 

solid) and then plotted against adsorbed Mn (mg/kg) data.  The plotted data were then 

linearized to obtain the values for the Freundlich equation and fitted to the model.  The 

partitioning coefficient was used for comparison among samples.   

 

4.  Results 

4.1.  Manganese concentrations in well water within the North Carolina Piedmont  

High concentrations of Mn in well water within the North Carolina Piedmont are 

common and geographically widespread, with concentrations exceeding 0.05 mg/L observed 

in over 20 counties and at eight of the nine sampled DWR research stations (Figure 1 and 

Chapter 2). Average concentrations of Mn across the NC Piedmont for both the USGS 

NURE and DWR datasets were above 0.05 mg/L, while median concentrations were just 

under the recommended standard of 0.05 mg/L (Table 2).  Maximum concentrations reached 

1.4 mg/L and 2.4 mg/L for NURE wells and DWR research stations, respectively, and 

minimum concentrations for both datasets were < 0.01 mg/L. 

The highest concentrations of Mn were generally found at well depths shallower than 

the deep bedrock aquifers (Figure 3).  This trend was further demonstrated through the 

decrease in Mn concentrations from shallow wells to deep wells in the MM, LT, and NCZP 

research stations (Figure 3).  Manganese concentrations in shallow wells for MM, LT, and 

NCZP were 0.24 mg/L, 0.26 mg/L, and 0.42 mg/L, respectively, and decreased in their deep 

wells to 0.04 mg/L, < 0.01 mg/L, and 0.18 mg/L.  Although this trend is common in most of  
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the tested well sites, some sites, such as LW, showed an increase in Mn concentration with 

depth within the well clusters.  At LW, the Mn concentration in the shallow well was < 0.01 

mg/L and increased in the deep well to 1.1 mg/L.  

Whereas high concentrations of Mn commonly occurred throughout the NC 

Piedmont, the magnitudes at which Mn concentrations occurred were highly variable with 

depth and location (Figure 3).  Even though concentrations were generally highest in shallow 

wells, concentrations above 0.05 mg/L were still observed in deeper wells across the NC 

Piedmont with both datasets.  The DWR research stations showed variability of Mn 

concentrations not only with well depth but also with locations (Figure 3).  Although MM 

and LT had similar high Mn concentrations in their shallow wells, NCZP had concentrations 

twice as high (Figure 3).  All three sites showed a decrease in Mn concentrations in their 

deep wells, but NCZP had concentrations three times that of the recommended standard of 

0.05 mg/L.  Manganese concentrations in MM’s deep well were just under 0.05 mg/L, while 

LT showed concentrations below detection limits.       

 

4.2. Manganese concentrations in solid phases 

 Manganese concentrations in solid-phase profiles across the NC Piedmont tended to 

peak in saprolite within the regolith near the water table (between 2 m and 9 m depth) and 

decreased significantly below that peak (Figure 4 and Table 4).  Soil and residuum layers 

generally had lower Mn concentrations at the surface with a slight peak of Mn concentration 

with depth.  The average Mn concentrations for the soil and residuum layers were 255 mg/kg 

and 342 mg/kg, respectively, and median concentrations were 25 mg/kg and 154 mg/kg  
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(Table 3).  Average Mn concentrations for the saprolite layer were 312 mg/kg and median 

concentrations were 242 mg/kg (Tables 3 and 4).  Manganese concentrations in the bedrock 

were the lowest of the profile and were significantly decreased from those in the saprolite 

layer.  Average bedrock Mn concentrations were 102 mg/kg and median concentrations were 

92 mg/kg (Table 3).  

 Concentrations of Mn in soil and residuum, saprolite, and bedrock varied among 

research stations.  For example, maximum Mn concentrations at MM, LW, LT and NCZP 

ranged from 5-281 mg/kg in soil, 48-942 mg/kg in residuum (LT and NCZP only), 50-1997 

mg/kg in saprolite, and 35-241 mg/kg in bedrock (Figure 4).  Overall, although there was 

variability in concentrations among locations, Mn concentrations decreased slightly with 

depth in soil layers, increased and reached a maximum in saprolite, then decreased 

throughout the rest of the depth profile (Figure 4). 

 

4.3. Manganese fractionation with depth 

Sequential extractions revealed that Mn tended to be most closely associated with 

residual and Mn-oxide fractions within the Piedmont subsurface for MM, NCZP, LT, and 

LW (Figure 5).  Samples from depths of the maximum Mn concentration in the subsurface 

profile for three out of the four research stations showed a larger percentage of Mn oxides 

than other depths, but all depths were largely dominated by residual fractions (Figure 5).  

MM and LT had higher concentrations of Mn oxides within their cores and were less 

dominated by residual Mn-bearing phases than the cores of NCZP and LW (Figure 5).   

 The highest concentrations of Mn in exchangeable and Mn oxide fractions occurred  
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shallower in the subsurface for each research station (Figure 5).  MM, NCZP, LT, and LW’s 

highest exchangeable Mn concentrations were 14 mg/kg (at 4.6 m), 215 mg/kg (at 7 m), 70 

mg/kg (at 0.46 m), and 36 mg/kg (at 6.8 m), respectively.  Highest concentrations of Mn 

within Mn oxide fractions were 269 mg/kg (at 4.6 m), 2202 mg/kg (at 7 m), 36 mg/kg (at 6.2 

m), and 16 mg/kg (at 0.33 m).  Although absolute concentrations were small from core to 

core, proportions of Mn found within amorphous iron oxide and crystalline iron oxide phases 

were higher throughout the entire MM core as compared to the NCZP and LW cores.  Only 

small concentrations of Mn were associated with the organic matter extracted fraction for all 

depths of all cores.  Proportions of Mn found within residual fractions tended to increase with 

depth for all cores. For the LT core, concentrations of sequentially extracted Mn generally 

exceeded the concentrations derived from “available” manganese digestions, leading to 

calculations that reported negative residual-phase Mn concentrations for all but the two 

deepest depths.   

 

4.4. Sorption capacity of solid-phase materials for Mn 

Saprolite layers at MM and LT demonstrated the highest sorption capacity for 

dissolved Mn, whereas bedrock layers and transition layers had a lower equivalent sorption 

intensity (Figure 6). Saprolite, transition, and bedrock material for MM and LT had some 

concentration of Mn desorb from the solid-phase that was not originally added in the batch 

isotherm experiment.  MM samples at 7.2 m, 13.1 m, and 35.7 m with no concentrations of 

Mn added had 0.30 mg/L, 0.35 mg/L, and 0.39 mg/L of Mn desorb or dissolved, respectively.  

LT samples at 7.9 m, 11.3 m, and 21.6 m with no concentrations of Mn added had 2.29 
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mg/L, 0.58 mg/L, and 0.28 mg/L of Mn desorb, respectively. Measured aqueous 

concentrations were corrected by these values for presented isotherm plots and calculations. 

Calculated Freundlich Kd values for the saprolite layer within MM and LT were 37.8 

L/kg (7.2 m) and 15.3 L/kg (7.9 m) respectively (Table 5).  Kd values for transition and 

bedrock layers within MM were 8.5 L/kg (12.8 m) and 7.4 L/kg (35.7 m).  Kd values for 

transition and bedrock layers within LT were 9.6 L/kg (11.3 m) and 8.7 L/kg (21.6 m) (Table 

5).  Based on these data, saprolite at 7.2 m from MM showed a comparatively higher sorption 

intensity for Mn than saprolite at 7.9 m from LT (Figure 6).  At MM, Mn was over 4 times 

more likely to partition onto the saprolite from the aqueous phase than it was to the transition 

or bedrock material.  Manganese in the aqueous phase was only twice as likely to partition 

onto the saprolite than onto transition or bedrock material in the LT samples.    

 

5. Discussion  

5.1.  Potential sources of Mn based on chemical profiles in solid phases 

Solid-phase manganese concentrations reached a maximum within the saprolite 

subsurface layer (2-9 m) in 7 of the 8 research stations (Table 4).  Within the saprolite, Mn 

was generally observed to largely be in the Mn oxide and residual fractions (Figure 5).  

Maximum concentrations of Mn within the saprolite layer could have been attributed to 

many factors.  Literature suggests that weathering of geological parent material could have 

had a significant impact on minerals present in overlying subsurface material in the NC 

Piedmont (Heath, 1980; Harden et al., 2009; Daniels et al., 1999).  In situ weathering of 

parent rock within the NC Piedmont has led to the formation of saprolite, which in time  
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could have caused an accumulation of secondary minerals with more environmentally 

available Mn (Heath, 1980; Harden et al., 2009; Daniels et al., 1999).  A peak in solid-phase 

Mn concentrations in saprolite was found across the Piedmont, despite the range of mafic and 

volcanic rocks throughout the region (Harden et al., 2009), however, indicating that the type 

of parent material may have less to do with Mn accumulation than other factors (Homoncik 

et al., 2010; McDaniel and Buol, 1991).  Therefore, environmental factors that impacted 

sorption or precipitation of Mn in groundwater could broadly control the accumulation of 

solid-phase Mn.  In addition, hydrologic conditions in the saprolite layer which favor Mn 

sorption or precipitation could have led to accumulation of Mn oxides over time; seasonal 

variations in saturated and unsaturated conditions could have created a fluctuating water 

table, which, over a long period of time, could deposit higher concentrations of Mn at or 

above the saturated-unsaturated interface, leading to elevated concentrations in this zone 

relative to deeper zones.  

Mass balance calculations based on saprolite show that only small concentrations of 

solid-phase Mn need to be released in order to substantially increase concentrations of Mn in 

well water.  Assuming a saprolite bulk density of 1.7 g/cm3 (O’Brien and Buol, 1984; Rice et 

al., 1985) and a particle density of 2.65 g/cm3 (Brady and Weil, 2008), only 0.017 mg/kg of 

Mn would have needed to be removed from the solid phase in order to obtain a groundwater 

Mn concentration of 0.05 mg/L (i.e. the NC water quality standard).  Given that total 

saprolite Mn concentrations ranged from ~20 to 2,000 mg/kg (Table 3), less than 0.1% of the 

solid-phase Mn needs to be released to reach the water quality limit.  Thus, if small quantities 

of environmentally available Mn are present within solid phases and conditions are favorable  
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for release and transport of Mn, well-water quality could be substantially threatened.  

Saprolite had the highest concentrations of non-residual (i.e. reactive) Mn phases (Figure 5), 

and reductive dissolution of even a small amount of Mn oxides in the saprolite layer could be 

a source for large aqueous concentrations in wells cased right below.   

In addition to saprolite, soil and bedrock also may contribute to dissolved Mn in 

groundwater. Peaks of high concentrations of Mn within the soil layer of all research stations 

were observed between 0.05 m to 0.53 m, where Mn was most commonly found within 

exchangeable and Mn-oxide fractions (Figure 5).  Manganese concentrations decreased 

below this soil peak before the maximum of accumulation was observed within the saprolite 

layer.  Due to the aerobic conditions in the soils, peaks of Mn concentrations within the soil 

could more likely be attributed to the oxidation and precipitation or sorption of Mn.  

Concentrations were also likely modulated by plant cycling (Gounot, 1994; Intawongse and 

Dean, 2006; Sly et al., 1990).   

The bedrock layer tended to have the lowest concentrations of solid-phase Mn within 

the cores (Figure 4), and the majority of Mn was found within residual fractions for all sites 

(Figure 5).  Nevertheless, it was possible that Mn coated on fractures, if present, could have 

become released and contributed to higher dissolved Mn concentrations observed in deeper 

wells.  Results, however, suggested that within the bedrock, Mn-bearing phases are relatively 

unreactive and may only contribute minor amounts of Mn to groundwater.  

 Lastly, negative residual Mn concentrations observed from the sequential extraction 

of LT’s geological core could have been due to a few possible factors though it is uncertain 

which one might be the main reason.  It was possible that high concentrations of Mn resided  
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in the silicates of the samples that were accessible by the sequential extraction protocol but 

not the total “available’ concentration protocol (EPA, 1996).  Acids and techniques used for 

the sequential extraction may have been harsh enough to remove more Mn than the acid 

digestion, resulting in negative residuals.  Additionally, natural sample heterogeneity may 

have resulted in samples with excess Mn for sequential extractions as compared to the total 

digestions.   

 

5.2.  Hydrogeological impacts on groundwater Mn concentrations 

Manganese release, transport, and retention govern its fate within groundwater and 

therefore its concentrations within wells. Accordingly, groundwater flow likely has an 

important impact on Mn release and transport within the NC Piedmont subsurface, and 

geological factors further influence Mn retention.  In general, Piedmont groundwater 

recharges to bedrock aquifers through water that is stored in the regolith layers directly above 

the bedrock (Lindsey et al., 2007; Harden et al., 2009; Figure 2).  Based on water levels from 

the DWR research stations, the water table is typically located around the peak of Mn 

concentrations in the saprolite layer.  Once groundwater reaches the bedrock, it most likely 

flows through a network of fractures.  

Higher concentrations of Mn were more likely to be present in groundwater within 

the saprolite layer due to the presence of a more reducing environment and higher 

concentrations of Mn oxides.  Shallower cased wells are often sealed just below this peak of 

Mn within the saprolite layer and are exposed to groundwater that flows downward.  

Therefore, once Mn is released from this layer, there is greater potential for a shallower cased  
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well to become contaminated due to its close location to a solid-phase, mobilizable Mn 

source.  Concentrations of Mn in well water supported this by showing high concentrations 

present just below the solid-phase peak in saprolite (Figure 4).  

Wells in NC tend to pull from a source of water below 10 m (NCDENR, 2009), 

making it less likely for Mn in the soil layer to contribute greatly to high concentrations in 

well water.  In addition, the soil layers at the research stations (and generally across the 

Piedmont) tend to have aerobic conditions that make it in general difficult for Mn to be 

reduced and released into groundwater in great quantities (Dixon and Schulze, 2002).  Due to 

the high concentrations of exchangeable Mn and Mn oxides present within this layer, as well 

as exposure to infiltrating water, Mn could still have been released but may be retained 

higher in the profile or taken up with soil water by roots, rather than percolating downward 

into the deeper aquifers. Any Mn in the residual (primary) bedrock solid phases is likely 

difficult to chemically weather and release Mn.  Therefore, lower Mn concentrations were 

commonly observed in wells cased at deeper depths.   

Once Mn is released into groundwater, its transport potential would be limited by the 

retention capacities of the solid-phase materials in which water passes through. The saprolite 

layer has favorable hydrogeochemical conditions necessary for Mn release into groundwater 

(i.e. reducing conditions and large source of accessible solid-phase Mn), and if Mn is 

delivered to groundwater and transported downward with natural groundwater flow, it will be 

increasingly more mobile since the retention capacities for Mn decrease (Figure 6, Table 5). 

The bedrock layer, which receives groundwater from the saprolite layer, had a low Mn 

sorption capacity, thereby diminishing uptake of mobile Mn. Additionally, because the  
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bedrock is highly fractured, variability in transport may have contributed to the observed 

variability in the regional distribution of Mn concentrations (Lindsey et al., 2007; Harden et 

al., 2009; Figure 1).    

 

5.3. Variability and potential implications  

Trends of decreasing Mn with depth in the solid and aqueous phase were observed in 

DWR research stations across the Piedmont despite changes in parent material and amount of 

solid-phase Mn accumulated in saprolite (Figure).  In addition, concentrations of Mn both 

greater than the standard of 0.05 mg/L and below detection limit were present at some well 

depth in every DWR site (except for UPRS, which had no high Mn concentrations).   Even 

though concentrations exceeded the standard in almost every site, well clusters varied in the 

distribution of these concentrations.  For example, LT showed an abrupt change in Mn 

concentrations from the shallow well to the intermediate and deep wells (i.e. 0.26 mg/L to 

0.10), whereas MM showed a more gradual decrease in elevated concentrations (i.e. 0.24 

mg/L to 0.12 mg/L to 0.04 mg/L) (Figure 4).   

Detailed subsurface analyses of four research stations – MM, LT, LW, NCZP – were 

performed to better explain the variability between sites.  Sequential extraction and 

adsorption isotherm data showed MM containing slightly more Mn oxides and a higher 

sorption capacity within the saprolite layer compared to LT (Figures 5 and 6), suggesting a 

greater retention and release of Mn with depth in MM.  These results, combined with 

calculations showing that only a small percentage of Mn needs to be released to obtain 

concentrations above the Mn water quality standard, imply that multiple environmental  
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controls likely contribute to differences in accumulation and release of Mn within the NC 

Piedmont.  Such controls include a combination of parent material, mineralogy, redox 

conditions and location.     

 Due to heterogeneity of well sites on a smaller scale, more local analyses on the well 

site might prove critical in managing for Mn contamination instead of broader, more regional 

risk assessments.  Still, elevated concentrations of Mn were still better predicted by regional 

geological systems than by relying on county averages.  With proper management and 

installation techniques, it may be possible to obtain groundwater with lower concentrations 

of Mn, even in a location clustered with high concentrations of Mn in well water.  Further 

analyses should be performed to determine how fractures connect and intersect with wells, 

actual Mn release mechanisms with depth, and the impacts of mineral solubility on the 

presence of Mn concentrations in groundwater.   

 

6. Conclusion  

 Elevated concentrations of Mn greater than the drinking water standard of 0.05 mg/L 

tended to occur throughout well water in the NC Piedmont. However, previously the specific 

sources and controls on the spatial distributions of these concentrations remained unknown. 

Results from this study showed that highest concentrations of Mn in well water generally 

occurred in shallower depths below a peak of solid-phase Mn found in saprolite.  This peak 

was found in depths between 2 m and 9 m for all analyzed cores and was primarily composed 

of Mn oxides and residual (non-extractable) fractions of Mn, in addition to significant 

concentrations of “exchangeable” Mn.  In contrast, bedrock samples consisted of mostly  
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residual fractions of Mn, which are less reactive than Mn fractions found in overlying 

subsurface material; deeper wells cased in bedrock also contained lower concentrations of 

aqueous Mn than shallower cased wells.  Manganese partitioned to the solid-phase in greater 

amounts for saprolite than for deeper transition or bedrock material, suggesting that Mn is 

less easily retained in deeper groundwater. 

Accumulated Mn in saprolite was potentially the leading source of Mn to well water.  

Due to the presence of the water table around saprolite peaks of Mn in the solid phase, 

favorable conditions of Mn release are created. Once Mn is released, it may be easily 

transported through bedrock aquifers, potentially contaminating domestic wells. Thus, 

research from this study has (i) postulated saprolite within the near surface regolith as a 

possible dominant source of Mn to NC Piedmont groundwater, (ii) identified similar trends 

of spatial and depth distributions of solid-phase and dissolved Mn concentrations across the 

Piedmont, (iii) recognized that those trends are more likely controlled by local hydrological 

and biogeochemical processes, and (iv) provided new insights into future management 

considerations for controlling Mn contamination when installing new private wells.  Because 

the soil-bedrock continuum is a dynamic system, it must continue to be studied in order to 

better understand the controls on Mn contamination.  Further work could include additional 

geological assessment in terms of transport pathways and sources of Mn to groundwater, 

investigation into the significance of parent material and the rate of weathering on Mn 

accumulation in the subsurface, and holistic integration of hydrological and biogeochemical 

processes for modeling risks of Mn contamination in wells.   
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Figure 1.  Manganese concentrations from NURE bulk data overlying NC Piedmont 
Soil Systems.  Manganese concentrations from NURE well data above the drinking water 
standard of 0.05 mg/L are spatially distributed over NC Piedmont soil systems.  Soil systems 
tend to reflect the mineralogy of underlying geological units due to weathering in situ of 
parent rock within the NC Piedmont (Heath, 1980).  Therefore, only soil systems are used to 
represent spatial distributions of Mn with geology.   
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Figure 2.  Conceptualized cross-section of NC Piedmont physiographic region depicting 
groundwater flow and well installation.  The NC Piedmont is a complex system in which 
groundwater flows downward through the regolith and into highly fractured bedrock.  The 
groundwater flow system is classified into four zones: unsaturated regolith, saturated 
regolith, transition zone, and fractured bedrock.  Current wells in place can be installed in the 
regolith, transition zone, or bedrock, and newly installed wells are generally installed into the 
bedrock with an open borehole.  
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Figure 3.  Manganese concentrations with well depth from NURE bulk data and four 
DWR research stations.  Manganese concentrations from the USGS NURE well data were 
plotted against corresponding bottom-of-well depths and showed a general trend of 
decreasing concentrations with well depth. Manganese concentrations measured at 4 DWR 
research stations containing at least one shallow, intermediate, and deep well within a single 
well cluster were plotted against corresponding bottom-of-well depths and showed a more 
local trend of decreasing concentrations with well depth at 3 of 4 sites.   
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Table 1.  DWR groundwater and monitoring research stations used for well water and 
geological core collections.   
 

Groundwater and Monitoring  
Research Station Acronym Geozone Soil System 

Lake Wheeler Road  LW Raleigh and Charlotte Felsic Crystalline 
Duke Forest  DF Carolina Slate Carolina Slate Belt 
Neuse River Waste Water Treatment Plant NRWWTP Felsic Intrusive Felsic Crystalline 
Rocky Branch  RB Raleigh and Charlotte Felsic Crystalline 
Upper Piedmont  UPRS Milton Felsic Crystalline 
NC Zoo  NCZP Carolina Slate Carolina Slate Belt 
Morgan Mill  MM Carolina Slate Carolina Slate Belt 
Pasour Mountain  PM Carolina Slate Felsic Crystalline 
Langtree Peninsula  LT Raleigh and Charlotte Felsic Crystalline 
Allison Woods  AW Inner Piedmont Felsic Crystalline 
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Table 2.  Manganese concentrations and well depth from the NURE dataset compared 
to collected samples from DWR research stations. 
 

DWR (n=46) 
 

NURE PIEDMONT (n=1867) 
Parameters Avg Max Min Med 

 
Parameters Avg Max Min Med 

Mn (mg/L)  0.17 1.43 0.01 0.03 
 

Mn (mg/L)  0.06 2.42 0.00 0.02 
Depth (m) 43.3 161.5 3.1 46.0 

 
Depth (m) 22.0 365.8 0.00 15.2 
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Figure 4. Solid-phase Mn concentrations with depth for four out of eight geological 
cores collected from DWR research stations.  Similar trends of maximum concentrations 
within the saprolite layer and then a significant decrease into the bedrock were observed 
throughout the NC Piedmont.  DF’s maximum concentration was observed in the soil, 
however a second peak was still observed in the saprolite.   
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Table 3.  Average, maximum, minimum, and median solid-phase Mn concentrations for 
eight of ten DWR research stations, grouped by depth layer. 
 

  
Mn Concentration 

 
n Average Maximum Minimum Median 

  
(mg/kg) 

Soila 32 255.43 3471.71 5.11 25.34 
Residuumb 13 342.27 1527.88 17.74 154.36 
Saproliteb 46 312.38 1996.73 19.24 241.91 
Bedrockb 18 102.30 252.17 16.99 92.49 
aSoil represents fresh cores collected at time of well water sampling. 
bResiduum, saprolite, and bedrock samples were based from the geological cores 
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Table 4.  Maximum and average solid-phase Mn concentrations in geological cores for 8 
of 10 DWR Piedmont research stations.   
 

Research Station 
Avg Mn concentration 

for entire core 
Maximum Mn 
concentration Depth Layer 

  (mg/kg) (mg/kg) (m)   
Allison Woods 282.39 1007.57 2.286 saprolite 
Duke Forest 907.23 3471.71 1.003 soil 
Langtree 406.75 1996.73 7.01 saprolite 
Lake Wheeler 119.72 365.27 5.334 saprolite 
Morgan Mill 202.43 750.819 4.648 saprolite 
NC Zoo 163.15 372.7 6.248 saprolite 
NRWWTP 103.72 600.76 4.801 saprolite 
Upper Piedmont 90.7 285.75 9.296 saprolite 
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Table 5.  Freundlich model partioning coefficient, “Kd”, from batch isotherm 
experiment for saprolite, transition, and bedrock material from 2 DWR research 
stations.  
 

Research Station Core Depth "Kd" Layer 

 
- m - - L/kg -   

MM 7.2 37.77 saprolite 

 
12.8 8.46 transition 

  35.7 7.41 bedrock 
LT 7.9 15.34 saprolite 

 
11.3 9.62 transition 

 
21.6 8.75 bedrock 
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Figure 5. Solid-phase Mn concentrations with depth based on fractions generated from 
sequential extractions of cores from 4 research stations. 
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Figure 6.  Manganese adsorption isotherms.  Adsorption isotherm data for MM and LT 
DWR research stations (symbols) fitted with a Freundlich isotherm model (lines).  Data are 
for saprolite, transition zone, and bedrock samples.  Error bars represent standard deviation 
of triplicate analyses; unseen error bars are smaller than the plotted symbol size.   

 


