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Abstract 

A groundwater plume beneath a capped landfill in north-central 

Massachusetts contains dissolved arsenic concentrations exceeding 10,000 ppb  

at several locations. The landfill closed in the early 1990’s and contains minimally 

documented solid waste materials deposited over the course of nearly a century. 

The source(s), fate, and transport of arsenic in the landfill aquifer have been 

studied extensively over the past decade; however, the source and pathways of 

arsenic are not yet fully defined. The primary source of arsenic likely involves a 

combination of the landfill waste material, the peat, the underlying overburden 

sequence, and/or bedrock minerals. Arsenic mobilization is most likely assisted 

by reducing conditions created by the decomposition of organic materials within 

the landfill and underlying peat present prior to the initiation of waste disposal. 

Another possibility is an arsenic-bearing groundwater discharging from the 

underlying bedrock from the oxidation of naturally occurring sulfides.  

Aqueous arsenic species, including inorganic arsenite [As(III), As(OH)3] and 

arsenate [As(V), AsO(OH)3], and organic monomethylarsonic acid [MMA(V), 

CH3AsO(OH)2] and dimethylarsinic acid [DMA(V), (CH3)2AsO(OH)], provide 

information as to where the arsenic is primarily originating from and how it is 

transported through the aquifer. Furthermore, the analysis of major ions, metals, 



 

and groundwater parameters from different zones of the landfill with varying 

arsenic concentrations will aid in the delineation of probable arsenic sources, the 

mobilization processes, and arsenic transport modes within the aquifer. A more 

complete conceptual site model with respect to arsenic speciation and 

groundwater chemistry will lead to a better understanding of geochemical 

processes within and beneath the landfill waste pile and also assist with future 

remediation of the aquifer. 

Using arsenic speciation and groundwater chemistry data, it was determined 

that although all four potential arsenic sources likely contribute to the total 

arsenic concentrations, the overall contribution from the landfill material, peat 

layer, and bedrock is minimal relative to the iron-oxyhydroxides coated on the 

sands particles throughout the aquifer which acts as the primary arsenic source. 

Oxidation-reduction potential and dissolved oxygen are the controlling factors in 

relation to mobilization and transport of arsenic species from aquifer features and 

an understanding of these processes at the local level can be further applied to 

global-scale arsenic contamination.  
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Project Summary 

A groundwater plume beneath a capped landfill in north-central 

Massachusetts, Shepley’s Hill Landfill (SHL), contains dissolved arsenic 

concentrations exceeding 10,000 ppb at several locations. Disposal of solid 

wastes at the landfill spanned nearly a century from the late 1800s until 1992 

when the landfill was closed and there is little documentation of the material 

disposed at the site. During this time, a portion of the waste was buried beneath 

the water table and toward the end of the landfill’s use, approximately 6,500 tons 

per year of household refuse and construction debris were disposed here (Ford 

et al., 2008). Wastes are thought to include incinerator ash, demolition debris, 

asbestos, sanitary wastes, spent shell casings, and glass. Of these, incinerator 

ash has the greatest potential for anthropogenic arsenic release. The total 

volume of the landfill waste is estimated at 9.9 x 105 cubic meters, and 

approximately 11% of the waste is below the water table (USACE, 2010b; Xie, 

2013).  

The sources, fate, and transport of arsenic in the landfill aquifer have been 

studied extensively; however, site characterization has yet to be fully defined. 

The primary source of arsenic has not yet been conclusively determined and 

likely involves a combination of the landfill waste material, a peat layer within the 

aquifer, the underlying overburden sequence, and bedrock minerals. Arsenic 

mobilization is likely assisted by reducing conditions created by the 

decomposition of organic materials within the landfill section. Another possibility 

is an arsenic bearing groundwater discharging from the underlying bedrock from 
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the oxidation of naturally occurring sulfides.   

Arsenic at SHL has been well-documented in fate and transport studies (Ford 

et al., 2008), numerous consulting reports (USACE, 2010a; USACE, 2010b), and 

several Boston College M.S. theses (Davidson, 2003; Mayo, 2006; Xie, 2013); 

however, we know very little with respect to arsenic speciation within the aquifer 

beneath the landfill and how it relates to groundwater chemistry, which is the 

motivation for this thesis.  

Arsenic exists in numerous species in the natural environment. The four most 

common, which are targeted in this study, include inorganic arsenite [As(III), 

As(OH)3] and arsenate [As(V), AsO(OH)3], and organic monomethylarsonic acid 

[MMA(V), CH3AsO(OH)2] and dimethylarsinic acid [DMA(V), (CH3)2AsO(OH)]. 

Arsenic speciation provides insight as to where the arsenic is primarily 

originating from and how it is transported through the aquifer. Furthermore, the 

analysis of major cations and anions, metals, and groundwater parameters from 

different zones of the landfill with varying arsenic concentrations will aid in the 

delineation of probable arsenic sources, the mobilization processes, and arsenic 

transport modes within the aquifer. A more complete conceptual site model with 

respect to arsenic speciation and groundwater chemistry will lead to a better 

understanding of geochemical processes within and beneath the landfill waste 

pile and also assist with future remediation of the aquifer.  

The leaching of arsenic directly from the landfill material is the most obvious 

potential source of aquifer contamination; however, there are several lines of 

evidence pointing toward natural sources of arsenic combined with the possible 
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anthropogenic source. These lines of evidence, discussed in detail in Section 

2.3, include significant dissolution and mobilization of arsenic at the nearby 

former Moore Army Field during bioremediation by enhanced reductive 

dechlorination (ERD), high arsenic concentrations in the sediment of the Red 

Cove area in Plow Shop Pond located adjacent and east of SHL, and a leaching 

analysis performed on soils and landfill material at SHL (Ford et al., 2008; 

USACE, 2010a; USACE, 2010b).  

There are three natural aquifer features at SHL believed to be potential 

contaminant sources. The layer of peat within the aquifer and directly underlying 

SHL is a potential source of arsenic, which could be mobilized in the presence of 

a reducing environment created by the infiltration of organic carbon from the 

landfill materials (Hon et al., 2011). Another potential source of arsenic is iron-

oxyhydroxides, which are coated on the sand grains throughout the aquifer. 

Arsenic has a very high affinity for adsorption to these coatings and more 

strongly occurs with As(V) than it does with As(III). Iron-oxyhydroxides are 

commonly present in natural waters and will dissolve and consequently mobilize 

the adsorbed arsenic when Fe(III) is reduced to a more soluble Fe(II) (USACE, 

2010b; Pombo et al., 2011). Lastly, bedrock minerals located at the bottom of the 

aquifer are a potential arsenic source. SHL sits over the Ayer Granodiorite 

formation and the Chelmsford Granite formation which extend along the 

Merrimack Belt in central Massachusetts (Kopera, 2008). Although the SHL 

aquifer is primarily a sand aquifer, possible faults and fractures in the underlying 

bedrock could allow for bedrock aquifer conditions to exist at greater depths. 
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Granite formations such as these are known to contain considerable amounts of 

arsenic minerals in the form of arsenic sulfides (e.g., realgar and arsenopyrite) or 

other minerals such as cobaltite that can be dissolved and mobilized under 

oxidizing conditions. The arsenic concentrations in these granites can range from 

200-15,000 ppb (Ravenscroft et al., 2009).  

Since 1998, several Massachusetts consulting firms have performed periodic 

monitoring (at least twice a year during the spring and fall) at SHL under contract 

with the United States Army Corps of Engineers (USACE) and there are 

numerous data related to all aspects of SHL, including groundwater, soil, 

sediment, and surface water. At the site, groundwater flow originates in the 

southwestern portion and flows to the north and northeast. Groundwater 

discharge occurs at Plow Shop Pond located along the eastern edge and 

Nonacoicus Brook along the northern edge. The most recent dataset available 

was updated in 2012 by Sovereign Consulting Inc. It is important to note that 

none of these datasets include information about arsenic speciation within or 

around the landfill. 
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1.0 INTRODUCTION 

 
Arsenic is a widespread environmental chemical element which is sometimes 

found in nature in abundance, including groundwater. Arsenic contamination in 

groundwater is a major concern with respect to human health and the 

environment, and has been known to cause health problems such as various 

types of cancer, cardiovascular diseases, skin lesions, and anemia (Romić et al., 

2010; Voice et al., 2010). In the natural environment, arsenic is most commonly 

found in an inorganic state and although organic arsenic may be present due to 

biological activity, it is seldom present in high concentrations. Significant amounts 

of organic arsenic may occur, however, in areas subject to pollution (e.g., 

smelters and landfills) or areas rich in natural organic matter (e.g., wetlands) 

(Smedley and Kinniburgh, 2002; Ravenscroft et al., 2009; Henke, 2009). Landfills 

in many cases contain elevated arsenic concentrations due to the disposal of 

arsenic-bearing wastes such as pressure-treated wood and pesticides, and from 

the addition of organic materials to the environment (Smedley and Kinniburgh, 

2002). The reducing environment created by the migration of organic leachate 

vertically and/or horizontally through the vadose and saturated zones of an 

aquifer often intensifies arsenic contamination if anthropogenic and/or natural 

sources of arsenic are present.  

In groundwater, inorganic arsenic is typically found in two oxidation states, 

As(III) and As(V). Due to chemical similarities between arsenic and phosphorus, 

incorporation of arsenic into organic molecules is common, which leads to 
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methylated arsenic species such as MMA and DMA (Anderson and Bruland, 

1991; Smedley and Kinniburgh, 2002). Studies have shown that As(III) is nearly 

60 times more toxic than As(V), and inorganic arsenic in general is 100 times 

more toxic than the organic species (Rietkerk, 2007). Currently, the United States 

Environmental Protection Agency (EPA) maximum contaminant level (MCL) for 

drinking water is 10 µg/L (10 ppb).  

In 2010, an article published by Wolfe-Simon et al. claimed that the GFAJ-1 

strain of the Halomonadaceae microbe found in an arsenic-rich lake in California 

survives without phosphorus, an essential nutrient for all living organisms. It was 

thought that due to the nearly identical molecular form of arsenate (AsO4
3-) and 

phosphate (PO4
3-), the bacterium had found a way to utilize arsenic and thrive 

with no dependence on phosphorus (Wolfe-Simon et al., 2010). These 

observations were later challenged by Erb et al. (2012), who concluded that 

although the GFAJ-1 bacterium is able to grow at low phosphate concentrations 

in the presence of elevated arsenate, it lacks the ability to grow in a completely 

phosphorus depleted environment. It is now clear that although the bacteria can 

survive in an arsenic-rich environment, it actually utilizes a specific protein to 

discriminate between arsenate and phosphate (Erb et al., 2012).  

These studies highlight the importance of arsenic toxicity in the natural 

environment. Most organisms will not survive in an arsenic-rich system, and 

those that do have the necessary means to avoid incorporation of arsenic into 

the cell structure, thereby reducing or even eliminating its toxic effects. The 

speciation of arsenic is also an important concept: The GFAJ-1 bacterium has a 
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mechanism to discriminate against arsenate (As(V)), however toxicity may occur 

with arsenite (As(III)), which is known to be more toxic (Rietkerk, 2007). It is 

controversial exactly how arsenic in general and different arsenic species impact 

living organisms.  

1.1 Arsenic Chemistry 

 
Arsenic has an atomic number of 33 and an average atomic mass of 74.92 

amu. Arsenic has only one stable isotope: 75As; which contains 33 protons and 

42 neutrons. All other isotopes of arsenic are unstable and rapidly decay, with 

the longest half-life being approximately 80.3 days from the 73As isotope (Henke, 

2009). Unlike many other elements, isotopic fractionation cannot be applied to 

arsenic as an indicator of source, mobilization, and transport. Instead, speciation 

variations within arsenic compounds are often utilized for these types of analyses 

(Fig. 1-1).  

In the natural environment, inorganic arsenic species (As(III) and As(V)) are 

often seen to closely correlate with the oxidation state of iron (Fe(II) and Fe(III)) 

in groundwater. The Eh-pH diagrams for arsenic and iron (Fig. 1-2 and Fig. 1-3, 

respectively) show this relationship and have important implications for the 

mobility of arsenic in groundwater. In low Eh-pH conditions, iron is in a reduced 

state (Fe(II), ferrous iron) which is soluble in groundwater. These conditions 

correlate with the reduced form of arsenic (As(III), arsenite). In high Eh-pH 

conditions, the oxidized state of iron (Fe(III), ferric iron), which is insoluble in 

groundwater, correlates closely with the oxidized form of arsenic (As(V), 
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arsenate). When reducing conditions are present (low Eh-pH), iron and arsenic 

are mobile as dissolved constituents, but when oxidizing conditions are present 

(high Eh-pH), arsenic strongly adsorbs to the precipitated iron, and both 

constituents are immobile.  

There are several chemical similarities between arsenic and phosphorus, 

including valence electron configuration, ionization energy, and atomic radii. Due 

to these chemical similarities, arsenic, if available, often substitutes for 

phosphorus in both organic and inorganic molecules (Smedley and Kinniburgh, 

2002). Because arsenic and phosphorous are chemically similar, the 

incorporation of arsenic into phosphorus-bearing molecules disrupts the chemical 

processes which occur in the human body, making it highly toxic even at trace 

levels. Arsenic is one of the earliest known carcinogens. Trace amounts can 

cause serious health issues, include skin, bladder, and other types of cancer as 

well as cardiovascular diseases, skin lesions, and anemia, which have been 

linked to arsenic poisoning (Romić et al., 2010; Voice et al., 2010).     



5 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1-1: Arsenic compounds (Henke, 2009). The arsenic species studied in this thesis are circled in red.
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Figure 1-2: Eh-pH diagram for arsenic speciation  
(Takeno, 2005) 
 

 
Figure 1-3: Eh-pH diagram for iron speciation  
(UC Davis, 2011)
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1.2 World Occurrences of Arsenic and Health Implications 

 
Arsenic is a trace element found globally and is present in the natural 

environment in water, rock, soil, organisms, and the atmosphere. In the Earth’s 

crust, arsenic is the 20th most abundant element with an average abundance of 

1.5-3.0 ppm. In most rocks, arsenic is present from 0.5-2.5 ppm and in soil the 

average arsenic concentration is 5 ppm. In water, arsenic ranges from 1-8 ppb in 

the oceans and is typically less than 10 ppb in unpolluted fresh water (Henke, 

2009). 

Arsenic mobilization in groundwater occurs through several natural and 

anthropogenic mechanisms. In the natural environment, arsenic is mobilized 

through processes of weathering, volcanic activity, and biological reactions. In 

addition, anthropogenic processes such as pesticide and herbicide use, mining 

operations, and coal combustion can lead to increased mobilization of arsenic 

(Smedley and Kinniburgh, 2002). 

Arsenic contamination of soil and water bodies, especially groundwater, has 

been increasingly reported around the world and has led to health concerns 

around the globe due to the consumption of contaminated groundwater. In 

Bangladesh alone, it is estimated that nearly 40 million people have been 

poisoned due to exposure to high levels of arsenic in their drinking water 

(Smedley and Kinniburgh, 2002; Zheng et al., 2004). The history of arsenic 

contamination in Bangladesh began when the World Health Organization (WHO) 

suggested that alleviating bacterial infections from septic wastewaters could be 
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achieved by drilling deeper wells. Prior to pulling groundwater from deeper within 

the aquifer, the amount of arsenic was never tested and is now known to contain 

elevated concentrations (Zheng et al., 2004). In addition to Bangladesh, 

naturally-derived arsenic contamination of groundwater has been observed in 

numerous countries worldwide, including Argentina, Canada, China, Chile, 

Finland, Hungary, India, Japan, Mexico, Mongolia, Taiwan, and the United States 

(Fig. 1-4). 

 

 Figure 1-4: Arsenic occurrence around the world from natural sources (Ravenscroft, 2007) 

1.3 Arsenic Occurrences in Groundwater in the United States 

 
Over the past 30 years, the United States Geological Survey (USGS) has 

collected and analyzed more than 18,000 groundwater samples from potable 

sources across 1,500 counties around the United States. Of these, approximately 
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10 percent were collected from water supply wells and 90 percent collected from 

other potable groundwater sources used for irrigation, industry, and research. 

The analysis of these data concluded that approximately 10 percent of all public 

water supplies in the United States exceed the EPA MCL in groundwater 

(Focazio et al., 2000; Ravenscroft et al., 2009). 

The current EPA MCL in groundwater is set at 10 ppb, which was lowered 

from 50 ppb in 2001, eight years after a recommendation by the World Health 

Organization (WHO) (Smith et al., 2002).  

In general, elevated arsenic in the United States is present in the western 

states such as California, Idaho, Utah, and New Mexico, the central and Midwest 

states such as South Dakota, Minnesota, Michigan, and Wisconsin, and the 

northeast states including Massachusetts, New Hampshire, and Maine (Fig. 1-5). 

Elevated arsenic across the United States has been attributed to several 

natural mechanisms. Geothermal activity can lead to elevated arsenic 

concentrations due to greater dissolution of rock in these areas. In the United 

States, geothermal activity is fairly limited to areas of Wyoming and Montana 

(e.g. Yellowstone National Park). Evaporation of shallow groundwater also leads 

to elevated arsenic concentrations due to the residue left behind through the 

process of evaporation. This tends to occur in semi-arid and arid regions of the 

United States such as California, Utah, and New Mexico. Additionally, the 

oxidation of sulfide minerals such as pyrite and cobaltite has been attributed to 

high arsenic concentrations in regions of the United States such as the Midwest 

and New England (Welch et al., 2000; Ayotte et al., 2003; Henke, 2009).  
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In addition to the natural occurrence of elevated arsenic in the United States, 

anthropogenic influences have been shown to be a significant source of arsenic 

contamination. Because of its toxic nature, arsenic is used in pesticides and 

herbicides and had been applied across agricultural areas for nearly the entirety 

of the 20th century and arsenic has been used as a wood preservative to prevent 

decay in pressure-treated wood for the previous 70 years (Welch et al., 2000). 

Although arsenic-containing fertilizers have recently been banned, application of 

phosphate fertilizers can mobilize previously immobile arsenic in groundwater 

due to adsorptive competition (Welch et al., 2000, Henke, 2009).  

 
Figure 1-5: Arsenic occurrence in groundwater across the United States (Ryker, 2001) 
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1.4 Arsenic Occurrences in New England 

 
Elevated arsenic is a common occurrence in New England bedrock and 

associated aquifers. It is estimated that 30 percent of drinking water supplies in 

New England exceed the EPA MCL of 10 ppb (Ravenscroft et al., 2009). 

1.4.1 Arsenic in Groundwater 

 
The elevated arsenic in New England groundwater is more prevalent in wells 

drilled into bedrock aquifers than those drilled into unconsolidated aquifers and 

have been associated with arsenic-bearing granitoids and granodiorites (Ayotte 

et al., 2003; Robinson and Ayotte, 2007). Ayotte et al. (2003) delineated a 

regional belt extending from central Massachusetts through southern New 

Hampshire and eastern Maine that has been attributed to elevated 

concentrations of dissolved arsenic in groundwater, which extends into a regional 

formation in central Massachusetts known as the Merrimack Belt, which extents 

directly through the area of Shepley’s Hill Landfill (Fig. 1-6).  

The elevated levels of arsenic in New England groundwater has led to a 

concern of heightened cancer risk in the region. Ayotte et al. (2006) conducted 

an epidemiological study to investigate a relationship between bladder cancer 

mortality and arsenic in private water sources in New England. The study found 

that there is a statistically significant positive correlation between bladder cancer 

mortality rates and private water supply use among both men and women in the 

region. It is believed that arsenic is the primary contaminant in the private water 
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supply wells related to the elevated cancer rates. Further analytical studies are 

currently underway (Ayotte et al., 2006). 

1.4.2 Arsenic Associated with New England Landfills 

 
As a result of the high concentrations of natural arsenic, landfills in New 

England are especially prone to arsenic contamination due to the reducing 

conditions created by the decomposition of organic materials over time. In central 

Massachusetts in particular, there are several towns where elevated arsenic 

concentrations have been detected at closed landfill sites where arsenic is not 

necessarily known as an obvious component of the disposed refuse (Fig 1-7). 

The arsenic concentrations within the groundwater at four Massachusetts 

landfills (not including Shepley’s Hill Landfill) range from 293 ppb to 5,110 ppb 

(Davidson, 2003).  

Outside of Massachusetts, a groundwater plume downgradient of a landfill 

located in Winthrop in southern Kennebec County, Maine was found to contain 

an average concentration of approximately 300 ppb arsenic as a result of 

leaching from glacial sediments (Keimowitz et al., 2005) (Fig. 1-6). Colman et al. 

(2002) reported a similar arsenic plume beneath a landfill in Saco, Maine. At this 

site the elevated arsenic has been shown to be a result of reductive dissolution of 

iron-oxyhydroxides and adsorbed arsenic. Another landfill, the Coakley landfill 

located in Rockingham County, New Hampshire contains arsenic concentrations 

up to 170 ppb, which has been mobilized along with a number of heavy metals 

and organic contaminants (Delemos et al., 2006).  
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Figure 1-6: Arsenic occurrence in groundwater in New England with landfills located  
along the Merrimack Belt (Ayotte et al., 2003) 
 

Key 
 
      Shepley’s Hill Landfill Coakley Landfill Winthrop Landfill Saco Landfill      
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Figure 1-7: Massachusetts towns where elevated arsenic has been detected near closed 
landfill sites (Mayo, 2006). 
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2.0 BACKGROUND 

 
Shepley’s Hill Landfill was a waste disposal facility located within the former 

Fort Devens Army Base. The landfill itself is located in the town of Ayer in north-

central Massachusetts (Figure 2-1).  

2.1 History of Shepley’s Hill Landfill 

 

Shepley’s Hill Landfill is currently located in the unincorporated village of 

Devens within the town of Ayer in north-central Massachusetts at the 

approximate latitude 42.555°N and longitude 71.598°W (Fig. 2-1). The landfill 

encompasses approximately 84 acres in the northeast corner of the former main 

post at Fort Devens. SHL lies within a historical wetland area and is situated 

between the Shepley’s Hill bedrock outcrop along the western edge and Plow 

Shop Pond along the eastern edge. The northern extent of groundwater flow runs 

into Nonacoicus Brook, which drains Plow Shop Pond and the southern portion 

of the site borders the former Defense Reutilization and Marketing Office 

(DRMO) yard (Ford et al., 2008) (see Fig. 2-5). The immediate SHL area ranges 

in elevation from 200 to 300 ft. above mean sea level (amsl). The lowest 

elevations are in the north towards Nonacoicus Brook and the east along Plow 

Shop Pond, with the highest elevations along the bedrock outcrop at the western 

edge. A 3-D site model is shown in Figure 2-2. 

Shepley’s Hill Landfill was first used as a convenient location for waste 

disposal. At the time (late 1800s), the existing wetlands did not serve any useful 

benefit to agriculture or other activities, so wastes and refuse of all types were 
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dumped, as it was a location of low economic value. Disposal of solid wastes at 

the landfill spanned a century from the late 1800s until 1992 when the landfill was 

closed. Little or no documentation exists of the nature of material disposed at the 

site. During the landfill disposal operations, a portion of the waste was buried 

beneath the water table, thereby diminishing the existing wetlands. Toward the 

end of its use, approximately 6,500 tons per year of household refuse and 

construction debris were disposed at the site. Some of the waste included 

incinerator ash, demolition debris, asbestos, sanitary wastes, spent shell casings, 

and glass (Ford et al., 2008). Of these materials, incinerator ash has the greatest 

potential for anthropogenic arsenic release. The total volume of the landfill waste 

is estimated at 9.9 x 105 cubic meters, and approximately 11% of the waste is 

below the water table (USACE, 2010b; Xie, 2013).  

In November 1989, SHL was place on the National Priorities List (NPL) as a 

CERCLA Superfund site. The site includes three areas of contamination (AOCs); 

the landfill incinerator, the sanitary landfill, and the asbestos cell, which are 

collectively referred to as Shepley’s Hill Landfill. The landfill was capped in four 

phases, beginning in 1986 and finishing in 1993 in an effort to mitigate offsite 

contamination. In addition, a landfill gas collection system was installed 

(Sovereign, 2012).  

Several arsenic studies were conducted at SHL after it was placed on the 

NPL in 1989. After the landfill was capped, the first remedial investigation was 

completed in 1993, followed by another study in 1995. The results from these 

studies confirmed the presence of elevated levels of metals, including arsenic, 



17 

and several volatile organic compounds (VOCs). These studies resulted in a 

remedy that required long-term groundwater monitoring and maintenance of the 

landfill cap. In 1995, USACE determined that a groundwater extraction system 

must be installed if contaminant concentrations (primarily arsenic) did not 

achieve risk-based standards over time. A groundwater extraction and treatment 

system was then completed and put into operation in the northern part of the 

landfill in March 2006 to intercept and treat groundwater arsenic contamination, 

which is still in operation today.  

Along with the periodic studies, long-term monitoring of the groundwater 

within and around the landfill has been regularly conducted (semi-annually) since 

1998. Although groundwater extraction and treatment of arsenic has been 

successful with respect to the prevention of significant offsite migration, arsenic 

concentrations have not diminished substantially over time in the aquifer located 

directly beneath the landfill. According to the USACE, “There is no current use of, 

or exposure to, groundwater migrating away from the landfill, and no current 

human health risk” (USACE, 2010a). 
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Figure 2-1: Geographic Location of Shepley’s Hill Landfill, Ayer, Massachusetts 
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Figure 2-2: A 3-dimensional model of Shepley’s Hill Landfill with 2x vertical exaggeration looking east southeast. Groundwater is 
represented by the blue layer, bedrock surface is represented by the gray layer, and monitoring wells are represented by yellow-
red vertical lines. The color gradient from yellow to red represents the level of arsenic contamination (0-5000+ ppb, 
respectively).
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2.2 Geological Setting of the Shepley’s Hill Landfill Area 

 
A more detailed account of the surficial geology, bedrock geology, and 

hydrogeology at Shepley’s Hill Landfill and the surrounding area are presented in 

the following three subsections. 

2.2.1 Surficial Geology 

 

Shepley’s Hill Landfill sits in a basin which was formerly part of glacial Lake 

Nashua that existed during the Wisconsinan glacial retreat approximately 14-23 

Ka (Fig. 2-3). Currently, SHL is located within the southern extent of the Nashua 

River watershed (Skehan, 2001). As glacial retreat progressed, fine to coarse 

sands were deposited in the lake bottom eventually resulting in the lithological 

sequence observed today. The low-lying area beneath SHL was later developed 

into a series of wetlands characterized by peat, fine silt, and clay (see Fig. 2-6). 

These wetland remnants are seen today by a thick layer of peat centrally located 

within the landfill at approximately 30 ft. below ground surface (bgs) (Ford et al., 

2008; USACE, 2010b). 

During a drilling event that took place in a 2010 study, the bedrock at SHL 

was found at a depth of 50-90 ft. bgs and is overlain by a 50-90 ft. thick layer of 

glacial deposits consisting of fine to coarse, well sorted sands. In addition, 

gravelly sands and boulders were encountered during drilling operations. Below 

the glacial sands, glacial till covers the bedrock surface throughout the landfill 

with a thickness of approximately 10 ft. (USACE, 2010b). 
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Figure 2-3: Map of historical Glacial Lake Nashua (Skehan, 2001). 
  

Approximate 
location of 
Shepley’s Hill 
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2.2.2 Bedrock Geology  

 
Bedrock at Shepley’s Hill Landfill is described by the Ayer Granodiorite 

formation characterized by coarse-grained, well-foliated, porphyritic quartz-

microline-plagioclase-biotite granite to granodiorite and the Chelmsford Granite 

formation characterized by light gray, well-foliated, fine-to-medium-grained 

quartz-microline-plagioclase monzonite with muscovite and biotite. These 

intrusions are part of the Merrimack Belt which consists of rocks from the 

Ordivican, Silurian, and Devonian (460-400 Ma) as well as localized 

Pennsylvanian (320-300 Ma) (Kopera, 2008). A bedrock map of the SHL landfill 

compiled by Kopera (2008) is shown in Figure 2-4. 

Faults and fractures are known to exist within the bedrock underlying the 

landfill, resulting in bedrock aquifer conditions at greater depths. A bedrock study 

conducted in 2008 (see Fig. 2-4) revealed a fault zone extending northwest-

southeast directly through the western and southern portion of the landfill 

(Kopera, 2008). 

Within the SHL landfill area, bedrock is exposed along the western edge. 

Directly beneath the landfill material, bedrock elevations are highest in the 

southern areas of the site and lowest in the northern areas of the site. Along the 

central portion of the site running east-west, bedrock elevations drop 

approximately 60 ft. in elevation over a distance of 300 ft., creating a depression 

as a result of a bedrock elevation low in the central region of the site (see Fig. 2-

2; Fig. 2-10). 
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Figure 2-4: Bedrock map of the Shepley’s Hill Landfill area (Kopera, 2008). 
Notes: The map shows the distribution of the Ayer Granodiorite and the Chelmsford 
Granite formations (pink and yellow, respectively). The gray areas are meta-sediments 
described as the Oakdale formation. Areas outlined in red are dominated by bedrock 
exposure and the landfill is outlined in blue.  
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2.2.3 Hydrology 

 

Groundwater at SHL is influenced by precipitation, surface water elevation in 

Plow Shop Pond, and groundwater extraction as a result of the continued 

operation of the pump and treat system. In general, groundwater flows from the 

south to the north and northeast, discharging into Nonacoicus Brook and Plow 

Shop Pond, respectively (Fig. 2-5). Groundwater elevation is typically around 218 

ft. amsl and ranges from 10 to 40 ft. bgs, and noticeable changes occur after 0.5 

in. or more of precipitation (Ford et al., 2008). The primary source of groundwater 

recharge at SHL is likely precipitation and infiltration south of the landfill. Direct 

infiltration does not occur due to the impermeable cap covering the landfill.  

Hydraulic gradients at SHL vary across the site and range from 0.003 ft/ft to 

0.012 ft/ft across most of the landfill, with groundwater velocity ranging from 0.15 

ft/day to 1.7 ft/day (USACE, 2010b). In general, groundwater velocity decreases 

with depth. Heterogeneity across the aquifer creates preferential horizontal flow; 

however, vertical flow likely occurs at a slower rate. This heterogeneity is 

reflected by the hydraulic conductivity of the deeper aquifer materials being less 

than the hydraulic conductivity of the shallow aquifer materials by an approximate 

factor of 20 (Ford et al., 2008).   
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Figure 2-5: Generalized groundwater flow at Shepley’s Hill Landfill (blue dashed lines) 
(USACE, 2010b) 
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2.3 Arsenic in the Shepley’s Hill Landfill Area 

 
At a landfill site, the leaching of arsenic directly from the landfill material is the 

most obvious potential source of aquifer contamination; however, at Shepley’s 

Hill Landfill, concurrent lines of evidence point toward several naturally-derived 

sources of arsenic that combine with the possible anthropogenic source. These 

lines of evidence (described below) include significant dissolution and 

mobilization of arsenic at the nearby former Moore Army Field during 

bioremediation by enhanced reductive dechlorination (ERD), high arsenic 

concentrations in the sediment of the Red Cove area in Plow Shop Pond at SHL 

(Fig. 2-5), and a leaching analysis performed on soils and landfill material at SHL 

and also confirmed in this study (Ford et al., 2008; USACE, 2010a; USACE, 

2010b).  

At the former Moore Army Field, located less than a mile from SHL, high 

concentrations of perchloroethene (PCE) were present from prior degreasing 

activities. The contamination was treated during an in-situ bioremediation event 

using an enhanced reductive dechlorination (ERD) method, involving the 

injection of a degradable carbohydrate solution (e.g., molasses) into the 

subsurface creating a highly reducing environment to assist with dechlorination of 

PCE and its various breakdown products. As a consequence of the reducing 

conditions, previously immobile arsenic that was adsorbed onto iron-

oxyhydroxide coatings was re-mobilized by dissolution under the reducing 

conditions. Prior to ERD, arsenic was not a contaminant of concern; however 

after ERD, arsenic concentrations exceeded 1,100 ppb in groundwater (USACE, 
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2010a). This line of evidence shows that there are significant natural sources of 

arsenic within the SHL area that can be mobilized under reducing conditions.  

In the Red Cove area of Plow Shop Pond along the northeastern border of 

SHL, the current wetlands may be representative of the conditions of the peat 

layer located under the landfill. Concentrations of arsenic in sediments in Red 

Cove exceed 8,500 ppm and if these concentrations reflect the peat layer under 

the landfill, leaching of significant arsenic concentrations due to a reducing 

environment might also be occurring (Ford et al., 2008). The high concentrations 

in the sediments of Red Cove, however, may also be a reflection of arsenic 

contaminated groundwater discharging into Red Cove followed by the oxidation 

and immobilization of arsenic adsorbed onto the sediments.  

Leaching analyses at SHL indicated that the landfill waste could deliver a 

maximum of 500 ppb arsenic concentrations in groundwater, while underlying 

sands showed a leachate potential of 1,500 ppb and iron solids showed a 

leachate potential of 30,000 ppb dissolved arsenic in groundwater (USACE, 

2010b). There was no leaching analysis done on the peat layer or bedrock; 

however, this line of evidence suggests that there is a potential source of arsenic 

contamination also originating from the natural environment directly beneath the 

landfill since arsenic leachate from the landfill alone would not be able to sustain 

the high concentrations found in the aquifer.    

There are three natural aquifer features at SHL believed to be linked to 

modes of contaminant mobilization. The layer of peat within the aquifer is a 

potential source of arsenic, which could be mobilized in the presence of a 
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reducing environment created by the infiltration of organic carbon from the landfill 

materials (Hon et al., 2011). Another potential source of arsenic is iron-

oxyhydroxides, which are coated on the sand particles throughout the aquifer. 

Arsenic has a very high affinity for adsorption to these coatings and more 

strongly occurs with As(V) than it does with As(III). Iron-oxyhydroxides are 

commonly present in natural waters and will dissolve and consequently mobilize 

the adsorbed arsenic when Fe(III) is reduced to a more soluble Fe(II) (USACE, 

2010b; Pompo et al., 2011). Lastly, bedrock minerals located at the bottom of the 

aquifer are a potential arsenic source. SHL sits over the Ayer Granodiorite and 

the Chelmsford Granite formation (Kopera, 2008). Although the SHL aquifer is 

primarily a sand aquifer, possible faults and fractures in the underlying bedrock 

could allow for bedrock aquifer conditions to exist at greater depths. Granite 

formations such as these are known to contain considerable amounts of arsenic 

minerals in the form of arsenic sulfides (e.g., realgar and arsenopyrite) or other 

minerals such as cobaltite that can be dissolved and mobilized under oxidizing 

conditions.  

The four potential sources of arsenic at SHL can be assessed by the 

application of arsenic speciation. Typically, isotopic analysis would be conducted 

for this type of investigation, however, due to arsenic having only one stable 

isotope, species of arsenic must be considered (Henke, 2009).  
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2.3.1 Arsenic in Surficial Deposits 

 
Mayo (2006) showed background arsenic concentrations in soils ranging from 

3.8 ppm to 38 ppm and several other studies revealed landfill overburden soil 

concentrations ranging from 1 ppm to 62 ppm arsenic (USACE, 2010b).  

The fine to coarse sands within the SHL aquifer are rich in amorphous iron 

hydroxide solids with current concentrations of dissolved iron ranging from 44 

ppm to 110 ppm (USACE, 2010b). Prior to the existence of landfill conditions, the 

groundwater within the aquifer would have contained more oxygen with a higher 

oxidation-reduction potential than is seen today. Under these pre-landfill 

conditions, iron would have existed predominantly in its oxidized form as Fe(III). 

In its oxidized state, iron precipitates to coat the sand particles, and is 

consequently immobilized. Arsenic has a very high affinity for adsorption to these 

iron coatings and more strongly occurs with As(V) than it does with As(III). Under 

the reducing conditions modified by the landfill, Fe(III) is reduced to a much more 

soluble Fe(II), which will dissolve and mobilize any adsorbed arsenic (USACE, 

2010b; Pompo et al., 2011). 

A leaching analysis conducted at SHL indicated that the iron-oxyhydroxide 

coatings on the aquifer sands could deliver a maximum of 30,000 ppb arsenic 

concentrations in groundwater (USACE, 2010b). This indicates that arsenic 

leachate from the aquifer sands can sustain the elevated concentrations found in 

the aquifer.  

Arsenic leaching from the aquifer sands will be found in both the oxidized 

form as As(V) and the reduced form as As(III), however, over time As(III) will be 
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the dominant species from this source because of the persistent reducing and 

anaerobic conditions created by the landfill materials.  

The layer of peat within the SHL aquifer extends approximately 800 ft. north-

south centrally across the landfill and reaches a maximum thickness of 

approximately 15 ft. at SHM-14. The upper extent of the peat varies from 15 ft. 

bgs in the north to 30 ft. bgs in the south and is in contact with the landfill 

materials (USACE, 2010b) (see Fig. 2-10).  

The organic nature of the peat layer is believed to be a remnant of the historic 

wetlands at the site which are still present to the south and east (Fig. 2-6). The 

Red Cove area of Plow Shop Pond may share similar characteristics of the peat 

layer located under the landfill. Currently, concentrations of arsenic in sediments 

in Red Cove exceed 8,500 ppm and if these concentrations reflect the peat layer 

under the landfill, leaching of significant arsenic concentrations due to a reducing 

environment might be occurring (Ford et al., 2008).  

Arsenic leaching from the peat will be found in the reduced form as As(III) and 

in the organic form as MMA and/or DMA; however, the dominant species would 

likely be organic due to biological activity. Arsenic and phosphorus share many 

physical and chemical similarities leading to the incorporation of arsenic into 

organic molecules, which yields methylated arsenic species such as MMA and 

DMA (Anderson and Bruland, 1991; Smedley and Kinniburgh, 2002).  

In addition to the potential for direct leaching of arsenic from the peat, highly 

reducing and anaerobic conditions created by the decomposition of organic 

matter within this layer further compounds the conditions created by the landfill, 
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creating a greater potential for arsenic release from the aquifer sands, if 

available. This idea is supported by the extremely high arsenic concentrations of 

10,000-16,000 ppb total arsenic found in a 10 ft. thick zone located directly 

beneath the peat layer (Hon et al., 2011). 

 

 
Figure 2-6: USGS topographic map showing the area around the Shepley's Hill landfill in 
1928. The blue color within SHL indicates the area of the historic wetland which is 
represented by the peat layer today.  
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2.3.2 Arsenic in Bedrock 

 
The bedrock underlying the SHL aquifer as part of the Merrimack Belt is 

known to contain elevated levels of arsenic that can range from 200 ppb to 

15,000 ppb (Ravenscroft et al., 2009). The Ayer Granodiorite and Chelmsford 

Granite formations that make up the bedrock have been studied and found to 

contain arsenic-bearing sulfide minerals such as realgar and arsenopyrite, and 

other minerals such as cobaltite (Henke, 2009). Hon et al. (2007) conducted a 

spot analysis of bedrock minerals in the SHL area and revealed cobaltite grains 

containing up to 49.03 weight percent arsenic (Fig. 2-7, Table 2-1).  

It is possible that highly conductive and oxidized water recharging the aquifer 

through the faults and fractures in the bedrock is mobilizing arsenic from arsenic-

bearing minerals such as arsenopyrite and cobaltite (Fig. 2-8).  

Arsenic leaching from bedrock minerals will be found in both the oxidized 

form as As(V) and the reduced form as As(III); however, over time As(V) will be 

the dominant species from this source if oxidizing and aerobic conditions are 

continually recharging through the faults and fractures.  
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Figure 2-7: Spot analysis: Euhedral grain of cobaltite in pyrite beneath Shepley’s Hill 
Landfill (Hon et al., 2007). 
 
 
 
 
 
Table 2-1: Results of pyrite/cobaltite spot analysis from figure 2-7 

Analysis # 1: Cobaltite 2: Cobaltite 3: Pyrite 4: Pyrite 5: Pyrite 
Fe (wt%) 5.29 8.51 44.57 44.72 45.86 
Ni (wt%) 6.60 7.83 0.52 0.93 0.23 
Co (wt%) 23.61 17.23 0.08 0.00 0.00 
Cu (wt%) 0.24 0.18 0.03 0.00 0.04 
S (wt%) 21.27 22.12 55.15 55.16 55.43 

As (wt%) 44.22 49.03 0.03 0.03 0.03 
Total 101.23 104.89 100.39 100.85 101.59 

Data retrieved from Hon et al., 2007. 
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Figure 2-8: Minerals that are likely to be found in the bedrock beneath Shepley’s  

Hill Landfill (Photographs taken at the museum of Natural History, Washington, DC)
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2.3.3 Arsenic in Groundwater 

 
The four most common arsenic species in groundwater (see Fig. 1-1) are 

targeted in this thesis and include inorganic arsenite [As(III), As(OH)3] and 

arsenate [As(V), AsO(OH)3], and organic monomethylarsonic acid [MMA(V), 

CH3AsO(OH)2] and dimethylarsinic acid [DMA(V), (CH3)2AsO(OH)]. 

The most recent groundwater dataset shows arsenic concentrations within 

the SHL aquifer ranging from non-detectable levels to greater than 17,000 ppb 

with the highest concentrations following the bedrock surface beneath a peat 

layer located in the west-central portion of the site (USACE, 2010b) (Fig. 2-10). 

The arsenic groundwater plume is underneath the landfill and extends to the 

north, but not beyond the populated area of the town of Ayer. Mobilization of 

arsenic occurs from reductive dissolution of iron-oxyhydroxides and adsorbed 

arsenic and by the oxidation of sulfide bedrock minerals. Dissolved arsenic is 

transported with groundwater flow, but will be immobilized if ferric iron is present.  

Figures 2-9 and 2-10 show the spatial extent of arsenic in groundwater at 

SHL and a cross-section depicting the vertical extent of arsenic contamination, 

respectively. 

Groundwater parameters play a critical role in the dissolution of arsenic 

previously immobilized on or within other aquifer features such as the surficial 

deposits and bedrock. The mobilization of arsenic from surficial deposits requires 

a drop in oxidation-reduction potential, dissolved oxygen, and Eh/pH to promote 

reducing conditions.  
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In a reducing environment, arsenic, primarily in the form of As(III) or 

MMA/DMA can be readily leached from iron-oxyhydroxides or peat, respectively. 

Conversely, the mobilization of arsenic from the bedrock requires an increase in 

oxidation-reduction potential, dissolved oxygen, and Eh/pH to promote oxidizing 

conditions. In an oxidizing environment, arsenic, primarily in the form of As(V) 

can be released from bedrock minerals that contain arsenic.  
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Figure 2-9: Spatial extent of arsenic detected in wells at the Shepley’s Hill area (Data from 
USACE, 2010b). Relative arsenic concentrations are indicated by symbol size.



Figure 2-10: Cross-section of Shepley’s Hill Landfill showing total arsenic concentrations (USACE, 2010b).
Notes: The SHL aquifer is composed primarily of fine
the middle of the landfill. The aquifer is underlain by a granite/granodiorite bedrock surface that may contain fractures 
(fracturing of bedrock is currently under investigation by the USACE). The highest arsenic concentrations are located under t
peat layer following the bedrock surface.
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section of Shepley’s Hill Landfill showing total arsenic concentrations (USACE, 2010b).
Notes: The SHL aquifer is composed primarily of fine-to-coarse sands with a layer of peat located in the shallow subsurface in 

landfill. The aquifer is underlain by a granite/granodiorite bedrock surface that may contain fractures 
(fracturing of bedrock is currently under investigation by the USACE). The highest arsenic concentrations are located under t

 
section of Shepley’s Hill Landfill showing total arsenic concentrations (USACE, 2010b). 

coarse sands with a layer of peat located in the shallow subsurface in 
landfill. The aquifer is underlain by a granite/granodiorite bedrock surface that may contain fractures 

(fracturing of bedrock is currently under investigation by the USACE). The highest arsenic concentrations are located under the 
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2.3.4 Arsenic in the Landfill Waste 

 
Prior to installation of the landfill cap (1986-1993), infiltration of water from the 

surface due to precipitation would have percolated through the landfill materials. 

This would result in an increasing leaching potential of arsenic into groundwater 

which would migrate both horizontally and vertically through the aquifer. In 

addition, the groundwater influenced by landfill leachate would be characterized 

by lower dissolved oxygen, lower oxidation-reduction potential, and lower pH as 

a result of the decomposition of organic material. Although the landfill cap has 

prevented any further direct infiltration, these groundwater conditions still exist 

today and may persist for 100 years or more (USACE, 2010a). Groundwater 

flowing from the south to the north and northeast across the landfill is still in 

contact with the waste pile. 

A leaching analysis conducted at SHL indicated that the landfill waste could 

deliver a maximum of 500 ppb arsenic concentrations in groundwater (USACE, 

2010b). This indicates that arsenic leachate from the landfill alone would not be 

able to sustain the elevated concentrations found in the aquifer; however, the 

highly reducing and anaerobic conditions created by the decomposition of 

organic materials within the waste pile can lead to significant dissolution and 

mobilization of arsenic previously immobilized on and within aquifer features.  

Arsenic originating from the landfill materials will primarily be found in the 

reduced form as As(III) due to the groundwater conditions or an organic form 
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such as MMA and/or DMA due to the organic and anthropogenic nature of the 

material (Smedley and Kinniburgh, 2002; Ravenscroft et al., 2009; Henke, 2009). 
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3.0 OBJECTIVES 

 

The purpose of this thesis work is to evaluate how arsenic speciation and 

other groundwater characteristics relate to the mobilization, transport, and 

attenuation of arsenic underneath the Shepley’s Hill Landfill environment. One of 

the questions of interest is whether the source of arsenic is naturally occurring, 

anthropogenic, or a combination of both. Additionally, this study aims to 

determine if there is a connection between arsenic speciation and aquifer 

contamination. Supplementary conditions of interest including pH, dissolved 

oxygen, oxidation-reduction potential, and organic content will be assessed to 

strengthen this link. The role of water, geology within and surrounding the landfill, 

and hydrogeology will also be addressed.  

In addition to arsenic source identification and transport modes of arsenic, 

speciation can be used to evaluate toxicity characteristics of the groundwater. 

As(III) has been found to be nearly 60 times more toxic than As(V), and inorganic 

arsenic in general is 100 times more toxic than the organic species (Rietkerk, 

2007). Although toxicity evaluation is not a primary objective of this thesis, it can 

be used to supplement future remedial actions at SHL. 
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4.0 METHODOLOGY 

 
Groundwater data collected at and around Shepley’s Hill Landfill is contained 

within a database dating back to 1998. These historical data form an initial basis 

for which this thesis work was guided. Based on analytical information provided 

in the database, the sampling and analyses conducted for this study were 

tailored to provide the best possible information pertaining to arsenic speciation 

and associated groundwater chemistry. All previous samples collected and 

analyzed followed EPA protocols, including the use of low-flow purge sampling 

methods (bladder pump and/or peristaltic pump) and collection only after all 

groundwater parameters (DO, ORP, pH, conductivity, turbidity, temperature) had 

stabilized (USEPA, 2005).  

In addition to analyzing the historical database, groundwater was sampled 

from selected strategic locations within and around the landfill and analyzed for 

arsenic speciation, major cations and anions, selected metals, and groundwater 

parameters. It is important to note that arsenic speciation has never been studied 

at Shepley’s Hill Landfill.  

4.1 Field Sample Collection  

 

The well network at Shepley’s Hill Landfill is extensive and includes hundreds 

of monitoring wells, piezometers, and open boreholes. Wells selected for arsenic 

speciation analysis included offsite wells (to obtain background concentrations), 

wells located around the arsenic treatment plant along the northern extent of the 

landfill, wells located along the western edge of the landfill at and around the 
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exposed bedrock, and wells located within the landfill itself that have been drilled 

through the waste pile. These wells were selected to study all possible sources of 

arsenic: the landfill materials, peat layer, aquifer sands, and bedrock and to cover 

the geographic extent of the landfill and surrounding area. A detailed list and map 

of all samples collected and analyzed during this study is provided in Table 4-1 

and Figure 4-1, respectively. 
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Table 4-1: Comprehensive sample plan 

 
 
 
 

Sample ID Sample Type Latitude Longitude
Well Elevation 

(ft amsl)

GW Elevation 

(ft amsl)

Bedrock Elevation 

(ft amsl)

Sample Elevation 

(ft amsl)
Total Arsenic

Arsenic 

Speciation
Major Ions Metals

Groundwater 

Parameters

20-2 GW 42.55465 -71.60037 285 267.09 261 263 � � � � �

27-30B-2 GW 42.55494 -71.60008 269 250.08 248 249 � � � �

3A-2_34 GW 42.55426 -71.59998 262 232.46 206 228 � � � � �

3A-2_44 GW 42.55426 -71.59998 262 232.46 206 218 � � � � �

3A-2_54 GW 42.55426 -71.59998 262 232.46 206 208 � � � � �

Cap-1B_25 GW 42.5546 -71.59965 261 244.70 204 236 � � � � �

Cap-1B_35 GW 42.5546 -71.59965 261 244.70 204 226 � � � � �

Cap-1B_45 GW 42.5546 -71.59965 261 244.70 204 216 � � � � �

Cap-1B_55 GW 42.5546 -71.59965 261 244.70 204 206 � � � � �

CH-1D_20 GW 42.55436 -71.59976 260 244.83 163 240 � � � � �

CH-1D_30 GW 42.55436 -71.59976 260 244.83 163 230 � � � � �

CH-1D_40 GW 42.55436 -71.59976 260 244.83 163 220 � � � � �

CH-1D_50 GW 42.55436 -71.59976 260 244.83 163 210 � � � � �

CH-1D_60 GW 42.55436 -71.59976 260 244.83 163 200 � � � � �

CH-1D_70 GW 42.55436 -71.59976 260 244.83 163 190 � � � � �

CH-1D_80 GW 42.55436 -71.59976 260 244.83 163 180 � � � � �

CH-1D_90 GW 42.55436 -71.59976 260 244.83 163 170 � � � � �

EW-01 GW 42.55686 -71.59727 226 ND ND ND � � �

EW-04 GW 42.55695 -71.59747 226 ND ND ND � � �

Q4-2_30 GW 42.55436 -71.60017 273 248.85 220 243 � � � � �

Q4-2_40 GW 42.55436 -71.60017 273 248.85 220 233 � � � � �

Q4-2_50 GW 42.55436 -71.60017 273 248.85 220 223 � � � � �

Q5-2_22 GW 42.55466 -71.59995 262 246.60 207 240 � � � � �

Q5-2_32 GW 42.55466 -71.59995 262 246.60 207 230 � � � � �

Q5-2_42 GW 42.55466 -71.59995 262 246.60 207 220 � � � � �

Q5-2_52 GW 42.55466 -71.59995 262 246.60 207 210 � � � � �

SHL-5 GW 42.55732 -71.59643 217.8 215.54 ND 207.8 � � � �

SHL-8D GW 42.55737 -71.59562 220 214.84 ND ND � � � �

SHL-9 GW 42.55731 -71.59715 221.3 214.47 ND 201.3 � � � � �

SHM-01 GW 42.558428 -71.601117 206.3 201.73 135.8 141.3 � � � �

SHM-05-41A GW 42.55773 -71.59795 225.74 213.93 ND ND � � � �

SHM-05-41B GW 42.55774 -71.59792 225.74 213.91 ND ND � � � �

SHM-05-41C GW 42.55772 -71.59795 225.74 214 ND ND � � � �

SHM-05-42A GW 42.55798 -71.59704 219.87 213.66 ND ND � � � �

SHM-05-42B GW 42.55798 -71.59704 219.92 213.69 ND ND � � � �
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Table 4-1: Comprehensive sample plan (cont.) 

 
 
 
 

Sample ID Sample Type Latitude Longitude
Well Elevation 

(ft amsl)

GW Elevation 

(ft amsl)

Bedrock Elevation 

(ft amsl)

Sample Elevation 

(ft amsl)
Total Arsenic

Arsenic 

Speciation
Major Ions Metals

Groundwater 

Parameters

SHM-05A GW 42.559453 -71.595658 234.92 209.06 164.92 179.92 � � � �

SHM-06 GW 42.556569 -71.596453 229.8 218.66 149.8 154.8 � � � �

SHM-06A GW 42.556703 -71.596178 245.7 212.52 155.7 163.7 � � � �

SHM-10 GW 42.559406 -71.600256 215 203.93 148 154 � � � �

SHM-11 GW 42.551367 -71.597503 260.35 220.11 195.35 205.35 � � � �

SHM-12 GW 42.553317 -71.598 251.41 219.66 181.41 201.41 � � � �

SHM-13 GW 42.554619 -71.597606 241.18 216.73 154.18 176.18 � � � �

SHM-14 GW 42.555206 -71.597925 234.62 216.4 138.62 164.62 � � � �

SHM-15 GW 42.554314 -71.598383 241.89 218.22 178.89 191.89 � � � �

SHM-16 GW 42.557897 -71.597869 216.5 210.82 120.5 136.5 � � � �

SHM-93-22C GW 42.5573 -71.59689 223 214.35 ND ND � � � �

SHM-96-5B GW 42.55728 -71.59655 224 214.88 ND ND � � � �

SHM-96-5C GW 42.55716 -71.59644 224 214.57 ND ND � � � �

SHL-10 GW 42.5518168 -71.5943385 247.3 218.9 ND 215.3 �

SHL-11 GW 42.5530454 -71.5957535 234.9 218.1 ND 208.9 � �

SHL-12 GW 42.5476281 -71.5975749 248.3 ND ND ND �

SHL-13 GW 42.5552104 -71.5955875 220.0 215.4 ND ND � �

SHL-14 GW 42.551485 -71.6002317 266.0 ND ND ND �

SHL-15 GW 42.5489578 -71.6000902 259.0 243.6 ND ND � �

SHL-16 GW 42.5483376 -71.6000401 258.0 ND ND ND � �

SHL-17 GW 42.5477601 -71.5965209 232.8 ND ND ND �

SHL-18 GW 42.5507353 -71.5931854 236.4 ND ND ND �

SHL-19 GW 42.5520241 -71.5951266 239.5 219.1 ND 214.5 �

SHL-20 GW 42.5530786 -71.5958767 235.5 218.3 ND 189.5 � �

SHL-21 GW 42.5546012 -71.5962444 257.9 215.4 ND ND �

SHL-22 GW 42.5553835 -71.5974826 219.2 214.3 ND ND � �

SHL-23 GW 42.5546905 -71.5986597 240.3 215.6 ND ND � �

SHL-24 GW 42.5484399 -71.5927493 237.0 225.0 ND ND �

SHL-25 GW 42.5473773 -71.5987093 257.1 ND ND ND �

SHL-3 GW 42.5513694 -71.5942103 247.4 218.7 ND 212.4 �

SHL-4 GW 42.5523318 -71.595456 226.7 218.0 ND 216.7 � �

SHL-6 GW 42.5473747 -71.594057 252.6 ND ND ND �

SHL-7 GW 42.5501983 -71.5926394 235.6 ND ND ND �

SHL-8S GW 42.555271 -71.5960894 220.0 214.9 ND ND � �
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Table 4-1: Comprehensive sample plan (cont.) 

 
Notes: GW = Groundwater; SW = Surface Water; PP = PushPoint; SS = Surface Soil; ND = No Data 
 
 
 
 
 
 
 
 

Sample ID Sample Type Latitude Longitude
Well Elevation 

(ft amsl)

GW Elevation 

(ft amsl)

Bedrock Elevation 

(ft amsl)

Sample Elevation 

(ft amsl)
Total Arsenic

Arsenic 

Speciation
Major Ions Metals

Groundwater 

Parameters

SHM-01A GW 42.5513859 -71.5950758 240.9 ND ND ND �

SHM-02 GW 42.5589 -71.603028 220 204.65 142 162 � �

SHM-03 GW 42.559722 -71.60285 229.6 204.82 157.6 166.6 � �

SHM-04 GW 42.560997 -71.601047 209.8 205.27 114.8 149.8 � �

SHM-05 GW 42.559414 -71.596042 225 ND ND ND � �

SHM-07 GW 42.55405 -71.596008 244.6 218.59 189.6 199.6 �

SHM-08 GW 42.558253 -71.603314 211.6 204.66 154.6 160.6 �

SHM-09 GW 42.558158 -71.601633 224 ND ND ND �

SHM-10C GW 42.5517538 -71.5943359 246.7 ND ND 196.0 �

SHM-18B GW 42.5506718 -71.5932071 235.6 228.6 ND ND �

SHM-22C GW 42.5709602 -71.6212773 219.3 ND ND 89.3 �

SHM-24A GW 42.5484579 -71.59275 236.8 ND ND ND �

AOC-57-SW-1 SW 42.545438 -71.581068 ND ND ND 219.8 � � �

AOC-57-PP-1_3 PP 42.545438 -71.581068 ND ND ND 216.8 � � �

AOC-57-PP-1_6 PP 42.545438 -71.581068 ND ND ND 213.8 � � �

GP-SW-1 SW 42.552314 -71.575629 ND ND ND 216.5 � � �

GP-PP-1_3 PP 42.552314 -71.575629 ND ND ND 213.5 � � �

SHL-SW-1 SW 42.550015 -71.595215 ND ND ND 229.7 � � �

SHL-PP-1_2 PP 42.550015 -71.595215 ND ND ND 227.7 � � �

KK-1 SS 42.553321 -71.595048 ND ND ND 242.8 � � � �

KK-2 SS 42.551978 -71.598515 ND ND ND 265.7 � � � �

KK-3 SS 42.551887 -71.595354 ND ND ND 239.7 � � � �

KK-4A SS 42.554358 -71.595088 ND ND ND 232.9 � � � �

KK-4B SS 42.554358 -71.595088 ND ND ND 232.9 � � � �
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Figure 4-1: Comprehensive sample plan
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4.1.1 Field Sampling Methods 

 
Groundwater sample collection was performed using three different 

techniques at locations within and around the landfill and included Hydrasleeve 

sampling, EPA low-flow methods, and pushpoint sampling. 

The Hydrasleeve sampler is a low-impact no-purge sampling device that 

allows for reliable collection of groundwater from the screened portion of the well. 

When collecting a sample, the sealed Hydrasleeve is lowered into the well to the 

depth desired then pulled upward at a rate of approximately one foot per second. 

During this upward movement the Hydrasleeve opens to allow groundwater to be 

collected and once filled (approximately 625 mL.), the sampler re-seals itself for 

transport back to the ground surface.  

Groundwater samples collected using this method are representative of the 

aquifer conditions since groundwater is only collected from the screened depth 

with no exposure to oxygen and stagnant well water does not infiltrate the 

sample sleeve. During sampling using the Hydrasleeve there is very little 

agitation of the groundwater column and little to no displacement of the 

groundwater within the well.  

Numerous independent studies (ITRC, 2007; GeoLogic Associates, 2009; 

NDCEE, 2010) have verified the use of the Hydrasleeve sampler as an 

appropriate alternative to low-flow sampling techniques. 

In addition to samples obtained using the Hydrasleeve, split samples were 

collected during sampling events organized by the USACE, EPA, and consulting 
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firms. These sampling events used an EPA approved low-flow method for 

groundwater collection. The Low-Flow sampling method prevents turbid flow 

within the well and allows groundwater recharging through the well screen to be 

representative of the actual aquifer conditions. This method uses a bladder pump 

to prevent groundwater exposure to air during transport to the sampling 

container, limiting exposure to oxygen and preventing the escape of volatile 

compounds. Groundwater parameters such as pH, ORP, DO, etc. are measured 

throughout sampling, and samples are taken once the groundwater parameters 

stabilize (USEPA, 2005). 

Further sampling methods included pushpoint sampling, which was used to 

extract near surface groundwater from the surrounding area of SHL along with 

surface water from streams and wetlands. This method utilizes a metal rod 

containing slits which is pushed into the subsurface. Once the water has had 

time to equilibrate, a syringe is attached to the top end of the rod and used to 

extract water from the depth of the screened portion of the metal rod. Pushpoint 

samplers are capable of extracting water from the immediate subsurface to a 

depth of approximately 6 ft. bgs. 

4.1.2 Sample Preservation 

 
To prevent arsenic loss, groundwater samples must be preserved 

immediately after extraction. The iron-rich nature of groundwater in the Shepley’s 

Hill Landfill aquifer creates an issue with dissolved arsenic concentrations shortly 

after extraction. The highly reducing conditions present in the subsurface 
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throughout most of the landfill promote iron dissolution as solid Fe(III) is reduced 

to a much more soluble Fe(II). Upon extraction and transfer to sample bottles, 

the groundwater is exposed to oxygen which converts the dissolved Fe(II) back 

to solid Fe(III) over time. Since arsenic strongly adsorbs to the solid Fe(III), total 

dissolved arsenic concentrations will greatly decrease over time.  

 Groundwater and surface water samples were preserved with a 2 mL. aliquot 

of 0.1 M solution of ethylenediaminetetraacetic acid (EDTA). This compound, 

shown in Figure 4-2, effectively chelates the iron to prevent it from precipitating 

and removing arsenic from solution (Samanta and Clifford, 2006).  

The kinetics of the oxidation and reduction mechanisms for arsenic are slow 

and were tested in the Boston College laboratory. Therefore, no further sample 

preservation was needed to maintain arsenic species as long as samples were 

analyzed within two weeks of groundwater collection. 

There were no interferences for major ions; therefore samples collected for 

this analysis did not require sample preservation. Samples collected for metals 

analysis, however, were treated with an aliquot of nitric acid to obtain a 2% nitric 

solution. The nitric acid effectively re-dissolves any metals that have precipitated 

due to oxidation of the sample and adjusts the viscosity of the sample to be 

suitable for analysis.  

  



Figure 4-2: EDTA-Metal Complex
precipitating, and thus preserves arsenic in water samples.

 

 

4.2 Analytical Techniques

 
The arsenic species from collected groundwater 

the Boston College (BC) environmental laboratory using the coupling of two 

instruments: High Performance Liquid Chromatography (HPLC) and Hydride 

Generation Atomic Fluorescence Spectrometry (HG

cations and anions (Na+, NH

measured in the BC laboratory using Ion 

(Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Sn, Sr, 

Ti, V, and Zn) were measured

Spectroscopy (ICP-AES) at a Wellesley Co
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Metal Complex which chelates iron and prevents it from 

precipitating, and thus preserves arsenic in water samples. 

Analytical Techniques 

The arsenic species from collected groundwater samples were analyzed in 

the Boston College (BC) environmental laboratory using the coupling of two 

instruments: High Performance Liquid Chromatography (HPLC) and Hydride 

Generation Atomic Fluorescence Spectrometry (HG-AFS). In addition, major 

NH4
+, K+, Ca2+, F-, Cl-, NO3

-, SO4
2-, and PO4

BC laboratory using Ion Chromatography (IC) and 24

(Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Sn, Sr, 

measured by Inductively Coupled Plasma Atomic Emission 

at a Wellesley College chemistry laboratory.

which chelates iron and prevents it from 

analyzed in 

the Boston College (BC) environmental laboratory using the coupling of two 

instruments: High Performance Liquid Chromatography (HPLC) and Hydride 

AFS). In addition, major 

3-) were 

Chromatography (IC) and 24 metals 

(Ag, Al, As, Ba, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, Sb, Sn, Sr, 

Coupled Plasma Atomic Emission 

. 
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4.2.1 Hydride Generation Atomic Fluorescence Spectrometry 

 
Total arsenic concentrations were analyzed using PS Analytical Millennium 

Hydride Generation Atomic Fluorescence Spectrometry (HG-AFS); however, this 

method alone is not suitable for speciation analysis because it measures arsenic 

only after converting all species to As(III). For speciation analysis, each species 

must be separated using liquid chromatography prior to introduction into the HG-

AFS (Fig. 4-3). 

Liquid Chromatography (LC) works off the principle in which compounds 

within a single solution compete for stationary phase sites along with a mobile 

phase eluent that carries the sample. Individual compounds within the column 

are retarded into an elution sequence based on chemical properties such as ionic 

strength and/or physical properties such as ionic size. This method is used to first 

separate species of arsenic which provides a time-gap analysis for each species 

in the HG-AFS due to varying retention times of each constituent. The order of 

separation from shortest retention time to longest retention time is As(III), DMA, 

MMA, and As(V) when using a Hamilton PRP-X100 LC column with a Na-

2HPO4/NaH2PO4 eluent flow rate of 0.80 mL/minute (Fig. 4-4). 

HG-AFS is a method used for arsenic analysis because it is a highly sensitive 

method and can detect arsenic concentrations at a sub-ppb level. Arsenic 

detection is difficult with other analytical methods such as Atomic Absorption 

(AA) or Inductively Coupled Plasma (ICP). Once the arsenic compounds leave 

the LC column they are introduced to sodium borohydride/sodium hydroxide 

(NaBH4/NaOH) and a hydrogen chloride (HCl) solution to reduce all species to 



53 

As(III)-hydride (AsH3). The hydrides (arsine gas) are then introduced to a stream 

of argon gas for volatilization and the gas-phase hydrides are atomized in a 

flame where the sample is brought to an “excited electron state” by 

electromagnetic radiation of a characteristic wavelength produced by an arsenic 

hollow cathode lamp. When the electrons relax to a lower energy level, the 

radiation is detected and a concentration of arsenic can be determined (Cai, 

2000). 

The HG-AFS software (SAMS) does not include any integration software for 

calculating species concentrations; therefore manual integrations must be done 

using a program such as MATLAB. To obtain concentration data for each 

species, a series of standards of known concentration must be run prior to an 

analysis. Arsenic species were identified based on elution time from the HPLC 

column and concentrations were determined by integrating the chromatogram 

peak areas against known concentrations of calibration samples. All calculations 

for determination of arsenic species concentrations were performed using a 

Gaussian distribution with the maximum number of terms in the curve fitting tool 

available in MATLAB. This method was also checked using a series of 

calculations written in Microsoft Excel and determined concentrations using this 

method were within 1% of the MATLAB calculation. An example arsenic 

speciation chromatogram is shown in Figure 4-4. 
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Figure 4-3: Photograph of the HPLC-HG-AFS setup in the BC laboratory. The HPLC and 
injection valve are on the left, the separation column and solutions are in the central area, 
and the HG-AFS is on the right.  
 

 
Figure 4-4: Example chromatogram showing the output of data from the HPLC-HG-AFS 
instrument. The elution times from the column are shown along the x-axis. The varying 
retention time of compounds within the column allows for separation of arsenic species.  
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4.2.2 Ion Chromatography 

 
Major cations and anions were measured using ion chromatography (IC). 

Cations were run on the Dionex ICS 1000 system and anions were run on the 

Dionex IC 25 system. This method is very similar to liquid chromatography 

described in the previous section in which compounds within a single solution 

compete for stationary phase sites along with a mobile phase eluent which 

carries the sample. Individual compounds within the column will separate based 

on chemical properties such as ionic strength and/or physical properties such as 

ionic size. As each ion emerges from the column, an electrical signal is detected 

proportional to the concentration of the specific ion (Eith et al., 2002). 

Cations and anions were analyzed using different columns and different 

settings. The mobile phase eluent for cations was a solution of methane sulfonic 

acid and was suppressed using a current of 63 mA with a flow rate of 1.0 

mL/minute and the mobile phase eluent for anions was a sodium 

carbonate/sodium bicarbonate solution and was suppressed using a current of 

33 mA with a flow rate of 0.75 mL/minute. The order of elution for the cation 

column was Na+, NH4
+, K+, and Ca2+, and the order of elution for the anion 

column was F-, Cl-, NO3
-, PO4

3-,  and SO4
2-.  

4.2.3 Inductively Coupled Plasma Atomic Emission Spectroscopy 

 
Metals concentrations were measured using a Perkin-Elmer Optima 7000 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) system. 

ICP-AES is a method that allows for simultaneous multi-element analysis and 
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exploits the property that electrons emit energy at a specific wavelength when 

falling from an “excited state” to the ground state. The sample is introduced to a 

plasma flame, which burns at temperatures up to 10,000 K, in which the 

electrons are excited. When the electrons return to the ground state energy is 

emitted at specific wavelengths due to the quantized nature of atomic chemistry. 

These emission wavelengths are characteristic to individual elements and 

although each element emits at multiple wavelengths, a single wavelength is 

typically selected for the analysis. The emission intensity of each element is 

proportional to its concentration in the sample (van de Wiel, 2003). 

Prior to analysis, all samples were treated to achieve a 2% nitric acid solution 

in order to match the viscosity of the rinse and to dissolve any metals that have 

precipitated since sample collection. The flow rate of the samples into the plasma 

was set to 1.5 mL/minute and all samples were analyzed three times for 

precision and accuracy.   
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5.0 RESULTS 

 
The data collected for this thesis included groundwater and surface water 

samples taken from areas within Shepley’s Hill Landfill, along the perimeter of 

the landfill, and throughout the towns of Devens and Ayer. In addition, soil 

samples collected from five locations were used for batch extraction of metals to 

identify leachate potential. The data for these analyses are given in Tables 5-1 

through 5-9, organized by spatial proximity (speciation) and analysis type. 

 

Table 5-1: Landfill wells arsenic speciation data 
Sample As(III) (ppb) MMA/DMA (ppb) As(V) (ppb) Total Arsenic 

SHM-06 417 ND 55.8 473 

SHM-11 348 ND 90.2 438 

SHM-12 2358 ND 1185 3543 

SHM-13 365 ND 239 604 

SHM-14 3354 ND 2526 5880 

SHM-15 4407 ND 1363 5770 

ND = Non-detect 

Table 5-2: Northern area wells arsenic speciation data 
Sample As(III) (ppb) MMA/DMA (ppb) As(V) (ppb) Total Arsenic 

SHL-5 2.65 ND 2.49 5.14 

SHL-9 20.6 ND 5.16 25.8 

SHM-05-41A 15.0 ND 5.55 20.5 

SHM-93-22C 11.4 ND 4.91 16.3 

SHM-96-5C 7.05 ND 3.57 10.6 

SHM-05-41C 768 ND 65.3 834 

SHM-05-41B 773 ND 71.4 844 

SHM-05-42B 237 ND 28.5 266 

SHM-96-5B 1312 ND 151 1463 

SHM-16 1342 ND 418 1759 

EW-01 1395 ND 1068 2463 

EW-04 1735 ND 779 2514 

ND = Non-detect 
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Table 5-3: Western area wells arsenic speciation data 
Sample As(III) (ppb) MMA/DMA (ppb) As(V) (ppb) Total Arsenic 

CH-1D_20 ND ND 398 398 

CH-1D_30 1.31 8.38 391 401 

CH-1D_40 ND ND 327 327 

CH-1D_50 ND ND 321 321 

CH-1D_60 3.01 ND 317 320 

CH-1D_70 115 ND 307 422 

CH-1D_80 200 ND 214 414 

CH-1D_90 69.3 ND 40.9 110 

Q4-2_30 ND ND 18.0 18.0 

Q4-2_40 ND ND 13.7 13.7 

Q4-2_50 ND ND 17.8 17.8 

3A-2_34 ND ND 10.2 10.2 

3A-2_44 ND ND 10.0 10.0 

3A-2_54 ND ND 10.7 10.7 

20-2_22 ND ND 5.34 5.34 

27-30B-2_21 ND ND 8.08 8.08 

Cap-1B_25 ND ND ND ND 

Cap-1B_35 ND ND 3.29 3.29 

Cap-1B_45 ND ND ND ND 

Cap-1B_55 ND ND ND ND 

Q5-2_22 ND ND ND ND 

Q5-2_32 ND ND ND ND 

Q5-2_42 ND ND ND ND 

Q5-2_52 ND ND 7.10 7.10 

ND = Non-detect 

 

Table 5-4: Background arsenic speciation data 
Sample As(III) (ppb) MMA/DMA (ppb) As(V) (ppb) Total Arsenic 

AOC-57-SW-1 6.69 ND 16.4 23.1 

AOC-57-PP-1_3 ND ND 5.83 5.83 

AOC-57-PP-1_6 ND ND 13.6 13.6 

GP-SW-1 0.61 ND 1.86 2.47 

GP-PP-1_3 3.15 ND 1.68 4.83 

SHL-SW-1 ND ND 2.40 2.40 

SHL-PP-1_2 3.07 ND ND 3.07 

SHM-05A 3.39 0.32 2.84 6.55 

SHM-10 6.80 ND 1.99 8.79 

SHM-01 0.44 ND 1.20 1.64 

ND = Non-detect 
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Table 5-5: Groundwater parameter data 

Well ORP (mV) DO (mg/L) 

Specific 

Conductuvity 

(uS/cm) 

pH 

20-2 NA 5.69 213 7.42 

27-30B-2 NA 8.60 379 7.46 

3A-2_34 NA 8.17 65.4 6.97 

3A-2_44 NA 8.08 70.0 6.70 

3A-2_54 NA 8.01 68.1 6.45 

Cap-1B_25 NA 6.01 94.5 6.24 

Cap-1B_35 NA 4.51 89.8 6.52 

Cap-1B_45 NA 4.03 98.8 6.60 

Cap-1B_55 NA 5.52 65.8 6.36 

CH-1D_20 NA 7.43 122 7.77 

CH-1D_30 NA 7.11 116 7.79 

CH-1D_40 NA 6.94 157 7.71 

CH-1D_50 NA 6.70 263 7.67 

CH-1D_60 NA 2.81 265 7.95 

CH-1D_70 NA 2.65 271 7.96 

CH-1D_80 NA 2.44 274 7.97 

CH-1D_90 NA 2.35 277 7.97 

Q4-2_30 NA 8.70 83.1 6.47 

Q4-2_40 NA 8.30 94.9 6.58 

Q4-2_50 NA 7.89 114 6.66 

Q5-2_22 NA 2.80 39.4 6.08 

Q5-2_32 NA 6.31 67.2 6.39 

Q5-2_42 NA 6.95 75.1 6.45 

Q5-2_52 NA 7.02 78.2 6.50 

SHL-11 -41.2 0.30 597 6.20 

SHL-13 42.3 0.25 273 5.72 

SHL-15 -36.7 0.32 223 5.26 

SHL-16 128 3.66 107 5.97 

SHL-20 66.1 0.27 403 6.17 

SHL-22 15.3 0.27 776 6.54 

SHL-23 210 10.1 25.5 6.45 

SHL-4 274 1.44 82.4 5.65 

SHL-5 130 0.14 78.9 5.28 

NA = Not Applicable (no data) 
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Table 5-5: Groundwater parameter data (cont.) 

Well ORP (mV) DO (mg/L) 

Specific 

Conductuvity 

(uS/cm) 

pH 

SHL-8D 43.0 5.39 91.4 6.13 

SHL-8S 175 2.24 82.0 6.06 

SHL-9 -55.1 0.27 223 6.26 

SHM-01 -8.20 2.70 671 6.00 

SHM-02 11.3 0.28 777 6.46 

SHM-03 14.5 2.00 2563 6.35 

SHM-04 115 1.52 224 5.13 

SHM-05 -68.0 2.24 255 6.17 

SHM-05-41A 44.9 0.48 107 5.75 

SHM-05-41B -61.2 0.35 209 6.29 

SHM-05-41C -88.7 0.36 775 6.28 

SHM-05-42A 156 3.22 61.7 5.23 

SHM-05-42B -44.1 0.26 755 6.36 

SHM-05A 76.2 2.38 177 5.81 

SHM-06 -120 0.19 880 6.04 

SHM-06A -134 0.10 67.0 6.55 

SHM-07 -162 0.25 498 6.65 

SHM-08 -8.62 0.26 764 5.44 

SHM-09 16.1 2.12 1256 6.24 

SHM-10 -35.3 0.26 594 6.32 

SHM-11 -43.7 0.20 278 6.20 

SHM-12 6.04 0.43 385 5.97 

SHM-13 -33.3 0.16 800 6.40 

SHM-14 -0.90 0.17 1631 5.86 

SHM-15 -40.5 0.45 589 6.00 

SHM-16 -140 0.46 720 6.94 

SHM-18B 58.7 0.27 729 6.06 

SHM-22C -32.9 0.99 434 6.38 

SHM-24A -71.6 1.07 1332 6.54 

SHM-93-22C -42.0 0.14 282 7.50 

SHM-96-5B -19.8 0.38 702 6.15 

SHM-96-5C -3.10 0.22 721 6.16 

 

 

 



61 

Table 5-6: Major cations groundwater data 
Well Sodium Ammonium Potassium Calcium 

20-2 153 ND 1.83 45.8 

27-30B-2 387 ND 4.54 87.0 

3A-2_34 149 0.26 0.41 11.9 

3A-2_44 151 0.26 0.41 11.7 

3A-2_54 139 0.25 0.39 11.7 

Cap-1B_25 132 0.51 0.33 7.03 

Cap-1B_35 148 0.22 0.29 16.7 

Cap-1B_45 143 0.19 0.31 19.7 

Cap-1B_55 135 0.29 0.36 15.8 

CH-1D_20 207 2.02 3.31 42.3 

CH-1D_30 159 ND 2.91 42.3 

CH-1D_40 147 ND 2.88 42.3 

CH-1D_50 150 ND 2.77 42.5 

CH-1D_60 165 ND 2.66 43.2 

CH-1D_70 162 ND 2.48 43.2 

CH-1D_80 166 ND 2.44 43.4 

CH-1D_90 161 ND 1.81 44.8 

Q4-2_30 148 0.30 0.48 15.8 

Q4-2_40 148 ND 0.37 17.8 

Q4-2_50 143 ND 0.52 20.7 

Q5-2_22 143 0.38 0.33 5.10 

Q5-2_32 127 0.29 0.37 11.9 

Q5-2_42 133 0.21 0.34 13.7 

Q5-2_52 140 0.22 0.37 14.1 

SHM-01 147 ND 1.78 27.3 

SHM-05A 163 ND 1.68 18.3 

SHM-06 147 9.93 10.8 39.5 

SHM-06A 149 1.80 3.60 15.3 

SHM-10 157 3.53 2.70 84.7 

SHM-11 148 5.16 4.52 21.3 

SHM-12 133 7.06 4.11 27.1 

SHM-13 166 14.0 9.85 88.5 

SHM-14 123 8.87 6.15 47.7 

SHM-15 101 ND 4.81 53.6 

SHM-16 139 6.63 10.1 82.1 

Notes: All cation data are reported as ppm. ND = Non-detect.     
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Table 5-7: Major anions groundwater data 
Well Fluorine Chlorine Nitrate Sulfate Phosphate 

20-2 0.35 3.21 7.93 17.1 ND 

27-30B-2 0.39 3.84 11.4 58.1 ND 

3A-2_34 0.26 3.29 3.07 11.8 ND 

3A-2_44 0.27 3.44 3.18 12.0 ND 

3A-2_54 0.28 3.46 3.13 11.9 ND 

Cap-1B_25 0.20 4.48 1.89 16.1 ND 

Cap-1B_35 0.16 3.43 3.69 15.7 ND 

Cap-1B_45 0.17 3.80 4.27 16.0 ND 

Cap-1B_55 0.18 4.36 3.70 16.2 ND 

CH-1D_20 1.16 6.00 9.30 13.3 ND 

CH-1D_30 1.16 4.55 9.26 13.0 0.06 

CH-1D_40 1.13 4.37 9.28 13.0 ND 

CH-1D_50 1.19 4.36 9.27 0.01 ND 

CH-1D_60 1.15 4.50 9.38 13.1 ND 

CH-1D_70 1.17 4.27 9.42 13.2 ND 

CH-1D_80 1.19 4.57 9.37 13.8 ND 

CH-1D_90 1.31 4.59 9.39 15.5 ND 

Q4-2_30 0.19 3.39 3.48 12.1 ND 

Q4-2_40 0.18 2.98 3.87 12.1 ND 

Q4-2_50 0.18 3.37 4.36 12.8 ND 

Q5-2_22 0.37 3.90 1.46 12.3 ND 

Q5-2_32 0.22 3.65 3.00 14.6 ND 

Q5-2_42 0.16 3.49 3.37 14.7 ND 

Q5-2_52 0.20 4.12 4.02 15.0 ND 

SHM-01 0.07 8.62 3.90 22.0 ND 

SHM-05A 0.09 34.0 2.10 25.0 ND 

SHM-06 0.13 21.4 0.12 17.0 ND 

SHM-06A 0.11 5.62 0.06 4.80 ND 

SHM-10 0.11 27.3 0.26 16.0 ND 

SHM-11 0.07 33.1 0.05 19.0 ND 

SHM-12 0.28 5.62 0.05 3.10 ND 

SHM-13 0.19 27.7 0.02 0.58 ND 

SHM-14 0.09 7.08 0.03 0.51 ND 

SHM-15 0.12 13.9 0.05 4.20 ND 

SHM-16 0.12 33.7 0.44 12.0 ND 

Notes: All anion data are reported as ppm. ND = Non-detect. 
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Table 5-8: Selected metals groundwater data 

Well Iron Manganese Nickel Cobalt Copper 

20-2 ND 0.02 0.88 ND 9.00 

27-30B-2 2.73 0.15 0.94 2.88 25.3 

3A-2_34 2.02 0.39 0.88 ND 10.5 

3A-2_44 ND 0.01 0.88 ND 8.07 

3A-2_54 ND 0.01 0.88 ND 9.39 

Cap-1B_25 ND 0.09 0.88 ND 8.45 

Cap-1B_35 ND 0.14 0.88 ND 8.23 

Cap-1B_45 ND 0.13 0.88 ND 8.08 

Cap-1B_55 ND 0.12 0.89 ND 17.8 

CH-1D_20 ND 0.03 0.89 ND 21.8 

CH-1D_30 ND 0.03 0.88 ND 11.0 

CH-1D_40 ND 0.17 0.91 ND ND 

CH-1D_50 ND 0.18 0.91 ND ND 

CH-1D_60 ND 0.02 0.88 ND 103 

CH-1D_70 ND 0.08 0.88 ND 6.74 

CH-1D_80 ND 0.10 0.88 ND 8.34 

CH-1D_90 ND 0.16 0.88 ND 9.92 

EW-01 77.6 2.08 0.89 ND 7.21 

EW-04 86.8 0.41 0.88 ND 7.09 

Q4-2_30 ND 0.01 0.88 ND 7.32 

Q4-2_40 ND 0.01 0.88 ND 8.13 

Q4-2_50 ND 0.02 0.88 ND 9.03 

Q5-2_22 ND 0.08 0.88 ND 9.66 

Q5-2_32 ND 0.03 0.90 ND 18.3 

Q5-2_42 ND 0.02 0.88 ND 9.31 

Q5-2_52 ND 0.02 0.88 ND 10.2 

SHL-5 54.2 2.37 0.89 ND 7.50 

SHL-8D ND ND 0.88 ND 7.57 

SHL-9 9.37 0.35 0.88 ND 7.54 

SHM-01 ND 6.80 0.91 3.06 ND 

SHM-05-41A 0.60 0.13 0.88 ND 10.7 

SHM-05-41B 13.3 0.30 0.88 ND 8.41 

SHM-05-41C 17.4 3.19 0.88 ND 7.95 

SHM-05-42A ND ND 0.88 ND 11.9 

SHM-05-42B 48.3 2.38 0.90 3.29 17.1 

Notes: Iron, manganese, and nickel data are reported as ppm. Cobalt and copper data are 
reported as ppb. ND = Non-detect. 
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Table 5-8: Selected metals groundwater data (cont.) 
Well Iron Manganese Nickel Cobalt Copper 

SHM-05A ND ND 0.91 0.77 ND 

SHM-06 66.6 1.68 0.92 26.9 ND 

SHM-06A 19.9 2.19 0.91 5.74 ND 

SHM-10 ND 28.7 0.93 9.76 ND 

SHM-11 54.0 2.10 0.92 11.5 ND 

SHM-12 71.4 5.74 0.92 6.63 ND 

SHM-13 62.4 1.41 0.92 0.65 ND 

SHM-14 66.1 3.59 0.92 22.1 ND 

SHM-15 35.8 6.59 0.92 18.1 ND 

SHM-16 35.5 1.14 0.91 5.36 ND 

SHM-93-22C 37.5 ND 0.68 ND 13.9 

SHM-96-5B 18.3 9.68 0.89 ND 7.34 

SHM-96-5C 2.86 13.1 0.88 ND 6.84 

Notes: Iron, manganese, and nickel data are reported as ppm. Cobalt and copper data are 
reported as ppb. ND = Non-detect. 
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Table 5-9: Batch extraction data 

Sample 
Organic 

Arsenic 

Total 

Arsenic 
Iron Manganese Nickel Cobalt Copper Calcium Sodium 

KK-1 Fine ND 1073 1400 233 27.2 7.23 52.0 817 236 

KK-1 Medium ND 587 751 101 25.0 3.97 4.72 371 243 

KK-1 Coarse ND 371 517 76.4 24.6 3.06 8.36 440 245 

KK-2 Fine ND 2781 1270 128 26.1 5.38 57.5 749 246 

KK-2 Medium ND 925 289 31.9 23.8 2.61 4.04 121 239 

KK-2 Coarse ND 1048 364 58.8 25.0 3.04 10.6 378 252 

KK-3 Fine ND 1245 1609 135 26.1 5.54 306 370 218 

KK-3 Medium ND 396 260 14.5 23.4 2.29 5.74 61.1 240 

KK-3 Coarse ND 584 332 18.4 23.6 2.37 7.31 152 247 

KK-4A Fine 19.8 1261 1248 58.0 24.6 2.33 22.7 154 253 

KK-4A Medium 10.8 503 556 19.7 23.3 1.93 3.87 62.7 237 

KK-4A Coarse ND 499 1083 94.1 23.9 2.27 4.14 347 245 

KK-4B Fine 9.58 991 970 29.7 24.3 2.24 22.4 106 235 

KK-4B Medium 7.50 564 547 16.0 23.4 1.96 4.22 54.9 246 

KK-4B Coarse ND 500 819 58.5 23.8 2.26 6.18 309 251 

KK-1 Fine (DI) ND 58.3 50.6 3.37 23.2 1.93 2.46 232 250 

KK-2 Fine (DI) ND 40.6 31.7 8.16 23.0 1.98 3.75 42.9 207 

KK-3 Fine (DI) ND 27.3 8.23 6.94 22.9 1.94 4.24 34.7 240 

KK-4A Fine (DI) ND 62.4 42.3 10.3 23.0 1.89 6.91 35.1 215 

KK-4B Fine (DI) ND ND 29.3 4.00 22.9 1.81 1.25 33.1 202 

Notes: Arsenic data are reported as ppb. All other data are reported as ppm. Fine, medium, and coarse refers to soil diameter 
<0.15 mm., 0.15-0.60 mm., and 0.60-2.80 mm., respectively. DI refers to samples which were extracted with de-ionized water. All 
other samples were extracted using 0.10 M nitric acid. ND = Non-detect.
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5.1 Spatial Distribution of Arsenic Speciation 

 
All samples collected for arsenic speciation over the course of this study were 

analyzed using HPLC-HG-AFS. The species analyzed included inorganic As(III) 

and As(V) and organic MMA and DMA. The distribution of each arsenic species 

within and around the landfill is discussed in the following subsections. 

5.1.1 As(III) Speciation 
 

As(III), which is the reduced form of arsenic, was the dominant form of 

arsenic in areas that underlie the landfill materials and in the wells located 

around the arsenic treatment plant and north of the landfill (Table 5-1; Table 5-2). 

As(III) is also the dominant species in the most contaminated wells (e.g. Wells 

SHM-12, SHM-14, and SHM-15 in Table 5-1).  

As(III) concentrations in wells where arsenic was detected range from 0.44 

ppb at SHM-01 (Table 5-4) to 4,407 ppb at SHM-15 (Table 5-1), with an average 

concentration of 615 ppb. The amount of As(III) weighted against total arsenic in 

wells where arsenic was detected ranged from 0% to 92%. 

The spatial distribution of As(III) is shown in Figure 5-1 as total concentrations 

and Figure 5-2 as a percent of total arsenic. The data suggested that the As(III) 

plume contained the highest concentrations in the central portions of the landfill 

and tapered off in all directions; however, concentrations along the northern 

extent of SHL still reach 1,735 ppb at EW-04 (Table 5-2, Fig. 5-1).  
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5.1.2 As(V) Speciation 

 
As(V), which is the oxidized form of arsenic, is the dominant form of arsenic in 

areas along the western extent of the landfill which is characterized by exposed 

and shallow bedrock (Fig. 5-3). This species tends to be the dominant form of 

arsenic in areas which are up-gradient in relation to groundwater flow, and are 

therefore not directly influenced by the landfill materials.  

As(V) concentrations in wells where arsenic was detected range from 1.20 

ppb at SHM-01 (Table 5-4) to 2,526 ppb at SHM-14 (Table 5-1), with an average 

concentration of 272 ppb. The amount of As(V) weighted against total arsenic in 

wells where arsenic was detected ranged from 8% to 100%. It should be noted 

that in wells where As(V) was the dominant arsenic species, the maximum 

concentration is 307 ppb (CH-1D) (Table 5-3). 

The spatial distribution of As(V) is shown in Figure 5-3 as total concentrations 

and Figure 5-4 as a percent of total arsenic. The As(V) plume appears to be 

distributed similar to As(III), however, concentrations are not nearly as significant.  

5.1.3 MMA/DMA 

 
MMA and DMA, which are the organic forms of arsenic, were only present in 

two of the wells sampled for this thesis, SHM-05A (0.32 ppb) (Table 5-4, Fig. 5-5) 

located approximately 0.25 miles north of the landfill and CH-1D (8.38 ppb) 

(Table 5-3, Fig. 5-5) located centrally along the western edge of the landfill. The 

concentration of organic arsenic in each of these wells accounted for less than 

5% total arsenic.  
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Figure 5-1: Spatial extent of As(III) detected in wells at Shepley’s Hill Landfill. 
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Figure 5-2: Spatial extent of As(III) as a percentage of total arsenic in wells at Shepley’s 
Hill Landfill. 
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Figure 5-3: Spatial extent of As(V) detected in wells at Shepley’s Hill Landfill. 
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Figure 5-4: Spatial extent of As(V) as a percentage of total arsenic in wells at Shepley’s Hill 
Landfill. 
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Figure 5-5: Spatial extent of organic arsenic (MMA/DMA) detected in wells at Shepley’s Hill 
Landfill. 
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5.2 Arsenic Speciation by Location 

 
Arsenic speciation data were collected and analyzed from three primary areas 

of Shepley’s Hill Landfill, which included wells located directly above the landfill 

materials, wells in the northern area of the landfill near the arsenic treatment 

plant, and wells along the western edge of the landfill (Fig.2-9). In addition, data 

were collected away from SHL in the towns of Devens and Ayer to obtain 

background concentrations. 

5.2.1 Samples Collected Centrally within Landfill Materials 

 
Due to the nature of previous risk-based site investigations, wells drilled 

directly above the central portion of landfill materials were not as common as 

those drilled around the perimeter of the landfill, however, the data provided by 

these wells were essential to this thesis. Since the primary regulatory concern of 

SHL is potential impact on human health, perimeter data were more useful for 

regulatory agencies to delineate contaminant migration than wells drilled within 

the landfill itself. These wells are generally characterized as having low dissolved 

oxygen, negative oxidation-reduction potential, and relatively high concentrations 

of total dissolved solids (Table 5-5). 

Groundwater samples collected from these wells contained concentrations of 

total arsenic ranging from 438 ppb at SHM-11 to 5,880 ppb at SHM-14 (Table 5-

1) with an average concentration of 2,785 ppb. As(III) was the most dominant 

form of arsenic present in this area of SHL, contributing 57% (SHM-14) to 88% 
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(SHM-06) (Table 5-1) of the total arsenic concentrations (Fig. 5-6). Organic 

arsenic was not detected in these wells. 

5.2.2 Samples Collected in the Northern Area 

 
Numerous wells have been drilled in the northern area because this is an 

area of concern where groundwater is down-gradient of the landfill. In addition, 

wells have been drilled to assess the effectiveness of the arsenic treatment plant. 

These wells are generally characterized as having low dissolved oxygen, 

negative oxidation-reduction potential, and relatively high concentrations of total 

dissolved solids. 

Groundwater samples collected from these wells contained concentrations of 

total arsenic ranging from 5.14 ppb at SHL-5 to 2,514 ppb at EW-4 (Table 5-2) 

with an average concentration of 852 ppb. Like the landfill wells, As(III) was the 

most dominant form of arsenic present in this area, contributing 51% (SHL-5) to 

92% (SHM-05-41C) of the total arsenic concentrations (Fig. 5-7). Organic arsenic 

was not detected in these wells. 

5.2.3 Samples Collected in the Western Area 

 
As part of an EPA bedrock study, wells were drilled in the western area up-

gradient of the landfill. These wells are important because of the shallow and 

often exposed bedrock located in this area allowing for collecting of groundwater 

samples that represent bedrock conditions. In addition, many of the wells were 

drilled as open boreholes, allowing for a depth profile to be collected at each well. 

These wells are generally characterized as having high dissolved oxygen, 
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positive oxidation-reduction potential, and relatively low concentrations of total 

dissolved solids. 

Groundwater samples collected from these wells contained concentrations of 

total arsenic ranging from below detection at several depths of Cap-1B and Q5-2 

to 422 ppb at CH-1D (70 ft. bgs) (Table 5-3) with an average concentration of 

118 ppb. Unlike the other areas of SHL, As(V) was the most dominant form of 

arsenic present in this area and with the exception of the deepest sample 

collected at CH-1D, contributing 52% (CH-1D, 80 ft. bgs) to 100% (several 

depths of CH-1D, Q4-2, 3A-2, 20-2, 27-30B-2, Cap-1B, and Q5-2) of the total 

arsenic concentrations. Organic arsenic was detected in one sample at 30 ft. bgs 

in borehole CH-1D at a concentration of 8.38 ppb (Table 5-3, Fig. 5-5).  

With the exception of CH-1D, which yielded interesting results, the 

concentrations of arsenic in this area did not exceed 20 ppb (Table 5-3, Fig. 5-8). 

Groundwater samples were collected from CH-1D every ten feet to a depth of 90 

ft. bgs. From 20-50 ft. bgs the groundwater had dissolved oxygen content greater 

than 6.5 mg/L, and from 60-90 feet bgs the groundwater had dissolved oxygen 

content less than 3.0 mg/L. In the first 50 feet of the borehole, only As(V) was 

present, however, at the redox boundary around 60 feet, As(III) began to 

increase, and As(V) began to decrease, while total arsenic remained at a fairly 

steady concentration range (321-422 ppb) to a depth of 80 feet bgs (Fig. 5-8).  
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5.2.4 Samples Collected to Obtain Background Concentrations 

 
Ten surface water, shallow groundwater (2-6 ft. bgs), and deep groundwater 

samples were collected at selected locations outside the influence of the landfill 

to establish a baseline of arsenic concentrations in the Devens, MA area. These 

data (and the western well data that represent concentrations not influenced by 

the landfill) were used to conduct a T-test to establish the statistical significance 

of SHL arsenic concentrations. The results of the T-test (t(44) = 3.32, p = 0.004) 

determined that there was a 99.6% chance that the arsenic concentrations found 

at SHL are not a result of chance.  

Samples collected in these areas contained concentrations of total arsenic 

ranging from 1.64 ppb to 23.1 ppb (Table 5-4) with an average concentration of 

7.20 ppb. The dominant arsenic species varied in these samples and was 

dependent on the sample being collected at the surface or in the subsurface 

(Table 5-4).  

 



Figure 5-6: Distribution of arsenic species in
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6: Distribution of arsenic species in central landfill wells. 
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Figure 5-7: Distribution of arsenic species in northern area wells. 
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Figure 5-8: Depth profile of arsenic species at borehole CH-1D. 
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5.3 Groundwater Parameters 

 
Groundwater parameter data at Shepley’s Hill Landfill were collected using 

various probes to record parameters such as dissolved oxygen (DO), oxidation-

reduction potential (ORP), specific conductance, pH, and temperature (Table 5-

5). The most important parameters with respect to arsenic speciation are DO, 

ORP, and pH; however, pH was relatively constant site-wide and therefore did 

not provide data directly suitable for this analysis.  

5.3.1 Dissolved Oxygen 

 
Dissolved oxygen at Shepley’s Hill landfill was generally low in areas 

underlying the landfill materials and areas directly influenced by the contaminant 

plume (Table 5-5). In addition, DO decreased with depth. Higher DO was found 

in areas not influenced by the contaminant plume, such as the western bedrock 

wells, and in shallow groundwater (Table 5-5).  

Dissolved oxygen at SHL ranged from 0.10 mg/L at SHM-06A to 10.1 mg/L at 

SHL-23 (Table 5-5), with an average DO of 2.98 mg/L. The broad range of DO in 

the groundwater at SHL plays an important role in the speciation of arsenic. At 

low DO, As(III) was the dominant species present, and as DO increases, As(V) 

became the dominant species. A dramatic shift in arsenic speciation occurs at 

DO levels ranging from 2.4 mg/L to 2.8 mg/L (Fig. 5-9).  
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5.3.2 Oxidation-Reduction Potential 

 
Oxidation-reduction potential at Shepley’s Hill Landfill was generally negative 

in areas underlying the landfill materials and areas directly influenced by the 

contaminant plume. Higher ORP was found in areas not influenced by the 

contaminant plume, such as the western bedrock wells, and in shallow 

groundwater (Table 5-5).  

Oxidation-reduction potential at SHL ranged from -140 mV at SHM-16 to 189 

mV at SHM-05-42A, with an average ORP of 15 mV. Similar to DO, the broad 

range of ORP in the groundwater at SHL plays an important role in the speciation 

of arsenic. At negative ORP, As(III) was the dominant species present, and as 

ORP increases As(V) became the dominant species (Fig. 5-10). 

5.3.3 pH 

 
In general, a low pH will tend to speciate arsenic to the reduced As(III), and 

high pH will correspond with As(V) as the dominant species. Although pH plays 

an important role in the speciation of arsenic, there is little impact of this at SHL.  

The pH of groundwater at SHL ranged from 5.13 at SHM-04 to 7.97 at CH-1D 

(Table 5-5), with an average pH of 6.45. This pH range is within the typical pH 

range of natural groundwater and does not vary enough to impact arsenic 

speciation in a significant way.  
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Figure 5-9: Percent As(III) of total arsenic as a function of dissolved oxygen concentration. 
 
 
 

 
Figure 5-10: Percent As(III) of total arsenic as a function of oxidation-reduction potential. 
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5.4 Cations and Anions 

 
All samples collected for major ions were analyzed on the IC. After injection 

into the system, ions are separated in two different columns, one for cations and 

one for anions. Ions are separated and identified based on elution time and 

concentrations are determined by the electrical output of the specific ion, which is 

proportional to the amount in the sample.  

5.4.1 Major Cations 

 
The major cations analyzed for this thesis included ammonium (NH4

+), 

calcium (Ca2+), potassium (K+), and sodium (Na+) (Table 5-6, Fig. 5-11). 

Ammonium concentrations in groundwater ranged from below the detection 

limit at several wells to 13.97 ppm at SHM-13 (Table 5-6), with an average 

concentration of 1.83 ppm. Ammonium concentrations exceeding 2.0 ppm were 

not detected in groundwater samples containing greater than 0.70 mg/L 

dissolved oxygen (Table 5-6). 

Calcium concentrations in groundwater range from 5.10 ppm at Q5-2 (22 ft. 

bgs) to 88.5 ppm at SHM-13, with an average concentration of 31.4 ppm, 

potassium concentrations in groundwater range from 0.31 ppm at Cap-1B (45 ft. 

bgs) to 10.8 ppm at SHM-06, with an average concentration of 2.60 ppm, and 

sodium concentrations in groundwater range from 101 ppm at SHM-15 to 207 

ppm at CH-1D (20 ft. bgs), with an average concentration of 148 ppm (Table 5-

6). The amount of calcium, potassium, and sodium is directly proportional to 

specific conductivity measurements. 
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In general, the cation plumes appear to contain the highest concentrations in 

the central and northern portions of the landfill and taper off slightly to the west 

(Fig. 5-11). 

5.4.2 Major Anions 

 
The major anions analyzed for this thesis include chloride (Cl-), fluoride (F-), 

nitrate (NO3
-), phosphate (PO4

3-), and sulfate (SO4
2-) (Table 5-7, Fig. 5-12).  

Chloride concentrations in groundwater range from 2.98 ppm at Q4-2 (40 ft. 

bgs) to 34.0 ppm at SHM-05A (Table 5-7), with an average concentration of 9.11 

ppm. The chloride plume appears to contain the highest concentrations in the 

central and northern portions of the landfill and taper off slightly to the west (Fig. 

5-12). 

Fluoride concentrations in groundwater range from 0.06 ppm at SHM-01 to 

1.20 ppm at CH-1D (80 ft. bgs.) (Table 5-7), with an average concentration of 

0.42 ppm. The fluoride plume appears to contain the highest concentrations in 

the western bedrock wells and tapers off to the east and north (Fig. 5-12). 

Nitrate concentrations in groundwater range from 0.05 ppm at SHM-11 to 

9.42 ppm at CH-1D (70 ft. bgs) (Table 5-7), with an average concentration of 

4.00 ppm. The nitrate plume appears to contain the highest concentrations in the 

western bedrock wells and tapers off to the east and north (Fig. 5-12). In general, 

nitrate concentrations increase as dissolved oxygen levels increase. 
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Phosphate in groundwater was only detected in one well (CH-1D) at a depth 

of 30 ft. bgs. This concentration corresponds with one of the two wells where 

organic arsenic was detected.  

Sulfate concentrations in groundwater range from 0.51 ppm at SHM-14 to 

25.0 ppm at SHM-05A (Table 5-7), with an average concentration of 13.0 ppm. 

The sulfate plume appears to contain the highest concentrations along the 

perimeter wells and lowest concentrations (by an order of magnitude) in the 

central landfill wells (Fig 5-12). 
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Figure 5-11: Spatial extent of cations detected in wells at Shepley’s Hill Landfill. Relative 
cation concentrations are indicated by symbol size. 
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Figure 5-12: Spatial extent of anions detected in wells at Shepley’s Hill Landfill. Relative 
anion concentrations are indicated by symbol size. 
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5.5 Metals 

 
All samples collected for metals were analyzed on the ICP-AES. Although a 

total of 24 elements were analyzed using this method, only a selection are 

presented in this section. The metals selected for further data analysis included 

iron, manganese, cobalt, copper, and nickel (Table 5-8, Fig. 5-13). Relationships 

studied in the past have indicated that these five elements may share a 

connection with total arsenic concentrations and arsenic speciation.  

Iron concentrations in groundwater ranged from below detection at numerous 

locations to 86.8 ppm at EW-04 (Table 5-8), with an average concentration of 

16.3 ppm. The iron plume contained the highest concentrations in the central and 

northern portions of the landfill and significantly tapered off to the west and to the 

north of the arsenic treatment plant (Fig. 5-13). 

Manganese concentrations in groundwater ranged from below detection at a 

few locations to 28.7 ppm at SHM-10 (Table 5-8), with an average concentration 

of 2.00 ppm. The manganese plume contained the highest concentrations in the 

central and northern portions of the landfill and tapered off to the west (Fig. 5-13).  

Cobalt concentrations in groundwater ranged from below detection at most 

wells to 26.9 ppb at SHM-06 (Table 5-8), with an average concentration of 2.43 

ppb. The cobalt plume contained the highest concentrations in areas within the 

extent of the landfill materials and tapered off beyond the landfill perimeter (Fig. 

5-13). 

Copper concentrations in groundwater ranged from below detection at 

numerous locations to 103 ppb at CH-1D (60 ft. bgs) (Table 5-8), with an average 
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concentration of 9.56 ppb. The copper plume contained the highest 

concentrations in areas west and north outside the perimeter of the landfill 

materials and greatly tapered off within the extent of the landfill boundary (Fig 5-

13).  

Nickel concentrations in groundwater ranged from 0.68 ppm at SHM-93-22C 

to 0.94 ppm at 27-30B-2 (Table 5-8), with an average concentration of 0.89 ppm. 

The nickel plume was fairly constant across all wells and did not provide a well-

defined spatial pattern.  
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Figure 5-13: Spatial extent of metals detected in wells at Shepley’s Hill Landfill. Relative 
metal concentrations are indicated by symbol size. 
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5.6 Batch Extraction 

 
A batch leaching analysis was conducted on sieved soil fractions from five 

locations at Shepley’s Hill Landfill to delineate the amount of arsenic and other 

metals immobilized within the soils at SHL. Arsenic and other metals were 

extracted from three soil fractions which ranged from fine to coarse grained at 

each location (Fine: <0.15 mm., Medium: 0.15-0.60 mm., and Coarse: 0.60-2.8 

mm.) using 25.0 mL. of 0.10 M nitric acid per gram of soil. In addition, de-ionized 

water was used as a control on the fine soil fraction. The samples were then 

allowed to sit for seven days with periodic agitation and analyzed on the HG-AFS 

for total available arsenic and ICP-AES for selected metals (Table 5-9).  

Soil samples were collected at various locations around the landfill, including 

an eastern esker (KK-1), western kame (KK-2), eastern Kame (KK-3), and near 

Plow Shop Pond (KK-4A and KK-4B).  

At all locations, the fine soil samples contained the highest amount of total 

extractable arsenic, ranging from 991 ppb at KK-4B to 2,781 ppb at KK-2 (Table 

5-9). The medium soil samples contained leachable arsenic concentrations 

ranging from 396 ppb at KK-3 to 925 ppb at KK-2 and the coarse soil samples 

contained leachable arsenic concentrations ranging from 371 ppb at KK-1 to 

1,048 ppb at KK-2 (Table 5-9). In addition, extractable organic arsenic was found 

in four samples at the two locations around Plow Shop Pond. Sample KK-4A 

contained leachable organic arsenic concentrations of 19.8 ppb and 10.8 ppb in 

the fine and medium soils, respectively (Table 5-9). Sample KK-4B contained 



92 

leachable organic arsenic concentrations of 9.58 ppb and 7.50 ppb in the fine 

and medium soils, respectively (Table 5-9). 

The soil samples collected for the batch extraction also contained significant 

concentrations of extractable metals including iron, manganese, nickel, cobalt, 

copper, calcium, and sodium. These elements follow a similar pattern as arsenic, 

with the highest leachate concentrations occurring from the fine soils. In several 

samples, extractable iron concentrations exceeded 1,000 ppm and in most 

cases, shared a similar trend with total extractable arsenic (Fig. 5-14). The same 

is true for extractable manganese, although concentrations are lower with a 

maximum of 233 ppm in the fine soil sample at KK-1 (Fig. 5-15). Similar to 

groundwater, the extractable nickel and sodium concentrations remained fairly 

constant throughout all samples. Cobalt, copper, and calcium extracted from the 

soil samples shared a similar trend, with the medium soils containing the lowest 

concentrations.  
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Figure 5-14: Graph showing the trend of leachable arsenic and iron from soil fractions 
collected around SHL.  
 

 

 
Figure 5-15: Graph showing the trend of leachable arsenic and manganese from soil 
fractions collected around SHL.

0

200

400

600

800

1000

1200

1400

1600

1800

0

500

1000

1500

2000

2500

3000

Ir
o

n
 (

p
p

m
)

A
rs

e
n

ic
 (

p
p

b
)

Batch Extraction Trends: As and Fe

As

Fe

0

50

100

150

200

250

0

500

1000

1500

2000

2500

3000

M
a

n
g

a
n

e
se

 (
p

p
m

)

A
rs

e
n

ic
 (

p
p

b
)

Batch Extraction Trends: As and Mn

As

Mn



94 

6.0 DISCUSSION  

 
This section elaborates on the results presented in the previous section to 

describe the relationships between arsenic speciation and various characteristics 

of the aquifer including spatial distribution, groundwater parameters, major 

cations and anions, and metals.  

6.1 Natural and Anthropogenic Arsenic 

 
The differentiation of natural and anthropogenic arsenic at Shepley’s Hill 

Landfill cannot be definitively achieved solely by arsenic speciation, as both 

inorganic and organic arsenic species have the potential to leach directly from 

landfill material. Rather, supporting evidence from previous arsenic studies 

conducted at SHL (discussed in detail in Section 2.3) provide strong support for 

the natural release of arsenic (USACE, 2010b). In addition, batch extraction of 

total arsenic from soils unaffected by the landfill yielded significant 

concentrations, suggesting the high potential for arsenic release in high 

concentrations over time and under suitable conditions. Left untouched, natural 

arsenic-bearing soils such as those analyzed in the batch extraction retain the 

arsenic, thereby preventing mobilization. During the past century, landfill leachate 

has migrated horizontally and vertically, changing the natural groundwater 

parameters by lowering the dissolved oxygen content and the oxidation-reduction 

potential. These two parameters play the most significant role with regards to 

arsenic mobilization from the soils. 



95 

6.2 Arsenic Fate and Transport at Shepley’s Hill Landfill 

 
The movement of arsenic through the aquifer environment at Shepley’s Hill 

Landfill is generally a function of groundwater flow, which is depicted in Figure 2-

5. Prior to the landfill being capped, infiltration and groundwater flow from the 

south were the primary sources of SHL aquifer recharge. The landfill cap 

currently prevents direct water infiltration to the aquifer, and presently the only 

source of groundwater recharge is flow from the south to the north approaching 

Nonacoicus Brook.  

Due to the lack of topography in the areas surrounding SHL, the regional 

groundwater is characterized by shallow gradients and low velocity. This is 

supported by the hydraulic gradients at SHL ranging from 0.003 ft/ft to 0.012 ft/ft 

and groundwater velocity ranging from 0.15 ft/day to 1.7 ft/day (USACE, 2010b). 

Given these shallow gradients and low groundwater velocity, the retention time of 

groundwater within the extent of the SHL aquifer can exceed 50 years, especially 

at the lower depths, where groundwater migration is likely slower.  

In the past, as organic landfill leachate infiltrated the groundwater 

environment, oxygen was consumed and the additional flux of available electrons 

lowered the oxidation-reduction potential enough to dissolve iron- and 

manganese-oxyhydroxides, releasing and mobilizing the adsorbed and 

previously immobile arsenic. With the landfill cap, direct surface infiltration has 

been prevented; however, groundwater is still in contact with the landfill materials 

in some locations.  In addition, groundwater at the site prior to the landfill cap still 

exists within the extent of the landfill aquifer today.  
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The long retention time of groundwater within the SHL aquifer allows for 

continued arsenic mobilization and accumulation over time through the 

mechanism described above. In Figure 2-10, the highest arsenic concentrations 

are shown following the bedrock surface in the deepest parts of the aquifer. In 

addition, the highest concentrations are located directly beneath the peat layer, 

where the combination of landfill material and natural organic matter produces 

the lowest oxidation-reduction potential and dissolved oxygen levels seen at the 

landfill. As groundwater flows towards the north and northeast, arsenic is 

continuously mobilized and transported. The faster moving groundwater in the 

shallow to medium depths of the aquifer has continuously carried arsenic away to 

the periphery of the landfill (specifically to the north and northeast). Arsenic 

discharge to the north in Nonacoicus Brook is significantly diluted and 

transported downstream, whereas the arsenic discharge to the northeast into 

Red Cove is oxidized in the surface water redox shift and consequently adsorbed 

onto the sediments. The slower moving groundwater, located in the deepest 

areas of the aquifer, releases and retains arsenic for longer periods of time, 

which explains the highest concentrations following the bedrock surface.  

Despite the landfill cap and arsenic treatment plant, arsenic concentrations 

have yet to decrease over time. Although extraction of groundwater at the 

arsenic treatment plant creates a localized increase in groundwater velocity and 

removes arsenic from the groundwater, it is possible that the conditions created 

by continued organic leachate from the landfill materials and peat layer 
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continuously dissolve and mobilize arsenic, which may persist for hundreds of 

years.  

6.3 Distribution of Arsenic Species 

 
The primary arsenic species at Shepley’s Hill Landfill are inorganic As(III) and 

As(V). Organic arsenic species (MMA/DMA) were only detected in two 

groundwater samples, both less than the EPA MCL of 10 ppb, therefore, only 

inorganic arsenic species are considered below. 

The horizontal distribution of arsenic species favors As(III) in areas directly 

influenced by the landfill plume (Fig. 5-2). These areas lie directly beneath the 

landfill materials, the area surrounding the arsenic treatment plant, and areas 

extending north of the landfill in the direction of groundwater flow. This suggests 

that the groundwater conditions created by the landfill materials tend to favor 

arsenic speciation in its reduced form. As(V) is only favored in areas where the 

groundwater is not in direct communication with the landfill leachate plume (Fig. 

5-4). Along the western edge of the landfill and near the Shepley’s Hill bedrock 

outcrops in the higher elevations, the oxidized form of arsenic is dominant. The 

groundwater here is indicative of the pre-landfill groundwater conditions and 

suggests that regional groundwater without anthropogenic influence will contain 

primarily As(V) in relatively low concentrations, if arsenic is present. It is 

important to note that at the wells containing As(V) as the dominant species, total 

arsenic concentrations do not exceed 422 ppb, particularly because these areas 

are not directly influenced by the landfill plume.  
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The vertical distribution of arsenic species can only be conclusively studied at 

open boreholes where samples were collected along a vertical profile, such as 

well CH-1D, discussed in the following section. In general, however, it is 

hypothesized that the dominant inorganic arsenic species will become more 

reduced with depth. Groundwater in the natural environment is typically more 

oxygenated near the surface with less oxygen content progressing downward. 

This will create a vertical gradient with respect to arsenic species, with As(V) 

dominant in the near surface and As(III) dominant at depth. 

6.4 Well CH-1D 

 
Well CH-1D is located at the western edge of the landfill and was drilled by 

the EPA to study the fault zone running through the Shepley’s Hill bedrock. This 

well was drilled as an open borehole, allowing for the collection of groundwater 

data continuously through the depth of the well (Fig. 5-8).  

CH-1D yielded interesting results from samples which were taken every ten 

feet to a depth of 90 ft. bgs. From 20-50 ft. bgs the groundwater had dissolved 

oxygen content greater than 6.5 mg/L, and from 60-90 feet bgs the groundwater 

had dissolved oxygen content less than 3.0 mg/L. In the first 50 feet of the 

borehole, only As(V) was present; however, at the redox boundary around 60 ft. 

bgs, As(III) began to increase, and As(V) began to decrease, while total arsenic 

remained at a fairly steady concentration range (321-422 ppb) to a depth of 80 ft. 

bgs (Fig. 5-8). These speciation data suggest varying groundwater environments 
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progressing vertically through the landfill, with the evidence suggesting that 

arsenic is derived from various sources throughout the groundwater environment.   

While the As(V) is likely a result of arsenic derived from bedrock, the As(III) is 

likely a product of the decreased levels of dissolved oxygen with increasing 

depth. Additionally, organic arsenic and phosphate (the only sample in which 

phosphate was detected) was detected in the sample taken from 30 ft. bgs which 

is consistent with the depth of the peat layer. Within well CH-1D, it appears that 

there is a transition of groundwater conditions evidenced by abrupt changes in 

arsenic speciation and groundwater chemistry, which may be assisted by the 

fault zone and microbial activity. 

Contrary to the original hypothesis stated earlier that oxidized groundwater is 

recharging the aquifer through faults and fractures in the bedrock, the redox 

conditions at well CH-1D reflect the original zonation of the aquifer, with more 

oxidizing conditions in the shallow groundwater and more reducing conditions in 

the deeper groundwater. This zonation was likely present throughout much of the 

SHL aquifer prior to the landfill. 

6.5 Arsenic Speciation and Groundwater Parameters 

 
The arsenic species present in the groundwater at Shepley’s Hill Landfill are 

heavily dependent on dissolved oxygen (Fig. 5-9) and oxidation reduction 

potential (ORP) (Fig. 5-10). It is evident that these two groundwater parameters 

are the primary factors influencing speciation of arsenic.  
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Low dissolved oxygen (less than 3.0 mg/L) was present throughout the areas 

located beneath the landfill and the northern areas. In wells within these 

locations, As(III) was the dominant species in most of the groundwater samples. 

High dissolved oxygen (greater than 3.0 mg/L) was present predominately in the 

western area bedrock wells. As(V) was the dominant species in most of the 

groundwater samples collected from this area, however, total arsenic 

concentrations are much lower relative to other areas of the site. 

As(III) was not present in any groundwater samples with dissolved oxygen 

concentrations greater than 3.0 mg/L (Fig. 5-9). As(V); however, was present in 

all groundwater samples where arsenic was detected, suggesting the reduced 

arsenic species is more sensitive to changes in dissolved oxygen content than 

the oxidized arsenic species. The differentiation of As(III) and As(V) based on 

dissolved oxygen concentrations in groundwater at SHL was clearly shown with 

As(III) dominating the areas influenced by the landfill and the deeper 

groundwater zones and As(V) dominating the areas not directly influenced by the 

landfill and the shallow groundwater zones.  

Similar to dissolved oxygen content, oxidation-reduction potential followed the 

same trend. Reduced As(III) was the dominant species in wells containing low 

ORP while As(V) became the dominant species in wells containing high ORP 

(Fig. 5-10). The low ORP zones existed in areas beneath the landfill as a 

consequence of the leaching of organic material. The higher concentration of free 

electrons preferentially speciates the arsenic to the reduced As(III). 
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Using dissolved oxygen and ORP as primary indicators, it is clear that there 

are two ways that arsenic is mobilized at SHL: reductive dissolution from the iron-

oxyhydroxides (and manganese-oxyhydroxides to a lesser extent) and by the 

oxidation of sulfides. While dissolution from iron-oxyhydroxides requires low 

dissolved oxygen and negative ORP values and oxidation of sulfides requires 

high dissolved oxygen and positive ORP values, both conditions exist within the 

aquifer. The reducing environment is created by the dissolved organic matter 

(DOM) leaching from the landfill materials and peat and the oxidizing 

environment is created by the influx of groundwater through the faults and 

fractures of the bedrock. The ability for arsenic to mobilize is a function of the 

reducing or oxidizing “power” of the groundwater environment.  

6.6 Arsenic Speciation and Major Cations 

 
The major cations present in the Shepley’s Hill Landfill aquifer are not 

necessarily influenced by or a result of arsenic speciation and appear to be a 

product of total dissolved solids. In most cases, cation trends correlated closely 

with As(III) species (Fig. 5-11). This is a result of the low dissolved oxygen and 

low oxidation-reduction potential, which tends to contain higher amounts of 

dissolved materials than groundwater which contains higher dissolved oxygen 

and higher oxidation-reduction potential.  

Sodium, potassium, and calcium, however, are present in lower, yet 

significant concentrations in groundwater samples collected along the western 

bedrock wells. This is a result of the dissolution of alkali rock material over time 
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and trends closely with concentrations of As(V). Ammonium was only present in 

wells containing dissolved oxygen concentrations less than 0.70 mg/L and is a 

result of the reduced form of nitrogen, present only in areas influenced directly by 

the landfill.  

Cations do not appear to play a significant role in the speciation of arsenic; 

however, it is possible that cation concentration data may be used as an indicator 

toward species determination. Areas containing high cation concentrations are 

more likely to contain As(III), while areas with lower cation concentrations are 

more likely to contain As(V).  

6.7 Arsenic Speciation and Major Anions 

 
The major anions present in the Shepley’s Hill aquifer showed an opposing 

trend when compared to cations, with the exception of chloride. In most cases, 

anion trends correlated closely with As(V) species (Fig. 5-12). This is a result of 

the high dissolved oxygen and higher oxidation-reduction potential, which allows 

for oxygen-based compounds such as sulfate and nitrate to exist. Beneath the 

landfill where As(III) is dominant, oxygen is readily consumed and therefore 

sulfate and nitrate are not detected. Sulfate, as well as fluoride, are also present 

in the bedrock areas from the dissolution of bedrock minerals containing sulfur 

(pyrite, cobaltite, realgar) and fluoride (apatite).  

Chloride, which follows a trend comparable to cation concentrations, has 

been a known leachate plume indicator at SHL in the past (Xie, 2013). The 

chloride plume contained higher concentrations in areas directly influenced by 
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the landfill and shares a relationship with respect to the presence of As(III) in the 

groundwater. After the landfill cap was completed, chloride concentrations have 

diminished over time, while total arsenic concentrations (primarily in the form of 

As(III) species) have not declined (Xie, 2013). This provides evidence that a 

chloride source from the landfill was mitigated by the cap. If the arsenic 

contamination is a result of direct landfill leachate, we would expect this to 

diminish in a similar trend to chloride. Since the arsenic has not followed this 

trend, it is clear that a natural arsenic source is present.   

Anions do not appear to play a significant role in the speciation of arsenic; 

however, it is possible that anion concentration data may be used as an indicator 

toward species determination because of the trends observed between these 

constituents and arsenic.   

6.8 Arsenic Speciation and Selected Metals 

 
Metals concentrations at Shepley’s Hill Landfill vary dramatically in 

magnitude, but generally followed a similar trend as the major cation data, with 

the exception of nickel and copper (Fig. 5-13). Nickel concentrations are nearly 

constant throughout all groundwater samples. 

Iron and manganese are the most important indicators of arsenic at SHL and 

correlated strongly with the highest concentrations of As(III). This is a 

consequence of the dissolution of iron-oxyhydroxides and manganese-

oxyhydroxides in the areas directly influenced by the landfill due to the 

decreasing levels of dissolved oxygen and oxidation-reduction potential. Upon 
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dissolution, these metal-oxyhydroxides release arsenic that was previously 

adsorbed to the solid surfaces. Although As(V) adsorbs to these surfaces more 

strongly than As(III) does, upon dissolution the groundwater conditions will 

reduce the arsenic over time. Iron concentrations in the groundwater at SHL are 

significantly higher than manganese concentrations, often by an order of 

magnitude, suggesting that the iron-oxyhydroxides play a larger role then 

manganese-oxyhydroxides with respect to arsenic. 

Cobalt, previously thought to be an important indicator of As(V) 

concentrations due to the dissolution of the bedrock mineral cobaltite, was not 

detected in any wells within the western bedrock area. High cobalt 

concentrations within the SHL groundwater are generally constrained to the 

central landfill area, and are most likely a constituent of the high total dissolved 

solids with little relationship to arsenic speciation.  

Copper concentrations at SHL have an inverse relationship with respect to 

iron and manganese, and were only detected outside the landfill. Although these 

concentrations share a loose correlation to wells containing As(V) as the 

dominant species, copper is not likely associated with arsenic speciation. 

Groundwater samples containing low dissolved oxygen and low oxidation-

reduction potential contained no detectable concentrations of copper. This occurs 

because under these conditions, copper strongly binds to any remaining metal-

oxyhydroxides (with the exception of iron-oxyhydroxides and manganese-

oxyhydroxides) and organic matter (Romkens et al., 2004).  
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6.9 Arsenic Speciation in Background Soils 

 
The batch extraction of arsenic and metals from the surface and shallow 

subsurface soils collected at Shepley’s Hill Landfill provides insight into the 

leaching potential of natural constituents at the site. The analysis of these 

samples determined that the finer soils contain the highest concentrations of 

extractable arsenic, followed by the medium and coarse soils, respectively. 

Inorganic arsenic speciation could not be determined here because the nitric acid 

extraction oxidizes all inorganic species prior to analysis; however, organic 

species remain intact. Organic arsenic was found in the soil samples collected 

from near Plow Shop Pond, which may be representative of the peat layer. This 

suggests that organic MMA and DMA are likely present in the peat layer; 

however, it is not leaching detectable concentrations, suggesting that the peat is 

not a direct or significant source. 

Extractable iron and manganese concentrations correspond directly with 

extractable arsenic concentrations (Fig. 5-14; Fig. 5-15). This provides further 

evidence of arsenic release by the dissolution of iron-oxyhydroxides and 

manganese-oxyhydroxides.  

6.10 Arsenic Speciation by Source 

 
Delineating a specific arsenic source at Shepley’s Hill Landfill requires the 

culmination of many aspects related to the aquifer environment, including 

historical studies, mechanisms of arsenic fate and transport, distribution of 

groundwater parameters, major cations and anions, metals, and most 
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importantly, arsenic speciation. The four potential sources of arsenic 

contamination at SHL include the landfill materials, the aquifer sands, the peat 

layer, and the bedrock.  

Based on historical studies related to arsenic in the natural environment in the 

SHL region and leachate and batch extraction studies conducted on aquifer 

materials, it is not believed that the primary source of arsenic is the landfill. 

Although some of the arsenic at the site may be anthropogenic in nature, the 

landfill alone could not sustain the arsenic concentrations found in the 

groundwater impacted by the landfill plume. The landfill materials; however, 

indirectly contribute to most, if not all, of the arsenic contamination within the 

aquifer by creating conditions suitable for natural arsenic release.  

The migration of organic materials from the landfill compounded by the 

organic leachate from the peat layer provides ideal conditions for arsenic release 

from the natural environment. Prior to the existence of the landfill, arsenic 

concentrations in the groundwater were likely similar to the concentrations found 

in the western bedrock area at less than 500 ppb and resulted from a 

combination of limited arsenic dissolution of iron solids and bedrock minerals. 

The areas beneath the peat layer may have contained localized elevated 

concentrations due to reducing conditions. Upon the addition of landfill materials, 

which today covers an area of 84 acres, arsenic in high concentrations has been 

continuously released primarily from the dissolution of iron-oxyhydroxides within 

the aquifer sands over a time period of nearly a century. In addition, dissolution 

of manganese-oxyhydroxides by the same mechanism contributes to the arsenic 
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concentrations, but to a lesser extent. Previous studies have shown that the 

aquifer sands have a leachate potential of 30,000 ppb total arsenic. The 

mobilization of the arsenic adsorbed to these surfaces is dependent on the 

reducing power of the DOM leaching from the landfill materials and peat. The 

arsenic leaching from these materials is not constrained to the highest 

concentrations detected in the SHL groundwater. Arsenic and iron are plentiful in 

these sands and will be dissolved provided there is enough reducing power 

driven by DOM to dissolve it.  

The extremely high concentrations of iron present in wells with the highest 

concentrations of total arsenic provide strong supporting evidence for this theory. 

In addition, the low dissolved oxygen and low oxidation-reduction potential in the 

landfill aquifer provide ideal conditions to support this mechanism. The primary 

arsenic species present the highest zones of contamination is As(III), with As(V) 

present sporadically throughout at lower levels. Both inorganic arsenic species 

co-exist due to the equilibrium conditions at high concentrations of total arsenic 

and because As(V) is the more dominant species adsorbed to the iron-

oxyhydroxides prior to dissolution and mobilization. Once mobilized, most of the 

As(V) is reduced over time to As(III) due to the ambient groundwater conditions.  

The peat layer is not considered as a dominant arsenic source because 

organic arsenic was not found in significant concentrations at the site. MMA/DMA 

was only detected in two groundwater samples at concentrations below the EPA 

MCL of 10 ppb. The peat layer likely contains significant concentrations of MMA 

and DMA as evidenced by the extraction of organic arsenic from background soil 
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samples collected near Plow Shop Pond; however, these compounds are not 

mobilized in the groundwater and have remained adsorbed within the peat layer.  

The bedrock is not considered the primary source of arsenic in groundwater 

because of the relatively low concentrations of arsenic found in the bedrock wells 

and the non-detectable levels of cobalt found in these samples. Previous bedrock 

studies at the site had shown cobaltite minerals containing nearly 50% weight 

arsenic; however, the dissolution of these minerals only occurs by oxidation. The 

As(V) found as the dominant species in these wells may be a result of the 

oxidation of bedrock minerals, but the contribution of total arsenic in the SHL 

aquifer is minimal from this source. It has also yet to be determined if 

groundwater is recharging through faults and fractures in the bedrock and 

whether or not this groundwater is suitable for the oxidation of these minerals. It 

appears that groundwater following the bedrock surface is strongly reducing 

throughout the aquifer, which is not conducive to bedrock sulfate mineral 

dissolution.   
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7.0 CONCLUSIONS 

 
In the United States alone, there are thousands of contaminated groundwater 

sources having a significant impact on the environment, ecosystem, and human 

population living in or near these areas. Study of these sites with respect to 

contaminant sources, fate, and transport within the groundwater (and often 

nearby surface water) is of critical importance for the protection of our natural 

resources and potential receptors, such as plants, animals, and humans. 

Although arsenic contamination is not a concern at all of these sites, it is 

prevalent in many. This is especially true at Shepley’s Hill Landfill and the 

potential to understand arsenic groundwater chemistry in more detail was 

achieved by arsenic speciation techniques. The conclusions derived through this 

process at SHL can be applied to arsenic contaminated sites in the United States 

and around the world. By studying arsenic in groundwater on a local scale such 

as SHL, we can apply our understanding to the global scale issues with respect 

to arsenic contamination in groundwater.  

As originally hypothesized, it is now evident that the primary mechanism of 

arsenic mobilization and transport in the groundwater contaminant plume at 

Shepley’s Hill Landfill is the effect of a highly reducing environment created by 

leaching of dissolved organic matter from the landfill materials and peat layer on 

the iron-oxyhydroxides coated on the sands particles throughout the aquifer. This 

conclusion is based on arsenic speciation data at SHL and numerous 

groundwater chemistry data which correspond directly with the determination of 

the primary mechanisms influencing arsenic fate and transport. Although the 
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other three potential arsenic sources - the landfill, peat layer, and bedrock - all 

likely contribute to the mobilization of arsenic, this contribution is minimal relative 

to the primary arsenic source (iron- and manganese-oxyhydroxides).  

Arsenic speciation data also has the potential for further application at SHL. 

Although toxicity was not an aspect of this project, it is important because with 

the knowledge of arsenic speciation at the site, the relative toxicity of each of 

these species can be used to develop better risk assessment of the SHL site in 

the future. Studies have shown that As(III) is nearly 60 times more toxic than 

As(V), and inorganic arsenic in general is 100 times more toxic than the organic 

species (Rietkerk, 2007). The dominant presence of As(III) in the SHL aquifer 

can now be considered when evaluating risk and remediation at the site.  

The in-depth study of arsenic speciation and groundwater chemistry at SHL 

has helped to better comprehend numerous aspects of the underlying aquifer, 

including the delineation of a primary arsenic source as well as the mobilization 

and transport characteristics of arsenic contamination. The data analyzed and 

conclusions drawn during this thesis work will aid in future site assessments and 

remedial efforts. In addition, further study of carbon isotopes in the groundwater 

dissolved organic matter could distinguish between DOM from the landfill and 

DOM from the peat to better understand the mechanism of arsenic release.  
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