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Abstract 
The average American produces approximately 4 pounds of trash per day, approximately 55% 

of which is buried in municipal solid waste landfills. Once full, these landfills are closed, sealed, 

and maintained according to the United States Environmental Protection Agency’s standards and 

regulations, and then monitored or remediated as necessary. There is great interest in putting closed 

landfills to some sort of productive use—particularly via agricultural activities. This project was 

commissioned by the City of Tucson Environmental Services Department as a part of an effort to 

explore ways to reuse one or more of the 16 landfills it manages in the Tucson metropolitan area. 

The objective of this project was to assess the feasibility of using a closed and sealed landfill to 

support safe goat browsing.  

A site investigation was conducted at the Harrison Landfill in Tucson, Arizona to assess 

the site’s history and to characterize the soil quality and uptake of deleterious metals by the 

following plants commonly observed at the landfill: buffel grass (Pennisetum ciliare), desert 

broom (Baccharis sarothroides), Russian thistle (Salsola kali L.), creosote (Larrea tridentata), salt 

cedar (Tamarix ramosissima), and four-wing salt brush (Atriplex canescens). Site characterization 

data were combined with goat browsing and plant consumption patterns to determine exposure 

risks.  

It was observed that soil concentrations of metals (Al, Ag, As, Be, Ba, Fe, Co, Cu, Cr, Cd, 

Fe, Mn, Ni, V, Se, Mo, Sn, Sb, Pb) did not exceed Arizona Department of Environmental Quality’s 

soil remediation standards. Furthermore, salt cedar, willow baccharis, buffel grass, Russian thistle, 

desert broom, creosote, and four-wing saltbush contained metal concentrations that fell well within 

maximum tolerable levels (MTLs). This project determined that, after soil and plant assessment, 

urban, arid landfills in general may be safely used for economic development through agricultural 

grazing ventures.   

1. Introduction  
1.1 Explanation of Format 

This report examines the City of Tucson, Arizona’s Harrison Landfill and assesses the 

feasibility of using the land to support browsing goats. The document includes a literature review 

of landfill regulations controlling operation and closure, pollution created by active and closed 

landfills, typical plants that might grow on an arid landfill, patterns of metal uptake by those plants, 

and how goat consumption of those plants might affect the health of a goat foraging on a sealed 
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landfill. Appendix A outlines Harrison Landfill’s history—how it was capped, its remediation and 

monitoring process, its upkeep, and a vegetation assessment of what currently grows on the site. 

Appendix B contains the current study research manuscript and describes the methodology, results, 

and conclusion of the Harrison Landfill site assessment and investigation into safety for browsing 

goats.   

1.2 Statement of the Problem 

 When working with closed landfills—especially those built before the EPA municipal solid 

waste landfill regulations went into effect in 1993—there is uncertainty regarding whether the top 

soil and plants have been contaminated by the buried waste below. Before any closed landfill is 

redeveloped or, in this case, repurposed, it is essential to perform a site characterization and risk 

assessment before proceeding.  

 This document answers the question: Can the Harrison Landfill site be safely used for 

agricultural graze land? 

1.3 A Literature Review of Arid Landfills: Waste Handling, Contamination, Post-Closure 

Care, Revegetation, and Grazing  

1.3.1 Impact of Solid Waste Landfills on the Environment 

 It is widely known that municipal solid waste landfills, especially those created within the 

20th century and before many environmental protection regulations were put in place, contribute 

to environmental pollution. Organic content in landfills makes up a large portion of the waste, but 

there is also inorganic waste that can pollute the surrounding environment. Metals disposed of are 

a direct source, but another contributor is materials from the last century that might currently be 

outlawed but weren’t at the time they were thrown out. Lead-based paint is a good example of 

such a material. These types of waste materials can contribute to elevated concentrations of metals 

in the soil, water, and plants in the general vicinity of the buried waste. Although it’s widely known 

that landfills pose a threat to their surrounding environments, Gworek et al. (2016) studied the soil 

and groundwater in the vicinity of Poland’s largest landfill and found no concentrations of heavy 

metals that significantly exceeded the background soil concentrations in Polish sandy soils 

(Pendias 2001, Gworek et al 2016). Furthermore, grasses grown in the vicinity of the Polish landfill 

did not accumulate trace metals in concentrations that exceeded soil concentrations. This result 

could indicate feasibility for using Tucson’s Harrison Landfill site for graze land if the conditions 

prove to be similar.  
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 Organic pollution is also a common concern in landfills.  Microbes can degrade this organic 

material, which leads to the formation of gas—primarily methane (CH4) and carbon dioxide (CO2) 

(El-Fadel et al. 1997). During the first years after a landfill closes, so much methane is produced 

that it must be burned off to prevent contamination of the local ecosystem.  

The percolation of rainwater through waste removes soluble materials, forming leachate 

(El-Fadel et al. 1997). This leachate can reach the underlying groundwater and carry waste 

pollution with the flow gradient. Depending on what types of pollutants are in the leachate, this 

could be dangerous for drinking water pumped from groundwater in the vicinity. It is for this 

reason that the United States Environmental Protection Agency (US EPA) requires that landfill 

construction includes a liner that enables a leachate collection system to prevent it entering the 

groundwater (40 CFR 258.61) Although leachate contamination of groundwater may pose a threat 

for newly closed landfills, it’s been shown that over time, concentration of organic pollutants in 

leachate decreases. Changes in leachate’s inorganic pollutants, though, may depend more on 

seasonal fluctuations than on age of the waste (Kulikowska et al. 2008). Another study found 

leachate from sites 5-15 years old to be contaminated with organics, salts, and heavy metals (Al-

Yaqout et al. 2003). But it’s important to note that those sites, located in Kuwait, had been 

receiving an assortment of waste that would have been sorted properly in the U.S. and disposed of 

in separate vicinities, depending on the hazard level of the waste.  

 Besides their production of organic compounds, landfills pose a threat in the form of 

inorganic pollutants, especially heavy metals. According to 40 CFR 258.61, landfills should be 

constructed with a lining to keep contaminants from leaching into the surrounding environment; 

however, Harrison landfill was constructed with only a compacted soil cap layer. Kugler et al. 

(2002) tested the efficiency of clay lining in retaining heavy metal concentrations and preventing 

percolation into the surrounding environment. The study found that even after 10 years of landfill 

operation, the clay lining had retained a significant amount of heavy metal concentrations 

compared to the background concentration in natural soil. This shows that it is quite possible for 

the compact clay lining at the Harrison Landfill site to have standard background concentrations 

of metals by ADEQ standards, given that Harrison has a compact soil layer burying its waste as 

well (Final Report for the Harrison Landfill Final Construction Cover Phases I and II, Vector 

Engineering, Inc January 1999). ADEQ has a reported a list of natural concentration ranges of 

metals in Arizona soils. According to that database, natural As concentrations range from 0.02-

97mg/kg, Cd from 1-10mg/kg, Cr from 3-1,500mg/kg, Pb from <7-700mg/kg, Hg from <0.01-



 9 

4.6mg/kg, Zn from 10-2,000mg/kg, and Cu from 2-300mg/kg (Earth Technology Company, 

1991). The United States Geological Survey (USGS) also has metal concentration standards for 

soils nationwide (Smith et al. 2013). If the Harrison landfill site has metal concentrations above 

standard background concentrations for Arizona, phytostabilization efforts should be made before 

the site can support grazing animals.  

1.3.2 Arid Landfill Revegetation Strategies 

The Harrison Landfill site is an arid climate that receives about 10-12 inches of rain per 

year (National Weather Service, 2016) meaning the soil has less available water, organic matter, 

and nutrients (Brady and Ray, 1999) to aid the revegetation process. There is evidence, however, 

that closed landfills provide nutrients that aid in plant growth. Anikwe and Nwobodo (2002) 

studied dump soil in Nigeria in comparison to non-dump soil. They found that the dump soil had 

higher cation exchange capacity, total nitrogen, and organic matter than the non-dump soil. There 

is also conflicting data reporting that landfill gas and landfill leachate can adversely affect soil 

health by replacing oxygen in soil pores (Marton, 1996).  

Aguilar et al. (1998) compared the biomass/foliage cover of plants grown on a landfill 

cover under several application treatments, including dairy manure, cobble mulch, biosolids, and 

green waste and found that grasses studied grew best with cobble mulch ground cover. Cobble 

mulch involves the application of large gravel and stones to retain moisture in the soil (Carleton et 

al. 1997). Bean et al. (2004) conducted a study on revegetation of hot desert land near Buckeye, 

Arizona and found that a combination of transplanting well established plants grown in container 

stock to the desert and irrigation via a drip system led to the most successful revegetation. They 

also found that direct seeding in this climate, without watering or plenty of rainfall, is likely to fail. 

If active planting at Harrison landfill is to occur, it is most likely that an irrigation system will need 

to be installed to ensure the success of the new vegetation. To save time and money, the site could 

possibly be artificially irrigated with water trucks rather than a systematic installation of water 

lines.  

One concern when revegetating a landfill site is the depth of roots and the possible 

penetration of the cap layer over the buried waste. At the Harrison site, the waste is buried under 

a total of 30 inches (~76cm) of soil (18-inch condensed soil layer and a 12-inch erosion layer). 

According to Marton (1996), grasses and wildflowers are the better option in revegetating a landfill 

because of their widespread erosion control and reduced threat to waste cap below, especially 
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compared to woody plant roots. A study by Holl and McStay (2014) followed the roots of 

Chaparral shrubs for 16 years that were grown on soil over a geosynthetic landfill liner and 

determined that the shrub roots never penetrated it. The study was conducted in Monterey County, 

California—a temperate climate with sandy soils that are low in organic matter. The liner was a 

40-mil polyethylene geo-membrane buried under 65 cm of soil. Since most chaparral roots only 

reach about 60-70cm in depth, they did not reach nor penetrate the lining. Importantly, it’s also 

been shown that roots of woody plants bend and grow horizontally to avoid penetrating clay caps 

as well (USEPA 2006, Robinson and Handel 1995). Research on woody plant roots growing on 

top of the Brookfield Sanitary Landfill in New York showed that even taproots did not penetrate 

the clay cap (Robinson and Handel, 1995). It is reasonable to assume that chaparral shrubs and 

other woody plants growing at the Harrison site will not penetrate the buried waste that is greater 

than 70 cm below the surface. There is no geosynthetic membrane, but the compacted soil cap 

resembles that of a clay lining. 

1.3.3 Plant Uptake of Contaminants and the Effect on Livestock 

1.3.3.1 Uptake 

In the past, lead-based paint was a regular ingredient in paints and pigments in common 

household items. Products with higher than 0.06% lead were banned from residential use in 1978 

(USEPA, 1998), but there was no law regulating the disposal of household objects colored with 

lead-based paint. Landfills that were in operation before 1978, therefore, are likely to contain lead-

contaminated municipal waste. It’s been found that trace metals like Pb, Cd, and As are common 

contaminants in landfill sites (Yaqout et al., 2003; Amusan et al. 2005). Amusan et al. (2005) 

analyzed crops grown in dump and non-dump soil near a landfill in Nigeria and found that crops 

grown in dump soil had high concentrations of Zn, Fe, Co, Cu, and Pb in their biomass. The dump 

in that study was not sorted or regulated at the same level as landfills in the U.S., but the results of 

the study do illustrate a pattern regarding buried waste and soil/plant contamination. Another study 

by Kamal et al. (2016) studied plants grown on landfill soil in Bangladesh and found that on 

average, the concentrations of metals in the plant biomass fell in the following decreasing order: 

Zn<Ni<Mn<Cu. Cu can be phytotoxic at concentrations above 20 mg/kg ((Pivić et al. 2013; Kamal 

et al. 2016), and Kamal et al. (2016) found Cu levels higher than 20mg/kg in two plant species: 

water spinach and buffalo spinach.  
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If soil at Harrison Landfill is contaminated with Pb and other metals, the plants currently 

growing at the site could be taking it up into biomass (Pendias, 2004). Additionally, plants often 

take Pb into their roots in higher concentrations than in shoots. Translocation from roots to shoots 

is often only 30% or less (Begonia et al 1995). For sites where the aim is to remove trace elements 

from soil, plants that are known to accumulate or hyperaccumulate metals (when a plant 

accumulates a compound in higher concentrations in its shoots than in its roots) are a smart 

remediation choice. But for a site where the goal is to support grazing animals, having plants that 

hyperaccumulate could pose a threat to the health of those animals. Fortunately, Pb in 

contaminated soils can be tied up in organic matter and clay and can also form insoluble Pb 

carbonates and hydroxides in the soil. This makes Pb largely unavailable for uptake by plant roots 

in alkaline soil environments.  

 The goal at Harrison, assuming the soil is contaminated, is to utilize phytostabilization 

techniques instead of phytoremediation. Phytostabilization utilizes plants that contain metals to 

the soil and rhizosphere without taking them up into their biomass (Mendez and Maier, 2008). 

Since phytostabilizing plants prevent the translocation of metals in the soil into the air and plant 

biomass, it makes for a good solution to areas where the goal is to use land for graze land.  

1.3.3.2 Plant Uptake with Consideration to Grazing Animals  

When considering plants to use in this project, it is important to consider the diet 

preferences of goats (part of the Bovidae family, along with sheep and cattle). It is also crucial to 

consider what plants might pose a metal toxicity threat to the animals.  

When grazing, goats show preference in vegetation. They tend to prefer low, shrub plants, 

followed by herbs, then grasses (Foroughbakhch et al. 2013). A study by Sidahmed et al. (1982) 

observed goats grazing habits in California to determine the specificity of Spanish goat’s preferred 

plant parts in an area of chaparral vegetation. They found that goats try to avoid the parts of shrubs 

with high cell wall content, cellulose, and low nitrogen. More so than other grazing animals, goats 

showed a “preference for the leaves and outer twigs of woody plants.” Furthermore, the study 

found that the goats preferred scrub oak (Quercus dumosa), chamise (Adenostoma fasciculatum), 

and Manzanita (Arctostaphylos glandulosa) in that order. Although that specific species of scrub 

oak in the study is only native to California (USDA plants database), a close relative, Quercus 

turbinella, is a scrub oak native to most of the southwestern states, including both Arizona and 
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California. Therefore, Quercus turbinella may be a reasonable alternative to consider planting at 

the Harrison site.  

Besides selecting plants that are known to be consumed by goats, it’s also important to 

avoid growing plants that accumulate or hyperaccumulate metals, for they could pose a threat to 

animal health. A unique trait in goats is that they are often undeterred by thorny plants that would 

be refused by other grazing animals. Catclaw Acacia, for example, is a thorny plant native to the 

Arizona desert that is also consumed by goats (Bower and Wignall, 1993). According to a study 

by Solís-Dominguez et al. (2012), catclaw acacia does not accumulate metals to the point of 

maximum tolerable levels (MTLs) for cows and sheep (which are of the Bovidae family along 

with goats). Prickly pear is another spiny plant living at the Harrison site that can be consumed by 

goats. According to El Hayek et al. (2017), Opuntia ficus-indica, or Ofi (a strain of prickly pear 

introduced to many southwestern states and of the same family of stains indigenous to Arizona) 

will accumulate Pb if grown on contaminated soil. Hayek et al. (2015) also examined the same 

species for its ability to indicate air pollution by accumulating particulates that land on its cladodes 

(flat, photosynthesizing pads of a prickly pear). The study concluded that Ofi “readily 

bioaccumulates Pb.” Russian thistle is another prominent, spiny plant at the Harrison site that could 

accumulate metals from soil (Vodyanitskii and Savichev, 2014). Guadalupe et al. (2004) showed 

that Russian thistle (also referred to as ‘desert tumbleweed’) accumulates Cd throughout its 

biomass with no real translocation restrictions. Russian thistle is also known to accumulate nitrates 

at levels possibly toxic to animals when fertilized with N (Parker 1972, Hageman et al 1978). 

A study in the United Kingdom analyzed four post-municipal-waste-landfills for 

potentially toxic metals (PTMs) in the soil and plants and the possible implications for grazing 

animals. In general, the PTM concentrations in the soil were in the following order: 

Al>Ni>Pb>Zn>Cu. Tall oat grass (Arrthenatherum elatius) accumulated the smallest 

concentration of PTMs in its shoots, while creeping cinquefoil (P. reptans) and a flowering pea 

plant (L. corniculatus) accumulated the most (Green, et al 2014). Tall oat grass, then, which has 

been introduced to Arizona but is not native (USDA plants database), could be explored as a 

possibility for the Harrison landfill.  

Grasses, however, can be known to have deep rooting systems, ranging up to 800+cm in 

depth (Foxx et al. 1984, Anderson 2003). Since the waste at the Harrison Landfill site is buried 

only 76cm below ground surface, it is possible that the currently growing grass species are 

penetrating into the waste layer if they are able to grow through the compact soil cap. A thorough 
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chemical analysis of grass samples growing at Harrison will be conducted to test for contamination 

of the grass biomass.  

Haque, et al. (2008) conducted a study on phytoremediation properties of Desert Broom 

(Baccharis Sarothroides Gray) grown on mine tailings in Arizona and discovered that it 

hyperaccumulated Cu, Mo, Cr, and Zn in its shoots. Haque et al. (2008) specifies that 

hyperaccumulating plants take up higher concentrations in their above ground biomass/shoots than 

they do in their roots. Desert Broom grows successfully at the Harrison site, and if the plant indeed 

takes up heavy metals, it must be tested on Harrison landfill soil before it can be assumed safe for 

browsing goats. Solís-Dominguez et al. (2012) grew mesquite (Prosopis juliflora), catclaw acacia 

(Acacia greggi), buffalo grass (Buchloe dactyloides), Arizona fescue (Festuca arizonica), 

quailbush (Atriplex lentiformis), and mountain mahogany (Cercocarpus montanus) in varying 

compost-to-mine tailing ratios (10% and 15% compost) to examine the differences in metalloid 

extraction by the plants at different compost percentages. The study found that catclaw acacia was 

able to grow on composted mine tailing soil without accumulating concentrations of metals that 

would exceed MTLs for grazing animals. Mesquite, Catclaw acacia, and buffalo grass met the 

phytostabilization criteria in a 15% compost mixture and did not exceed MTLs for cows or sheep 

(Solís-Dominguez, et al. 2012; NRC, 2005). It is reasonable to assume that mine tailings have 

much higher concentrations of metals than landfill soil; therefore, mesquite, Catclaw acacia, and 

buffalo grass should be included as options for growth at the Harrison site. Ideally, plants chosen 

based on phytostabilization characteristics should be tested in greenhouse conditions in landfill 

soil to ensure that the site-specific conditions follow what is stated in the literature. Plants that can 

grow in landfill soil without taking up-taking metals biomass in concentrations exceeding MTLs 

would have satisfactory phytostabilization properties and be considered safe for grazing.   

To conclude this section, plants that could pose a threat to goats are Russian thistle, prickly 

pear, and possibly desert broom. Plants that have been shown to have phytostabilization properties 

that indicate safety for grazing are mesquite, tall oat grass (not native to Arizona but already 

introduced) catclaw acacia, and buffalo grass.  

1.3.4 Ground Cover and Slope Stabilization 

Ingestion of contaminated soil can be a significant source of an animal’s metal intake—

even exceeding that which comes from plant intake (Green, et al. 2014). Hence, it is important to 

cover, with vegetation, as much soil as possible—especially if the soil is significantly 
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contaminated. The more exposed the soil, the more opportunity there is for wind erosion, dust, and 

soil ingestion by animals.  

Another concern regarding using the Harrison site as graze land is the maintenance of the 

existing slopes. The waste footprint is shaped as a series of mounds in the center of the lot, and the 

waste is about 76cm below the soil surface. If trampling by animals causes that soil to erode, 

especially along the slopes, it is possible that the waste below could be exposed. Therefore, it is 

important to make sure that the slopes are stabilized—either with stones, vegetation, or a 

combination or both.  

 There needs to be a balance, however, of obtaining the most effective erosion control while 

avoiding plants with deep root zones that could penetrate the compact soil layer covering the buried 

waste 76cm below the surface. Some grass species (blue grama, for example) can have root depths 

up to approximately 2m (Anderson, 2003). This would be too deep for planting above the buried 

waste. A grass species with a shallower root zone, like mesquite grass—which grows to about 10-

25cm tall and is drought-resistant—might be a better fit for landfill revegetation because it’s less 

likely to compromise the waste soil cap.  

 Currently, the types of vegetation growing on the Harrison Landfill slopes are mostly 

shrubbery and grasses, which appear to be effectively keeping the soil in place.  If the grasses 

growing currently do not hold out under animal foot traffic, there are also erosion controlling 

grasses from the literature that could be possibilities for growth at Harrison. Vetiver grass 

(Vetiveria zizanioides), for example, has been studied for its erosion-controlling abilities. It is a 

grass that’s been known to have deep root systems of 1-3m (Haque, et al. 2008) though, so possibly 

not ideal for a study with a relatively shallow waste depth. However, Mickovski and van Beek 

(2009) closely studied vetiver in a Mediteranean setting and found that about 75% of the root mass 

stayed within the top 15cm of soil, and found an average root depth of 0.22 ± 0.01 m. Because 

Harrison Landfill’s waste is buried approximately 76 cm below the surface, this study indicates 

that vetiver could be a suitable plant for slope stabilization.  
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2. Present Study 

2.1 Introduction 

To date, about 95% of the world’s solid waste ends up in landfills (El Fadel et al. 1997). In 

the U.S. alone approximately 250 million tons of waste is produced annually, requiring the storage 

use of approximately 2,500 active landfills and 10,000 closed landfills (US EPA, 2017). If the 

United States used only one landfill, it would fill a 40-story building approximately 1,000 acres in 

size every year (Brain, 2018). Municipal solid waste landfills are often in close proximity to urban 

areas and are seen as a growing environmental threat. There are dangers surrounding the 

redevelopment of an historic landfill for commercial or residential use because decomposing waste 

produces methane, which is flammable. Besides the production of methane, landfills may also 

contain volatile organic compounds (VOCs), like tetrachloroethylene (PCE) and trichloroethylene 

(TCE).  

Once a landfill reaches capacity, it is closed and capped with an 18-inch (45cm) compact 

layer to prevent infiltration and an erosion layer that is habitable to vegetation (40 CFR 258.60). 

In some cases, the sealed landfill is revegetated via hydroseeding (Poteet and Pelham, 1994). Some 

closed landfill land is used for development—golf courses are commonly developed, but in some 

cases, closed landfills are turned into commercial buildings. For example, in 1986 a hotel was 

constructed on the site of the Proper Landfill in Tucson, Arizona (Romano et al. 1997). Buildings 

located on previous landfills must be fixed with proper ventilation and gas pumping to safely 

handle the land’s methane production.  

Conversely, municipal landfill redevelopment efforts try to convert a previous landfill into 

a productive, open space—whether it’s used for a park, a garden, a chicken coop, a farm, or in this 

case, graze land. Turning closed landfills into open green space is not a new idea. For example, as 

part of a growing movement toward developing urban green space, New York City repurposed the 

Fresh Kills landfill on Staten Island to turn the 2,200-acre site into a park (Johnson, 2003).  

One concern for public green space over a landfill is the potential for plant roots to 

penetrate the waste cap. It’s been shown, however, that woody plant roots bend and grow 

horizontally to avoid penetrating compact clay caps (USEPA 2006; Robinson and Handel, 1995). 

Another study by Holl and McStay (2014) followed the roots of chaparral shrubs in a temperate 

climate for 16 years in soil over a 65cm-deep geosynthetic landfill liner and determined that the 

roots never penetrated the liner. In the case where a closed landfill is being assessed for use as 
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graze land, it is especially important that the plant roots do not penetrate the waste, and that the 

plants do not become contaminated by polluted topsoil because the safety of the grazing animals 

depends on the integrity of the plants.  

Landfill redevelopment for agricultural productivity has been researched in other parts of 

the world with mixed results. Green et al. (2014) concluded that places where historic landfills 

have been repurposed for grazing are generally safe for the grazers, but the animals are still 

exposed to higher metal ingestion rates than they might be in rural conditions. Depending on a 

landfill’s waste intake regulations, it could have varying degrees of contamination. Landfill soils 

can have extremely elevated concentrations of metals (Anikwe et al. 2002; Gupta et al. 2011), 

which can directly affect the concentrations of metals in crop biomass (Amusan et al. 2005; Tesfai 

and Dreshner, 2009).  Another study in Eritrea focused on crops grown in landfill soil and observed 

that although the landfill soil improved the fertility of farmers’ fields, it had alarming 

concentrations of heavy metals (Tesfai and Dresher, 2009). Conversely, Gworek et al. (2016) 

studied heavy metal concentrations in soil, plants, and water in the vicinity of a Polish municipal 

solid waste landfill and observed the concentrations to be the same as natural concentrations 

offsite.    

 If browsing animals, such as goats, are exposed to high metal concentrations, those metals 

may cause harm the goats as well as human health. Goats raised in the proximity of an industrial 

area in Bengal, India showed elevated levels of heavy metals in their tissues (Kar et al. 2015). The 

second concern is the safety of a potential human consumer of goat by-products. Kazi et al. (2016) 

determined from a study conducted in Tharparkar, Pakistan that As levels in goat drinking water, 

goat milk, and scalp hair of children consuming the goat milk are all positively correlated.  

Due to increased interests in urban agriculture and to inform landfill redevelopment 

activities, the site assessment efforts need to be informed by the proposed method of repurposing. 

For redevelopment efforts aimed at agriculture and animal grazing, it is critical to assess soil 

quality, inventory the plants successfully growing on the selected landfill, and to determine 

whether those plants translocate elements of concern (in this case, metalloids and heavy metals) 

into their biomass. This project aimed to understand the accumulation patterns of the plants 

growing at the Harrison Landfill site in Tucson, Arizona. The site characterization data was 

incorporated with known goat grazing behavior to determine whether goats relying on the plants 

at the landfill site would be at any risk of metal toxicity.  
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 2.2 Research Objectives 

This project aimed to understand the accumulation patterns of the plants growing at the 

Harrison Landfill site in Tucson, Arizona, and to compare that data with goat grazing behavior to 

determine whether goats relying on the plants at the landfill site would be at any risk of metal 

toxicity. The main objectives were as follows: 

• Assess the extent of metal contamination in the Harrison Landfill site topsoil 

• Calculate the bioaccumulation factor of metals into the plants growing on site 

• Determine browsing goat ingestion rates of metals and compare these rates with MTLs to 

determine risk factor.  

• Assess the risk to goats and propose steps necessary to make Harrison Landfill safe to use 

as graze land.  

 

2.3 Conclusions and Research Implications 

 This study concluded that the Harrison Landfill site in Tucson, Arizona could safely be 

used for graze land, but with one modification. The landfill topsoil had concentrations of metals 

well below the Arizona Department of Environmental Quality remediation standards, and even 

below the offsite soils sampled for controls. Of the plants analyzed, some hyperaccumulated select 

metals (desert broom: Se and Zn; four-wing saltbush: Zn, Se, Cd, and Sn; buffel grass: Sn; and 

Russian thistle: Cd, Se, Sn, and Zn).  

 Regarding goat health, no diet available to a goat on the Harrison Landfill site presents 

metal intake rates that exceed goat MTLs. The study concludes that the Harrison Landfill site can 

be used to safely support goat grazing. These results imply that other arid landfills may be used 

for agricultural graze land after soil and plant analysis methods are coupled with health risk 

assessment for the grazing animals, and determination of safe metal ingestion rates has been 

confirmed. 
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Appendix A: Harrison Landfill Site History 

 

1. Introduction to Municipal Solid Waste Landfills  
Municipal solid waste landfills (MSWLFs) must follow a set of guidelines set by the U.S. 

Environmental Protection Agency (EPA) in 1993. These guidelines say that generally, MSWLFs 

must be located in a geologically suitable area, not in the vicinity of a wetland, surface water, fault 

lines, or floodplains. Before operation, there should be a geomembrane lining in place that prevents 

leachate from reaching the groundwater below. There should also be a leachate collection system 

in place to prevent release into the surrounding ecosystem. Landfills also require a groundwater 

monitoring system to alert operators if there is waste material escaping into and contaminating 

groundwater. Section §258.40 of subpart D of the 40th Code of Federal Regulation states that, for 

new MSWLFs, the bottom of the landfill must at least have a composite liner consisting of a high-

density polyethylene membrane liner and a 2ft thick layer of soil compacted to achieve an 

infiltration rate no greater than 1x10-7cm/sec. Paragraph (e) states that if the EPA did not 

promulgate “a rule establishing the procedures and requirements for State compliance with RCRA 

section 4005(c)(1)(B) by October 9, 1993, owners and operators in unapproved States may utilize 

a design meeting the performance standard in §258.40(a)(1)” if they comply with subpart D, they 

petition the EPA to examine their standards, and if the EPA approves the state’s plans.  

In addition to the physical structure of the landfill itself, there are regulations controlling 

what types of waste are accepted. Some household materials, such as paints, cleaning chemicals, 

motor oil, batteries and pesticides are banned from municipal landfills because they are considered 

hazardous. Instead, they can be dropped off at hazard waste facilities that will dispose of them 

safely (40 CFRs 258.2 and 261.3).  

2. Harrison Landfill Site History  

2.1 Operation and annual input 
The Harrison Landfill operated from 1972 to 1997 and is now closed and sealed. The 

sealing of Harrison Landfill consisted of leveling and scaling the waste, burying with an 18-inch 

layer of soil compacted to an infiltration rate of 1x10-5cm/sec, and topped with a 12-inch erosion 
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layer, which is composed of fertilizer, hydroseed, and mulch. With this combination, the waste is 

buried approximately 30 inches below the surface, or about 76cm. There is no lining around and 

beneath the waste, reaching to approximately 100ft deep. The lack of lining (which is now a 

protocol for modern landfills) means that landfill leachate and contaminants in the gas phase can 

travel through the vadose zone beneath the landfill to the groundwater, located approximately 

250ft below ground surface (and has been sinking at a rate of approximately 1.8ft per year since 

1998) (City of Tucson Environmental Services, 2016). These transport concepts can be visualized 

by referring to Figures A and B.  

Figure A 

 
Figure A: Shown above is a profile view of the landfill as seen from the south. The image shows the approximate 
locations of the property’s two retention basins and the direction of runoff flow toward those basins. The graphic also 
shows the underground layout of the buried municipal solid waste, the soil, and the groundwater. Importantly, the 
graphic shows the downward migration of volatile contaminants through the vadose zone toward the groundwater.  
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Figure B 

 

Figure B: The image above illustrates an approximation of the profile view of buried municipal solid waste as viewed 
from the west. The graphic illustrates the runoff dynamic at the western retention basin. The light blue arrows represent 
the approximate downward migration of VOCs in the gas phase.   
    

Tucson’s currently active landfill is Los Reales, which has operated since 1967. Los Reales 

receives approximately 1500 tons of waste per day. Since the City of Tucson had two active 

landfills during Harrison’s lifetime, it can be assumed that the amount of waste received per day 

at Harrison was less than 1500 tons. The waste footprint covers approximately 60 acres of land.   

During Harrison Landfill’s years of operation, waste intake protocols prevented the 

acceptance of hazardous waste into the site. Such protocols included random inspection of 

incoming loads, inspection of suspicious loads, employee training to recognize hazardous waste, 

recordkeeping, notification of EPA or ADEQ if hazardous waste or polychlorinated biphenyls 

(PCBs) are recovered at the site, and procedures for the handling of abandoned hazardous waste 

and PCB waste. In the United States, the Resource Conservation and Recovery Act (RCRA) 

defines hazardous waste and outlines the types of hazardous wastes in Subpart D of 40 CFR Part 

261. A list of waste accepted at Harrison includes: “Municipal solid waste, construction debris, 

green waste, large appliances (with chlorofluorocarbons (CFCs) removed), automobiles (only 

accompanied by dismantling permit from State Department of Motor Vehicles), dead animals (pet, 

farms, pounds), petroleum-contaminated soil (solid waste only—not special waste), containers 
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(clean, perforated), industrial waste (only non-hazardous solid waste), medical waste (properly 

disinfected and/or containerized)” (Solid Waste Facility Plan, 1996).  

Due to the existence of these protocols, it can be assumed that the waste buried at Harrison 

Landfill is non-hazardous—within reason—compared to landfills with no protocols.  

2.2 Landfill Closure Laws 

40 CFR 258.61 outlines codes for operation and requires a post-closure care (PCC) period 

for closed municipal solid landfill sites. The EPA does not provide strict guidelines for determining 

completeness of PCC. This gives the opportunity for individual state departments of environmental 

quality to determine the completeness of landfill post-closure care. For the Harrison Landfill site, 

the concentration of contaminants in the groundwater must be beneath Arizona Water Quality 

Standards (AWQS) set by ADEQ. Since Harrison landfill’s closure in 1997, the site has been 

sealed with an infiltration layer and an erosion/vegetative layer. A hydroseed mixture was sprayed 

onto the land in an attempt to vegetate the bare soil. According to the succession of Google Earth 

images shown below (1992-2015, dates shown in upper left corner of each photo), the site has 

revegetated to a much greener state from about 2013-2016 than it was over the past decade, from 

approximately 2000-2012. Today’s vegetated state of the landfill shows that either the hydroseed 

was successful, or a natural process of vegetation progressed since the landfill’s closure.  

2.3 Testing and Analysis of Waste Refuse 

 To characterize Harrison Landfill’s waste and soil, samples were collected on April 13, 

1999 during drilling for monitoring well construction (Bentley and Tang, 1999). A shovel-sized 

sample of waste from the air-rotary drill rig cyclone (being used to dig wells) was collected from 

every 10ft of depth starting just below cap. Refuse was analyzed for temperature, pH, bulk density, 

moisture content, and waste composition.  

The pH was found to be constant with depth up until about 50-60ft below land surface 

(bls), where the samples were mostly refuse material and very little soil, and the pH increases. pH 

decreases again at 70-80ft bls. Analysis of pH shows a range from about 8.1 at top of landfill to 

about 7.4 at 70ft bls. This is a relatively high pH for soils. This could indicate the landfill being in 

a methane formation stage.   

Moisture content was highest at 20ft bls, “probably due to large wood component of that 

sample,” and is high also at 50ft bls “where wood and foam predominate” (Bentley and Tang). 
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Wet and dry bulk density shows that the density of the waste is lower than that of the soil. 

The highest bulk density was reported at the top interval, where wood made up a large portion of 

the waste. 

Analysis of waste composition showed three fractions of trash: 36.7% biodegradable (such 

as cardboard, newspaper, etc.), 54.4% semi-biodegradable (plastics, rubber, textile, Styrofoam, 

wood), and 8.9% non-biodegradable (glass and metal). Gravel and soil were not counted as waste 

weight but made up about 89.2% of waste by weight nonetheless. No food waste was found in this 

analysis (Bentley and Tang). 

2.4 Landfill Cap: Design and Materials Used 

 In 1998, after waste excavation (the moving and shaping of waste to create drainage 

channels and to level slopes), an 18-inch soil infiltration layer (soil sourced from Los Reales 

Landfill in Tucson, Arizona) was placed onto the waste piles, moisture-conditioned, packed to 

95% of maximum dry density, and graded to make slopes smooth. The maximum infiltration rate 

requirement of this layer is 1x10-5 cm/sec (Final Report for the Harrison Landfill Final 

Construction Cover Phases I and II, Vector Engineering, Inc January 1999). 

In addition to the infiltration layer, an erosion/vegetative cover layer of 12 inches was 

placed over the top. This was made up of fertilizer, wood fiber mulch, and hydroseed. Other than 

these layers, there is no cap surrounding the waste.   

2.5 Characterization of Hydro-seeding Mixture 

To revegetate the sealed landfill, a combination of activities occurred. This combination 

involved a hydroseed mixture, a woodchip application, and a humus-based fertilizer. There is no 

evidence of any irrigation of the landfill cap during the revegetation process.  

Before applying the hydroseed, the soil was topically fertilized with a Humus-based 

fertilizer provided by Tierra Flora Products, based in Scottsdale, Arizona. The fertilizer had 5% 

total Nitrogen (present as ammonia nitrogen and urea nitrogen), 6% total Phosphorous (present as 

phosphoric acid and soluble potash), 1% Iron, 0.05% Manganese, and 0.05% Zinc. Humus content 

was 50% and humic acids were 35%. The guaranteed concentration of bacteria in the fertilizer was 

a minimum of 60.000 per 100 grams. The unit is not specified in the report by Tierra Flora 

Products.  

In addition to the fertilizer, wood fiber hydro-mulch (from Conwed Fibers, based in North 

Carolina) was added to the soil to aid in moisture content and water holding capacity of the soil to 
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help the hydroseed grow. The wood fibers are 100% wood and dyed with green vegetable dye “to 

aid visual metering during application.” The chips were guaranteed by Conwed to “contain no 

contaminants such as paint, varnish, printing ink, or other components inhibiting plant growth.” 

Conwed also guaranteed that the fiber had not been made from sawdust, paper, cardboard, or pulp 

or paper mill residue. Specifics of the wood fiber include that it had about 99% organic matter, 

about 1% ash content, a water holding capacity of a minimum of 1,000 grams of water per 100 g 

of fiber. The moisture content was an average of 12%, and the pH was about 4.8.  

The hydroseed was purchased from Granite Seed Com in Lehi, Utah, and was applied via 

spray technique over the soil.  

The mixtures contained seeds of the following plants (origin location in parentheses):  

 

Original Hydroseed Mix

 
Plains Bristlegrass (TX) 
Green Sprangletop (TX) 
Cane Beardgrass (AZ) 
Mexican gold Poppy (AZ) 
Arroyo Lupine (USA) 
Sideoats Grama (TX) 
California Bluebells (CA) 

 
Desert Indian Wheat (IN) 
Desert Marigold (USA) 
Desert Globemallow (AZ) 
Desert Senna (AZ) 
Purple Three-Awn (AZ) 
Rothrock Grama (AZ) 
Fourwing Paintbrush (NM)

 

Updated Hydroseed Mix (no origin data) 

 

Triangleleaf 
Bursage 
Withethorn Acacia 
Catclaw Acacia 
Purple Three-awn 
Four-wing saltbush 
Desert saltbush 
Desert Marigold 
Cane Beardgrass 
Needle Grama 
Sideoats Grama 

Rothrock Grama 
Desert Senna 
Brittlebush 
Green Brittlebush 
AZ Buckwheat 
Mexican Gold 
Poppy 
Snakeweed 
Burrow-weed 
AZ Poppy 
Creosote 

Green Sprangletop 
Bladderpod 
Indian Wheat 
Guayule 
Plains Bristlegrass 
Desert 
Globemallow 
Alkali Sacaton 
Sand Dropseed 
AZ Cottontop 
Desert Zinnia
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2.6 Stormwater Control 

To direct rainwater runoff away from draining off of the property, drainage channels were 

constructed throughout the site, leading to two retention basins on the northeast and northwest 

corners of the plot. The drainage channels are lined with 16oz non-woven geotextile and overlaid 

with 6in Reno mattress (wire basket type construction holding angular rocks within) filled with 

“rip-rap,” or “6-in angular rock. In addition to the drainage channels, there are down-chutes leading 

to the retention basins, consisting also of 16oz geotextile and wired rocks to prevent erosion. The 

two retention basins that lie in the north corners of the property are just outside the waste footprint.  

2.7 Monitoring and Remediation Activities 

Other than revegetating, the City of Tucson has monitored groundwater, soil vapor, and 

methane emissions since the landfill’s closure and seal. No leachate collection or monitoring 

system was installed because the landfill does not have a liner.  

2.7.1 Groundwater 

 Groundwater remediation at Harrison occurred semiannually from June 2001 to December 

2015. The contaminants of most concern in the groundwater were Volatile Organic Compounds 

(VOCs), most notably tetrachloroethene (PCE) and trichloroethene (TCE). Inorganic compounds 

barium, copper, iron, lead, manganese, and zinc were also monitored. Groundwater was pumped 

from a multitude of wells throughout the property and funneled to a treatment system within the 

site boundaries. The system involves two 4,500-pound granular-activated carbon (GAC) vessels. 

After running through this treatment system, the water was pumped back into the aquifer via 

injection wells on the north end of the landfill footprint.  

 Groundwater was pumped and treated until December of 2015, when levels of organic 

contaminants (PCE and TCE) were below Aquifer Water Quality Standards (AWQS) levels of 5 

micrograms per liter (µg/L) set by ADEQ. There was one well that reported high levels of lead, 

but this was ruled as being caused by high turbidity in the water sample. Upon achieving 

satisfactory concentrations of groundwater contaminants, the groundwater pump and treatment 

system shut down in December of 2015. The groundwater is scheduled to be monitored for rebound 

concentrations of VOCs. Monitoring will occur on a quarterly basis during the first year (2016) 

and semi-annually during the second year (2017) for rebound concentrations of contaminants. 
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Since 2001, approximately 90.51lbs of VOCs have been removed from the Harrison site 

groundwater, including about 12.57lbs of PCE and 4.18lbs of TCE. 

 According to an analysis of Harrison Landfill’s remedial options performed by Hydro Geo 

Chem, Inc in 1998, bioremediation was discussed as a remediation strategy both PCE and TCE in 

the groundwater. According to more recent reports, however, bioremediation was not actually 

utilized. (Microbial Assessment of Soils and Groundwater at Harrison Landfill, City of Tucson, 

Arizona. Jan 30, 1998).  

2.7.2 Volatile Organic Compounds (VOCs) in the Soil and Soil Vapor Extraction (SVE) 

 The soil vapor extraction system at Harrison Landfill is composed of three extraction wells 

(SVE-1, SVE-2, SVE-3), one injection well (SVI-1), and a vacuum/injection blower system to 

keep the vapor in motion. Discharge is treated with vapor phase activated carbon filters within the 

blower system, in the form of two 2,000lb carbon canisters that remove VOCs from the vapor that 

passes through. These canisters are located on the side of the vacuum blower system in order to 

minimize risk of a methane gas leak if a pipe cracks (Hydro Geo Chem, Inc., 1999).  The system 

is in place to remove VOCs, primarily PCE and TCE, but also including Methylene Chloride 

(DMC), cis 1-2, Dichloroethene (cis 1,2-DCE), and Vinyl Chloride (VC), from the area of 

approximately 90ft to 250ft below ground surface, or the soil between the base of the landfill and 

the groundwater. This system was in operation during two periods—1999 to 2002 and 2005 to 

2006 and has removed a total of 18,034lbs of total VOCs, including of 1,590 lbs of PCE during 

those periods of operation. Further soil vapor sampling was conducted in 2009 and assessed for 

concentrations that exceeded the remedial action objectives (RAO) developed by Hydro Geo 

Chem, Inc. (Hydro Geo Chem, 2001). The samples had satisfactory concentrations and did not 

approach the RAO concentrations for PCE, 11µg/L; TCE, 4 µg/L; VC, 135 µg/L; cis 1,2-DCE, 51 

µg/L; and DCM, 1 µg/L (Nancy Peterson, 2011).  

 Currently, the City of Tucson Environmental Services conducts triennial sampling of the 

soil vapor extraction wells. This testing is to ensure that soil vapor concentrations of VOCs do not 

surpass the site-specific RAOs developed for Harrison landfill. If VOC concentrations do exceed 

RAO values, those compounds could lead to contamination of groundwater to levels above AWQS 

mentioned previously. Well # SVE-3 consistently shows the highest concentrations of DCM, cis 

1,2-DCE, TCE, PCE, and VC. This well is located along the eastern border of property, 

approximately halfway between north and south end of the eastern gate. The fact that his well 
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shows higher concentrations indicates that any remaining contamination source that could possibly 

threaten groundwater quality lies within the waste on the northeast area of the footprint.   

2.7.3 Landfill Gas (LFG) Extraction 

 In 1998, the City of Tucson Solid Waste Management Department (SWMD) established a 

permanent gas collection and flare system to burn off the methane produced by the degradation of 

the buried waste. This system is in place to prevent diffusion of this methane to offsite locations. 

The collection and flare setup has run constantly from 1998 to now. Currently, methane levels are 

decreasing, causing the flare to extinguish every so often.  

 In addition to methane, this extraction system also collects VOCs directly from the buried 

waste, preventing the migration of those compounds into soil vapor and groundwater beneath the 

base of the waste. The City of Tucson Environmental Services department has not monitored the 

specific amounts of VOCs collected from this LFG, although it’s assumed that the mass of VOCs 

removed exceeds that of the mass treated via the SVE system because the LFG collection occurs 

directly from the buried waste (Collins, 2011).  

3. Current Condition of the Landfill  

3.1 Overview 

Harrison landfill operated between 1972 and 1997, when it was closed and sealed. The 

waste footprint was covered with an infiltration layer and an erosion layer, and then seeded for the 

purpose of revegetation with native seeds. The waste footprint is approximately 1800ft wide by 

2600ft long and 100ft deep.  

3.2 Informal Vegetation Assessment:  

 On Tuesday October 4, 2016, the general vegetation at the Harrison site, including areas 

off the waste footprint, was visually assessed. The site has varied vegetation, consisting mostly of 

yellow grasses between .15 and 1m tall, Russian thistle, several cactus species (including prickly 

pear, cholla, and barrel), desert broom, creosote, mesquite trees, palo verde trees, and bigelow 

sagebrush.  

 In general, dry grasses dominate the tops of the landfill site. At lower elevations within the 

site, following where rainwater runs off, plants become denser and greener. There are some 

evergreen trees growing within the western retention basin, along with buffalo grass, two species 
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that aren’t seen anywhere else within the property. The channels that carve throughout the site, 

sometimes cutting across the waste footprint, have a higher biomass as well, for they follow the 

path of rainwater drainage. Within these channels, high densities of desert broom, greener grasses, 

and mesquite and palo verde trees were observed, whereas most other areas within the site are dry 

and grassy with less overall biomass.  

 Along the slopes that border the two retention basins, grasses and Russian thistle 

predominate, with some mesquite trees scattered throughout. Desert broom dominates the steep 

drainage channels and downchutes in the corners of the retention basins. The bottoms of each 

retention basin are populated by trees larger than trees found in other areas of the site.  

 Since the landfill’s closing in 1997 and sealing in 1999, vegetative cover has significantly 

increased. See Figure B for satellite images that compare vegetative cover of the Harrison site over 

time. 

Figure C: Progressive Satellite Images of Harrison Landfill 
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Top row, left to right: May 1992, Oct 1996, Aug 2002, Sept 2003.  
Middle row, left to right: Sept 2004, May 2005, Dec 2006, Nov 2009 
Bottom row, left to right: Oct 2012, Nov 2012, Oct 2013, Nov 2015, Nov 2017  

Figure C: The Google Earth satellite images above catalog the vegetative changes over time at Harrison Landfill. 
According to these images, the site did not become significantly vegetated until about 2012. For the first decade of its 
being sealed, the site was mostly bare.  

 

3.3 Formal Vegetation Inventory: 

 The site of Harrison site was divided into 81 sections via a grid overlay on Google Earth. 

Using a random number generator, 10 of these grid sections were selected to investigate for 

vegetation type and quantity. After random selection, it was confirmed that the 10 grids covered a 

thorough variety of locations within the site. Two of the grids were located just beyond the waste 

footprint: one on the western slope of the west retention basin, the other near the southwestern 

border of the property.  

 The center of each selected grid was located via Google Earth, which provided the point’s 

latitude and longitude. Once at the site, a cellular GPS app was used to locate each point, and a 

1m2 section was identified and marked using 4 measuring sticks and a tape measurer. Within each 

section, photos were taken, and plant species were counted and described.  

The most common plant growing at the Harrison Landfill site is Buffel grass. Desert broom 

also has a significant presence, followed by four-wing saltbush, creosote, Russian thistle, prickly 

pear, and mesquite. Growing in the two retention basins and nowhere else are salt cedar and willow 

baccharis plants.   

 The formal vegetation inventory included an assessment of the characteristics of the plants 

at the landfill as well. Shown in Table A are the known characteristics of the plants successfully 

growing at the Harrison site.  
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Table A 

Harrison Landfill Plant Characteristics 

Plant Name Palatability* 

drought 

tolerance* 

growth 

rate* 

Literature-reported 

metal 

hyperaccumulation Source 

Buffel grass high high rapid -   

Four-wing saltbush high high slow Cd, Zn Lutts et al. 2004 

Creosote low high slow - 
 

Desert Broom low high - Cu, Mo, Cr, Zn Haque et al. 2008 

Mesquite high high slow - Solis-Dominguez, 2012 

Russian Thistle - - - Cd De la Rosa et al. 2004 

Salt Cedar - - - Pb, Cd Kadukova et al. 2008 

Willow Baccharis - - - - 
 

*Source: USDA plant database 
    

Table A: The table above displays the prevalent plants growing on Harrison Landfill and their characteristics 
according to the literature. Palatability refers to the ability by grazers to consume each plant, according to the 
USDA Plant database.  
 

3.4 August 2016 Inspection Site Summary  

 The inspection by Engineering and Environmental Consultants (EEC) Inc. observed the 

condition of the landfill in general, assessing the current state of the perimeter fence, the roads, 

drainage channels, retention basins, landfill earthen cap, gas extraction system (well-field and 

compound), gas monitoring wells, groundwater monitoring wells, remediation equipment, 

presence of any illegal dumping, and neighboring land uses.  

EEC concluded the report by recommending a few repairs to eroded locations within the 

site, which included some stretches of dirt road and the south and east walls of the western retention 

basin, which border the trash footprint (Engineering and Environmental Consultants, Inc., 2016).  

 



 33 

3.5 Summary of Current Condition 

 Whether due to hydroseeding or by natural vegetation succession, the Harrison Landfill 

site has grown a variety of plants since its closing in 1997 and sealing in 1999. It currently 

resembles the natural desert that surrounds it—supporting several grass and shrub species and 

some cactus and trees. The two retention basins on the north end of the property support larger 

trees and shrubs, presumably because of the higher water availability. The southern slopes of the 

retention basins support mostly Russian thistle, which grows directly above buried municipal solid 

waste. If these slopes erode, waste could be exposed in those locations first.   
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Abstract 
The average American produces approximately 4 pounds of trash per day, approximately 55% 

of which is buried in municipal solid waste landfills. Once full, these landfills are closed, sealed, 

and maintained according to the United States Environmental Protection Agency’s standards and 

regulations, and then monitored or remediated as necessary. There is great interest in putting closed 

landfills to some sort of productive use—particularly via agricultural activities. This project was 

commissioned by the City of Tucson Environmental Services Department as a part of an effort to 

explore ways to reuse one or more of the 16 landfills it manages in the Tucson metropolitan area. 

The objective of this project was to assess the feasibility of using a closed and sealed landfill to 

support safe goat browsing.  

A site investigation was conducted at the Harrison Landfill in Tucson, Arizona to assess 

the site’s history and to characterize the soil quality and uptake of deleterious metals by the 

following plants commonly observed at the landfill: buffel grass (Pennisetum ciliare), desert 

broom (Baccharis sarothroides), Russian thistle (Salsola kali L.), creosote (Larrea tridentata), salt 

cedar (Tamarix ramosissima), and four-wing salt brush (Atriplex canescens). Site characterization 

data were combined with goat browsing and plant consumption patterns to determine exposure 

risks.  

It was observed that soil concentrations of metals (Al, Ag, As, Be, Ba, Fe, Co, Cu, Cr, Cd, 

Fe, Mn, Ni, V, Se, Mo, Sn, Sb, Pb) did not exceed Arizona Department of Environmental Quality’s 

soil remediation standards. Furthermore, salt cedar, willow baccharis, buffel grass, Russian thistle, 

desert broom, creosote, and four-wing saltbush contained metal concentrations that fell well within 

maximum tolerable levels (MTLs). This project determined that, after soil and plant assessment, 

urban, arid landfills in general may be used for economic development through agricultural grazing 

ventures.   

1. Introduction 
  To date, about 95% of the world’s solid waste ends up in landfills (El Fadel et al. 1997). 

In the U.S. alone approximately 250 million tons of waste is produced annually, requiring the 

storage use of approximately 2,500 active landfills and 10,000 closed landfills (US EPA, 2017). If 

the United States used only one landfill, it would fill a 40-story building approximately 1,000 acres 

in size every year (Brain, 2018). Municipal solid waste landfills are often in close proximity to 
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urban areas and are seen as a growing environmental threat. There are dangers surrounding the 

redevelopment of an historic landfill for commercial or residential use because decomposing waste 

produces methane, which is flammable. Besides the production of methane, landfills may also 

contain volatile organic compounds (VOCs), like tetrachloroethylene (PCE) and trichloroethylene 

(TCE).  

Once a landfill reaches capacity, it is closed and capped with an 18-inch (45cm) compact 

layer to prevent infiltration and an erosion layer that is habitable to vegetation (40 CFR 258.60). 

In some cases, the sealed landfill is revegetated via hydroseeding (Poteet and Pelham, 1994). Some 

closed landfill land is used for development—golf courses are commonly developed, but in some 

cases, closed landfills are turned into commercial buildings. For example, in 1986 a hotel was 

constructed on the site of the Proper Landfill in Tucson, Arizona (Romano et al. 1997). Buildings 

located on previous landfills must be fixed with proper ventilation and gas pumping to safely 

handle the land’s methane production.  

Conversely, municipal landfill ‘redevelopment’ efforts try to convert a previous landfill 

into a productive, open space—whether it’s used for a park, a garden, a chicken coop, a farm, or 

in this case, graze land. Turning closed landfills into open green space is not a new idea. For 

example, as part of a growing movement toward developing urban green space, New York City 

repurposed the Fresh Kills landfill on Staten Island to turn the 2,200-acre site into a park (Johnson, 

2003).  

One concern for public green space over a landfill is the potential for plant roots to 

penetrate the waste cap. It’s been shown, however, that woody plant roots bend and grow 

horizontally to avoid penetrating compact clay caps (USEPA 2006; Robinson and Handel, 1995). 

Another study by Holl and McStay (2014) followed the roots of chaparral shrubs in a temperate 

climate for 16 years in soil over a 65cm-deep geosynthetic landfill liner and determined that the 

roots never penetrated the liner. In the case where a closed landfill is being assessed for use as 

graze land, it is especially important that the plant roots do not penetrate the waste, and that the 

plants do not become contaminated by polluted topsoil because the safety of the grazing animals 

depends on the integrity of the plants.  

Landfill redevelopment for agricultural productivity has been researched in other parts of 

the world with mixed results. Green et al. (2014) concluded that places where historic landfills 

have been repurposed for grazing are generally safe for the grazers, but the animals are still 
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exposed to higher metal ingestion rates than they might be in rural conditions. But depending on a 

landfill’s waste intake regulations, it could have varying degrees of contamination. Landfill soils 

can have extremely elevated concentrations of metals (Anikwe et al. 2002; Gupta et al. 2011). 

Which directly affect the concentrations of metals into crop biomass (Amusan et al. 2005; Tesfai 

and Dreshner).  Another study in Eritrea focused on crops grown in landfill soil and observed that 

although the landfill soil improved the fertility of farmers’ fields, it had alarming concentrations 

of heavy metals (Tesfai and Dresher). Conversely, Gworek et al. (2016) studied heavy metal 

concentrations in soil, plants, and water in the vicinity of a Polish municipal solid waste landfill 

and observed the concentrations to be the same as natural concentrations offsite.    

 If browsing animals, such as goats, are exposed to high metal concentrations, those metals 

may cause harm to the goats. Goats raised in the proximity of an industrial area in Bengal, India 

showed elevated levels of heavy metals in their tissues (Kar et al. 2015). The second concern is 

the safety of a human consumer of goat by-products. Kazi et al. (2016) found that As levels in goat 

drinking water, goat milk, and scalp hair of children consuming the goat milk are all positively 

correlated.  

Due to increased interests in urban agriculture and to inform landfill redevelopment 

activities, the site assessment efforts need to be informed by the proposed method of repurposing. 

For redevelopment efforts aimed at agriculture and animal grazing, it is critical to assess soil 

quality, inventory the plants currently growing on the selected landfill, and to determine whether 

those plants translocate elements of concern (in this case, metalloids and heavy metals) into their 

biomass. This project aimed to understand the accumulation patterns of the plants growing at the 

Harrison Landfill site in Tucson, Arizona. The site characterization data was incorporated with the 

goat grazing behavior to determine whether goats relying on the plants at the landfill site would 

be at any risk of metal toxicity. The main objectives were to: (1) Assess the extent of metal 

contamination in the Harrison Landfill site topsoil, (2) Calculate the bioaccumulation factor of 

metals in plants growing on the site, and (3) calculate browsing goat ingestion rates of metals and 

compare these rates with maximum tolerable levels (MTLs) (NRC, 2005) to determine risk factor.  



 38 

2. Methods 

2.1 Site Description 

 Harrison Landfill is located in southeastern Tucson, Arizona. It occupies approximately 

0.451sq. km of space and varies in topography. The landfill operated from 1967 to 1997 and was 

closed and sealed in 1999. The sealing of the landfill involved leveling the waste and burying it 

under 45cm of compact soil. Above the compact soil layer, there was placed a 30cm “erosion 

layer,” composed of mulch and hydroseed (Black & Veatch, 1996). 

Groundwater below Harrison Landfill was pumped and treated until December of 2015, 

when levels of all inorganic (Ba, Cu, Fe, Pb, Mn, Ca, Na, Zn, NO3-, and SO42-) and organic 

contaminants (PCE and TCE) were below Aquifer Water Quality Standards (AWQS) set by ADEQ 

(ADEQ Water Quality Standards, 2002). Soil vapor extraction operated during two periods: 1999-

2002 and 2005-2006 to remove VOCs—primarily PCE and TCE, but also Methylene Chloride 

(DMC), cis 1-2, Dichloroethene (cis 1,2-DCE), and Vinyl Chloride (VC), from the area of 

approximately 90ft to 250ft below ground surface, or the soil between the base of the landfill and 

the groundwater. Further soil vapor sampling was conducted in 2009 and assessed for 

concentrations that exceeded the remedial action objectives (RAO) developed by Hydro Geo 

Chem, Inc. (Hydro Geo Chem, 2001). The samples did not approach the RAO concentrations for 

PCE, 11µg/L; TCE, 4 µg/L; VC, 135 µg/L; cis 1,2-DCE, 51 µg/L; and DCM, 1 µg/L (Collins, 

2011). The landfill continues to burn off methane gas that is produced in the buried waste layer.  

Although these remedial objectives and actions are important for the environmental health 

of the landfill, they are not the focus of this study.  

Currently, the landfill’s main plant cover is composed of buffel grass, creosote, desert 

broom, Four-wing saltbush, and mesquite. Much of the vegetation today came from natural 

succession, for the hydroseed mixture applied did not contain any of the plants mentioned above.  
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Figure A: Aerial Image of Harrison Landfill 

 
Figure A: The photo above is a satellite image of the Harrison Landfill (Google Earth, 2016). East of the landfill is a 
mobile home park. To the south is an open expanse of land used for a bike path. To the west and to the north are small 
gaps with natural vegetation before there residential areas begin.  
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Figure B 

   
Figure B illustrates the profile view of the landfill’s underground schematic. The waste is buried under approximately 
76cm of top soil. Figure B shows the top of the landfill as well. The blue arrows depict the movement of surface water 
the event of a large rainfall. Shown on the right is a simplified schematic of the waste cover. The compact soil is 76cm 
thick, and the top ‘erosion layer’ (comprised of compost and hydroseed) is 30cm thick.  
 

2.2 Soil Sampling, Preparations, and Analysis 

 To determine sampling locations, a ten-by-ten grid was overlaid on the Google Earth map 

of the Harrison Landfill site and 46 sampling locations (individual grid boxes) were randomly 

selected using a random number generator. Each grid represented a 70m x 57m area. For statistical 

significance and due to the relatively low coefficient of variation of the site, 46 were taken at the 

site (Pennock et al. 2008). GPS coordinates were recorded for all locations.  

 Once on site, soil samples were taken using a truck-mounted drill rig. First, the 

predetermined GPS location of a sample was found. Then, the drill was attached to the rig and 

used to penetrate the soil to a depth of approximately 30cm. Once the 30cm hole was dug, the drill 

was removed from the rig and replaced with a hollow tube sampler, which collected soil as it spun 

into the ground to the same depth of 30cm. The sampler was then pulled up and the soil contents 

emptied into a large plastic bucket. This process was repeated 2-3 times per site, depending on the 

amount of soil successfully removed with each sampling.  

 The soil sample was transferred from the bucket into a labeled, brown paper bag held within 

a Ziploc bag, which was then sealed and stored in a cooler with blue ice until it reached the 
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laboratory. Between samples, the bucket was sprayed with 70% ethanol solution and wiped with 

a clean paper towel.  

 An additional sample was taken to a 76cm depth after the 30cm was taken at 15% of the 

sampling locations (N=5). The same process with the sampler was repeated in this second section 

of 30-75cm. These samples were labeled accordingly and kept separate from their 0-30cm 

counterparts.  

 Control soil samples were taken approximately 1 mile to the south of the landfill via shovel. 

The area did not permit motor vehicles, so the truck-mounted drill rig was not an option.  

 Once in the laboratory, each bagged soil sample was air dried and then sieved to 2mm 

diameter. Subsamples of the landfill soil were oven-dried to a constant mass at 105ºC. Then, each 

soil subsample was homogenized in a ball mill (8000D Mixer/Mill-Dual High-Energy Ball Mill, 

SPEX Sample Prep, Metuchen, NJ) and were subjected to acid digestion following EPA Method 

3051 (US EPA SW-846, 1986). Soil samples were treated with 1ml HNO3 and microwave 

(Company, Mars 6) digested for one hour.  

 Analysis of metal concentration was performed via inductively coupled plasma mass 

spectrometry (ICP-MS, Agilent 7500ce, Agilent Technologies, Santa Clara, CA) at the Arizona 

Lab for Emerging Contaminants (ALEC) at the University of Arizona. A National Institute for 

Standards and Technologies (NIST) standard 2710a (Montana Soil I) was analyzed to determine 

the accuracy of the ICP-MS. Two blanks were analyzed for quality control: an instrument blank 

with only nanopure water and an acid blank with 1ml HNO3 and 1ml nanopure water. Instrument 

and method detection limits for quality control are shown in Table A.  

!"# $
µ%
%
& = ("#	 *

µ%
#
+ ∗ (./012/34	567238) ∗ :

./%;<2	=301>;[#]
<6>A0;	>6<<	[%]

B 

Table A 

Element 

Analyzed 

Instrument Detection 

Limit (IDL) [µg/L] 

Method Detection 

Limit (MDL) [µg/g] 
Be 0.002 0.003 

Al 0.114 0.166 

V 0.033 0.048 

Cr 0.010 0.014 

Mn 0.018 0.026 

Fe 0.245 0.358 
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Co 0.002 0.002 

Ni 0.005 0.008 

Cu 0.008 0.011 

Zn 0.027 0.039 

As 0.050 0.073 

Se 0.363 0.530 

Mo 0.002 0.002 

Ag 0.003 0.005 

Cd 0.003 0.004 

Sn 0.002 0.002 

Sb 0.002 0.002 

Ba 0.002 0.004 

Pb 0.001 0.002 

Table A: This table lists the metals analyzed and their instrument and method detection limits.  

2.3 Plant Sampling, Preparations, and Analysis 

 At each soil sampling location, vegetation samples were also collected. Plants were snipped 

with pruning shears, collected into plastic Whirl Pak bags, and stored in coolers on blue ice until 

they could be transferred into a laboratory refrigerator.  

 All plants were washed in multi-bin system in nanopure water, and 15% of those plants 

were washed in an additional bin filled with a 5% HNO3 solution. Samples were shaken (with a 

gloved hand) underwater for 60 seconds in the first bin, transferred to the second bin, and shaken 

for an additional 60 seconds. For the 15% of samples that were also acid washed, which included 

at least one of each plant type, were shaken for 60 seconds in the third bin of 5% acid solution.  

 After washing, plant samples were photographed, weighed, and oven-dried to a constant 

mass at 60ºC. The dried plants were grinded in a coffee grinder and then acid digested and analyzed 

via ICP-MS as described above. The National Institute of Standards and Technology (NIST) 

references used were 2710a (Montana soil) and 1573a (tomato leaves). The plant samples were 

analyzed with the soil samples, and thus relied on the same blanks as described above for quality 

control.   
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2.4 Bioaccumulation Factor 

 Plants were sampled adjacent to each soil sample to determine the bioaccumulation factors 

(BAFs). BAFs were calculated by taking the metal concentration in the dry weight (DW) of each 

plant and dividing it by that metal’s concentration in the soil (DW).  
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2.5 Browsing Goat Risk Assessment 

To calculate the risk for browsing goats, the average goat was assumed to weigh between 

25-40kg (Rapetti and Baya, 2008) and eat approximately 3-4% of their body weight per day (0.45-

1.8kg) (Rapetti and Baya, 2008). To keep the risk assessment more conservative, calculations were 

made using the range of hypothetical goat weights, but the maximum hypothetical amount of plant 

consumed (1.8kg). Calculations of potential goat diets were based on goat plant preferences. 

Browsing goats have been shown to prefer woody shrubs over herbs and grasses (Journal of 

Animal and Plant Sciences, 2013). Specifically, they prefer approximately 80% woody shrub, 10% 

herbs, and 10% grasses. To take the conservative risk assessment approach, calculations of a 

variety of percentage diets of each of the plants growing at the Harrison Landfill were also done, 

including solely consuming each plant individually (100% buffel grass, 100% Russian thistle, 

etc.). Incidental soil ingestion at a rate of .3-.54kg per day was added to the calculations to create 

the most conservative assessment possible.  

 MTLs (NRC, 2005), which are modeled from extensive reviews of animal metal toxicity 

(NRC, 1980 and NRC, 2005), were used to calculate goat risk. Each plant’s metal concentration 

contributed to various estimations of total metal intake by goats given different browsing 

scenarios.  
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Table B 

Goat Diet Calculation Assumptions 

Combination A 80% four-wing saltbush + 20% buffel  

Combination B 40% four-wing saltbush + 40% creosote + 20% buffel  

Combination C 

60% four-wing saltbush + 10% desert broom +10% creosote + 

10% buffel grass + 10% Russian thistle 

Combination D 50% four-wing saltbush + 50% buffel  

Combination E 50% des broom + 30% Russian Thistle + 10%buffel grass 

Plant matter 

intake per day 
Goat weights 

Incidental soil ingestion 

per day 

1.8 kg 

25kg 
.30kg 

.54kg 

40kg 
.30kg 

.54kg 

Table B: The table above outlines the assumptions taken while calculating metal intake rates for the browsing 
goats. In addition to the plant combinations listed, a diet of 100% of each plant was also considered.  

 

3. Results 
 Below are the metal concentrations in the soil and vegetation at the Harrison Landfill. To 

obtain a clear picture of the distribution and potential risk posed by those metal concentrations, 

plant bioaccumulation factors were calculated to determine which plants are accumulating which 

metals and whether they are accumulating to risky concentrations. Finally, a risk assessment for 

browsing goats was calculated based on the metal concentrations in the plants and the varying diet 

possibilities provided by the site, including hypothetical diet extremes created to calculate the most 

conservative risk assessments.  
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3.1 Metals in Landfill Soil 

No soil sample from Harrison Landfill exceeded Arizona Department of Environmental 

Quality (ADEQ) remediation standards for non-residential soil (see Table C). Of particular interest 

were As, Pb, Al, and Cd, none of which were found at dangerous concentrations. Interestingly, 

metal concentrations in the offsite control soil samples were higher than the landfill samples in all 

metals analyzed. Within the Harrison landfill property, the two retention basins showed metal 

concentrations higher than that found throughout the rest of the site. See Table C for details.  

Table C 

 
Table C: The table above displays the relative metal concentrations in the Harrison landfill soil, the soil in its retention 
basins, the offsite control soil samples, and the Arizona state remediation standards at the non-cancer level 
(http://apps.azsos.gov/public_services/Title_18/18-07.pdf). Note—there are no remediation standards for V, Fe, Co, 
or Sb.  
 
3.2 Plant Uptake of Metals 

Several of the plants analyzed at Harrison Landfill showed hyperaccumulation of at least 

one metal. Russian thistle BAFs were 1.6, 2.0, 2.9, and 1.7 for Zn, Se, Cd, and Sn, respectively. 

Four-wing saltbush BAFs were 1.3, 2.4, 1.3, and 1.1 for Zn, Se, Cd, and Sn, respectively. Desert 

broom BAFs were 1.4 and 1.7 for Zn and Se, respectively.  

 

 

Element non-
carcinogen	
[mg/kg]

non-
residential	
[mg/kg]

Harrison	
Landfill		
[mg/kg]

Harrison	
landfill	
top	30cm

Harrison	
landfill		
30-76cm

Retention	Basin		
[mg/kg]

Offsite	controls	
[mg/kg]

Ag 390 5100 .012 (.004-.047) 0.013 0.013 0.057 (0.018-0.082) 0.065 (0.060-0.067)
Al 76,000 920,000 1430 (872-1840) 565 1620 20530 ( 5470-33500) 24,600 (19,100-29,200)
As 10 10 0.622 (0.362-0.866) 0.240 0.700 5.20 ( 2.80-7.52) 4.78 (4.06-5.24)
Ba 15000 170000 28.5 (15.9-46.4) 10.6 10.6 173 (64.3-268) 132 (111-144)
Be 150 1900 0.081 (0.052-0.122) 0.028 0.090 0.797 ( 0.268-1.30) 0.896 (0.754-1.04)
Cd 39 510 0.02 (0.01-0.03) 0.008 0.021 0.236 (0.110-0.366) 0.121 (0.105-0.135)

Cr III 120000 1000000**
Cr VI 65

Cu 3100 41000 1.90 (1.15-2.52) 0.787 2.04 19.3 (7.47-29.7) 16.3 (14.8-18.3)
Fe* - - 1490 (875-2900) 586 1590 1110 (6000-17700) 14,000 (11,900-15,200)
Mn 3300 32000 31.3 (18.8-59.6) 10.5 34.6 298 (133-471) 324 (297-347)
Mo 390 5100 0.25 (.0.12-0.45) 0.111 0.263 1.85 (0.754-4.53) 3.32 (1.74-4.43)
Ni 1600 20000 1.22 (0.76-1.49) 0.471 1.22 8.89 (3.75-13.3) 8.10 (7.00-9.15)
Pb 400 800 1.33 (0.82-3.04) 0.487 1.48 12.4 (5.51-18.4) 19.5 (10.9-25.5)
Se 390 5100 0.10 (0.05-0.21) 0.030 0.081 0.399 (0.251-0.580) 0.123 (0.006-0.302)
Sn 47000 610000 0.00 (0.00-0.01) 0.003 0.005 0.231 (0.090-0.511) 4.18 (0.336-6.42)
Zn 23000 310000 6.62 (2.94-38.3) 11.5 10.4 56.4 (19.9-87.1) 38.7 (34.5-43.3)

Metals	in	Soil:	Standards,	Landfill,	and	Control	

2.77 (1.83-4.50) 1.17 2.94 29.02 (26.8-33.01)19.7 (17.2-28.0)
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Table D 

Plant Type Metals Hyperaccumulated 
Creosote Cu, Mo, Sn (approximately same rates) 

Four-wing saltbush Se > Zn, Cd > Sn 

Russian Thistle Cd > Se > Sn, Zn 

Buffel Grass Sn 

Desert Broom Se > Zn 

Table D:  This table qualitatively displays the metals hyperaccumulated by the plants analyzed and are listed by order 
of decreasing bioaccumulation factors in each plant. Except for Creosote, which had similar BAF values for the three 
metals it hyperaccumulated.  

Figure C 

 
Figure C depicts the plants currently growing at Harrison Landfill and their calculated bioaccumulation values of 
each metal. Bars that exceed a value of one indicate a plant that hyperaccumulated a certain metal. (Bars that exceed 
1.0 indicate a metal that is hyperaccumulated). 
 

3.3 Grazer Intake Analysis and Risk Assessment 

Across the various dietary scenarios plausible for browsing goats at the Harrison Landfill 

site, no combination creates risk in any one specific metal analyzed. Ingestion rates of each metal 

were calculated depending on dietary scenarios available at Harrison landfill, including eating only 

each type of plant and no other, eating equal amounts of each plant analyzed in the study, and 
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varying percentage combinations based on previously observed goat browsing preference (Table 

B and Figures D-E).  

 The values obtained in this study’s risk assessment were compared with MTLs for animals 

of the Bovidae family, which includes goats (NRC, 2005; NRC, 1980). The highest metal intake 

rate as a percentage of its MTL was presented in a 100% Salt cedar diet, where Se intake reaches 

43% of its MTL. Refer to Figures D and E for metal intake rates as percentages of each metal’s 

MTL in the Bovidae family. Figure D displays intake rates from plants only. Figure E displays 

rates that include average metal intake from incidental soil ingestion ranging between 0.3-0.54kg 

per day. Table E displays the range of intake rates across the entire landfill, accounting for the 

range of incidental soil ingestion.  

 

Figure D 

 
Figure D: The chart above displays the metal intake from plants growing on the landfill as percentages of the 
maximum tolerable ingestion level of each individual metal. The calculations assume every goat eats 1.8kg of fresh 
plant matter per day. Salt cedar yielded the highest metal intake as a percent of MTL—with Se intake reaching just 
under 45% of its MTL. Willow baccharis yielded a Se intake under 40% of Se MTL and Ba intake under 30% of the 
MTL. Every other metal intake rate falls below 25% of each respective MTL.  
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Figure E 

 
Figure E displays the total ingestion rates of metals at the Harrison Landfill site under varying dietary scenarios for 
the browsing goats as percentages of the maximum tolerable ingestion levels of each metal. This graph takes the 
average value of metal ingestion by goat plant consumption and combines it with incidental soil ingestion ranging 
from .3kg to .54kg per day. The calculations assume every goat eats 1.8kg of fresh plant matter per day.  
 

Table E 

 
Table E: This table shows the degrees of uncertainty across all metal intake rate calculations, across every diet 
analyzed. The variability in rates of metal ingestion from both plants and soil stem from the range of potential 
incidental soil ingestions, which was assumed to be between .3kg and .54kg. The second row, the ranges from just 
plants, represent the range of metal intake possibilities across every diet available to a goat browsing on the Harrison 
Landfill site.  
 
 When incidental soil ingestion was included in metal intake calculations, it accounted for 

between 42-99.99% of metal ingestion, with an average of 92% of total metal intake.  
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4. Discussion 

4.1 Soil 

The concentrations of metals in both the landfill and control soil did not raise any health 

or safety concerns. This assessment is based on the analysis of 46 soil samples of a 0.451sq.km 

plot of land. It is possible that there exists some hotspot of elevated metal concentration that could 

have been missed in the random sampling of the landfill. But the average metal concentrations 

were so far below remediation standards that the chance of hotspot existence is likely small. 

Overall, the Harrison landfill has healthy metal concentrations. This indicates the success of the 

closing and capping of Harrison Landfill. The soil that made up the cap was sourced from the Los 

Reales landfill, located approximately 14km away from Harrison. Los Reales is an active landfill, 

so the soil taken from the site is soil dug from the vadose zone while the landfill continually accepts 

municipal solid waste.  

The concentrations on Harrison were even lower than the background concentrations in the 

soil taken from offsite, which were selected from the plot of land approximately 1km south of the 

landfill. This offsite sampling area is closed off from motor vehicle access and is only accessible 

by bike or by foot, making it relatively undisturbed and a good representative of true background 

levels of metals. Although the offsite soil had higher concentrations of all metals assessed, levels 

were still well below Arizona remediation standards.  

These Harrison Landfill findings are consistent with the findings of Gworek et al. (2016), 

which determined that the metal concentrations in soil above a municipal solid waste landfill in 

Łubna, Poland were comparable or lower than natural background metal concentrations that could 

be expected of farm and forest land and had concentrations well within Poland’s boundary 

admissible values for soil metals. The findings of the landfill studies in Nigeria (Amusan et al. 

2005; Anikwe et al. 2002) showed more extreme metal contamination of landfill soils than what 

was found at Harrison Landfill. This is most likely due to the more stringent regulations 

surrounding landfills in the United States and the open burning permitted in Nigerian landfills. 

According to Amusan et al. (2005), municipal sites in Nigeria are often unsorted and openly 

burned, making it possible to contaminate surrounding areas with ash debris. Besides having 

elevated metal concentrations, the Nigerian dump soil had higher organic matter (OM), nitrogen 

percentage, available phosphorous, percent porosity, saturation coefficient, cation exchange 
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coefficient, and base saturation percent. It is perhaps because of these latter properties that farmers 

in Nigeria believe landfill soil to be fertile. 

4.2 Plants and Grazing Safety Analysis 

Goats have been proposed as an excellent candidate for redevelopment activities. “Because 

goats survive, even flourish, in areas where cattle and sheep cannot, some speculated that 

metabolic requirements could be lower and/or digestive efficiency could be greater in goats” (Lu, 

1988). Unlike other grazing animals, goats prefer the outer twigs and leaves of woody plants, and 

they’ve even been shown to tolerate plants known to be poisonous (Lovreglio et al. 2014). Goats 

have been observed to prefer forage 80-120cm tall and to choose approximately 78% shrubs, 

followed by 12-18% herbs, then 6-10% grasses (Foroughbakhch et al. 2013). The plants on 

Harrison Landfill fit this preference description and should provide a suitable diet for a browsing 

goat. The woody shrubs on Harrison Landfill are desert broom, creosote, and four-wing saltbush. 

The herb analyzed in this project was Russian thistle. Buffel grass occupies much of the Harrison 

Landfill space, and was the only grass analyzed in this study. Salt cedar and Baccharis Willow 

were analyzed as a part of this study because they grow in the northwest retention basin at Harrison 

landfill and have been shown in the literature to accumulate Pb and Cd (Kadukova et al. 2008) and 

be consumed by goats (Munoz et al. 2007).  

Several of the plants analyzed at Harrison Landfill showed hyperaccumulation of at least 

one metal. Russian thistle hyperaccumulated Zn, Se, Cd, and Sn. Four-wing saltbush 

hyperaccumulated Zn, Se, Cd, and Sn. Desert broom hyperaccumulated Zn and Se. Buffel grass 

hyperaccumulated Sn. These results are mostly consistent with the findings reported in the 

literature, according to several studies that have been conducted on arid plant uptake of metals 

with relation to mining and mine tailing remedial sites. Haque et al. (2008) conducted a study on 

phytoremediation properties of Desert broom (Baccharis Sarothroides Gray) grown on mine 

tailings in Arizona and discovered that, when compared to accumulation in the plant roots, above-

ground biomass/shoots hyperaccumulated Cu, Mo, Cr, and Zn. This study also observed that desert 

broom hyperaccumulated Zn and Se, but not Cu, Mo, or Cr. Solis-Dominguez et al. (2012) 

observed that, when amended with compost, catclaw acacia can grow in mine tailings without 

exceeding the maximum tolerance levels for grazing animals, and that mesquite, catclaw acacia, 

and buffalo grass grown in 15% compost-to-tailings mixture did not exceed MTLs for the Bovidae 

family, which includes sheep and goats (Dominguez et al. 2012; NRC, 2005). Tumbleweed (or 
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Russian thistle) has been shown to hyperaccumulate Cd from the soil (de La Rosa et al. 2004)—

an observation was supported in this Harrison Landfill study. Salt cedar, an invasive plant that 

grows well in arid riparian areas and is eaten by Boer goats (Munoz et al. 2007), can accumulate 

Pb and Cd and excrete the metals onto its leaves via salt glands (Kadukova et al. 2008).  

As mentioned above, however, it is possible that there are areas of high metal concentration 

as Harrison Landfill that were missed by this study. Anikwe et al. (2002) studied soil in abandoned 

parts of an active Nigerian landfill that were used by farmers to grow crops. They discovered that 

the landfill soil had elevated concentrations of Pb, Cu, Fe, and Zn by 214-2040% compared to 

offsite soil. No such extreme differences were found at Harrison (in fact, the landfill soil had lower 

concentrations of metals than the off-site soil), but if there were hotspots of metal concentrations 

at Harrison, and if there is Russian thistle, creosote, four-wing saltbush, buffel grass, or desert 

broom growing on such a hotspot, those plants could possibly accumulate Cu, Mo, Sn, Zn, Cd, or 

Se to levels that might pose a risk to a browsing goat. This statement is hypothetical and poses a 

worst-case-scenario that isn’t supported by the data found in this study. But if these plants are 

growing on another urban landfill that has higher metal contamination in its soil than Harrison 

Landfill, it is possible that those plants could be accumulating metals to higher concentrations than 

those found in this study. One limitation of this plant study is that it did not include every species 

of plant that successfully grows at the landfill site. To be more complete, a future study could 

analyze the other, less common plants (like prickly pear and desert marigold) to insure a more 

comprehensive site assessment. The plants in this study were, however, selected due to their 

prevalence at the site, their likeliness to be consumed by goats, and the information in the literature 

regarding metal uptake patterns.  

One concern for plants growing on the cap of an unlined landfill like Harrison is root 

penetration into the waste zone. Research on woody plant roots growing on top of the Brookfield 

Sanitary Landfill in New York showed that even taproots did not penetrate the clay cap (Robinson 

and Handel, 1995). It is reasonable to assume that chaparral shrubs and other woody plants 

growing at the Harrison site would not penetrate the buried waste below the compact soil cap. 

Furthermore, the compact soil and the buried waste beneath would be less oxygenated than the 

topsoil and therefore less habitable for plant roots.  

Open graze land is not regulated by the Arizona Department of Agriculture. If the 

Department of Agriculture were to perform an assessment of a goat farm that used open grazing, 
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they would test the goat meat itself for its potential risk to human health. Since this project concerns 

the health of the potential browsing goats, it is crucial to perform a risk assessment analysis to 

determine goat safety based on MTLs. It was concluded that no diet yielded metal intake rates that 

exceed Bovidae family MTLs. The diets calculated included 100% of each plant for conservative 

purposes, and then varying combinations of each plant based on known goat diet preferences 

(shown in Table B) (Lu, 1988). All of these calculations included incidental soil ingestion that 

ranged from .3kg to .54 kg per day and assumed goat size to be between 25kg and 40kg. These 

ranges were included to ensure both the most conservative and the most realistic combinations of 

goat diets possible. A more in-depth risk assessment could include pregnant goats as well to 

account for the full range of grazer types and potential risks. It is unknown whether the MTL for 

a pregnant goat is different from that of a regular goat.  

The ingestion rates calculated in this study included incidental soil ingestion at a rate higher 

than what would be reasonably expected from a browsing goat in order to be more conservative in 

the risk assessment. Sheep have been estimated to ingest soil at a rate as high as 30% of their plant 

matter intake (Thornton and Abrahams, 1983), and the calculations in this project added that 30% 

calculation to the plant intake estimate instead of integrating it into the intake calculation. This 

estimates a larger total intake rate than what would be expected (realistically, a 25kg goat would 

not eat 1.8kg of fresh plant matter plus .54kg of soil per day) and was used to create the most 

conservative risk assessment possible. Overall, incidental soil ingestion accounted for an average 

of 92% ± 14% of metal intake when included in calculations, showing that soil ingestion can be a 

significant source of heavy metals in a grazer’s diet.  

It is important to note that most of the risk assessment calculations are based on MTLs for 

sheep, not goats. This is because neither the Mineral Tolerance of Animals (NRC, 1980) nor the 

Mineral Tolerance of Domestic Animals (NRC, 2005) included studies on goats. It is assumed 

that, because sheep and goats are both a part of the Bovidae family, their MTLs of metals would 

be comparable. “The ‘maximum tolerable level’ is defined as that dietary level that, when fed for 

a limited time period, will not impair animal performance and should not produce unsafe residues 

in human food derived from the animal.” (NRC, 1980; NRC, 2005) The term “MTL” is often used 

interchangeably with the term “DATL” (domestic animal toxicity level), but the two represent the 

same concentration. It should be noted, however, that “problems that may arise when two or more 

elements are present at high levels represent a virtually unexplored area” (NRC, 1980). Chemical 
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mixtures are understudied in humans and even more so in goats. The potential effects of mixing 

different types of metals in a diet, even at concentrations that are considered safe, are largely 

unknown to the scientific community. However, some combinations are known to ease the risk of 

metal toxicity. For example, elevated Cu intake lessens the negative effects of excessive Fe intake, 

elevated P intake can lessen negative effects of excessive Ca intake, and a high grain diet lowers 

the MTL for S (increases its toxicity) when compared to a high forage diet (Weiss, 2010; NRC, 

2005). From a public health risk assessment approach, it would be advised to calculate the additive 

effects of the metal combinations to conduct the most conservative assessment.  

Also important is the pathway between a foraging animal and human consumption of its 

byproducts. Kazi et al. (2016) studied the fate of As in goats, goat milk, and children’s hair samples 

and observed that As concentration in goat drinking water was positively correlated with 

concentration of As in the goat’s milk, which then lead to elevated concentrations of As in the hair 

of children who drank the goat milk. It is important, therefore, to trace the fate of metals in the 

chain from soil to plants to grazers to consumers. 

The results of this research indicate the potential for arid landfills to be used for agricultural 

productivity post-closure. Every diet analyzed yields safe intake rates of metals. The plants 

analyzed in this study (especially the woody shrubs), therefore, could be added to the hydroseed 

mixture in higher percentages to aid in the continuous vegetative health of the landfill as goats 

consume the plants. Before moving forward with goat grazing, however, there are a couple of 

recommendations regarding goat safety. Fencing the retention basin would prevent goats from two 

potential hazards: 1) browsing on the slopes and speeding slope erosion, and 2) the monitoring and 

remediation stations located in the north segment of the property. Keeping goats away from these 

areas will help prevent additional repair costs for the City of Tucson. Considering the possibility 

for contamination hotspots, it would also be advisable to continue to periodically test new areas of 

soil and vegetation even as the land is grazed. Furthermore, the animals should be monitored for 

metal toxicity. Since the effects of ingesting combinations of metals is unknown, there could be 

unforeseen outcomes to letting goats graze on a sealed landfill.   
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5. Conclusion 
This project sought to evaluate the extent of metal contamination in the soil and plants that 

make up the cap of a sealed landfill in Tucson, Arizona. Soil and plant concentrations were then 

used to determine the potential risk to a browsing goat foraging on the plants. It was concluded 

that the Harrison Landfill top soil has concentrations of metals (Al, Ag, As, Be, Ba, Fe, Co, Cu, 

Cr, Cd, Fe, Mn, Ni, V, Se, Mo, Sn, Sb, Pb); even lower than the offsite control samples. All metal 

concentrations were below Arizona Department of Environmental Quality standards, meaning that 

the Harrison Landfill topsoil is healthy and that the landfill was capped safely.  

Of the plants analyzed, Russian thistle, desert broom, buffel grass, and four-wing saltbush 

hyperaccumulated some metals (see Table D). But of all potential goat diets analyzed, no diet 

yielded metal intake rates that exceeded MTLs for a goat (Figures D-E).  

It is important with any landfill being considered for this type of agricultural use to be 

tested for contaminants of concern, like metalloids and heavy metals. The results of this study are 

promising in that they indicate agricultural graze land as a potential use of sealed landfills.  
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