
Phytoremediation of Historic Lead Shot Contaminated Soil, 

Grand Valley Ranch, Northeast Ohio 

by 

Claret Mengwi TENING NDIFET 

Submitted in Partial Fulfillment of the Requirements 

 for the Degree of 

Masters of Science  

in the  

 Environmental Science  

Program 

YOUNGSTOWN STATE UNIVERSITY 

June, 2016. 



 

Phytoremediation of Historic Lead Shot Contaminated Soil, Grand Valley Ranch, Northeast 

Ohio. 

Claret Mengwi TENING NDIFET 

I hereby release this thesis to the public.  I understand that this thesis will be made available 
from the OhioLINK ETD Center and the Maag Library Circulation Desk for public access.  I 
also authorize the University or other individuals to make copies of this thesis as needed for 
scholarly research. 

Signature: 

        Claret Tening Ndifet, Student Date 

Approvals: 

Dr. Felicia P Armstrong, Thesis Advisor  Date 

Mr. Alex Czayka, Committee Member Date 

Dr. Tony Vercellino, Committee Member Date 

Dr. Colleen E. McLean, Committee Member Date 

Dr. Salvatore A. Sanders, Dean of Graduate Studies Date 



iii 

ABSTRACT 

Soil pollution has become a problem of global concern due to industrialization and other 

human activities that have resulted in the release of toxic materials in to the environment. The 

use of lead bullets in shooting ranges releases this toxic metal which presents a risk of harm 

to the environment at large.  Different herbaceous species and 25-30 cm soil core samples 

from around field plants were collected from the Grand Valley Ranch, a historic gun range in 

NE Ohio. The total metal content in the plants and soil were examined using acid digestion 

and ICP-AES. The core samples showed variation in concentrations of lead and it was noted 

that the top 15 cm of soil was more polluted than the bottom 15 cm thus indicating the 

superficial spread of lead due to water leaching horizontally. The roots of aster species (a 

native of the site) were able to accumulate 2106 mg/kg Pb and its shoots 112.6 mg/kg Pb.  

Soil from this site was collected and dried to use in a pilot study on phytoremediation by three 

native wetland plant species: Elymus virginicus, Panicum virgatum L. and Juncus effuses and 

three known hyperaccumulators of lead: Helianthus annuus, Brassica nigra and Festuca 

arundinacea.  The plants were grown for one month in a green house and up to 6,000 mg/kg 

of lead in the form of lead nitrate was introduced into the collected lead contaminated soil 

progressively. After one week of last introduction of the lead, the plants were harvested and 

analyzed for lead content. Plants from the greenhouse showed similar results in accumulation 

with the shoots accumulating less Pb than the roots.  Roots of tall fescue, common rush and 

dwarf sunflower accumulated 10,660, 12,229 and 42,446 mg/kg Pb respectively; shoots 

accumulated 6,418, 4,059 and 9,693 mg/kg Pb respectively. The highest removal rate was 

seen with common rush with 9.5±0.9 mg of Pb removed per g dry weight shoot and tall fescue 

with 15.1±0.9 mg of Pb per g dry weight shoot. The translocation factor for all samples was 

less than 1 suggesting that most of the lead was not moved into the shoot biomass.  The 

bioconcentration factor (BCF) is a ratio of plant concentrations to soil concentrations.  Tall 

fescue, common rush and dwarf sunflower all had BCF greater than 1 indicating high amount 

of Pb was accumulated in the biomass as compared to the soil. It was concluded that tall 

fescue, common rush and sunflower could serve as good accumulators/hyperaccumulators of 

lead for this site. 
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CHAPTER I: INTRODUCTION 

The pollution of soils has become a global concern due to increased anthropogenic 

activities such as mining and industrialization.  Lead and lead based compounds have been 

cited as a major source of environmental contamination in the past few decades (Tang and 

Yang, 2012). Lead is of specific concern due to its relative abundance at homes, industry 

and contaminated sites and its adverse health impacts on children (Davis and Wixson, 

1988).  The exposure of children to lead can result in the reduction of cognitive 

development. Studies have shown that for every 10 µg/dl of blood lead increase, there is at 

least a 1-3 point reduction in the IQ (Morgan, 2013; Canfield et al., 2003; Chen et al., 

2005). In adults, lead causes abdominal pain, memory loss, kidney failure, male 

reproductive problems and pain in the extremities (Pearce, 2007). 

Due to these adverse health effects of lead, several soil remediation techniques have 

been developed. They range from physical excavation and transport of the polluted soils to 

landfills for disposal, solvent extraction techniques, electrokinetic separation, chemical 

oxidation, soil stabilization/solidification and bioremediation (Benton et al., 2005; Gong 

et al., 2005; Collins et al., 2009). The remediation of contaminated sites can be classified 

into engineered solutions (active) and natural attenuation (passive). Engineered solutions 

are methods used for the removal of contaminants from environmental media; air, water 

and soil for example extraction or filtration while natural attenuation and bioremediation 

is used to reduce the toxicity, volume and mobility of contaminants to levels that are 

harmless to humans and ecosystem.  

The production of arms and bullets containing lead and other chemical elements, has 

resulted in the pollution of soils. Lead, antimony, copper, zinc, arsenic and polycyclic 
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aromatic hydrocarbons can leach from bullets, fragments and bullet jackets leading to the 

contamination of soils, surface water and groundwater (NFESC, 1997).    

Lead accounts for more than 85% of the weight of bullets that are shot, and thus is of 

environmental concern (ITRC, 2003). When these bullets degrade, they release lead dust 

which may be transported by wind and water. Lead vapors can be generated from atomized 

lead due to firing heat. These vapors can travel great distances or condense and precipitate 

in soil at or near gun ranges.  

This project involves using phytoremediation as a remediation technique for the 

uptake of lead. Native wetland plants and known plant lead accumulators were used on soil 

from a historic lead shot contaminated wetland site at Grand Valley Ranch located in 

Northeast, Ohio. Other studies carried out on the site have shown that the soil contains 

varying concentrations of lead with the highest concentration at more than 12,000 mg/kg 

of lead from the top layer of the soil. This concentration is far higher than lead 

recommended limits of 400 mg/kg for residential land use or 1800 mg/kg for 

commercial/industrial land use (OEPA, 2011).  
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CHAPTER II: LITERATURE REVIEW 

II.1 Heavy Metals 

The term “heavy metal” was defined by Bjerrum in the early 20th century as an 

element with a density greater than 7g/cm3 (Jeanna, 2000). More recently, “heavy metal” 

has been applied to elements with larger atomic mass, but most commonly it is used in 

connection with pollution and toxicity. Many types of heavy metals exist but those of 

current comcern are nickel (Ni), cadmium (Cd), chromium (Cr), copper (Cu), mercury 

(Hg), lead (Pb), cobalt (Co) and zinc (Zn). These heavy metals are of primary concern 

because they cannot be broken down or degradaded but can be changed from one form to 

another with the new form being more or less bioavailable (Duruibe et al., 2007). Lead and 

mercury are the two most significant contaminants that present life threatening health 

hazards (Jeanna, 2000). In Cleveland, a city in Northeast Ohio, the major sources of lead 

over the last 30 years were from leaded paint on houses and from solder in food cans 

(Robbins et al., 2010). 

Lead is a bluish-grey colored metal that naturally occurs in small quantities within the 

Earth’s crust. Lead has names such as plumbum, lead metal and/or pigment metal 

(Environment Writer, 2000). Lead moves into the environment from industrial processes 

(mining, smelting, pesticides and fertilizers manufacturing, and municipal waste), from 

commercial products containing lead (paints, ceramic glazes, television glass, batteries, 

medical equipment, electrical equipment, solder, and leaded-gasoline), and munitions 

(bullets, casings, pellets, and shot) (Jeanna, 2000).  

Lead can be released into the soil, groundwater and surface water as ionic lead (Pb2+), 

lead oxides, hydroxides and lead metal oxyanion complexes, of which, the most stable 
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forms are ionic lead and lead hydroxyl complexes. Ionic lead (Pb2+) is the most reactive 

form of lead and it forms mononuclear and polynuclear oxides and hydroxides (GWRTAC, 

1997). The ionic form is the most bioavailable form of lead and is more toxic to plants, soil 

organisms and humans (Raymond and Felix, 2011). 

The distribution of lead and lead compounds in various phases of the environment is 

directly governed by physicochemical properties. The physicochemical properties are the 

physical and dissolution/solubility properties which are related to interactions of lead with 

different abiotic and biotic components, and define chemical reactivity. Thse properties 

can be used to understand lead’s environmental fate, its toxicity to humans, animals, 

vegetation, and soil organisms.   

Particulate lead found in the environment can be carried long distances by attaching 

to dust. This dust can be washed away by rain and deposited on the surface of soils and in 

streams where it can remain for many years. Lead can also infiltrate into groundwater thus 

contaminating the groundwater system at high concentrations potentially transferring to 

animals and humans. Lead levels found in the earth’s crust is 50mg/kg, many contaminated 

areas exceed that level by 100 times or more (Pais and Jones, 2000). 

Films of lead sulphate, lead oxides and lead carbonates are formed when lead is 

exposed to the air and water thus forming a protective blanket over the underlying metal. 

Lead, due to its amphoteric nature, forms plumbous and plumbic salts in acids and 

plumbites and plumbates in alkali (Table II-1), thus knowing the pH of the soil is very 

important in understanding what form lead is in, and the ability for phytoremediation 

(ATSDR, 2007). 
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than 95% of lead with lead shot containing 97%, and lead bullets containing 90% of 

metallic lead (Scheuhammer and Norris, 1995).  

The total soil concentration of lead alone does not determine the mobility or 

bioavailability of lead to humans or the ecosystem. When lead pellets come in contact with 

soil, environmental factors will determine the extent of leaching, mobility, bioavailability, 

and bioaccumulation that might occur. The lead must become dissociated in pore water 

which makes it more mobile. The more easy lead is able to move through the soil, the 

greater the impact of lead contamination. However, solubility of lead depends on some 

factors such as the metal speciation, the chemistry of the soil, the water chemistry of the 

soil and the condition and composition of the bullet (Xinde et al., 2003).   

When lead shot hits soils, they may become fragmented before reaching the ground, 

then transported by various mechanism. Lead can dissolve in precipitation and move with 

storm runoff. Water further weathers the fragmented lead into more water-soluble 

compounds which are then further transported into surface water. The rate of precipitation, 

the pH of the rain and surface water, contact time, soil cover and the forms of lead present 

are factors that may influence the amount of lead that is dissolved in storm water. Lead 

shots or fragmented lead can be physically transported by storm water into surface water 

with the distance and amount transported being dependent on the topography, rain 

intensity, the soil type, the flow velocity, and the surface cover (Xinde et al, 2003).  Lead 

can also be dissolved and flow in to ground water. Lastly, lead can be transported in air by 

dust produced during the firing process (Sever, 1993). 

Due to the fact that metallic lead is not inert, the metallic lead pellets are transformed 

to lead carbonate and lead sulfate. The transformed products are composed of various lead 
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compounds predominately PbCO3, hydrocerussite [Pb(CO3)2(OH)2], and small amounts of 

anglesite (PbSO4) (Lin, 1996). The rate at which lead is oxidized is highly variable and site 

specific. Each of these precipitates are soluble and the solubility is largely controlled by 

the site-specific water chemistry to which they are exposed; mainly the pH (acidity) and 

Eh (redox potential) of the soil solution.   

In general, lead is more soluble under acidic (low pH) conditions than at neutral or 

alkaline (high pH) conditions. Some anionic ligands such as phosphates, carbonates and 

sulfides are effective in the control of lead solubility due to the formation of less soluble 

Pb compounds thus resulting in low lead concentrations in water (Xinde et al., 2003). 

II.3 Soil Remediation of Shooting Ranges  

Objectives for lead remediation depends on whether the proposed action is to maintain 

an active firing range or to remediate a firing range for different land use activities for 

example converting the land into a wetland, agricultural field, or recreational area. The 

removal of a pollutant from a site is usually a delicate process since the characteristics of 

each site is unique in their environmental features (ecology, geology, hydrogeology, 

topography, hydrology and meteorology) and pollutants (nature, concentration quantity, 

physicochemical behavior, toxicity). The different remediation methods are usually 

combined so as to make the removal process more effective.  

Lead is very difficult to remove once introduced into the soil matrix.  This metal tends 

to reside within the upper 6-8 inches of soil where it is strongly bound through the processes 

of adsorption, ion exchange, precipitation and complexation with organic matter 

(GWRTAC, 1997; Raskin, 2000). Lead in the soil can be classified into six general 

categories: water soluble ionic lead, exchangeable, carbonate, oxyhydroxide, organic and 
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the precipitated fraction. The water soluble and exchangeable leads are the only fractions 

readily available for uptake by plants while oxyhydroxides, organic, carbonate and 

precipitated forms of lead are the most strongly bound in the soil and least available for 

plant uptake (Chaney, 1998).  Soil with a pH between 4.0 and 8.5 has a significant effect 

on the mobility of lead and other metals that are present in the soil. Under acidic conditions 

(pH<5.5), metal cations are more mobile, while anions tend to sorb to mineral surfaces 

(Evanko and Dzombak, 1997). Metal ions are more available to plant roots under acidic 

conditions thereby making acidic soils more at risk for plant uptake of metal ions.  

The different techniques employed for the removal of pollutants can be classified 

based on the nature of the processes employed. These techniques include; physical 

processes which are based on using a fluid such as water or a gas, that is injected into the 

soil to transport or physically move the pollutant towards the extraction point. Chemical 

processes make use of the chemical properties of pollutants together with chemical 

reactions to precipitate, oxidize or separate the pollutants from the polluted environment 

(Bento et al., 2005; Hemen 2011). Biological processes or bioremediation, involves the use 

of microorganisms or other biological organisms, to degrade the pollutant, transform it to 

a non-toxic form or store the pollutant to make it easier for removal. Some bioprocesses 

also allow for the fixing or solubilization of certain pollutants. Thermal processes make 

use of heat to destroy a pollutant (for example incineration), for isolation (for example 

thermal desorption, pyrolysis), or making them inert.  

Phytoremediation, also known as green remediation, is a type of bioremediation that 

uses plants to remediate selected contaminants in soil, groundwater, surface water, 

sediment, waste water, and sludge. A variety of plant biological processes and the physical 
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characteristics aid in site remediation. The idea was introduced in 1983 to remove heavy 

metals from soil (Chaney et al., 1997; Raskin and Ensley 2000; Raskin 1997). Some studies 

have made use of hyperaccumulating plants for the removal of pollutants. 

Hyperaccumulating plants are plants that thrive and accumulate metals to a higher level 

than what is found in the environment. A study showed that Sesbania drummondii or 

rattlebox, was able to tolerate lead levels of up to 1500 mg/L and accumulate about 40 g/kg 

shoot dry weight (Sahi et al., 2002). Indian mustard (Brassica juncea) has resulted in a 

phytoextraction coefficient of 1.7 and it was also found that this plant was able to thrive in 

total lead concentrations as high as 500 mg/L (USEPA, 2000). 

Plants have an extensive root system that is used to pull water and minerals from the 

soil in which they are growing. They also tend to absorb other compounds present in the 

dissolved aqueous phase in the soil. Some plants such as alfalfa or phreatophytes are 

capable of pulling up water, together with pollutants, from depths of 2-5 meters. After 

accumulating pollutants, the plants need to be isolated or detoxified to prevent contact with 

organisms that consume them.  

Phytoremediation serves as both an in-situ and ex-situ method for the remediation of 

both organic and inorganic pollutants in the soil and aqueous effluent (Raskin et al., 2000, 

USEPA, 2000). Since phytoremediation is a green technology, when properly employed, 

is both environmentally and socially friendly. This method does not require the use of 

expensive equipment or highly specialized personnel since it is simple to employ.  The cost 

of running this technique is relatively cheap when compared to other remediation methods 

such as excavation (USEPA, 2000). This method is capable of permanently transforming 
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or removing contaminants in a wide range of contaminated sites that other traditional 

methods may not be able to efficiently access.  

There exist different types of phytoremediation processes covering a large number of 

organic and inorganic compounds. However, only four of them are essential for the 

remediation of lead. These methods include phytoextraction, phytostabilization, 

rhizofiltration and phytovolatilization. 

Phytoextraction has mainly been employed for the treatment of contaminated soils 

(USEPA, 2000). It makes use of plants that will absorb, concentrate, and precipitate toxic 

metals from contaminated soils into the shoots and leaves (above ground biomass). 

Hyperaccumulators have been used for the phytoextraction of lead.  Hyperaccumulators 

are plants with a large biomass yield and have the ability to selectively accumulate certain 

pollutants above their environmental level (Weller, 2000). Some hyperaccumulators of 

lead include; Indian mustard, corn, ragweed, turnips, sunflower, broccoli and peenycress 

(Raskin, 1997). The accumulated metal by the plants can be a significant concentration.  

Nickel (Ni) hyperaccumulators were able to accumulate greater than 1000 mg Ni/kg dry 

weight in their leaves (Brooks et al., 1977).  Threshold concentrations for 

hyperaccumulating plants that have been found for other metals are 100 mg/kg dry weight 

for cadmium, 1000 mg/kg dry weight for nickel, copper, cobalt, lead and 10,000 mg/kg dry 

weight for zinc and manganese (Baker and Brooks, 1989).  These defined threshold levels 

for these metals are at a concentration value of one order of magnitude greater than those 

in non-accumulator species (Salt and Kramer, 2000). 
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Phytostabilization is also known as in-place inactivation and is primarily used for the 

remediation of soil, sediments and sludge (USEPA, 2000). This method makes use of plant 

roots to decrease the movement of contaminants and its bioavailability in the soil.  

Rhizofiltration is primarily used to remediate extracted groundwater, surface water, 

and waste water with low contaminant concentrations by using both aquatic and terrestrial 

plants to absorb, concentrate, and precipitate the aqueous pollutants in their roots. Many 

metals (lead, cadmium, copper, nickel, zinc, and chromium) have been removed by this 

method (USEPA, 2000).  

Phytovolatilization involves using plants accumulating contaminants from the soil and 

transforming them into volatile forms then transpiring volatiles to the atmosphere (USEPA, 

2000). This method has been used for the removal of mercuric mercury (Hg2+) compounds 

as well as volatile organic compounds. Soil contaminated with methyl mercury 

(CH3Hg(II)X, where X is a ligand) may be transformed into less toxic form or elemental 

mercury. 

Selecting plant species for phytoremediation is a critical step and it is the single most 

important factor that affects the extent of metal removal. The selection of plants are based 

on the type of remediation to be carried out, the contaminant of concern and the ability of 

the plant to tolerant the contaminant (Kamath et al., 2004). Native plants are usually 

preferred over exotic or non-native plants because they may spread and become invasive.  

Some important criteria in selecting plant species for metal phytoextraction include; 

the plants level of tolerance with respect to the metal or lead, high growth and biomass 

yield, the level of accumulation, translocation and uptake potential of metal, plants that can 

dwell in the environment to be remediated (e.g. wetland’s water logged environment) and 
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characteristics of the root and the depth of the root zone with respect to are the zone of 

contamination (Hemen, 2011).  Species that have been used for the phytoremediation of 

lead in soil and groundwater include hemp dogbane (Apocynum cannabinum), common 

ragweed (Ambrosia artemisiifolia), nooding thistle (Carduus mutans) and Asiatic day 

flower (Commelina communis) (Berti et al., 1993). 

The limitations of this technique are that the removal process is time consuming when 

compared to other remediation methods. It can take several years or longer to either 

completely or partially clean up hazardous waste sites. But if compared to other methods 

from permitting to implementation to completion of removal, it can be a competitive time 

frame. Some climatic factors also effect this process by limiting plant growth and 

phytomass production during colder or dry months. Furthermore, the consumption of 

contaminated plants by wildlife is a call for concern.  If the contaminant is passed through 

the food chain it can cause damage at higher trophic levels.  The use of non-native plants 

during phytoremediation can potentially affect biodiversity thus affecting food webs and 

the fate of contaminants may be unknown.  An additional problem is that biomass resulting 

from phytoextraction process, may be classified as hazardous waste and therefore may 

require proper disposal. Table II-2 below gives a summary some work done on 

phytoremediation of lead and other metals.  
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Table II-2: Review of work done of phytoremediation of lead. 
Contaminants Uptake mechanism Plant species Result Researcher 

Pb, Cu, Zn, Cr, Mn 
Spiked samples 

Field study: soil Wheat: Triticum aestivum-
territrial Indian mustard: 
Brassica campertris L.-

terrestrial 

Maximum accumulation was in Fe followed by 
Mn and Zn in root>shoot>leaves>seeds. 

Chandra et al., 2009 

Pb using standard Pb 
solutions (75 mg Pb/1 kg soil) 

Phytoextraction (soil) 
(Laboratory) 

Creeping zinnia (Alternanthera 
phyloxeroides) 

Aquatic Moss rose (Sanvitalia 
procumbens) 

Terrestrial alligatorweed 
(Portulaca grandiflora)-aquatic 

Alternanthera phyloxeroides shows highest 
lead content in its tissues. Process was 30-80% 

efficient. 

Cho-Ruk et al., 2006 

Pb, Cd Soil Indian mustard (Brassica 
juncea), field mustard (Brassica 

rapa) and rape (Brassica 
napus)-terrestrial 

Brassica rapa showed highest affinity for 
accumulating Cd and Pb from the soil. Two 

Brassica species (Brassica napus and 
Raphanus sativus) were moderately tolerant 
when grown on a multi-metal contaminated 
soil. The distribution of the metal in plant 

organs decreased from 
leaves>stems>roots>fruit shell>seeds. 

Van Ginneken et al., 
2007 

Pb and As (up to 1000 µg/g 
Pb and up to 200 µg/g As) 

Soil Hybrid willow (Salix sp.) and 
hybrid poplar (Populus sp.)-

terrestrial 

Hybrid willow removed about 9.5 % of 
available lead and about 1% of total arsenic 

from the soil. In sand experiment, willows took 
up about 40% of lead and 30-40% of arsenic 

that was administered in the soil. 

Hinchman et al., 1995 

Pb, Cu, As, Co, and Zn Phytoextraction and 
phytostabilization 

(soil). 

(Populus alba, Populus nigra, 
Populus tremula) and Salix alba 

Trace element concentrations were higher in 
roots than in above ground tissues. Highest 
accumulations were noted in P. nigra and S. 

alba 

Vamerali et a.l, 2009 
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II.4   Uptake of lead and plant response to exposure. 

Plants usually pick up lead from soil but also from other aerosol sources through the 

leaves. The extent to which lead is absorbed by the leaves is dependent on the morphology 

of the leaves (Godzik, 1993). The uptake of lead by plants from soil has shown that the 

roots have the ability to take up remarkable amounts of lead whilst simultaneously 

hindering its translocation to above ground tissues (shoots) in most plants (Lane and 

Martin, 1977).  The absorption of lead ions by plant root is through the apoplast or through 

the Ca2+ permeable channels along the water potential gradient (Punz and Sieghardt, 1993). 

Thus the lead might further move to other parts of the plant.  However, bulk of lead taken 

up by plants remains in the roots (Kumar et al., 1995). The accumulation of lead in the 

apoplast of plant cells has been describes in some plant species such as Raphanus sativus 

(Lane and Martin, 1977) and Zea mays (Tung and Temple, 1996).  Lead is thought of as 

moving radially through the root apoplast across the cortex of the root (Sharma and Dubey, 

2005).  Translocation of lead in to the shoot tissue and aerial parts of the plant can be 

limited due to binding at the surface of the root or with in the root cell walls (Pahlsson, 

1989).  Also, the availability and uptake of lead is affected soil particle size and cation 

exchange capacity as well as other factor such as surface area of roots, the rate of 

transpiration and root exudates (Davies, 1995). Lead absorption in soil follows the 

Langmuir relation and tends to increase as pH increases in soil from 3.0 to 8.5 (Lee et al., 

1998).  For soil pH range from 5.5 to 7.5, the solubility of lead is controlled by the presence 

of phosphate or carbonate precipitates and very small amounts of lead is available to plants 

(Blaylock et al., 1997).  Lead content in various plant organs tends to decrease in the 

following order: roots> leaves> stem> inflorescence (flower)> seeds.  However, this order 
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tends to vary with plant species (Antosiewicz, 1992).  Some plants have more affinity 

towards certain metals or compounds of a certain charge or size, thus the ability of the plant 

to take up the contaminant may be hindered by the existence of some elements in the soil 

matrix (Robinson et al., 2006).  The presence of these multiple contaminants or metals can 

not only lead to a decrease in the removal efficiency of a target contaminant by the plant, 

but also a decrease in the amount of biomass being produces due to antagonistic 

interactions between the contaminants (Pahlsson, 1989;  Robinson et al., 2006).  

Lead tends to cause a variety of stress responses on plants such as interference with 

cell division, water absorption and balance, reduction in photosynthetic capacity of the 

plant (process used by plants to convert carbon dioxide and water in to sugars, proteins, 

fats and other products by the use of sunlight) and thus a reduction biomass (Pahlsson, 

1989; Punz and Sieghardt, 1993).  Exposure to lead results in changes to plant morphology 

and productivity (Xiong, 1997; Huang and Cunningham, 1996).  Also, when the plants are 

exposed to high concentrations of metals, some morphological changes that can be noticed 

include reduction in root biomass; decrease in the shoot to root ratio of biomass, 

compression in root axis, reduction in distance between root tip and lateral roots, inhibition 

of root elongation and damage to root cell membrane (Xiong, 1997, Pahlsson, 1989). 

Lead/metal toxicity can also produce chlorosis (yellowing of plant leaves), decrease the 

sizes of the leaves, loss of leaves, necrosis and stunted growth (Pahlsson, 1989).  Nutrient 

deficiency (Mg, K, Zn, Ca, Mn and Fe) has also resulted due to lead exposure in corn and 

ragweed (Huang and Cunningham, 1996).  These effects can be caused by a reduction in 

photosynthesis due to inhibition of chlorophyll biosynthesis (Hampp and Lendzian, 1974). 
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Some plants can overcome the decrease in pigment formation by increasing the number of 

chloroplast (Kosobrukhov et al., 2004).  

II.5 Environmental Concerns of Phytoremediation   

One of the most important concerns that come with using phytoremediation involves 

human health.  The most frequent question being asked is if the food chain is being affected 

by implementation of phytoremediation. Some routes of exposure to be considered include; 

ingestion of lead by humans or animal through contaminated soils, ingestion of vegetation 

from contaminated soil, consumption of animals that came in contact with contaiminated 

soil, plants or water, leaching of lead and other metals into groundwater and flow of water 

from contaminated surfaces to surface water bodies and aqutic organisms.  Research has 

shown that plants being used for phytoremediation, create a bad taste and animals and 

insects did not feed of them.  Sheep, goats and cattle turn to avoid naturally occurring metal 

hyperaccumulators such as Alyssum and Thlaspi both from the Brassiceae family (Chaney 

et al., 2000).  One option to handling hyperaccumulator plants is to dispose of the plants. 

Studies have shown that incineration is the most environmental friendly, most feasible and 

economically acceptable means of plant disposal after phytoremediation (Sas et al., 2004). 

Since the concentrations of lead from Grand Valley Ranch soil are higher than 

recommended levels of lead for residential or industrial sites and due to the fact that lead 

poses a threat to the wellbeing of humans, plants and animals, it is necessary to reduce the 

concentration of this contaminant to below recommended levels (OEPA 2011).  One  goal 

of the Western Reserve Land Conservancy is to restore the original wetland at Grand 

Valley Ranch. Therefore, use of phytoremediation as a remediation method can achieve 
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the lower lead levels while maintain the ecosystem. This method is less expensive and has 

less impact on the environment when compared to other methods. 

Hypothesis: 

Hyperaccumulating plants will remove lead more effectively than native Ohio wetland 

plants.  Effectiveness is based on lead accumulation and biomass production. 

Objectives: 

Use a pilot study to investigate three native plants and three known lead 

hyperaccumulators that are able to thrive in the wetland environment and remove lead from 

the soil. 

1. Determine physio-chemical properties of lead contaminated soil and reference soil. 

 Soil pH, conductivity, organic matter, soil texture, nutrient availability and lead 
concentration. 

2. Grow native and hyperaccumulator plants in soil from lead concentrated areas and 
reference site. 

 Using soluble lead nitrate, add lead to soil from lead concentrated areas weekly 
to established plants until the lead levels match the high concentration found in 
the soil surface at the site or 6,000 mg/kg.   

 Reference soils will receive ammonium nitrate at a level that will match 
nitrogen of soluble lead nitrate added to treated soils. 

3. Quantify lead in the aerial parts (stem and leaf) and roots of both the plants in the pilot 
study compare to those from the field sampling. 

4. Evaluate bio-concentration factor for all plants. 
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CHAPTER III: MATERIAL AND METHODS 

III.1 Description of site 

The site of concern is the Grand Valley Ranch is owned by the Western Reserve Land 

Conservatory and located south of Orwell, Ohio west of the Snyder Ditch. Historically the 

site contained a wetland with water saturating and ponding most of the year. The area was 

known for its peat or muck, and much of it was extracted or deteriorated over the last 50 

years. The area was drained in the early 1920’s and farming still continues today.  In 

approximately 1990, 100 acres was used for a hunting and shooting club.  The shooting 

range was operational until about 2008 spanning more than  17 years.  Analysis of the soil 

collected from the top 12-18 inches from the lead shooting range area at Grand Valley 

Ranch contained total lead concentrations of 120 mg/kg. The reference soil was collected 

from an area which was about 0.75 km from the contaminated site (Figure III-1).  

Previous studies on the site have shown that the top soil or A horizon of this site has a 

higher concentration of lead as compared to the other horizons and movement of lead 

vertically is limited (Granchie, 2016). This is an indication that the pollutant is being spread 

more superficially from one spot to the other by water leaching horizontally while 

downward spread of pollutant to groundwater seems to be slow due to the high organic 

material in the soil surface and denser soil deeper in the soil profile. Figure III-2 shows one 

of the core samples studied in previous studies (Granchie, 2016). From the figure, it can be 

seen that the physicochemical properties of the soil  changes rapidly from one horizon to 

the other. The top 13 cm of the core was predominantly black organic soil. The soil lacked 

notable compaction; fibrous roots, weeds, sticks and seeds were visible in this section. It 

was classified as sandy clay loam as shown in the red box in Figure III-2 below. The next 

section shown in blue, the soil became clay like. It was classified as sandy loam/loam soil. 

The green and purple boxes indicate the other sections of the soil which classified as clay 

loam and silt clay loam respectively. 
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Depth, cm 

Total 
pb, 

mg/kg 
OM% 

Bulk 
density 
g/cm3 

% 
clay 

% 
silt pH CD 

µs/cm 

0-5 4758 76.01 0.159 20 21 4.47 1517 

5-8 7410 77.30 0.306 20 21 4.26 1569 

8-13 1506 78.55 0.247 20 21 4.06 1570 

13-18 650 76.50 0.292 20 24.5 3.90 1796 

18-23 163 66.42 0.285 15 24.5 4.01 1428 

23-28 80.9 44.75 0.374 15 24.5 4.12 875.5 

28-31.5 58.1 18.36 0.588 15 24.5 4.46 384 

31.5-36.5 20.9 7.46 1.200 33 44.5 4.00 177.8 

36.5-41.5 17.3 7.29 1.083 33 44.5 3.84 248.5 

41.5-46.5 17.5 4.68 1.415 33 44.5 3.89 127.1 

46.5-50 19 4.43 1.120 33 44.5 4.07 125.8 

50-55 18.7 3.32 2.152 33.5 53 3.66 110.3 

55-60 17 3.42 1.419 33.5 53 4.02 101.5 

60-65 20.2 4.06 1.405 38 59 4.21 115.4 

65-70 23.2 2.63 1.277 38 59 4.50 81.85 

70-75 22.1 3.68 1.198 38 59 4.65 112.5 

75-78 19 4.40 1.175 38 59 4.56 198.6 

Figure III-2: A core sample from lead contamimnated area showing variation in some 
physicochemical properties (Granchie, 2016). 

Initial soil characteristic analysis from the lead fall zone of this site showed the soil pH 

to be 4.3 ± 0.01 at 24C and organic matter content of 69 ± 0.27% (Loss on Ignition). The 

soil texture analysis showed that the soil contained 15-19% silt , 15-19% clay  and 64-70% 

sandcharacterizing the soils as a sandy loam. The effective cation exchange capacity 

(ECEC) for collected lead contaminated soil was 58±0.5 Meq/100g. The reference soil had 

a pH value of 6.4 ±0.01, organic matter content of 10.1 ± 0.40% (LOI), silt content of 32%-

57%, 9-19% clay content and 34-59% sand. The ECEC value was 26.5±0.1 Meq/100g 
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(Appendix 1 and 2). These results resemble those from the USDA soil survey for this site 

(USDA, 2013). The soil survey map (Figure III-3), indicates that the contaminated soil 

samples were collected from the Ch and Cb type soil  while the reference soil was collected 

from Lp type soil. Cb is the Canadice silty clay loam while Ch is the Carlisle muck, ponded 

while Lp is the Lorian silty clay loam, loamy substratum. 

Table III-1: Summary of preliminary soil data and data from USDA  

Soil type/ 
sample 

Ch: 
Carlisle 
muck 

Cb: 
Canadice 

silty clay loam 
Lead Soil Lp: Lorian 

silty clay loam 
Reference 

Soil 

pH 4.5-6.3 4.5-6.5 4.3 5.1-6.5 6.4 
%OM 70-99% 3-11% 69% 4-8% 10% 
%silt 48%  15-19% 48% 32-57% 
%clay 27-40%  15-19% 30-40% 9-19% 
%sand 19%  64-70% 17% 34-59% 

CEC meq/100g 150-230 5-10 58 24-40 26.5 
 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
Figure III-3: Soil map for the Grand Valley ranch (USDA, 2013). 
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III.2 Samples collected 

I. Contaminated site 

More than 40 kg of soil from the lead shot fall zone (known to be contaminated by lead, 

was collected from Grand Valley Ranch to a depth of approximately 36 cm. The soil was 

oven dried at 105C and separated through 2mm sieved. 

Six plants growing in the same section of the Ranch were collected as well as 30cm 

soil cores. The cores were separated into the top 15 cm and bottom 15 cm of soil. This 

section of the Ranch is a wetland and this can influence the spread of pollutants from one 

spot to the other due to water movement. Thus, the concentration of lead in the ranch varies 

from one spot to another. Earlier research has shown that concentrations as high as 12,000 

mg/kg are present in the lead shot fall areas of this site (Figure III-1).  

The top 15 cm soil and bottom 15 cm soil and plants were collected from the 

coordinates in Table III-2. Grass 6 had no top soil or bottom soil because it was collected 

in a very water saturated area.  

Table III-2: Coordinates and plant species of sampling points.  Narrow soil cores were 
taken and separated into top 15cm soil and bottom 15cm. 

Samples Top soil 6’’ Bottom soil 6’’ Grass 
identification 

Grass 1 (elevation 862ft) 41 29’58.9’’ N 08049’20.1’’W Reed canary grass 

Grass 2 (elevation 863ft) 41 29’58.9’’ N 08049’20.4’’W Stinging nettle 

Grass 3 (elevation 850ft) 41 29’59.3’’ N 08049’20.6’’W Reed canary grass 

Grass 4 (elevation 862ft) 41 29’59.0’’ N 08049’19.5’’W Aster 

Grass 5 (elevation 872ft) 41 29’58.6’’ N 08049’19.3’’W Reed canary grass 
Grass 6 (elevation 868ft) 

Plant only 41 29’58.7’’ N 08049’20.9’’W Reed canary grass 
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Table III-2: Continued 

Plants collected from the contaminated area, Grand Valley Ranch 
Local name Scientific name Picture 

Aster Asteraceae sp 

 

Reed canary grass Phalaris arundinacea 

 

Stinging nettle Urtica dioica 

 
 

II. Reference site 

 More than 40 kg of soil was collected from this area to depths of approximately 36 

cm. The soil was oven dried at 105C and separated through 2mm sieved. This area is about 

0.7 km away from the lead shot fall zone and also classified as a wetland (Figure III-1) . 

III.  Plants used  

Three native plants and three hyperaccumulating plant species were selected for this 

study based on the availability and growth rate (Table III-3).  In addition, plants were 

screened for ability to tolerate high concentrations of lead in soil, grow well in the different 

seasons, produce a high biomass, and potentially have the ability to accumulate lead and 

grow in wetlands. The native plant species were ordered from Prairie Moon Nursery. The 



  

24 
 

hyperaccumulating species, dwarf sunflower, was obtained from Burpee, black mustard 

from Outside Pride, and the tall fescue from Home Depot.  

Table III-3: Plants species selected for phytoremediation of lead contaiminated soil. 

Native species Known Hyperaccumulators 
Local 
name  

Scientific 
name Picture Local 

name 
Scientific 

name Picture 

Virginia 
wild rye 

Elymus 
virginicus 

 

Tall 
fescue 

Festuca 
arundinacea 

 

Switch 
grass 

Panicum 
virgatum L. 

 

Dwarf sun 
flower 

Helianthus 
annuus 

 

Common 
rush 

Juncus 
effusus 

 

Black 
mustard 

Brassica 
nigra 

 

III.4 Sample Preparation  

III.4.1 Soil Samples  

The low lead contaminated soil, reference soil and core samples were oven dried at 

105C then passed through a 2 mm diameter sieve. All soil samples were separately 

homogenized and stored in containers.  Physico-chemical tests were performed on the well 

homogenized reference soil and low lead contaminated soil then were weighted out (500 

g) and placed into pots without drain holes for planting. The soil cores were analyzed for 

available lead (Mehlich III) and total metal analysis (EPA 3051).   
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Figure III-4: Experimental stages for phytoremediation research 

 

III.4.2 Plant samples  

The seeds were germinated in a moist controlled contaminant free environment, then 

transferred into the low Pb contaminated soil (120 mg/kg Pb) after germination. Each plant 

species were replicated a minimum of four times in both the contaminated soil and the 

reference soil.  Six seedlings/germinated seeds were planted in each pot.  The plants were 

left to grow for 3-4 weeks in the greenhouse.  After the growing period, 20 ml of 500 mg/L 

of lead nitrate was introduced in to the soil every four days until any symptoms of metal 

toxicity appear or until a total of 6,000 mg/L soluble lead was added.  Any symptoms of 

metal toxicity (such as discoloration, pigmentation, yellowing, necrosis, stunting) 

40kg of soil samples (contaminated and reference samples) 

Harvest plants, separate shoots from root. 
Dry at 1050C until dry, weigh 

Planting: 
4 replicates per plant with 500 g Pb containing soil  
4 replicates per plant with 500 g Pb reference soil  

 

Dried, at 105 0C. 
Mixing, sieved to 2mm and homogenization  

 

Analysis of plants for lead and nutrients 

Soil physicochemical analysis: 
pH, conductivity, %OM, soil texture, CEC, plant available 

nutrients/metals, total metals 

Plant seeds, grow for 4 weeks. 
Add lead nitrate solution ~ 3 times/week to Pb soil 

When total added lead = 6000 mg/kg, cease additions 
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exhibited by plants were visually noted during the experimental period. This addition of 

lead examines the horizontal lead movement from area of high concentration to areas of 

low concentration.  The reference soils also had an equivalent solution of nitrates added in 

the form of ammonium nitrate.  The plants were harvested a week after the last addition of 

the lead and ammonium nitrate.  

III.5 Soil Analysis 

The soil samples from each pot and the preserved core soil samples were analyzed for 

plant available lead (Mehlich III extraction) and total lead (EPA 3051-30 Acid digestion). 

Soil physiochemical properties were analyzed on the untreated soils (Table III-4).  

1. pH 

Ten grams of low lead contaminated and reference soil samples of < 2 mm size was 

weighed out and put in to a 100 ml beaker. Thirty milliliters of deionized water was added 

to the beaker and the contents were homogenized. The mixture was left to stand for 10 

mins.  A pH electrodes was inserted into suspension and read for both reference and 

contaminated soil samples at room temperature and pressure (Gzar et al, 2014).  The 

electrode wasrinsed between readings using deionized water. Two repetitions were done 

for each sample. 

1. Electrical conductivity 

Electrical conductivity measures the concentration of dissolved salts released from the 

soil in a water solution.  This can indicates how many ions or nutrients are readily available 

fror plant uptake.  Dried, sieved lead contaminated and reference soil (10 g) was weighed 

out and put in to a 50 ml beaker.  Thirty milliliters of deionized water was added to the 
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beaker and mixed thouorghly then allowed to stand for 10 mins.  The electrode was placed 

into the supernante and the conductivity was read at room temperature and pressure 

(Rhoades et al, 1989).  The electrode was rinsed between readings using deionized water. 

Two repetitions were done for each sample. 

Table III-4: Summary of analytical for soil samples before and after remediation. 

2. Organic matter  

This Loss-on Ignition (LOI) method involves the heated destruction of all organic 

matter in soil samples (Dor et al., 1989).  Crucibles were heated in a furnace at 400oC for 

Test Technique Principle Reference 

pH 
Determination of 
H+ concentration 
of soil 

Measures amount of H+ ions in 
solution 

Gzar et al, 
2014 

Electrical 
conductivity 

Determination of 
the electrical 
conductivity. 

It is aimed at measuring the 
concentration of dissolved salts 

Rhoades et 
al, 1989 

Organic 
matter 
content 

Direct estimation 
method; -loss-on-
ignition method 

The heated destruction of all 
organic matter in soil sample 

Ben-Dor et 
al, 1989. 

Soil texture Hydrometer 
method 

This method is based on the 
change of density of a soil and 
water suspension upon settling of 
the soil particles. 

Modified by 
Day (1965) 
and ASTM 
(1985) 

Cation 
exchange 
capacity 

Ammonium 
Acetate Method 

It defines the concentration of 
negatively charged sites on 
colloids that can adsorb 
exchangeable cations. 

Sumner et 
al, 1996 

Acid digestion 

EPA, Method 
3051-30 method 
(microwave 
digestion) 

This method is based on releasing 
metals present in the matrix into 
the acid solution during extraction. 

USEPA, 
1996 

Extraction of 
K, Mg, Ca, 
Mn, Fe, Cu, 
Zn, B and P 

Mehlich III 
method 

To estimate the availability of 
most macro- and micro nutrients in 
acidic soils to neutral pH using 
dilute acid-fluoride-EDTA solution 
at pH 2.5 

Mehlich, 
1984 
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2 hr, then were allowed to cool in a dessicator and weight was determined to 0.0001 g.  

Approximately 3g of dried,  <2 mm size soil (low lead contaminated and reference soils) 

was added to each crucible.  Two repetitions were done for both reference and low lead 

contaminated soils.  To prepare the soils they were oven dried at 105oC for 24 hours, then 

cooled in a desiccator and the weight of the crucible and samples were determined. The 

same samples were ignited in a furnace at 400ᵒC for 16 hours.  The crucibles were cooled 

in a desiccator and the weight of the crucibles and samples were determined to 0.0001g. 

The organic matter content of the soil is assumed to be the LOI which is calculated from 

Equation 1. 

𝑳𝑶𝑰 𝑪𝒐𝒏𝒕𝒆𝒏𝒕 (%) =
 𝒔𝒐𝒊𝒍 𝒘𝒆𝒊𝒈𝒉𝒕𝟏𝟎𝟓 −soi 𝒘𝒆𝒊𝒈𝒉𝒕 𝟒𝟎𝟎 

𝑠𝑜𝑖𝑙 𝒘𝒆𝒊𝒈𝒉𝒕𝟏𝟎𝟓
∗ 100                             Equation 1 

Where, soil weight105 = weight of sample after heating at 1050C and 

soil weight400 = weight of sample after heating at 4000C. 

3. Soil texture  

This modified hydrometer method is based on the change of density of a soil and water 

suspension upon settling of the soil particles (Gee and Bauder, 1986 and ASTM, 1985).  

Fifty grams of soil with <2 mm size was weighed out in 400 ml beakers.  The soils were 

wetted with water until a paste was formed.  The organic matter was removed from the 

soils by adding 25 ml of water to each sample and stirring for form a suspension.  Five 

milliliters of hydrogen peroxide was added to each suspension and the contents of each 

beaker were stirred until frosting occurred. With excess frosting, the samples were placed 

in cold water.  More hydrogen peroxide was added when the reaction subsided.  The 

beakers were put in an oven at 90ᵒC from time to time to quicken the reaction of hydrogen 
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peroxide and the organic matter.  When all organic matter was destroyed (frothing ceased), 

the samples were heated for 1 hour or until dry.  

Once organic matter was removed, the samples were soaked overnight (16 hrs.) in 

100ml of sodium hexametaphosphate (50 g/L) (HMP).  The contents of each beaker were 

homogenized in an electric mixer for 5 mins and then transferred into 1000 ml measuring 

cylinders.  Deionized water was used to bring the contents of the cylinder to 1 L.  The 

cylinders were stopper using paraffin and the end-over-end shaking was performed for 1 

min.  A drop of amyl alcohol was added to remove the foam covering the surface of the 

suspension.  The hydrometer was lowered into the suspension as soon as mixing was over.  

Hydrometer readings were taken at 30 s, 1 min, 5 mins, 10 mins and 30 mins for each 

sample.  The hydrometers were removed, rinsed and wiped to dry and the cylinders were 

stopper with paraffin and end-over-end shaking was repeated e.  The hydrometers were 

reinserted into each suspension and second readings were taken at 30 s, 1 min, 5 mins, 10 

mins and 30 mins.  Additiional readings were taken at 60 mins, 90 mins, 120mins, 480 

mins and 1440 mins.  A blank solution was also prepared using 100 ml of HMP and taking 

the volume to 1 L with deionized water, inverted just as the soil samples, and hydrometer 

readings were take at the same time periods as the soil samples.  A thermometer was used 

at each time to take the temperature of each suspension.  Data was placed into the NRCS 

Hydrometer particle size calculator to determine soil texture (USDA-NRCS 2002).  A 

textural triangle for soil textural analysis was used to determine the soil texture. 

4. Cation Exchange Capacity 

This method quantifies the concentration of negatively charged sites on colloids that 

can adsorb cations.  The ammonium summation method uses ammonium to remove cations 
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from the soil surface then the extracted cations can be measured using ICP-AES (Sumner 

et al, 1996).  A duplicate of 2 g low lead contaminated and reference soil samples < 0.074 

mm size were weighed out and put in to 50 ml round bottom centrifuge tubes with 3 ml of 

1.0 N ammonium acetate solution.  A blank was prepared using 33 ml of the 1.0 N 

ammonium acetate solution.  The tubes were sealed and mixed on a mechanical shaker for 

5 mins then centrifuged at 1000 rpm for 5 mins until supernatant liquid was clear.  The 

supernatant was decanted and the extraction process was repeated 2 more times with 

additional 33 ml of the 1.0 N ammonium acetate.  All aliquots were saved for metal analysis 

on ICP-AES.  The solution was diluted to 100 ml using deionized water.  The cations 

analyzed to determine exchangeable CEC include calcium, magnesium, potassium, 

sodium, aluminum, lead, nickel, copper, chromium, barium and zinc  

(Equation 3). 

Where the exchangeable ions (Ma+) in meq/100g of soil is given as 

(M𝑎+) =
𝑀𝑛+∗𝑉∗𝑛

𝑊∗𝐴
                                         Equation 2 

Where 

Mn+ = concentration of cation in extract in mg/L 

V= Volume if extract (mL) 

n= Valence of cation  

W= Weight of soil (g) 

A= Atomic weight of cation  

 ECEC = 𝐂𝐚𝟐+ + 𝐌𝐠𝟐+ + 𝐊+ + 𝐍𝐚+ Equation 3 

5. Microwave Digestion for Total Metals 

This method is based on releasing metals present in the matrix into the acid solution 

during extraction. 
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5.1. Soil samples 

All soils (lead- contaminated, reference soil, and core soils) used 0.5 g in duplicate  of 

<2 mm, homogenously mixed samples from each pot where the plants were grown or core 

as well as soil samples were weighted out and put into microwave vessels.  Spike samples 

were prepared by adding a predetermined volume (e.g. 2 ml) of 50 µg/ml standard solution 

to 0.5 g soil sample (50 µg/ml of Ag, Pb, Al, As, Ba, Be, Cd, Co, Cr3+, Cu, Fe, Ni, Se,V 

and Zn).  Each sample received 10 ml of trace metal grade nitric acid and the tubes were 

closed and placed in the microwave.  A blank of only trace mteal grade nitric acid was 

included with each sample set to insure no cross contamination was occurring.  A standard 

reference material, 2586 containing trace elements in soil was prepared and ran the same 

as samples.   The samples were digested using EPA method 3051-30 where the 

temperatures ramped to 1750C and cooled to < 530C within 30 mins.  The microwave model 

used was the MARS 6 model.  After the samples cooled down, they were left to settle and 

were transferred in to 50 ml tubes and diluted to 25 ml using deionized water and analyzed 

using ICP-AES (iCAP 6000 SERIES).  

5.2.  Plant samples   

About 0.09 g-0.18 g of ground aerial and root samples were weighed out for each 

plant species planted in the contaminated and reference soils.  The samples were transferred 

to the microwave vessels. Spike samples were also prepared by adding a 500 µg standard 

containing 50 µg/ml of Ag, Pb, Al, As, Ba, Be, Cd, Co, Cr3+, Cu, Fe, Ni, Se, V and Zn to 

the weighed plant material.  A standard reference material, 2976 containing mussel tissue 

was also analyzed for quality control.  Each vessel and the blank sample vessel received 8 

ml of trace metal grade nitric acid and the vessels were allowed to stand for one hour.  Then 
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2 ml of hydrogen peroxide was added to each vessel.  The vessels were capped and put in 

to the microwave.  The samples were digested using programming from EPA method 3051-

30 where the temperatures ramped to 1750C and cooled to < 530C within 30 mins.  The 

microwave model used was the MARS 6 model.  After the samples cooled down, they were 

left to settle and were transferred into 15 ml tubes  and diluted to 15 ml using deionized 

water and analyzed using ICP-AES (iCAP 6000 Series). 

6. Plant Available Lead (Mehlich III method) 

This method estimates the availability of most macro- and micro nutrients in acidic to 

neutral pH soils using dilute acid-fluoride-EDTA solution at pH 2.5 (Mehlich, 1984).  Two 

grams of 2 mm soil samples from each pot, also the top and bottom 15 cm core samples 

and initial soil samples were weighed out in to 125 ml Erlenmeyer flasks in replicate.  

Mehlich III solution (20 mL or 1:10 ratio) wasa added to each flask and were hand-shaken 

for 5 mins exactly.  At 5 mins, the contents of the flask were filtered by using Whatman 42 

filter paper.  The filtrates were analyzed using ICP-AES (iCAP 6000 SERIES).   

                        
Figure III-5: Set up of Mehlich III extraction process and extracts. 

III.7 Bioconcentration factor, lead removal and translocation factor. 

To determine how effective each plant species was, several indicators were used.  The 

first was bioconcentration factor which compares the amount of pollutant (lead) in the 

plant with the amount in the environment (Equation 4). 



  

33 
 

𝐁𝐢𝐨𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐟𝐚𝐜𝐭𝐨𝐫 (𝐁𝐂𝐅) =
𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐥𝐞𝐚𝐝 𝐢𝐧 𝐬𝐡𝐨𝐨𝐭 𝐨𝐫 𝐫𝐨𝐨𝐭 (

𝐦𝐠

𝐤𝐠
)

𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐥𝐞𝐚𝐝 𝐢𝐧 𝐬𝐨𝐢𝐥(
𝐦𝐠

𝐤𝐠
)

   Equation 4 

Base on the BCF a plant species can be categorized as a hyperaccumulator or accumulator 

if it accumulated lead at >1 mg/kg and an excluder if accumulation was <1 (Ma et al., 

2001). 

 The amount of lead removed by the aerial part of the plant and the roots of the plant 

can be determined using the plant mass and lead concentration (Equation 5). 

𝐋𝐞𝐚𝐝 𝐫𝐞𝐦𝐨𝐯𝐚𝐥 =
(𝐥𝐞𝐚𝐝 𝐜𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐢𝐧 𝐬𝐡𝐨𝐨𝐭𝐬 𝐨𝐫 𝐫𝐨𝐨𝐭𝐬)∗𝐃𝐫𝐲 𝐰𝐞𝐢𝐠𝐡𝐭 𝐬𝐡𝐨𝐨𝐭 𝐨𝐫 𝐫𝐨𝐨𝐭  

𝟏𝟎𝟎𝟎
      Equation 5 

𝐓𝐫𝐚𝐧𝐬𝐥𝐨𝐜𝐚𝐭𝐢𝐨𝐧 𝐟𝐚𝐜𝐭𝐨𝐫 (𝐓𝐅) =
𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐥𝐞𝐚𝐝 𝐢𝐧 𝐬𝐡𝐨𝐨𝐭𝐬 (

𝐦𝐠

𝐤𝐠
)

𝐂𝐨𝐧𝐜𝐞𝐧𝐭𝐫𝐚𝐭𝐢𝐨𝐧 𝐨𝐟 𝐥𝐞𝐚𝐝 𝐢𝐧 𝐫𝐨𝐨𝐭𝐬 (
𝐦𝐠

𝐤𝐠
)

          Equation 6 

III.8 Statistical analysis. 

The different plants were compared by means of Least Significant Difference (LSD) 

test and also ANOVA using SPSS version 24 (IBM, 2011).  Influences between various 

soil and plant results were done using Pearson Correlations with a probability of p ≤ 0.05 

considered to be statistically significant.  
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  CHAPTER IVV: RESULTS AND DISCUSSION 

The metal content in soil and plants in this experiment are based on some of the metals 

used in the production of arms and bullets.  Some of these metals include lead, copper, 

zinc, and arsenic can leach from bullets, fragments and bullet jackets leading to the 

contamination of soils, surface and groundwater. 

IV.1 Plant Growth. 

A total of 48 pots were used for the experiment (3 repetitions of which just 3 repetitions 

plus a 4th pot serves in case of no growth in any pots or plants die) and each pot contained 

6 seedlings.  Some of the seeds germinated after 3 days (mustard and also the sunflower 

and tall fescue), the others germinated after a week (switch grass and Virginia wild rye), 

while others after 2 weeks (common rush).  The plants in the contaminated soil prove to 

grow better than the plants in the reference soil which showed stunted growth probably due 

to the soils water retaining ability (water keeps standing in it) and lack of soil nutrients and 

low organic matter content.  The soil survey reports and the preliminary soil test ran on this 

soils better explains this lack in soil nutrients and retention ability (see Appendix 1 and 4).  

The nutrients such as potassium, phosphorus, were present at very low concentrations even 

though reference soil contained more plant available potassium and magnesium than the 

contaminated soil.  For contaminated soil, the average amount of phosphorus and 

potassium levels available to plants for uptake ranged from 15.3±3.0 to 31±8.5 mg/kg P 

and potassium ranged from 69±12.2 to 124±10.7 mg/kg K and for the reference soil P 

levels ranged 53±10.8 to 31±3.3 mg/kg P and potassium levels ranged from 129±21.6 to 

68±1.3 mg/kg K.  The reference soil is gray in color while the contaminated soil is dark in 
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color and quickly absorbs water.  It was later learned that the organic material or muck was 

harvested from this area therefore only the subsoil remained. 

 

Figure IV-1: Plants used in phytoremediation experiment after a month of growth before 
lead nitrate was added (Taken by Tening, 9/25/2015). 

IV.2 Total metal concentration in different pots after phytoremediation. 

The average total metal concentrations (mg/kg) in the contaminated soil from different 

pots after the phytoremediation process werefrom 4,000 to 6,000mg/kg (Figure IV-2, 

Appendix 2 and 4).  It is worth noting that quality control (QC) checks, reference material 

and spike samples were ran together with samples (Appendix 3).   

 
Figure IV-2: Average total metal concentration in contaminated soil from each plant 

species (mg/kg Pb) for metals most commonly found in lead shot. 
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The total metal concentration for arsenic copper and zinc in the contaminated soil found 

in the different pots were very low as compared to that of lead.  The average arsenic 

concentrations in all six pots ranged from 29±3.2mg/kg As in the pot where common rush 

(Juncus effuses) was planted to 25±0.3 mg/kg As in the pot where dwarf sunflower 

(Helianthus annuus) was planted, while the copper concentrations ranged from 73±4.9 

mg/kg  Cu where black mustard (Brassica nigra) was planted to 69±2.7 mg/kg Cu in the 

soil where dwarf sunflower (Helianthus annuus) was planted and the concentration of zinc 

ranged from 59±2.5 mg/kg Zn in the soil where dwarf sunflower was grown to 56±4.5 

mg/kg Zn in the soil where common rush (Juncus effuses) was grown.  The average total 

metal concentrations for the other metals are as follows; the concentration of iron ranged 

from 17722±1203 to 14635± 220 mg Fe/kg, calcium ranged from 12071±83 to 10338±691 

mg Ca /.kg , Potassium ranged from 414±7.9 to 319.3±33 mg K/kg, magnesium ranged 

from 1345 ±183 1047±23.3 mg Mg/kg  and nickel ranged from 24±2.7 to 21±0.4 mg Ni 

/kg.  The lead levels found in the different pots are lower than the 12000 mg/kg Pb levels 

observed in the previous studies.  The lead levels after the phytoremediation process ranged 

from 6446 ± 410 mg/kg Pb in the pot were Virginia wild rye (Elymus virginicus) was grown 

to 4001±554 mg/kg Pb were common rush was grown. All pots contained lower 

concentrations of arsenic, copper, potassium, nickel and zinc when compared to the other 

metals.  This varying concentrations of metals in the pots may be due to the different 

remediation potentials of the plants.  Also, the variability in lead concentration is due to 

the varying lead nitrate concentrations added during the experiment (experimental error) 

and heterogeneity of the soils (natural variability).  The relatively high range of calcium in 

the soil is an indication that the soil in this experiment is calcareous. 
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The average total metal concentrations of the metals of interest present the different 

pots for the reference soil after phytoremediation are presented in the histogram below.  

 
Figure IV-3: Average total metal concentration in reference soil in different pots (mg/kg) 
after phytoremediation.              

 
The other metals analyzed in Mehlich test as nutrients available to plants have the 

following concentration ranges in these soils; calcium ranged from 8619± 297 to 6945±602 

mg Ca /kg, Iron ranged from 16748±670 to 14572±992 mg Fe /kg Fe, Potassium ranged 

from 1269 ± 89  to 1008±74 mg K /kg, magnesium ranged from 3610±170 to 3136±350 

mg Mg /kg and nickel ranged from 18±0.8 to 17±1.4 mg Ni /kg.  The concentrations of 

potassium and magnesium were higher in the reference soil than in the contaminated soil.  

The concentrations of arsenic, nickel, lead and zinc were lower in the reference soils as 

compared to the contaminated soil.  Lead levels ranged from 43±13 mg/kg Pb in the soil 

in which common rush was planted to 28±35 mg/kg Pb in the soil in which dwarf sunflower 

was planted. Arsenic concentrations ranged from 6.2±0.9 to 4.8±0.33 mg As /kg, copper 

levels ranged from 30.9±1.5 to 27.8±1.1 mg Cu /kg and zinc levels ranged from 45.4±2.0 
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to 42.4±1.7 mg Zn /kg.  This soil therefore served as a good reference soil for the study 

since it had minimal lead levels when compared to the contaminated soils.  

IV.3 Plant Available Nutrients (Mehlich III).  

After looking at the total metal content of the soil, it is necessary to look at the 

nutrients available to the plants carried out using Mehlich III extractions give an indication 

on the amount of nutrients that are available for plant uptake.  The amount available can 

influence the health of the plant as well as how well the plant will remove lead from the 

soil.  Calcium is the most available nutrient to the plants due to its relatively high Mehlich 

III concentrations in the soil (Figure IV-4, Appendix 5). 

 
Figure IV-4: Average Concentration (mg/kg) of available nutrients (Mehlich III) from 
contaminated soil where various plant species were grown . 

The arsenic levels available to plants ranged from 1.1±0.1 to 1.6±0.1 mg As /kg. The 

concentrations of available As was relatively low. Also very low levels of copper, nickel 

and zinc were available to the plants for uptake when compared to the other nutrients. 
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Copper concentrations ranged from 0.9±0.1 to 1.2±0.1 mg Cu /kg, while nickel 

concentrations ranged from 1.9±0.1 to 2.2±0.1 mg Ni /kg and zinc concentrations ranged 

from 22.3±1.1 to 14.3±0.3 mg Zn /kg.  Phosphorus and potassium being important nutrients 

in fertilizers which enhance growth of plants were also available in low concentrations for 

uptake by plants.  The potassium levels were much higher than the phosphorus levels which 

ranged from 15.3±3.0 to 31.1±8.5 mg P /kg and potassium ranged from 69±12.2 to 

124±10.7 mg K /kg. Lead and magnesium had higher concentrations available to plants, 

even though lower than calcium levels. The levels of lead available for uptake by black 

mustard appeared to be greatest followed by dwarf sunflower, virginia wild rye, tall fescue, 

common rush and switch grass.  This might be a reason why black mustard did not do so 

well when compared to the other plants as will be seen in the later results.  

Mehlich III results for the reference soil are shown below (Figure IV-5, appendix 

5). The concentration of nutrients available to the plants for uptake were relatively low 

even though copper, potassium and magnesium were more available to the plants in the 

reference than in the contaminated soil (plant available P levels for the reference soil ranged 

from 53±10.8 to 31±3.3 mg P /kg and potassium levels ranged from 129±21.6 to 68±1.3 

mg K /kg).  
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the plants since lead was introduced directly in solution as soluble lead nitrate and so little 

of it was bound to the organic matter present in the contaminated soil.   

IV.5 Effects of nutrient on lead uptake by plant roots and shoots. 

Pearson’s correlation was done to show if there existed a significant difference between 

some nutrients (arsenic, calcium, potassium, magnesium, phosphorus, lead, copper, nickel 

and zinc) present in the soil and the dry weight of plant shoot and roots, the uptake of lead 

by plant root and shoot, translocation factor, bioconcentration factor for both roots and 

shoots, and the amount of lead removed by roots and shoots (Appendix 7).  The nutrients 

had a positive influence on plant factors, implying these nutrients were readily available 

for uptake by plants and their uptake did not have an influence on the lead levels take up 

by plants and vice versa.  However, no correlation existed between Mehlich-III soil lead 

and shoot or root lead concentrations because the individual plant uptake of nutrients can 

be influenced by factors such as pH, organic matter, the presence of other compounds 

which can bind to metals (phosphates) and clay.  

Pearson’s correlation between bioconcentration factor for plant shoots and roots 

(calculated using Mehlich 3 lead and total lead), and the amount of lead removed by roots 

and shoots indicated some relationships (Table IV-1).   
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Table IV-1: Pearson’s Correlation Coefficient between plant available nutrients in soil 
(Mehlich 3 extraction) and plant bioconcentration factors (BCF for Mehlich III lead and 
total lead in soil and amount of lead removed from soil (concentration x biomass). Italic 
bold correlations indicate significance at p=0.05 level 
  

BCF 
Shoot/ 
M3 Pb 

BCF 
Root/ 

M3 Pb 

BCF 
Shoot/ 

Total Pb 

BCF 
Root/ 

Total Pb 

Pb (mg) 
Removal 

Shoot 

Pb (mg) 
Removal 

Roots 

M3 
Soil K 

Pearson 
Correlation 

0.594** 0.459* 0.500* 0.369 -0.038 -0.023 

mg/kg Sig. (2-tailed) 0.002 0.024 0.013 0.076 0.858 0.914 
 

N 24 24 24 24 24 24 

M3 
Soil P 

Pearson 
Correlation 

0.453* 0.581** 0.643** 0.601** 0.250 -0.190 

mg/kg Sig. (2-tailed) 0.026 0.003 0.001 0.002 0.239 0.375 
 

N 24 24 24 24 24 24 

M3   
Soil Pb 

Pearson 
Correlation 

-0.465* -0.135 -0.093 0.082 -0.031 -0.272 

mg/kg Sig. (2-tailed) 0.022 0.530 0.667 0.705 0.886 0.199 
 

N 24 24 24 24 24 24 

 
Results of lead uptake by plants from a study by Kibria et al., 2009 showed a different 

trend from present study. Calcium concentrations from the study in root and shoots of A. 

gangeticus and roots of A. oleracea, were rather significantly decreased by lead levels. In 

this present study, similar trends were seen; calcium levels in the plants from lead 

contaminated soil were less than those without lead contamination. Also, studies by Walker 

et al., 1997 on Zea mays showed that lead uptake decreased with uptake of phosphorus. In 

present study, no correlation was observed between plant uptake of lead and phosphorus. 

This rather falls in line with studies carried out by Huang and Cunnungham (1996) where 

the phosphorus concentrations in shoots of both corn and rageweed were not significantly 

affected by lead levels. Although more variety of phosphorus levels in the soil may give 

different results.  It was also observed in the study by Kibria et al, 2009 that potassium 

concentration in shoots of A. gangeticus was not affected by lead application. In the present 

study, potassium concentrations in soil had a positive significant correlation with the dry 
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shoot weight and the lead accumulated by plant root and shoots although the uptake of 

potassium did not vary as compared to the reference soils (Appendix 4).     

IV.6 Plant dry weight after harvesting period  

After the addition of lead nitrate, the plants used in this experiment expressed the 

following changes:  

The leaves of the black mustard (Brassica nigra), sunflower (Helianthus annuus), 

switch grass (Panicum virgatum) and Virginia wild rye (Elymus virginicus) started 

showing signs of chlorosis and wilting while the roots of the common rush (Juncus effuses) 

showed some signs yellowing.  Tall fescue (Festuca arundinacea) was quite resistant and 

showed little signs of yellowing when compared to the other plant species.  All plants were 

harvested after 1 week of last addition of lead nitrate. 

The dry root weights and shoot weights are an indication of how well the plants could 

be tolerant and grow in the lead contaminated soil. The shoot and root yield in the plants 

vary depending on the plant species. The results show that tall fescue (Festuca 

arundinacea) yield the highest dry shoot weight followed by the black mustard (Brassica 

nigra). It is worth nothing that these two species are the hyperaccumulating plants while 

for the native species, the common rush (Juncus effuses) and Virginia wild rye (Elymus 

virginicus) had the highest mean dry shoot weights.  For the dry root weights, the Virginia 

wild rye (Elymus virginicus) and common rush (Juncus effuses) had the highest weight in 

roots  for native plants while tall fescue (Festuca arundinacea) and black mustard 

(Brassica nigra) had highest yield in dry root weights for hyperaccumulating plants. 
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 Table IV-2: Mean dry weight of plants root and shoot after harvesting. The same letters 
indicate no significance exist between groups and different letters imply significant 
difference exist, p=0.05 

 

Looking at the dry shoot results, common rush (Juncus effuses), Virginia wild rye (Elymus 

virginicus), black mustard (Brassica nigra) and tall fescue (Festuca arundinacea)  had the 

highest shoot weights although virginia wild rye had a significant more root weight when 

compared to the other plant species. This is probably due to the fact that the roots of 

Virginia wild rye are resistant to high levels of lead in soil. Thus, with the large root mass 

of Virginia wild rye, it can serve as a good species in soil stabilization and reduction of 

contaminant movement.  

The high average dry shoot weight of black mustard may have been influenced by the broad 

nature of its leaves which would intercept more sunlight and thus enable higher rates of 

photosynthesis and as a result it incorporates more carbon to the plant (Martens et al., 

2000). A study conducted by Begonia et al., 2005, using tall fescue in the phytoremediation 

Plant species N Mean Std. 
Deviation 

Dry weight of shoot 

Common rush 4 2.41b 0.46 
Virginia wild rye 4 2.03b 0.24 

Switchgrass 4 0.61a 0.25 
Tall fescue 4 2.63b 0.74 

Black mustard 4 2.50b 0.76 
Dwarf sunflower 4 0.75a 0.27 

    

Dry weight of  roots 

Common rush 4 0.75acd 0.08 
Virginia wild rye 4 2.08b 0.60 

Switch grass 4 0.73acd 0.20 
Tall fescue 4 1.00d 0.41 

Black mustard 4 0.40a 0.16 
Dwarf sunflower 4 0.37c 0.41 
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of lead showed that tall fescue (Festuca arundinacea), produced high levels of biomass and 

also tolerated elevated levels of soil lead concentrations and no phytotoxic effects of lead 

were noticed on tall fescue except for a slight reduction in its root biomass. The leaves of 

the common rush are basal therefore preventing large amounts of water evaporating from 

the plants thus accounting for the high shoot biomass. Virginia wild rye is considered as a 

self-fertile plant species (Asay and Jensen, 1996).  The poor yield of some of the plant 

species (switch grass and dwarf sunflower) may be due to the short length of the growing 

period, inhibition of growth by lead or due to other soil characteristics.   Study on sunflower 

by John et al., 2013 under similar conditions as in this study, indicated average sunflower 

shoot dry weight to be 0.62 g which is a little lower than the average dry weight shoot value 

for sunflower obtained in this study.  

IV.7 Total lead accumulated by roots and shoots. 

Generally, the plant roots accumulated more lead than shoots (Figure IV-6, Appendix 

8).  The dwarf sunflower (Helianthus annuus) roots accumulated the highest concentration 

of lead followed by common rush (Juncus effuses), tall fescue roots, black mustard 

(Brassica nigra), Virginia wild rye (Elymus virginicus) and then switch grass (Panicum 

virgatum).  There existed a significant difference at p=0.05 between the concentration of 

lead accumulated by the roots of the dwarf sunflower and those of the other plants (Figure 

IV-6). 

For the shoots, the sunflower shoots were able to accumulate accumulated the highest 

concentration of lead followed by tall fescue, then common rush, Virginia wild rye, switch 

grass and black mustard. The hyperaccumulating plants accumulated more lead by root and 

shoots than their native plant counterparts (total shoot lead uptake by hyperaccumulating 
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plants ranged from 9693±7387 to 778±316 mg Pb /kg while for roots the range was from 

42446±30997 to 7539±3271 mg Pb /kg. For native plants the range for total lead shoot 

removal was 4059±872 to 2703±1761 mg Pb /kgwhile for roots the range was from 

12229±3778 to 3192±946 mg Pb /kg. There existed a statistically significant difference 

between the level of accumulation of lead by the shots of the dwarf sunflower and to the 

shoots of common rush, Virginia wild rye, switch grass and black mustard, while there 

existed a significant difference between the level of accumulation of lead by the shoots of 

black mustard and all the other plants (Figure IV-6).  

ANOVA test shows that there exist a significant difference between groups for all the 

means of the total lead concentrations in the plant shoot and total lead concentrations in 

plant roots (Appendix 9).  This is an indication that the difference in the levels of uptake 

of lead by roots and shoots of the plants may be based on the plant morphology or the 

ability of the plant to tolerate lead and also on the length of phytoremediation period (35 

days).  
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These concentration values are far below the values obtained from this present study which 

could be due to the concentration of soluble lead.  

IV.8 Lead uptake by roots and shoots and translocation factor. 

Determining how much lead is removed from the soil by each plant will give an 

indication on how long the plants would take to remediate a contaminated area.  This takes 

into account both the accumulation of lead in the shoots and the biomass produced during 

the experimental time frame (Appendix 10). In general, the levels of lead being removed 

by the shoots are higher than the levels being removed by the roots.  

Tall fescue, a hyperaccumulator removed the highest concentration of lead from soil 

by its shoots and there existed a statistically significant difference between the 

concentrations of lead removed by the shoots of this plant when compared to the shoots of 

all the other plants (Figure IV-7, Appendix 10).  Concentrations of lead accumulated by 

the roots of common rush, Virginia wild rye and dwarf sunflower were not statistically 

different.  Black mustard and switch grass accumulated the least concentration of lead by 

their shoots when compared to the other plant species.  If the soil was at a homogenous 

concentration 2000 mg/kg or more it would take decades for tall fescue to remove all the 

lead in the soil.  



bc

bcdf

edf

a

edf

bcf

bc
c

bc
bc

a aab bcd d bcd
a ac



  

50 
 

The results from ANOVA test, show that there exist a significant differences between 

the concentrations of lead removed by the shoots and roots between groups and also there 

exist a statistically significant difference between the translocation of lead from roots to 

shoots between species (Appendix 10).  These significant differences are due to the fact 

that there are different species of plants; hyperaccumulators and native species and they 

differ in their levels of interactions with lead and also the length of time in which 

phytoremediation was carried out. 

A Study carried out by Kumar et la., 1995 on lead phytoextraction using a series of Pb 

hyperaccumulators for 14-20 days in sand/Perlite mixture containing 625 µg Pb2+per g 

dry weight supplied as Pb( NO3)2 revealed Brassica nigra and Brassica juncea as having a 

high metal accumulation ability. The shoot of Brassica nigra (L) Koch (black mustard) 

were able to accumulate 9.4±2.5 mg of Pb per g dry weight shoot and the roots were able 

to accumulate 106.6±10.7 mg of Pb per g dry weight roots while the shoots and roots of 

Helianthus annuus L (dwarf sunflower) accumulated 5.6 ±1.3 mg of Pb per g dry and 61.6 

±3.3 mg of Pb per g dry weight respectively. These concentrations of lead accumulated by 

both black mustard and sunflower roots and shoots are above concentrations observed in 

present study. Lead uptake by plant roots were in the following other of Virginia wild rye 

> switch grass > common rush > tall fescue > sunflower > black mustard and for the shoots, 

tall fescue > common rush > dwarf sunflower > Virginia wild rye > black mustard > switch 

grass. 

Although all translocation factors (TF) <1, suggesting that lead translocation from root 

to shoot was low, the shoots removed more lead than the roots indicating that the shoots 
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acted as a sink for lead. This low TF, is probably as a result of the short length of the 

experiment.  

IV.9 Bioconcentration factors  

The bioconcentration factor was computed using the total lead values in soil and the 

Mehlich III value of lead in soil (Figure IV-7, Appendix 11). BCF values gotten using 

Mehlich III available lead in shoots are higher than those gotten using the total soil lead 

concentration values. The total lead in soil bioconcentration values show that common 

rush, tall fescue and dwarf sunflower have BCF >1 while virginia wild rye, switch grass 

and black mustard have BCF <1. This high BCF values for common rush, tall fescue and 

dwarf sun flower, indicates that these plant species can be categorized as a 

hyperaccumulator or accumulator  while virginia wild rye, switch grass and black mustard 

can be categorized as (Ma et al., 2001). There exists a significant difference between the 

total shoot lead BCF values for common rush and tall fescue when compared to that of 

black mustard. Dwarf sunflower and the highest total BCF value.  

All Mehlich III BCF shoot values are greater than 1, but there exist a statistical 

significant difference between the Mehlich III BCF values of sunflower and that of black 

mustard. The dwarf sunflower had the highest Mehlich III BCF value. The high Mehlich 

III BCF values mean that the lead concentration in the plant shoot exceeds the lead 

concentration available as in soil as a result of exposure to lead in soil. 
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Figure IV-8: Bioconcentration (BCF) factor for contaminated soil. The same letters 
indicate no significance exists between groups, and different letters imply significant 
difference exists, p=0.05.   

ANOVA test carried out indicated that there exist a significant difference between 

groups means for total lead BCF in shoots at p-values<0.05 level of significance. For 

Mehlich lead BCF in shoots, there exist no statistical significance difference of mean 

between groups.  

The high total lead BCF shoot for tall fescue, common rush, and dwarf sunflower and 

their low TF (TF<1) is an indication that these species are tolerant to lead and thus, they 

can be used for phyto-stabilization of lead contaminated soil. This is also an indication that 

these plants retained lead more in their roots and thus limited the mobility of lead to their 

shoots once absorbed by the plant roots. However, time could have been a factor since the 

phytoremediation process only ran for 35 days thus not allowing enough time for 

translocation to occur.   
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IV.10 Total metal concentration in soil from historic gun range 

Top and bottom 15 cm core soil samples were collected from the lead shot zone in the 

Grand Valley ranch. The arsenic, copper, lead, and zinc contents were analyzed together 

with other metals present in samples (Table IV-3, Appendix 12).  

Table IV-3: Total metal concentration in top 15 cm of soil from historic gun range 

Soil   Arsenic  Copper Lead   Zinc 
mg/kg   mg/kg mg/kg mg/kg mg/kg 

Grass 1: Reed canary grass TOP  
Average  54.3 45.4 2813.3 99.3 

Stdev 1.8 0.1 25.8 1.6 
%CV 3.3 0.2 0.9 1.6 

Grass 2: Stinging nettle TOP  
Average 36.4 114 3200.3 80.8 

Stdev 1.7 0.4 468.5 1.7 
%CV 4.7 0.3 14.6 2.1 

Grass 3: Reed canary grass  
(collected around water) 1  

Average 31.5 81.3 1663.8 83.7 
Stdev 0.3 2.3 113.5 1.9 
%CV 1 2.8 6.8 2.2 

Grass 4: Aster  TOP 
Average 22.6 109.6 1826.3 82.5 

Stdev 2.4 1.7 280.4 1.2 
%CV 10.8 1.5 15.4 1.5 

Grass 5: Reed canary  top  
Average 37.3 44.2 494 63.1 

Stdev 0.3 1.8 26.2 6.6 
%CV 0.9 4.1 5.3 10.4 

Grass 6: Reed canary top  
Average 14.1 59.2 263.9 69 

Stdev 0.2 1.1 23.8 0.8 
%CV 1.7 1.8 9 1.2 

%CV-coefficient of variation
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Table IV-4: Total metal concentration in bottom 15 cm of soil core from historic gun range. 

Soil  Arsenic Copper Lead Zinc 
mg/kg  mg/kg mg/kg mg/kg mg/kg 

Grass 1Reed canary grass bottom 
Average 38.7 22.7 236.3 84 

Stdev 1.7 0.7 34 1.4 

%CV 4.5 2.9 14.4 1.6 

Grass 2: Stinging nettle bottom 
Average 19.4 111.5 525.5 79.9 

Stdev 0.3 0.6 36.1 0.9 

%CV 1.6 0.6 6.9 1.1 

Grass 4: Aster bottom 
Average 9.3 58.1 123.9 102.5 

Stdev 0.1 3 11.4 4.8 

%CV 0.9 5.2 9.2 4.7 

Grass 5: Reed canary bottom 
Average 33.8 24.3 219.5 69.4 

Stdev 0.9 1.1 6.1 0.6 

%CV 2.5 4.5 2.8 0.8 

Grass 6: Reed canary bottom 
Average 24.9 43.2 445.9 49.3 

Stdev 2.9 0.2 71.1 1.9 

%CV 11.6 0.4 16 3.9 

%CV-coefficient of variation 
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Calcium levels in the top 15 cm of soil were very high and range from 1386 to 8820 

mg/kg Ca. The iron levels ranged from 14837 mg/kg to 6005 mg/kg. Potassium levels 

ranged from 1278 mg/kg to 536 mg/kg, magnesium levels ranged from 3202 mg/kg to 955 

mg/kg and nickel levels ranged from 22.6 mg/kg to 14.5 mg/kg. Looking at metals of 

interest (arsenic, copper, lead and zinc, because of their presence in arms and bullets), 

arsenic levels ranged from 54.3 mg/kg to 14.1 mg/kg while copper levels ranged from 114 

mg/kg to 41.2 mg/kg, lead levels ranged from 3200 mg/kg to 236 mg/kg and zinc levels 

ranged from 99.3 mg/kg to 63.1 mg/kg.  The only metal of interest that seems to be elevated 

is the lead concentrations. 

For the bottom 15cm of soil, calcium levels ranged from 9.3 mg/kg to 38.7 mg/kg, iron 

levels ranged from 17063 mg/kg to 5768 mg/kg, potassium levels ranged from 736 mg/kg 

to 327 mg/kg, magnesium levels ranged from 2348 mg/kg to 1090 mg/kg and nickel ranged 

from 22.4 mg/kg to 16 mg/kg. For the metals of interest, arsenic ranged from 38.7 mg/kg 

to 9.3 mg/kg, copper ranged from 116 mg/kg to 23 mg/kg, lead ranged from 525.5 mg/kg 

to 124mg/kg and zinc ranged from 103 mg/kg to 49.3 mg/kg.  The levels of the arsenic, 

copper, lead and zinc were higher in the top soil 15 cm than in the bottom soil 15 cm. Also, 

the arsenic, copper and zinc levels in the top 15 cm were higher than those in the green 

house experiment. As previous research on this site indicated, the vertical movement of 

lead is limited due to physiochemical properties of the soil. 

Some of the lead levels are higher than recommended levels of lead by EPA as earlier 

cited in the literature review. It can also be seen that the metal concentrations vary 

throughout the range. Comparing the concentration of these metals between top 15 cm soil 

and bottom 15 cm soil and also between the different sampling points, it can be seen that 
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there exist a lot of variations in concentration. This goes to support the statement earlier 

made during the description of the sampling site, that the pollutant is being spread more 

superficially from one spot to the other by water leaching horizontally while downward 

spread of pollutant to groundwater seems to be slow due to the high organic material in the 

soil surface. Once lead falls onto soil, it sticks strongly to soil particles and remains in the 

upper layer of soil (ATSDR, 2007).  

Also, Grass sample number 3 was collected from around a soggy area of the ranch. 

This sample contained 1664±114 mg/kg Pb, which falls above recommended levels by 

EPA. Jorgensen and Willems, 1987 obtained as total Pb concentration1000 mg/kg Pb for 

0-50 mm and also Murray et al, 1997 obtained 2256 mg/kg Pb for top 5-15mm soil when 

they examined soil cores from a lead shot in a shooting range. Some of the total lead 

concentrations in present study fall above these values.  
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IV.11 Available Nutrients for field plants.        

Table IV-5: Nutrient available to plants in the historic gun ranch. 

Top 15 cm 
 Lead 

(mg/kg) 
Arsenic 
(mg/kg) 

Calcium 
(mg/kg) 

Copper 
(mg/kg) 

Iron 
(mg/kg) 

Potassium 
(mg/kg) 

Magnesium 
(mg/kg) 

Nickel 
(mg/kg) 

Phosphorus 
(mg/kg) 

Zinc 
(mg/kg) 

Grass 1: reed 
canary 244 2.8 4674 0.9 568 183 743 1.5 95 19.9 

Grass 2: stinging 
nettle 517 3.8 2603 5.8 220 188 330 1.1 153 18.3 

Grass 3: reed 
canary  (water) 220 2.9 3283 3.0 548 55 356 1.6 133 17.5 

Grass 4: aster 427 2.4 3843 8.0 276 123 430 1.6 210 22.2 
Grass 5: reed 

canary 48 2.3 3210 1.1 531 118 573 1.4 71 13.1 

Grass 6: reed 
canary 45 0.7 3864 5.5 380 139 555 1.1 74 11.2 

Bottom 15 cm 
 Lead 

(mg/kg) 
Arsenic 
(mg/kg) 

Calcium 
(mg/kg) 

Copper 
(mg/kg) 

Iron 
(mg/kg) 

Potassium 
(mg/kg) 

Magnesium 
(mg/kg) 

Nickel 
(mg/kg) 

Phosphorus 
(mg/kg) 

Zinc 
(mg/kg) 

Grass 1: reed 
canary 41 3.3 716 1.8 570 47 366 1.9 40.5 18.4 

Grass 2: stinging 
nettle 123 1.6 2956 6.5 342 91 382 1.5 149.9 16.7 

Grass 4: aster 36 0.9 5401 5.1 304 41 665 1.8 72.6 34.8 
Grass 5: reed 

canary 19 3.7 2441 0.3 559 89 447 1.8 54.3 10.9 

Grass 6: reed 
canary 27 1.3 3195 1.1 537 76 548 1.0 42.9 6.4 
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Nutrient levels vary between top and bottom soils (table IV-5).  The nutrient levels in 

both top 15 cm and bottom show a lot of variation across the surface and downwards too. 

Plant available arsenic and potassium levels are higher in the top soil than in the bottom 

soil. Plant available lead and phosphorus levels turn to decrease from top to bottom soil 

and also vary across the surface. This might be due to the presence of different plant species 

present in the range and also due to the spread of the nutrients more superficially due to 

the water leaching horizontally. Lead levels in the water sample was 220 mg/kg. This low 

lead level is this sample is due to the low solubility of lead in water and so, the lead gets 

attached to soil particles.   

IV.12 Dry weight of shoots and roots. 

Table IV-6: Dry weight of roots and shoots of field samples. 

Plant species Dry weight roots 
(g) 

Dry weight shoots 
(g)       

Grass 1: Reed canary grass (Phalaris 
arundinacea) 14.67 3.85 

Grass 2: Stinging nettle  
(Urtica dioica) 4.26 13.40 

Grass 3: Reed canary grass (collected 
around water) (Phalaris arundinacea) 3.50 4.43 

Grass 4: Aster (Asteraceae sp) 2.03 14.90 
Grass 5: Reed canary 
(Phalaris arundinacea) 6.26 3.29 

Grass 6: Reed canary 
(Phalaris arundinacea) 10.88 6.21 

 

It can be seen that the reed canary grass had the highest yield as oppose to the other 

species. The yield of the reed canary grass seem to be dependent on where it was found, 

since same species had different yields, yet in the same field. This variation might be due 

to the lead levels and also nutrient levels. Also looking at the dry shoots, aster species had 

the highest dry shoot weight. It was noticed that the dry shoot and dry root weights were 
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inversely related that is to say plants with a higher dry shoot weight tended to have a low 

dry shoot weight. Factors such as seasonal variations, which caused the plants to lose their 

leaves, too much water in the area, low tolerance to lead and other metal, and the plants 

way of adapting to the area could account for this variation. 

IV.13 Total metal concentration in plant roots and shoots  

Low levels of lead were accumulated by all the plant shoots as oppose to the plant roots. 

This means these plants are not good accumulators of arsenic as well as copper. Aster spp 

accumulated very high amounts of Zn. None of the shoots accumulated Ni, meaning these 

plants are not accumulators of Ni. The lead levels in all shoots were very low than the lead 

levels in the roots. The shoots of the Aster species accumulated the highest amount of lead. 

The roots of all the plant were able to accumulate very high amounts of lead with the 

highest amount being accumulated by the aster species. This is probably why the dry root 

weight of the aster species was lower than its shoots dry weight. Based on a study carried 

out by kabata and Pendias, 1992 on clovers present in polluted site, the plant lead 

concentration was found to be 2.1 and 2.5 mg/kg and also another study by Marcelo et al, 

2015 on rice plants and wetland grasses, plant lead concentrations were 2.83, 2.61 and 2.21 

mg/kg for different sites on the wetland. The lead levels from this study are higher than the 

levels found in these studies. No apparent relationship was noticed between plant and soil 

lead or other metal concentrations. The site from which the stinging nettle was harvested 

from had the highest lead concentration in the soil, the lead contents in the plant root or 

shoots did not follow the soil concentrations. This means that the concentration of lead in 

the soil is not a determinant of how much lead the plant will accumulate. 
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Table IV-7: Total Metal and nutrient concentrations in plants collected from historic gun range. 

 Plant Tissue Concentrations - Shoots 
 

Lead 
(mg/kg) 

Arsenic 
(mg/kg) 

Calcium 
(mg/kg) 

Copper 
(mg/kg) 

Iron 
(mg/kg) 

Potassiu
m 

(mg/kg) 

Magnesiu
m (mg/kg) 

Phosphoru
s (mg/kg) 

Zinc 
(mg/kg) 

Grass 1: Reed canary 3.592 0.000 2138 4.167 65.71 28657 1546 966.6 11.57 

Grass 2: Stinging nettle 42.94 0.183 46756 6.583 137.1 21449 3637 4251 42.07 

Grass 3: Reed canary 21.71 0.792 2927 5.966 151.5 12774 3045 1995 97.91 

Grass 4: Aster 112.6 1.267 20408 32.57 356.8 14058 7249 3382 274.4 

Grass 5: Reed canary 80.48 0.658 1707 9.050 208.5 36724 1348 2762 35.67 

Grass 6: Reed canary 6.808 0.033 1626 5.858 173.2 25916 1351 2527 50.77 
 Plant Tissue concentrations - Roots 

 Lead 
(mg/kg) 

Arsenic 
(mg/kg) 

Calcium 
(mg/kg) 

Copper 
(mg/kg) 

Iron 
(mg/kg) 

Potassiu
m 

(mg/kg) 

Magnesiu
m (mg/kg) 

Phosphoru
s (mg/kg) 

Zinc 
(mg/kg) 

Grass 1: Reed canary 64.04 5.891 1681 11.84 1485 15833 1059 572.8 10.04 

Grass 2: Stinging nettle 888.3 8.733 12183 28.29 2177 14099 2957 3448 62.62 

Grass 3: Reed canary 307.6 27.46 3422 60.26 3082 10508 1963 2751 76.47 

Grass 4: Aster 2106 15.36 8136 89.00 4331 4499 1647 1927 76.90 

Grass 5: Reed canary 140.2 12.35 2203 22.33 1687 17716 1178 2829 53.66 

Grass 6: Reed canary 90.50 6.541 5353 32.93 5669 10850 1930 1763 40.72 
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IV.14  Bioconcentration factor and translocation factors for field samples from historic lead 

shot site. 

All bioconcentration factors and translocation factors were below 1. This is an indication that all 

field samples are acting as excluders of lead, thus causing hindering of the movement of lead in 

the soil. Also, the amount of lead removed (mg) by roots was greater than the amount of lead 

removed by shoots (Table IV-8). 

Table IV-8: Translocation, bioconcentration factor and lead removal by roots and shoots (mg) 

 Trans location 
factor Pb 

Pb removal 
shoots, dw mg 

Pb removal 
roots, dw mg 

BCF shoot 
Pb 

     

Grass 1: reed canary  0.1 0.0 0.9 0.0 
Grass 2: stinging nettle  0.0 0.6 3.8 0.0 

Grass 3: reed canary   0.1 0.1 1.1 0.0 
Grass 4: aster  0.1 1.7 4.3 0.1 

Grass 5: reed canary  0.6 0.3 0.9 0.2 
Grass 6: reed canary  0.1 0.0 1.0 0.0 

 

This research can be furthered by;  

 Introducing living organisms, such as earthworms, in to the lead contaminated soil for 

information on ecological risk assessment. 

  Water samples should be collected from the area where grass number 3 was harvested and 

other areas will ponding water and analyzed for lead.  

 Grid sampling around the lead shot zone in the Grand Valley Ranch to identify hot spots 

of lead contamination.  

 Field test plots using tall fescue and/or common rush over a full season to estimate how 

much lead it is able to remove from the soil.   
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CHAPTER V: CONCLUSION 

Two hyperaccumulating species, tall fescue and black mustard, yielded highest levels of shoot 

biomass of 2.6 g dw and 2.5 g dw respectively. For native species, Common rush and Virginia 

wild rye yielded high mean dry shoot weights of 2.4g and 2.03 g respectively.  For dry root 

biomass, Virginia wild rye and common rush produced the highest average dry root biomass of 

2.1 g and 0.8 g respectively.   

Pearson’s correlation results show that there existed no correlation between lead uptake by 

roots and shoots and the total soil metals at 0.05 level of significance. Also, another Pearson’s 

correlation done between uptake of lead by root and shoots and nutrient availability showed that 

some of the nutrients influenced the uptake of lead but the influence was positive meaning these 

macro and micro nutrients were readily available for uptake by plant and their uptake by plants 

did not have an influence on the lead levels or vice versa. 

Looking at the total mean accumulation of lead by shoots and roots, it was observed that the 

roots accumulated more lead than the shoots. Dwarf sunflower roots accumulated more lead 

(42,446 mg/kg Pb) followed by common rush roots which accumulated 12,229 mg/kg Pb and tall 

fescue with 10,660 mg/kg Pb.  Black mustard roots were able to take up 7539 mg/kg Pb. Virginia 

wild rye and switch grass only accumulated 5189 mg/kg Pb and 3192 mg/kg Pb.  Sunflower shoots 

were able to accumulate 9693 mg/kg Pb by shoots and tall fescue 6418 mg/kg Pb by shoot. 

Common rush, Vriginia wild rye, switch grass and black mustard accumulated 4059 mg/kg, 2835 

mg/kg, 2703 mg/kg and 778 mg/kg by shoots respectively. Sunflower, tall fescue and common 

rush had the highest concentrations of lead in their shoots.  

For lead removal by root and shoots, tall fescue was found to remove the highest amount of 

lead by shoots (15.1 mg Pb and common rush accumulated 9.49 mg Pb).  
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All Translocation factors are below 1 and the BCF for tall fescue, common rush and sunflower 

were all above one, meaning they could serve in phyto-stabilization.  

For the field samples, lead and other metal concentrations were found to be higher in top 15 

cm of the soil as oppose to the bottom 15 cm of the soil. Also, the roots were found to accumulate 

higher levels of lead as oppose to the shoots.  The translocation and bioconcentration factors for 

the filed samples were all below 1. The Aster species was found accumulate higher concentrations 

of lead as oppose to the other plant species found on field.  

Conclusively, one of the hyperaccumulators was able to remove lead than the native species. 

Tall fescue and common rush serve as better accumulators of lead   
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APPENDIX 

Appendix 1: Physicochemical test results for initial soil samples 

 

 
 
Appendix 2: Concentration of metals in initial soils. 

Where Ref=reference soil sample and Pb cont=low lead contaminated soil.
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mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Ref Soil 
1 

51000 8.0 116.6 3.0 9.5 21.4 35.4 19290.0 5.4 37.4 0.9 161.4 74.1 

Ref Soil 
2 

53050 8.9 131.9 3.4 10.4 24.5 39.1 
 

8.2 45.4 1.1 171.7 82.7 

Pb Cont 
1 

47625 17.9 22.4 2.1 3.6 7.0 43.9 9560.0 0.0 123.4 4.4 72.7 49.6 

Pb Cont 
2 

50300 22.2 17.6 2.7 4.6 10.4 55.7 
 

2.5 72.8 2.5 85.8 63.4 

Pb Cont 
3 

51800 24.8 26.1 3.3 5.6 13.0 71.1 
 

7.0 94.9 3.1 81.9 77.3 

Soil pH %OM Conductivit
y, uS/cm %Silt %Clay %Sand ECEC in 

Meq/100g 
% base 

saturation 
Low lead 

contaminated 
soil 

4.25±0.01 
at 240C 

69.24±0.2
7 

531.67±0.47
at 24 0C 15%-19% 15%-

19% 64%-70% 58.0±0.5 97.1 

Reference 
soil 

6.36±0.01 
at 23.50C 

10.07±0.4
0 

291.67±0.47 
at 23.4 0C 32%-57% 9%-19% 34%-59% 26.5±0.1 99.1 
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Appendix 3: Standard reference materials, QC and spikes run in ICP-AES 
Standard reference material 2586; trace elements in soil containing lead from paint 

 
Standard reference material 2976; Mussel tissue 

 
QC standards ran during ICP-AES. 

Element As Cu Fe Ni Pb Zn 
QC-1 ppm 0.9330 0.9822 0.7220 0.9183 0.9425 0.9120 
BLANK   0.0030    

QC-1 ppm 0.9171 0.9703 0.6819 0.9012 0.9178 0.9021 
QC-1 ppm 0.9238 0.9642 0.6902 0.9073 0.9299 0.9038 
QC-1 ppm 0.9539 1.035 0.9391 0.9466 1.000 0.9407 

 

 Al As Ca Cu Fe K Mg Ni P Pb Zn 

DF = 50 mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
 66520 8.7 22180 81 51610 9760 17070 75 1001 432 352 

Standard Reference Materials Trace element  1 12390 2.93 6520 47.91 20575 1943 5215 28.215 713.5 408.25 283.2 

Standard Reference Materials Trace element  2 11365 3.025 6480 47.11 20030 1866.5 5050 27.31 704 408.3 280.95 

% Recovery 17.9 34.2 29.3 58.7 39.3 19.5 30.1 37.0 70.8 94.5 80.1 

 Al As Ca Cu Fe K Mg Ni P Pb Zn 
 mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

DF = 138 134 13.3  4.02 171   0.93  1.19 137 

MUSSEL T SSUE SRM 1 80.5 14.9 11896 4.7 189.8 10992 6338 0.0 7565 1.4 127.1 

% Recovery 60.1 112.4  117.7 111.0   BDL  117.1 92.8 

DF = 83.3            

MUSSEL T SSUE SRM 2 100.4  7836 4.4 217.0 11379 6263 0.0 43.5 0.3  

%Recovery 74.9 BDL  109.8 126.9   BDL  27.3 BDL 
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Spikes for contaminated and reference soil samples 
 Arsenic Nickel Lead Zinc 

Spike Concentration 1    

Spike Tall fescue pot 1  Contaminated soil 1.54 1.39 102.7 1.97 
%Recovery (80-120%) 102 95.9 119.8 94.4 

     

Spike Concentration 8.47    

Spike Black mustard pot 1 Contaminated soil 9.09 8.21 97.9 8.47 

%Recovery (80-120%) 101.3 92.1 88.9 88.4 
     

Spike Concentration 8.475    

SPIKE Dwarf sunflower pot 1 contaminated soil 8.75 7.95 119.6 8.36 

%Recovery (80-120%) 97.5 89.3 91.2 86.5 
     

Spike Concentration 1    

Spike Tall Fescue pot 1 control 0.85 1.05 1.14 1.57 

%Recovery (80-120%) 76.8 77.3 55.4 82.8 
     

Spike Concentration 8.47    

Spike Black mustard pot 1 control 8.73 8.18 8.45 8.46 

%Recovery (80-120%) 101.9 92.8 93.6 90.3 
     

Spike Concentration 8.47    

SPIKE SUNFL CONTROL 7.99 7.49 7.64 7.74 

%Recovery (80-120%) 93.1 85.2 79.7 83.2 
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Appendix 4: Concentration of total metals in soil after phytoremediation. 

a. Contaminated soil  

Soil Arsenic Calcium Copper Iron Potassium Magnesium Nickel Lead Zinc 

Concentration mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 

Common rush pot 1 27.8 11975 67.6 17155 396.0 1261.5 21.9 3270.0 52.8 

Common rush pot 2 30.6 12038 74.8 18313 345.3 1411.5 25.2 5835.8 58.8 

Common rush pot 3 32.3 12978 78.5 19065 390.8 1530.0 26.3 3590.0 60.7 

Common rush pot 4 25.1 11295 67.9 16355 403.7 1183.5 21.2 3306.5 51.5 

Average 28.9 12071 72.2 17722 383.9 1346.6 23.6 4000.6 55.9 

Stdev 3.2 691.4 5.3 1203.1 26.3 154.6 2.5 1231.8 4.5 

%CV 10.9 5.7 7.4 6.8 6.9 11.5 10.5 30.8 8.0 

Virginia wild rye pot 1 25.8 10580 66.3 15540.0 370.2 1132.0 20.9 9185.0 56.2 

Virginia wild rye pot 2 24.6 11200 66.1 15205.0 358.4 1144.0 21.5 6540.0 55.5 

Virginia wild rye pot 3 30.6 12795 80.1 18112.5 433.1 1511.8 26.2 3238.8 61.0 

Virginia wild rye pot 4 23.8 10885 66.3 15060.0 377.3 1163.0 20.2 6820.0 51.4 

Average 26.2 11365 69.7 15979.4 384.7 1237.7 22.2 6445.9 56.0 

STDEV 3.0 986.4 6.9 1436.2 33.2 183.2 2.7 2445.2 3.9 

%CV 11.6 8.7 10.0 9.0 8.6 14.8 12.2 37.9 7.0 

Switch grass pot 1 26.0 11015 67.8 15400.0 423.9 1098.5 21.6 5230.0 54.9 

Switch grass pot 2 24.5 10700.0 67.7 14950.0 411.9 1091.5 21.1 4893.5 55.7 

Switch grass pot 3 31.6 12522.5 80.3 17947.5 413.8 1420.8 26.2 4407.3 62.0 

Switch grass pot 4 25.2 11040.0 69.3 15225.0 404.7 1109.5 21.6 5730.0 56.8 
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Average 26.8 11319.4 71.3 15880.6 413.6 1180.1 22.6 5065.2 57.3 

Stdev 3.2 816.9 6.1 1390.3 7.9 160.6 2.4 557.2 3.2 

%CV 12.1 7.2 8.5 8.8 1.9 13.6 10.5 11.0 5.6 

Tall fescue pot 1 25.4 11100.0 69.8 16500.0 482.4 1180.0 21.9 4945.0 54.7 

Tall fescue pot 2 30.9 12625.0 80.5 18155.0 374.3 1416.8 26.6 4336.3 61.0 

Tall fescue pot 3 27.0 11295.0 70.3 16910.0 381.5 1163.5 22.2 4882.5 54.4 

Tall fescue pot 4 25.0 11695.0 70.4 16280.0 358.7 1175.5 22.3 4111.0 54.5 

Average 27.1 11678.8 72.7 16961.3 399.2 1233.9 23.3 4568.7 56.1 

Stdev 2.7 677.7 5.2 837.6 56.2 122.1 2.3 409.7 3.3 

%CV 10.1 5.8 7.1 4.9 14.1 9.9 9.7 9.0 5.8 

Black mustard pot 1 24.5 10745.0 73.0 15380.0 271.7 1090.0 21.7 5920.0 55.4 

Black mustard pot 2 25.8 10625.0 70.1 15425.0 311.4 1061.5 21.8 5700.0 57.4 

Black mustard pot 3 30.6 11825.0 80.5 17835.0 344.0 1380.0 26.0 5089.0 64.7 

Black mustard pot 4 25.1 10450.0 70.0 14995.0 350.0 1070.0 21.7 5180.0 55.7 

Average 26.5 10911.3 73.4 15908.8 319.3 1150.4 22.8 5472.3 58.3 

Stdev 2.8 621.1 4.9 1298.6 36.0 153.5 2.1 401.9 4.4 

%CV 10.6 5.7 6.7 8.2 11.3 13.3 9.2 7.3 7.5 

Dwarf sunflower pot 1 25.0 10390.0 72.6 14960.0 362.2 1081.5 21.4 6880.0 62.6 

Dwarf sunflower pot 2 24.4 10225.0 68.7 14535.0 353.7 1032.0 20.9 5905.0 57.5 

Dwarf sunflower pot 3 24.7 10325.0 66.1 14565.0 360.8 1033.5 20.7 5575.0 57.1 

Dwarf sunflower pot 4 25.1 10410.0 69.8 14480.0 401.6 1042.0 21.4 6160.0 59.3 

Average 24.8 10337.5 69.3 14635.0 369.6 1047.3 21.1 6130.0 59.1 

Stdev 0.3 83.3 2.7 219.5 21.7 23.3 0.4 554.4 2.5 
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%CV 1.3 0.8 3.9 1.5 5.9 2.2 1.8 9.0 4.3 
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b. Reference soil. 

  Arsenic Calcium Copper Iron Potassium Magnesium Nickel Lead Zinc 
Common 
rush pot 1 5.9 8960.0 33.1 17000.0 1328.0 3618.0 18.4 41.0 46.5 

Common 
rush pot 2 5.0 8480.0 30.1 15895.0 1148.0 3341.0 17.1 58.6 42.5 

Common 
rush pot 3 5.4 8285.0 30.3 17480.0 1344.0 3765.0 18.8 44.3 47.0 

Common 
rush pot 4 5.2 8750.0 30.1 16615.0 1258.0 3718.0 17.6 28.0 45.4 

Avg 5.4 8619.0 30.9 16748.0 1269.4 3610.4 18.0 43.0 45.4 
Stdev 0.4 296.8 1.5 669.5 89.2 189.8 0.8 12.6 2.0 
%CV 6.7 3.4 4.8 4.0 7.0 5.3 4.2 29.2 4.4      

          
Virginia wild 

rye pot 1 4.7 8030.0 26.2 16655.0 1417.5 3680.5 18.1 25.3 46.9 

Virginia wild 
rye pot 2 4.9 7175.0 27.7 16220.0 1198.0 3512.0 17.9 29.5 44.5 

Virginia wild 
rye pot 3 4.9 8105.0 28.6 15450.0 1127.0 3409.5 17.4 40.4 44.7 

Virginia wild 
rye pot 4 5.2 6895.0 28.5 16085.0 1169.5 3403.5 17.6 29.2 44.4 

AVG 4.9 7551.3 27.8 16102.5 1228.0 3501.4 17.7 31.1 45.1 
STDEV 0.2 607.7 1.1 498.4 129.7 129.4 0.3 6.5 1.2 
%CV 4.2 8.0 4.0 3.1 10.6 3.7 1.6 20.8 2.6      

          

Switch grass 
pot 1 5.5 7070.0 28.2 15205.0 1161.5 3179.0 17.1 38.4 44.7 

Switch grass 
pot 2 4.9 7755.0 27.8 14000.0 1009.0 3101.5 15.9 33.2 40.6 
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Switch grass 
pot 3 5.6 7085.0 28.9 13860.0 977.0 2866.5 15.7 21.5 42.1 

Switch grass 
pot 4 5.0 7025.0 29.2 14765.0 1104.0 3077.0 16.9 32.5 42.1 

AVG 5.2 7233.8 28.5 14457.5 1062.9 3056.0 16.4 31.4 42.4 
Stdev 0.4 348.4 0.6 637.6 85.0 133.6 0.7 7.1 1.7 
%CV 7.1 4.8 2.2 4.4 8.0 4.4 4.2 22.6 4.0      

          

Tall fescue 
pot 1 5.2 8875.0 31.9 16300.0 1223.5 3564.5 17.7 52.4 43.7 

Tall fescue 
pot 2 4.8 6805.0 26.9 16085.0 1090.0 3357.5 17.4 24.9 43.3 

Tall fescue 
pot 3 5.4 7760.0 29.5 16445.0 1174.0 3482.0 17.8 28.4 45.4 

Tall fescue 
pot 4 5.0 6830.0 29.3 16435.0 1223.0 3440.5 18.1 25.3 46.2 

AVG 5.1 7567.5 29.4 16316.3 1177.6 3461.1 17.8 32.7 44.6 
Stdev 0.3 978.4 2.0 167.7 62.9 86.2 0.3 13.2 1.4 
%CV 5.2 12.9 7.0 1.0 5.3 2.5 1.8 40.2 3.1      

          
Black 

mustard pot 
1 

4.8 7210.0 28.8 14695.0 1122.0 3143.0 17.1 32.3 44.6 

Black 
mustard pot 

2 
5.1 7595.0 28.3 15075.0 1087.0 3314.5 17.2 27.5 45.1 

Black 
mustard pot 

3 
4.9 8975.0 28.0 15360.0 1170.5 3632.5 17.1 27.8 44.4 

Black 
mustard pot 

4 
4.3 7255.0 26.6 15225.0 1178.5 3374.5 17.1 22.4 44.7 
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AVG 4.8 7758.8 27.9 15088.8 1139.5 3366.1 17.2 27.5 44.7 
Stdev 0.3 828.8 0.9 287.2 43.0 202.9 0.1 4.1 0.3 
%CV 7.0 10.7 3.4 1.9 3.8 6.0 0.4 14.8 0.6 
Dwarf 

sunflower 
pot 1 

5.8 6255.0 29.1 14005.0 1031.5 2844.0 16.1 26.0 43.2 

Dwarf 
sunflower 

pot 2 
5.9 7360.0 28.6 14015.0 949.5 3095.5 16.1 19.4 39.9 

Dwarf 
sunflower 

pot 3 
5.7 6670.0 30.7 13620.0 935.0 2751.0 15.5 150.8 40.4 

Dwarf 
sunflower 

pot 4 
5.6 6635.0 28.7 14215.0 1103.5 2966.5 16.5 24.9 43.3 

AVG 5.7 6730.0 29.3 13963.8 1004.9 2914.3 16.1 55.3 41.7 
Stdev 0.1 460.1 1.0 248.7 78.3 149.6 0.4 63.7 1.8 

%CV 1.9 6.8 3.3 1.8 7.8 5.1 2.4 115.3 4.2 
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Appendix 5: Concentrations of different plant available nutrients (Mehlich's test). 

a. Contaminated soil  
Soil Arsenic Calcium Copper Iron Potassium Magnesium Nickel Phosphorus Lead Zinc 

Concentration mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
Common rush pot 1 1.0 5908 1.0 395.3 84.4 763.5 2.1 14.1 545.7 15.0 
Common rush pot 2 1.1 5448 1.0 407.9 85.5 739.1 1.9 14.1 374.2 12.8 
Common rush pot 3 1.6 4608 0.8 466.0 100.8 646.4 1.8 20.5 186.4 10.8 
Common rush pot 4 1.2 4890 0.9 444.7 112.8 692.3 1.9 20.1 199.7 10.8 

Avg 1.2 5214 0.9 428.5 95.9 710.3 1.9 17.2 326.5 12.3 
Stdev 0.3 579.8 0.1 32.6 13.5 38.9 0.1 3.6 169.3 2.0 
%CV 22.6 11.1 13.7 7.6 14.1 5.5 4.8 20.8 51.9 16.1            

Virginia wild rye pot 1 0.8 5629 0.9 290.3 93.3 762.8 1.8 11.8 819.0 15.1 
Virginia wild rye pot 2 1.2 5545 0.9 415.2 100.2 820.5 1.9 14.1 354.6 12.7 
Virginia wild rye pot 3 1.6 4556.0 0.8 479.0 132.5 683.0 1.8 18.1 71.3 9.5 
Virginia wild rye pot 4 0.8 5111.0 0.9 364.0 81.4 731.6 1.9 17.4 444.3 12.5 

AVG 1.1 5210.3 0.9 387.1 101.8 749.5 1.9 15.3 422.3 12.5 
STDEV 0.4 491.7 0.1 79.9 21.9 57.6 0.1 3.0 308.6 2.3 
%CV 36.8 9.4 8.8 20.6 21.5 7.7 4.1 19.3 73.1 18.4            

Switch grass pot 1 1.4 5019.0 1.0 448.6 148.6 710.0 1.9 16.4 290.1 12.3 
Switch grass pot 2 1.6 4727.0 1.1 423.8 121.1 666.6 1.9 19.4 314.7 12.1 
Switch grass pot 3 1.8 3950.0 0.8 515.8 110.6 534.4 1.9 33.3 180.5 10.5 
Switch grass pot 4 1.6 4082.0 0.8 484.8 95.0 549.9 1.9 26.6 305.2 11.2 

AVG 1.6 4444.5 0.9 468.3 118.8 615.2 1.9 23.9 272.6 11.6 
Stdev 0.1 511.8 0.2 40.4 22.5 86.5 0.0 7.6 62.2 0.8 
%CV 8.5 11.5 17.1 8.6 19.0 14.1 2.0 31.7 22.8 7.2 

Tall fescue pot 1 0.9 5499.0 1.2 432.9 106.5 751.5 1.9 18.2 463.5 12.8 
Tall fescue pot 2 0.8 4660.0 1.2 479.1 93.2 627.6 2.1 37.5 347.3 11.5 
Tall fescue pot 3 1.7 4023.0 1.1 538.0 73.3 576.6 1.9 27.7 268.4 10.5 
Tall fescue pot 4 1.0 4480.0 1.1 455.6 63.7 613.5 1.7 26.9 325.6 10.4 
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AVG 1.1 4665.5 1.2 476.4 84.2 642.3 1.9 27.6 351.2 11.3 
Stdev 0.4 617.0 0.1 45.2 19.3 75.9 0.1 7.9 81.9 1.1 
%CV 35.7 13.2 6.2 9.5 22.9 11.8 7.2 28.6 23.3 9.6            

Black mustard pot 1 0.9 5062.0 1.3 380.7 62.6 680.4 1.9 16.0 532.4 13.0 
Black mustard pot 2 1.1 5128.0 1.4 452.6 60.5 656.4 2.0 17.7 454.3 14.0 
Black mustard pot 3 1.2 4932.0 1.4 458.5 86.7 664.8 1.9 17.7 286.7 11.8 
Black mustard pot 4 1.3 4812.0 1.3 439.5 64.2 611.1 1.9 15.6 468.5 13.3 

AVG 1.1 4983.5 1.4 432.8 68.5 653.2 1.9 16.7 435.5 13.0 
Stdev 0.1 140.4 0.0 35.6 12.2 29.8 0.1 1.1 104.8 0.9 
%CV 13.0 2.8 3.2 8.2 17.8 4.6 3.8 6.8 24.1 6.9            

Dwarf sunflower pot 1 1.4 4293.0 1.2 422.7 122.7 592.2 2.0 33.6 559.0 14.1 
Dwarf sunflower pot 2 1.5 4748.0 1.4 465.0 113.0 645.8 2.2 30.5 438.0 14.6 
Dwarf sunflower pot 3 1.6 5225.0 1.2 479.9 120.6 710.9 2.3 20.0 305.8 14.7 
Dwarf sunflower pot 4 1.5 4482.0 1.1 487.6 138.5 602.6 2.2 40.4 431.4 14.0 

AVG 1.5 4687.0 1.2 463.8 123.7 637.9 2.2 31.1 433.6 14.3 
Stdev 0.1 404.3 0.1 29.0 10.7 53.9 0.1 8.5 103.4 0.3 
%CV 5.4 8.6 10.4 6.2 8.7 8.5 4.9 27.3 23.9 2.4 
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b. Reference soil  
Reference soil Arsenic Calcium Copper Iron Potassium Magnesium Nickel Phosphorus Lead Zinc 

Common rush pot 1 0.9 3956 4.6 463.5 104.4 689.4 1.0 38.6 13.9 3.2 
Common rush pot 2 0.9 3884 5.3 444.3 108.6 656.3 0.9 40.9 14.9 2.9 
Common rush pot 3 0.9 4069 4.2 456.8 108.8 695.0 0.9 37.3 10.0 2.7 
Common rush pot 4 0.7 4251 4.9 411.1 87.7 743.7 0.9 28.3 6.3 2.6 

Avg 0.8 4040 4.7 443.9 102.4 696.1 0.9 36.3 11.2 2.8 
Stdev 0.1 160.0 0.5 23.3 10.0 36.0 0.1 5.5 3.9 0.3 
%CV 8.7 4.0 10.1 5.2 9.7 5.2 7.4 15.2 35.1 9.1            

Virginia wild rye pot 1 0.8 3885 5.0 428.0 114.5 738.4 0.8 26.2 8.6 3.1 
Virginia wild rye pot 2 0.8 3538 5.0 420.6 110.9 618.0 0.7 32.3 11.5 2.8 
Virginia wild rye pot 3 0.8 3737 4.9 423.1 110.3 660.9 0.8 33.9 16.6 3.4 
Virginia wild rye pot 4 0.7 3786 5.4 418.9 112.7 647.3 0.8 30.7 14.5 3.5 

AVG 0.8 3737 5.1 422.7 112.1 666.2 0.8 30.8 12.8 3.2 
STDEV 0.0 146.0 0.2 4.0 1.9 51.4 0.0 3.3 3.5 0.4 
%CV 4.3 3.9 3.6 0.9 1.7 7.7 6.1 10.8 27.1 11.0            

Switch grass pot 1 0.8 4488 4.8 451.3 146.5 767.7 1.0 33.6 14.5 4.2 
Switch grass pot 2 0.8 3729.0 4.8 425.3 136.4 705.9 0.9 34.1 11.5 3.5 
Switch grass pot 3 0.4 3220.0 5.7 295.8 97.3 592.7 0.9 38.4 8.7 4.4 
Switch grass pot 4 0.8 4498.0 4.9 424.3 135.2 783.5 0.9 32.7 7.3 2.8 

AVG 0.7 3983.8 5.0 399.2 128.9 712.5 0.9 34.7 10.5 3.7 
Stdev 0.2 623.7 0.4 70.0 21.6 86.6 0.1 2.5 3.2 0.7 
%CV 29.6 15.7 8.3 17.5 16.8 12.2 7.8 7.3 30.4 19.6            

Tall fescue pot 1 0.7 4300.0 4.2 407.1 70.3 683.4 0.9 33.8 4.6 2.8 
Tall fescue pot 2 0.7 3920.0 4.3 458.3 67.8 644.9 0.8 47.9 6.0 2.7 
Tall fescue pot 3 0.7 4163.0 4.4 384.5 67.6 681.7 0.7 42.8 8.6 2.7 
Tall fescue pot 4 0.7 4179.0 4.3 401.5 68.1 698.3 0.7 45.0 7.7 2.6 

AVG 0.7 4140.5 4.3 412.9 68.5 677.1 0.8 42.4 6.7 2.7 
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Stdev 0.0 159.2 0.1 31.8 1.3 22.7 0.1 6.1 1.8 0.1 
%CV 3.9 3.8 2.0 7.7 1.9 3.4 12.4 14.3 26.6 4.3            

Black mustard pot 1 0.7 4024.0 6.0 467.8 115.1 785.3 0.8 39.3 24.0 3.9 
Black mustard pot 2 0.7 3539.0 6.4 439.4 87.9 672.4 0.7 33.3 14.2 3.7 
Black mustard pot 3 0.7 3851.0 6.3 448.1 89.5 737.0 0.8 37.0 10.8 3.7 
Black mustard pot 4 0.7 3859.0 5.9 452.8 90.6 796.2 0.7 28.0 6.9 3.3 

AVG 0.7 3818.3 6.1 452.0 95.8 747.7 0.8 34.4 14.0 3.7 
Stdev 0.0 202.5 0.2 11.9 12.9 56.4 0.1 4.9 7.3 0.2 
%CV 0.8 5.3 3.8 2.6 13.5 7.5 8.8 14.3 52.3 6.6            

Dwarf sunflower pot 1 0.5 3450.0 6.1 270.8 92.6 603.7 0.9 58.5 12.3 5.1 
Dwarf sunflower pot 2 0.5 3522.0 6.3 265.4 103.8 610.4 1.0 47.3 12.9 4.1 
Dwarf sunflower pot 3 0.5 3835.0 6.5 278.0 89.1 621.1 1.0 65.0 9.6 4.2 
Dwarf sunflower pot 4 0.4 3966.0 6.4 275.7 108.9 688.9 0.9 40.9 13.0 4.7 

AVG 0.5 3693.3 6.3 272.5 98.6 631.0 0.9 52.9 11.9 4.5 
Stdev 0.0 247.0 0.2 5.6 9.3 39.2 0.0 10.8 1.6 0.4 
%CV 6.3 6.7 2.7 2.1 9.4 6.2 4.2 20.4 13.4 9.4 
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Appendix 6: Pearson correlation between metals in soils and plants from contaminated soils. 
The factors examined included the total lead absorbed by plant shoots and roots, the dry weight of shoots and roots, the translocation 
factor, concentrations of lead removed by shoot and root and the bioconcentration factors and roots and shoots.   
 

    Total lead 
absorbed by plant 

shoot. 
mg/kg 

Dry 
weight 
shoot 

g 

Total lead 
absorbed by plant 

root 
mg/kg 

Dry 
weight 
roots 

g 

Translo
cation 

Pb 
removal 

shoot 
(dw mg) 

Pb 
removal 

roots 
Dw mg 

BCF 
shoot 

Pb 

BCF 
rootPb 

Total 
soil As 

Pearson 
Correlation 

-0.007 0.055 -0.156 -0.084 0.311 0.212 0.163 0.160 -0.093 

  Sig. (2-tailed) 0.973 0.800 0.467 0.697 0.139 0.319 .446 0.454 0.666 
  N 24 24 24 24 24 24 24 24 24 
Total 
soil Cu 

Pearson 
Correlation 

0.123 0.023 -0.047 -0.129 0.265 0.188 .038 0.243 -0.018 

  Sig. (2-tailed) 0.566 0.915 0.828 0.549 0.212 0.378 .861 0.253 0.934 
  N 24 24 24 24 24 24 24 24 24 
Total 
soil Ni 

Pearson 
Correlation 

0.013 0.079 -0.157 -0.062 0.328 0.228 0.140 0.176 -0.106 

  Sig. (2-tailed) 0.952 0.714 0.465 0.773 0.117 0.284 0.515 0.411 0.621 
  N 24 24 24 24 24 24 24 24 24 
Total 
soil Pb 

Pearson 
Correlation 

0.061 -0.150 0.191 .142 -0.237 -0.273 -0.085 -0.221 0.044 

  Sig. (2-tailed) 0.777 0.485 0.372 .508 .264 .197 0.693 0.299 0.838 
  N 24 24 24 24 24 24 24 24 24 
Total 
soil Zn 

Pearson 
Correlation 

0.295 -0.357 0.256 -0.285 0.066 -0.069 -0.182 0.245 0.214 

  Sig. (2-tailed) 0.162 0.087 0.227 0.177 0.759 0.748 0.395 0.248 0.315 
  N 24 24 24 24 24 24 24 24 24 

**. Correlation is significant at the 0.01 level (2-tailed). 
*. Correlation is significant at the 0.05 level (2-tailed).  
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Appendix 7: Pearson's correlation between metals  and plant factors in contaminated soils. 

Bioconcentration factor for plant shoot and roots calculated using Mehlich lead, the lead absorbed by shoots and roots, the dry wet 
of shoot and roots, translocation factor, amount of lead removed by roots and shoots and the bioconcentration factor of lead by roots 
and shoots.   

    

Mehlich 
III BCF 
Shoot 

Pb 

Mehlich 
III BCF 
Root Pb 

Total 
plant 

shoot Pb  

Dw 
shoot  

Total 
plant 

root Pb 

Dw 
roots  

Translocation  
factor  

Pb 
removal 

shoot 

Pb 
removal 

roots 

BCF 
shoot 

Pb 

BCF 
root 
Pb 

Mehlich III Ca Pearson Correlation -0.4 -0.3 -0.3 0.3 -0.2 0.1 -0.1 0.1 -0.1 -0.2 -0.2 
  Sig. (2-tailed) 0.1 0.2 0.2 0.1 0.3 0.7 0.6 0.8 0.7 0.2 0.4 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Mehlich III K Pearson Correlation 0.594** 0.459* 0.493* -.815** 0.4 -0.1 .494* 0.0 0.0 .500* 0.4 
  Sig. (2-tailed) 0.0 0.0 0.0 0.0 0.1 0.6 0.0 0.9 0.9 0.0 0.1 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Mehlich III Mg Pearson Correlation -0.2 -0.3 -0.2 0.3 -0.2 0.4 0.0 0.1 0.1 -0.2 -0.2 
  Sig. (2-tailed) 0.3 0.2 0.3 0.2 0.2 0.1 0.9 0.6 0.5 0.4 0.3 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Mehlich III P Pearson Correlation .453* .581** .669** -.430* .608** -0.3 0.1 0.3 -0.2 .643** .601** 
  Sig. (2-tailed) 0.0 0.0 0.0 0.0 0.0 0.2 0.5 0.2 0.4 0.0 0.0 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Mehlich III Pb Pearson Correlation -.465* -0.1 0.1 0.2 0.2 -0.1 -0.3 0.0 -0.3 -0.1 0.1 
  Sig. (2-tailed) 0.0 0.5 0.7 0.4 0.5 0.8 0.1 0.9 0.2 0.7 0.7 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Mehlich III Cu Pearson Correlation -0.3 0.1 0.1 0.1 0.2 -.544** -.444* 0.0 -.778** -0.1 0.2 
  Sig. (2-tailed) 0.1 0.8 0.8 0.6 0.3 0.0 0.0 0.9 0.0 0.8 0.4 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Mehlich III Ni Pearson Correlation 0.0 .417* 0.3 -.423* .518** -.510* -0.2 0.0 -.588** 0.3 .512* 
  Sig. (2-tailed) 0.9 0.0 0.1 0.0 0.0 0.0 0.3 0.9 0.0 0.2 0.0 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

Mehlich III Zn Pearson Correlation -.427* 0.1 0.1 -0.1 0.3 -0.3 -.423* -0.2 -.486* -0.1 0.3 
  Sig. (2-tailed) 0.0 0.8 0.6 0.6 0.1 0.1 0.0 0.3 0.0 0.7 0.2 
  N 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 24.0 

*. Correlation is significant at the 0.05 level (2-tailed).     **. Correlation is significant at the 0.01 level (2-tailed). 
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Appendix 8: ANOVA results between total plant shoot and root and dry weights in contaminated soil. 
LSD 

Dependent Variable 
Mean Difference 

(I-J) Std. Error Sig. 
95% Confidence Interval 

Lower Bound Upper Bound 

To
ta

l l
ea

d 
ab

so
rb

ed
 b

y 
 p

la
nt

 sh
oo

t 

C
om

m
on

 
ru

sh
 

Virginia wild rye 1223.5 2425. 0.62 -3872. 6319.1 
Switch grass 1355. 2425. 0.58 -3740.4 6450.8 
Tall fescue -2359. 2425. 0.34 -7454.9 2736.3 
Black mustard 3280. 2425. 0.19 -1814.9 8376.3 
Dwarf sunflower -5633. * 2425. 0.03 -10729.5 -538.3 

V
irg

in
ia

 
w

ild
 ry

e 

Common rush -1223. 2425. 0.62 -6319.1 3872.1 
Switchgrass 131. 2425. 0.95 -4963.9 5227.3 
Tall fescue -3582. 2425. 0.16 -8678.4 1512.8 
Black mustard 2057. 2425.4 0.41 -3038.4 7152.8 
Dwarf sunflower -6857.4* 2425.4 0.01 -11952.9 -1761.8 

Sw
itc

h 
gr

as
s 

Common rush -1355.2 2425.4 0.58 -6450.8 3740.4 
Virginia wild rye -131.7 2425.4 0.96 -5227.3 4963.9 
Tall fescue -3714.5 2425.4 0.14 -8810.0 1381.1 
Black mustard 1925.5 2425.4 0.44 -3170.1 7021.1 
Dwarf sunflower -6989.1* 2425.4 0.01 -12084.6 -1893.5 

Ta
ll 

fe
sc

ue
 Common rush 2359.3 2425.4 0.34 -2736.3 7454.7 

Virginia wild rye 3582.8 2425.4 0.16 -1512.8 8678.4 
Switch grass 3714.5 2425.4 0.14 -1381.1 8810.0 
Black mustard 5639.9* 2425.4 0.03 544.4 10735.5 
Dwarf sunflower -3274.6 2425.4 0.19 -8370.2 1820.9 

B
la

ck
 

m
us

ta
rd

 

Common rush -3280.7 2425.4 0.19 -8376.3 1814.9 
Virginia wild rye -2057.2 2425.4 0.41 -7152.8 3038.4 
Switch grass -1925.5 2425.4 0.44 -7021.1 3170.1 
Tall fescue -5639.9* 2425.4 0.03 -10735.5 -544.4 
Dwarf sunflower -8914.6* 2425.4 0.002 -14010.2 -3818.9 

D
w

ar
f 

su
nf

lo
w

er
 Common rush 5633.9* 2425.4 0.032 538.3 10729.5 

Virginia wild rye 6857.4* 2425.4 0.01 1761.8 11952.9 
Switch grass 6989.1* 2425.4 0.01 1893.5 12084.6 
Tall fescue 3274.6 2425.4 0.19 -1820.9 8370.2 
Black mustard 8914.6* 2425.4 0.002 3818.9 14010.2 

To ta
l 

le
a d ab so
r

be d by
 

pl
a nt
 

ro ot
 

C
o

m m on
 

ru
s

h 

Virginia wild rye 7039.7 9123.3 0.45 -12127.6 26207.1 
Switch grass 9036.5 9123.3 0.34 -10130.8 28203.9 
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Tall fescue 1568.5 9123.3 0.87 -17598.9 20735.8 
Black mustard 4690.0 9123.3 0.61 -14477.3 23857.4 
Dwarf sunflower -30216.8* 9123.3 0.004 -49384.2 -11049.5 

V
irg

in
ia

 
w

ild
 ry

e 

Common rush -7039.7 9123.3 0.45 -26207.1 12127.6 
Switch grass 1996.8 9123.3 0.83 -17170.5 21164.1 
Tall fescue -5471.2 9123.3 0.56 -24638.6 13696.1 
Black mustard -2349.7 9123.3 0.80 -21517.0 16817.6 
Dwarf sunflower -37256.5* 9123.3 0.001 -56423.9 -18089.2 

Sw
itc

hg
ra

ss
 Common rush -9036.5 9123.3 0.34 -28203.9 10130.8 

Virginia wild rye -1996.8 9123.3 0.83 -21164.1 17170.5 
Tall fescue -7468.0 9123.3 0.42 -26635.4 11699.3 
Black mustard -4346.5 9123.3 0.64 -23513.8 14820.9 
Dwarf sunflower -39253.3* 9123.3 0.00 -58420.7 -20085.9 

Ta
ll 

fe
sc

ue
 Common rush -1568.5 9123.3 0.87 -20735.8 17598.9 

Virginia wild rye 5471.2 9123.3 0.56 -13696.1 24638.6 
Switch grass 7468.0 9123.3 0.42 -11699.3 26635.4 
Black mustard 3121.5 9123.3 0.74 -16045.8 22288.9 
Dwarf sunflower -31785.3* 9123.3 0.003 -50952.6 -12617.9 

B
la

ck
 

m
us

ta
rd

 

Common rush -4690.0 9123.3 0.61 -23857.4 14477.3 
Virginia wild rye 2349.7 9123.3 0.80 -16817.6 21517.0 
Switch grass 4346.5 9123.3 0.64 -14820.9 23513.8 
Tall fescue -3121.5 9123.3 0.74 -22288.9 16045.8 
Dwarf sunflower -34906.8* 9123.3 0.001 -54074.2 -15739.5 

D
w

ar
f 

su
nf

lo
w

er
 Common rush 30216.8* 9123.3 0.004 11049.5 49384.2 

Virginia wild rye 37256.5* 9123.3 0.001 18089.2 56423.9 
Switchgrass 39253.3* 9123.3 0.00 20085.9 58420.7 
Tall fescue 31785.3* 9123.3 0.003 12617.9 50952.6 
Black mustard 34906.8* 9123.3 0.001 15739.5 54074.2 

D
ry

 W
ei

gh
t s

ho
ot

 

C
om

m
on

 
ru

sh
 

Virginia wild rye 0.38 0.36 0.31 -0.37 1.13 
Switchgrass 1.8* 0.36 0.00 1.05 2.55 
Tall fescue -0.22 0.36 0.55 -0.97 0.53 
Black mustard -0.09 0.36 0.82 -0.84 0.67 
Dwarf sunflower 1.66* 0.36 0.00 0.91 2.41 

V
irg

in
ia

 
w

ild
 ry

e Common rush -0.38 0.36 0.31 -1.13 0.37 
Switch grass 1.42* 0.36 0.001 0.67 2.17 
Tall fescue -0.59 0.36 0.11 -1.35 0.16 
Black mustard -0.46 0.36 0.21 -1.21 0.29 
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Dwarf sunflower 1.28* 0.36 0.002 0.53 2.03 

Sw
itc

hg
ra

ss
 Common rush -1.80* 0.36 0.00 -2.55 -1.05 

Virginia wild rye -1.42* 0.36 0.001 -2.17 -0.67 
Tall fescue -2.02* 0.36 0.00 -2.77 -1.27 
Black mustard -1.89* 0.36 0.00 -2.64 -1.13 
Dwarf sunflower -0.14 0.36 0.69 -0.89 0.61 

Ta
ll 

fe
sc

ue
 Common rush 0.22 0.36 0.55 -0.53 0.97 

Virginia wild rye 0.59 0.35 0.113 -0.16 1.35 
Switch grass 2.02* 0.36 0.000 1.27 2.77 
Black mustard 0.13 0.36 0.72 -0.62 0.88 
Dwarf sunflower 1.88* 0.36 0.00 1.13 2.63 

B
la

ck
 

m
us

ta
rd

 

Common rush 0.09 0.36 0.82 -0.67 0.84 
Virginia wild rye 0.46 0.36 0.21 -0.29 1.21 
Switchgrass 1.89* 0.36 0.00 1.13 2.64 
Tall fescue -0.13 0.36 0.72 -0.88 0.62 
Dwarf sunflower 1.74* 0.36 0.00 0.99 2.49 

D
w

ar
f 

su
nf

lo
w

er
 Common rush -1.66* 0.36 0.00 -2.41 -0.91 

Virginia wild rye -1.28* 0.36 0.002 -2.03 -0.53 
Switch grass 0.14 0.36 0.69 -0.61 0.89 
Tall fescue -1.88* 0.36 0.00 -2.63 -1.13 
Black mustard -1.74* 0.36 0.00 -2.49 -0.99 

D
ry

 W
ei

gh
t r

oo
ts 

C
om

m
on

 
ru

sh
 

Virginia wild  rye -1.33* 0.25 0.00 -1.86 -0.79 
Switchgrass 0.02 0.25 0.93 -0.51 0.56 
Tall fescue -0.25 0.25 0.34 -0.78 0.28 
Black mustard 0.35 0.25 0.18 -0.18 0.89 
Dwarf sunflower 0.39 0.25 0.15 -0.15 0.92 

V
irg

in
ia

 
w

ild
 ry

e 

Common rush 1.33* 0.25 0.00 0.79 1.86 
Switch grass 1.35* 0.25 0.00 0.82 1.88 
Tall fescue 1.07* 0.25 0.00 0.54 1.61 
Black mustard 1.68* 0.25 0.00 1.15 2.21 
Dwarf  sunflower 1.71* 0.25 0.00 1.18 2.25 

Sw
itc

hg
ra

ss
 Common rush -0.02 0.25 0.93 -0.56 0.51 

Virginia wild rye -1.35* 0.25 0.00 -1.88 -0.82 
Tall fescue -0.27 0.25 0.29 -0.81 0.26 
Black mustard 0.33 0.25 0.21 -0.20 0.86 
Dwarf sunflower 0.36 0.25 0.17 -0.17 0.89 

T a l l f e s c u e Common rush 0.25 0.25 0.34 -0.28 0.78 
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Virginia wild rye -1.08* 0.25 0.00 -1.61 -0.54 
Switchgrass 0.27 0.25 0.29 -0.26 0.81 
Black mustard .60* 0.25 0.03 0.07 1.14 
Dwarf sunflower .64* 0.25 0.02 0.10 1.17 

B
la

ck
 

m
us

ta
rd

 

Common rush -0.35 0.25 0.18 -0.89 0.18 
Virginia wild rye -1.68* 0.25 0.00 -2.21 -1.15 
Switch grass -0.33 0.25 0.21 -0.86 0.20 
Tall fescue -.60* 0.25 0.03 -1.14 -0.07 
Dwarf sunflower 0.03 0.25 0.90 -0.50 0.57 

D
w

ar
f 

su
nf

lo
w

er
 Common rush -0.39 0.25 0.15 -0.92 0.15 

Virginia wild rye -1.71* 0.25 0.00 -2.25 -1.18 
Switchgrass -0.36 0.25 0.17 -0.89 0.17 
Tall fescue -.64* 0.25 0.02 -1.17 -0.10 
Black mustard -0.03 0.25 0.90 -0.57 0.50 
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Appendix 9: ANOVA results between total plant shoot and root and dry weights in  

 

contaminated soil. 

 Plant  F Sig. 
Total lead 
absorbed by plant 
shoot  

Between Groups 3.44 0.02 

Within Groups     

Total     
Total lead 
absorbed by plant 
root 

Between Groups 5.09 0.004 

Within Groups     

Total     
Dry weight shoot Between Groups 12.86 0.00 

Within Groups     

Total     
Dry weight roots Between Groups 12.33 0.00 

Within Groups     

Total     
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Appendix 10: ANOVA results for lead uptake by roots and shoots and translocation factor. 
 

 
 
 
 
 
 
  

 
F Sig. 

Pb removal shoot Between Groups 15.05 0.00 
Within Groups 

  

Total 
  

Pb removal roots Between Groups 7.93 0.00 
Within Groups 

  

Total 
  

Translocation factor Between Groups 4.57 0.01 
Within Groups 

  

Total 
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POST HOC TEST Multiple Comparisons 

LSD 

Dependent Variable Mean Difference 
(I-J) Std. Error Sig. 

95% Confidence Interval 
Lower Bound Upper Bound 

Pb removal shoot 

C
om

m
on

 ru
sh

 Virginia wild rye 3.82 1.87 0.06 -0.12 7.75 
Switch grass 8.15* 1.87 0.00 4.21 12.08 
Tall fescue -5.63* 1.87 0.01 -9.56 -1.69 
Black mustard 7.57* 1.87 0.00 3.64 11.50 
Dwarf sunflower 3.65 1.87 0.07 -0.28 7.59 

V
irg

in
ia

 w
ild

 
ry

e 
Common rush -3.82 1.87 0.06 -7.75 0.12 
Switch grass 4.33* 1.87 0.03 0.39 8.26 
Tall fescue -9.44* 1.87 0.00 -13.38 -5.51 
Black mustard 3.75 1.87 0.06 -0.18 7.69 
Dwarf sunflower -0.16 1.87 0.93 -4.10 3.77 

Sw
itc

h 
gr

as
s Common rush -8.15* 1.87 0.00 -12.08 -4.21 

Virginia wild rye -4.33* 1.87 0.03 -8.26 -0.39 
Tall fescue -13.77* 1.87 0.00 -17.71 -9.84 
Black mustard -0.58 1.87 0.76 -4.51 3.36 
Dwarf sunflower -4.49* 1.87 0.03 -8.43 -0.56 

Ta
ll 

fe
sc

ue
 Common rush 5.63* 1.87 0.01 1.69 9.56 

Virginia wild rye 9.44* 1.87 0.00 5.51 13.38 
Switch grass 13.77* 1.87 0.00 9.84 17.71 
Black mustard 13.20* 1.87 0.00 9.26 17.13 
Dwarf sunflower 9.28* 1.87 0.00 5.35 13.21 

B
la

ck
 m

us
ta

rd
 Common rush -7.57* 1.87 0.00 -11.50 -3.64 

Virginia wild rye -3.75 1.87 0.06 -7.69 0.18 
Switch grass 0.58 1.87 0.76 -3.36 4.51 
Tall fescue -13.20* 1.87 0.00 -17.13 -9.26 
Dwarf sunflower -3.92 1.87 0.05 -7.85 0.02 
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D
w

ar
f 

su
nf

lo
w

er
 

Common rush -3.65 1.87 0.07 -7.59 0.28 
Virginia wild rye 0.16 1.87 0.93 -3.77 4.10 
Switch grass 4.49* 1.87 0.03 0.56 8.43 
Tall fescue -9.28* 1.87 0.00 -13.21 -5.35 
Black mustard 3.92 1.87 0.05 -0.02 7.85 

Pb removal roots 

C
om

m
on

 ru
sh

 Virginia wild rye -0.72 0.35 0.06 -1.47 0.02 
Switch grass -0.12 0.35 0.74 -0.87 0.63 
Tall fescue 0.34 0.35 0.35 -0.41 1.08 
Black mustard 1.07* 0.35 0.01 0.32 1.81 
Dwarf sunflower 1.07* 0.35 0.01 0.33 1.82 

V
irg

in
ia

 w
ild

 
ry

e 
Common rush 0.72 0.35 0.06 -0.02 1.47 
Switchgrass 0.60 0.35 0.11 -0.14 1.35 
Tall fescue 1.06* 0.35 0.01 0.32 1.81 
Black mustard 1.79* 0.35 0.00 1.04 2.53 
Dwarf sunflower 1.80* 0.35 0.00 1.05 2.54 

Sw
itc

h 
gr

as
s Common rush 0.12 0.35 0.74 -0.63 0.87 

Virginia wild rye -0.60 0.35 0.11 -1.35 0.14 
Tall fescue 0.46 0.35 0.21 -0.29 1.20 
Black mustard 1.19* 0.35 0.00 0.44 1.93 
Dwarf sunflower 1.19* 0.35 0.00 0.45 1.94 

Ta
ll 

fe
sc

ue
 Common rush -0.34 0.35 0.35 -1.08 0.41 

Virginia wild rye -1.06 0.35 0.01 -1.81 -0.32 
Switch grass -0.46 0.35 0.21 -1.20 0.29 
Black mustard 0.73 0.35 0.06 -0.02 1.47 
Dwarf sunflower 0.74 0.35 0.05 -0.01 1.48 

B
la

ck
 m

us
ta

rd
 Common rush -1.07* 0.35 0.01 -1.81 -0.32 

Virginia wild rye -1.79* 0.35 0.00 -2.53 -1.04 
Switch grass -1.19* 0.35 0.00 -1.93 -0.44 
Tall fescue -0.73 0.35 0.06 -1.47 0.02 
Dwarf sunflower 0.01 0.35 0.98 -0.74 0.75 
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D
w

ar
f 

su
nf

lo
w

er
 

Common rush -1.07* 0.35 0.01 -1.82 -0.33 
Virginia wild rye -1.80* 0.35 0.00 -2.54 -1.05 
Switch grass -1.19* 0.35 0.00 -1.94 -0.45 
Tall fescue -0.74 0.35 0.05 -1.48 0.01 
Black mustard -0.01 0.35 0.98 -0.75 0.74 

Translocation factor  

C
om

m
on

 ru
sh

 Virginia wild rye -0.21 0.17 0.24 -0.56 0.15 
Switch grass -0.43* 0.17 0.02 -0.79 -0.08 
Tall fescue -0.28 0.17 0.11 -0.64 0.07 
Black mustard 0.23 0.17 0.19 -0.12 0.59 
Dwarf sunflower 0.13 0.17 0.46 -0.23 0.48 

V
irg

in
ia

 w
ild

 
ry

e 
Common rush 0.21 0.17 0.24 -0.15 0.56 
Switchgrass -0.22 0.17 0.20 -0.58 0.13 
Tall fescue -0.08 0.17 0.66 -0.43 0.28 
Black mustard 0.44* 0.17 0.02 0.09 0.80 
Dwarf sunflower 0.33 0.17 0.06 -0.02 0.69 

Sw
itc

hg
ra

ss
 Common rush 0.43* 0.17 0.02 0.08 0.79 

Virginia wild rye 0.22 0.17 0.20 -0.13 0.58 
Tall fescue 0.15 0.17 0.39 -0.21 0.50 
Black mustard 0.66* 0.17 0.00 0.31 1.02 
Dwarf sunflower 0.56* 0.17 0.00 0.20 0.91 

Ta
ll 

fe
sc

ue
 Common rush 0.28 0.17 0.11 -0.07 0.64 

Virginia wild rye 0.08 0.17 0.66 -0.28 0.43 
Switchgrass -0.15 0.17 0.39 -0.50 0.21 
Black mustard 0.52* 0.17 0.01 0.16 0.87 
Dwarf sunflower 0.41* 0.17 0.03 0.05 0.77 

B
la

ck
 m

us
ta

rd
 Common rush -0.23 0.17 0.19 -0.59 0.12 

Virginia wild rye -0.44* 0.17 0.02 -0.80 -0.09 
Switchgrass -0.66* 0.17 0.00 -1.02 -0.31 
Tall fescue -0.52* 0.17 0.01 -0.87 -0.16 
Dwarf sunflower -0.11 0.17 0.54 -0.46 0.25 
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D
w

ar
f 

su
nf

lo
w

er
 

Common rush -0.13 0.17 0.46 -0.48 0.23 
Virginia wild rye -0.33 0.17 0.06 -0.69 0.02 
Switchgrass -0.56* 0.17 0.00 -0.91 -0.20 
Tall fescue -0.41* 0.17 0.03 -0.77 -0.05 
Black mustard 0.11 0.17 0.54 -0.25 0.46 

*. The mean difference is significant at the 0.05 level. 
 

 

Appendix 11: Bioconcentration factors (BCF) for shoots. 

 
Contaminated soil 

PLANT SPECIES  BCF shoot Pb Mehlich BCF shoot 
Common rush pot 1 0.97 5.79 
Common rush pot 2 0.69 10.73 
Common rush pot 3 1.06 20.44 
Common rush pot 4 1.59 26.27 

Avg 1.08 15.81 
Stdev 0.38 9.26 
%CV 34.92 58.55 

Virginia wild rye pot 1 0.14 1.58 
Virginia wild rye pot 2 0.43 7.88 
Virginia wild rye pot 3 1.25 56.80 
Virginia wild rye pot 4 0.47 7.22 

AVG 0.57 18.37 
STDEV 0.47 25.77 
%CV 83.04 140.32 

Switch grass pot 1 0.86 15.50 
Switch grass pot 2 0.35 5.49 
Switch grass pot 3 0.87 21.30 
Switch grass pot 4 0.13 2.44 

AVG 0.55 11.18 
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Stdev 0.37 8.75 
%CV 67.16 78.27 

Tall fescue pot 1 1.81 19.33 
Tall fescue pot 2 2.15 26.82 
Tall fescue pot 3 0.99 17.99 
Tall fescue pot 4 0.62 7.89 

AVG 1.39 18.01 
Stdev 0.71 7.79 
%CV 50.73 43.23 

Black mustard pot 1 0.16 1.79 
Black mustard pot 2 0.09 1.10 
Black mustard pot 3 0.22 3.95 
Black mustard pot 4 0.10 1.12 

AVG 0.14 1.99 
Stdev 0.06 1.35 
%CV 43.21 67.64 

Dwarf sunflower pot 1 2.45 30.13 
Dwarf sunflower pot 2 0.86 11.58 
Dwarf sunflower pot 3 0.32 5.87 
Dwarf sunflower pot 4 2.45 34.92 

AVG 1.52 20.62 
Stdev 1.09 14.07 
%CV 72.04 68.24 
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a. Reference soil 

Plant species BCF shoot Pb  Mehlich III BCF shoot 
Common rush pot 1 2.90 8.58 
Common rush pot 2 0.37 1.44 
Common rush pot 3 1.29 5.73 
Common rush pot 4 0.17 0.75 

Avg 1.18 4.13 
Stdev 1.24 3.70 
%CV 105.45 89.62 

Virginia wild rye pot 1 1.03 3.01 
Virginia wild rye pot 2 0.00 0.00 
Virginia wild rye pot 3 0.46 1.12 
Virginia wild rye pot 4 0.23 0.46 

AVG 0.43 1.15 
STDEV 0.44 1.32 
%CV 102.59 115.11 

Switch grass pot 1 0.09 0.24 
Switch grass pot 2 0.42 1.22 
Switch grass pot 3 0.10 0.26 
Switch grass pot 4 0.72 3.23 

AVG 0.34 1.24 
Stdev 0.30 1.40 
%CV 89.71 113.40 

Tall fescue pot 1 0.12 1.38 
Tall fescue pot 2 3.75 15.70 
Tall fescue pot 3 0.04 0.12 
Tall fescue pot 4 0.08 0.27 

AVG 1.00 4.37 
Stdev 1.84 7.58 
%CV 184.01 173.40 

Black mustard pot 1 0.49 0.66 
Black mustard pot 2 0.31 0.61 
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Black mustard pot 3 0.61 1.57 
Black mustard pot 4 0.14 0.46 

AVG 0.39 0.82 
Stdev 0.20 0.50 
%CV 52.59 61.02 

Dwarf sunflower pot 1 7.06 15.00 
Dwarf sunflower pot 2 0.00 0.00 
Dwarf sunflower pot 3 0.02 0.16 
Dwarf sunflower pot 4 0.30 0.57 

AVG 1.84 3.93 
Stdev 3.48 7.38 
%CV 188.78 187.73 
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ANOVA results for bioconcentrations 

ANOVA  
Sum of Squares df Mean Square F Sig. 

Total BCF shoot 
Pb 

Between 
Groups 

5.815 5 1.163 3.164 0.032 

Within 
Groups 

6.616 18 0.368 
  

Total 12.430 23 
   

Total BCF root Pb Between 
Groups 

104.2 5 20.833 4.855 0.006 

Within 
Groups 

77.24 18 4.291 
  

Total 181.4 23 
   

Mehlich III BCF 
shoot  Pb 

Between 
Groups 

935.1 5 187.021 1.032 0.429 

Within 
Groups 

3261 18 181.185 
  

Total 4196 23 
   

Mehlich III BCF 
root  Pb 

Between 
Groups 

17984 5 3596.987 3.340 0.026 

Within 
Groups 

19387 18 1077.083 
  

Total 37372 23 
   

  
Multiple comparison of bioconcentration factors. 

LSD POST HOC TEST Multiple Comparisons 
LSD               

Dependent Variable     Mean Difference (I-J) Std. Error Sig. 95% Confidence Interval   
            Lower Bound Upper Bound 

Total BCF shoot Pb 

Common rush Virginia wild rye 0.50 0.43 0.26 -0.40 1.40 
  Switch grass 0.52 0.43 0.24 -0.38 1.42 
  Tall fescue -0.32 0.43 0.47 -1.22 0.58 
  Black mustard .932560834* 0.43 0.04 0.03 1.83 
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  Dwarf sunflower -0.44 0.43 0.32 -1.34 0.46 
Virginia wild rye Common rush -0.50 0.43 0.26 -1.40 0.40 

  Switch grass 0.02 0.43 0.97 -0.88 0.92 
  Tall fescue -0.82 0.43 0.07 -1.72 0.08 
  Black mustard 0.43 0.43 0.33 -0.47 1.33 
  Dwarf sunflower -.94649* 0.43 0.04 -1.85 -0.05 

Switch grass Common rush -0.52 0.43 0.24 -1.42 0.38 
  Virginia wild rye -0.02 0.43 0.97 -0.92 0.88 
  Tall fescue -0.84 0.43 0.07 -1.74 0.06 
  Black mustard 0.41 0.43 0.35 -0.49 1.31 
  Dwarf sunflower -.964673402* 0.43 0.04 -1.87 -0.06 

Tall fescue Common rush 0.32 0.43 0.47 -0.58 1.22 
  Virginia wild rye 0.82 0.43 0.07 -0.08 1.72 
  Switchgrass 0.84 0.43 0.07 -0.06 1.74 
  Black mustard 1.250251718* 0.43 0.01 0.35 2.15 
  Dwarf sunflower -0.13 0.43 0.77 -1.03 0.78 

Black mustard Common rush -.932560834* 0.43 0.04 -1.83 -0.03 
  Virginia wild rye -0.43 0.43 0.33 -1.33 0.47 
  Switch grass -0.41 0.43 0.35 -1.31 0.49 
  Tall fescue -1.250251718* 0.43 0.01 -2.15 -0.35 
  Dwarf sunflower -1.375258346* 0.43 0.01 -2.28 -0.47 

Dwarf Common 0.44 0.43 0.32 -0.46 1.34 
sunflower rush           

  Virginia wild rye .946494512* 0.43 0.04 0.05 1.85 
  Switch grass .964673402* 0.43 0.04 0.06 1.87 
  Tall fescue 0.13 0.43 0.77 -0.78 1.03 
  Black mustard 1.375258346* 0.43 0.01 0.47 2.28 

Total BCF root Pb 

Common rush Virginia wild rye 2.14 1.46 0.16 -0.93 5.22 
  Switchgrass 2.43 1.46 0.11 -0.65 5.51 
  Tall fescue 0.77 1.46 0.61 -2.31 3.84 
  Black mustard 1.67 1.46 0.27 -1.41 4.74 
  Dwarf sunflower -3.736342111* 1.46 0.02 -6.81 -0.66 

Virginia wild rye Common rush -2.14 1.46 0.16 -5.22 0.93 
  Switch grass 0.29 1.46 0.85 -2.79 3.36 
  Tall fescue -1.38 1.46 0.36 -4.46 1.70 
  Black mustard -0.48 1.46 0.75 -3.55 2.60 
  Dwarf sunflower -5.879234564* 1.46 0.00 -8.96 -2.80 

Switch grass Common rush -2.43 1.46 0.11 -5.51 0.65 
  Virginia wild rye -0.29 1.46 0.85 -3.36 2.79 
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  Tall fescue -1.66 1.46 0.27 -4.74 1.41 
  Black mustard -0.76 1.46 0.61 -3.84 2.31 
  Dwarf sunflower -6.166430775* 1.46 0.00 -9.24 -3.09 

Tall fescue Common rush -0.77 1.46 0.61 -3.84 2.31 
  Virginia wild rye 1.38 1.46 0.36 -1.70 4.46 
  Switch grass 1.66 1.46 0.27 -1.41 4.74 
  Black mustard 0.90 1.46 0.55 -2.18 3.98 
  Dwarf sunflower -4.501508877* 1.46 0.01 -7.58 -1.42 

Black mustard Common rush -1.67 1.46 0.27 -4.74 1.41 
  Virginia wild rye 0.48 1.46 0.75 -2.60 3.55 
  Switch grass 0.76 1.46 0.61 -2.31 3.84 
  Tall fescue -0.90 1.46 0.55 -3.98 2.18 
  Dwarf sunflower -5.403518695* 1.46 0.00 -8.48 -2.33 

Dwarf sunflower Common rush 3.736342111* 1.46 0.02 0.66 6.81 
  Virginia wild rye 5.879234564* 1.46 0.00 2.80 8.96 
  Switch grass 6.166430775* 1.46 0.00 3.09 9.24 
  Tall fescue 4.501508877* 1.46 0.01 1.42 7.58 
  Black mustard 5.403518695* 1.46 0.00 2.33 8.48 

Mehlich III BCF Shoot  Pb 

Common rush Virginia wild rye -2.56 9.52 0.79 -22.55 17.44 
  Switchgrass 4.63 9.52 0.63 -15.37 24.62 
  Tall fescue -2.20 9.52 0.82 -22.19 17.80 
  Black mustard 13.82 9.52 0.16 -6.18 33.82 
  Dwarf sunflower -4.81 9.52 0.62 -24.81 15.18 

Virginia wild rye Common rush 2.56 9.52 0.79 -17.44 22.55 
  Switchgrass 7.19 9.52 0.46 -12.81 27.18 
  Tall fescue 0.36 9.52 0.97 -19.64 20.36 
  Black mustard 16.38 9.52 0.10 -3.62 36.37 
  Dwarf sunflower -2.25 9.52 0.82 -22.25 17.74 

Switch grass Common rush -4.63 9.52 0.63 -24.62 15.37 
  Virginia wild rye -7.19 9.52 0.46 -27.18 12.81 
  Tall fescue -6.83 9.52 0.48 -26.82 13.17 
  Black mustard 9.19 9.52 0.35 -10.81 29.19 
  Dwarf sunflower -9.44 9.52 0.33 -29.44 10.56 

Tall fescue Common rush 2.20 9.52 0.82 -17.80 22.19 
  Virginia wild rye -0.36 9.52 0.97 -20.36 19.64 
  Switchgrass 6.83 9.52 0.48 -13.17 26.82 
  Black mustard 16.02 9.52 0.11 -3.98 36.01 
  Dwarf sunflower -2.61 9.52 0.79 -22.61 17.38 

Black mustard Common rush -13.82 9.52 0.16 -33.82 6.18 
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  Virginia wild rye -16.38 9.52 0.10 -36.37 3.62 
  Switchgrass -9.19 9.52 0.35 -29.19 10.81 
  Tall fescue -16.02 9.52 0.11 -36.01 3.98 
  Dwarf sunflower -18.63 9.52 0.07 -38.63 1.37 

Dwarf sunflower Common rush 4.81 9.52 0.62 -15.18 24.81 
  Virginia wild rye 2.25 9.52 0.82 -17.74 22.25 
  Switch grass 9.44 9.52 0.33 -10.56 29.44 
  Tall fescue 2.61 9.52 0.79 -17.38 22.61 
  Black mustard 18.63 9.52 0.07 -1.37 38.63 

Mehlich III BCF Root Pb 
 
 
 

Common rush Virginia wild rye 18.13 23.21 0.45 -30.63 66.88 
  Switch grass 31.13 23.21 0.20 -17.62 79.89 
  Tall fescue 11.65 23.21 0.62 -37.11 60.40 
  Black mustard 23.95 23.21 0.32 -24.80 72.71 
  Dwarf sunflower -51.69532* 23.21 0.04 -100.45 -2.94 

Virginia wild rye Common rush -18.13 23.21 0.45 -66.88 30.63 
  Switch grass 13.00 23.21 0.58 -35.75 61.76 
  Tall fescue -6.48 23.21 0.78 -55.24 42.27 
  Black mustard 5.82 23.21 0.81 -42.93 54.58 
  Dwarf sunflower -69.82440* 23.20 0.01 -118.58 -21.07 

Switch grass Common rush -31.13 23.20 0.20 -79.89 17.62 
  Virginia wild rye -13.00 23.20 0.58 -61.76 35.75 
  Tall fescue -19.49 23.20 0.41 -68.24 29.27 
  Black mustard -7.18 23.20 0.76 -55.94 41.57 
  Dwarf sunflower -82.82686* 23.20 0.00 -131.58 -34.07 

Tall fescue Common rush -11.65 23.20 0.62 -60.40 37.11 
  Virginia wild rye 6.50 23.20 0.78 -42.27 55.24 
  Switch grass 19.50 23.20 0.41 -29.27 68.24 
  Black mustard 12.30 23.20 0.60 -36.45 61.06 
  Dwarf sunflower -63.3* 23.20 0.01 -112.10 -14.60 

Black mustard Common rush -23.90 23.20 0.32 -72.70 24.80 
  Virginia wild rye -5.80 23.20 0.81 -54.60 42.90 
  Switch grass 7.20 23.20 0.76 -41.60 55.90 
  Tall fescue -12.30 23.20 0.60 -61.10 36.50 
  Dwarf sunflower -75.6* 23.20 0.00 -124.40 -26.90 

Dwarf sunflower Common rush 51.7* 23.20 0.04 2.90 100.50 
  Virginia wild rye 69.8* 23.20 0.01 21.10 1186.00 
  Switch grass 82.8* 23.20 0.00 34.10 131.60 
  Tall fescue 63.3* 23.20 0.01 14.60 112.10 
  Black mustard 75.6* 23.20 0.00 26.80 124.40 

*The mean difference is significant at the 0.05 level 
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Appendix 12: Total metal concentrations in field soil samples (mg/kg) from historic gun range. 

a. Top 15 cm  

Soil 
 

Arsenic   Calcium Copper Iron potassi
um 

Magnesi
um 

 Nickel Lead   Zinc 

mg/kg 
 

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg 
Grass 1: Reed canary grass TOP Average  54.3 13865 45.4 14838 689.5 1647.8 18.5 2813.3 99.3  

Stdev 1.8 190.9 0.1 187.4 4.2 8.8 0.1 25.8 1.6  
%CV 3.3 1.4 0.2 1.3 0.6 0.5 0.5 0.9 1.6 

Grass 2: Stinging nettle TOP Average 36.4 10215 114.0 7265 921.0 954.8 14.5 3200.3 80.8  
Stdev 1.7 325.3 0.4 14.1 9.9 12.4 0.2 468.5 1.7  
%CV 4.7 3.2 0.3 0.2 1.1 1.3 1.2 14.6 2.1 

Grass 3: Reed canary grass 
(collected around water) 1 

Average 31.5 8820 81.3 11413 536.5 1196 16.4 1663.8 83.7 
 

Stdev 0.3 162.6 2.3 123.7 16.3 31.8 0.5 113.5 1.9  
%CV 1.0 1.8 2.8 1.1 3.0 2.7 2.9 6.8 2.2            

Grass 4: Aster  TOP Average 22.6 11408 109.6 6005.0 574.8 994.8 16.6 1826.3 82.5  
Stdev 2.4 109.6 1.7 28.3 15.2 0.4 0.2 280.4 1.2  
%CV 10.8 1.0 1.5 0.5 2.6 0.0 1.0 15.4 1.5            

Grass 5: Reed canary  top Average 37.3 11948 44.2 12627.5 581.8 1357.0 16.8 494.0 63.1  
Stdev 0.3 420.7 1.8 208.6 35.0 22.6 0.5 26.2 6.6  
%CV 0.9 3.5 4.1 1.7 6.0 1.7 2.7 5.3 10.4            

Grass 6: Reed canary top Average 14.1 12700.0 59.2 14482.5 1278.5 3202.0 22.6 263.9 69.0  
Stdev 0.2 247.5 1.1 342.9 190.9 207.9 0.0 23.8 0.8  
%CV 1.7 1.9 1.8 2.4 14.9 6.5 0.2 9.0 1.2 
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c. Bottom 15 cm soil sample  

 
Soil 

 
 

Arseni
c 

 
Calcium 

 
Coppe

r 

 
Iron 

 
potassiu

m 

 
Magnesiu

m 

 
Nickel 

 
Lead 

 
Zinc 

mg/kg  mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/k
g 

mg/k
g 

mg/k
g 

Grass 1Reed canary grass 
bottom 

Averag
e 38.7 7375.0 22.7 12747.

5 636.8 2095.5 18.5 236.3 84.0 
 Stdev 1.7 84.9 0.7 60.1 12.4 6.4 0.2 34.0 1.4 
 %CV 4.5 1.2 2.9 0.5 1.9 0.3 0.9 14.4 1.6 
           

Grass 2: Stinging nettle bottom Averag
e 19.4 12115.

0 111.5 9490.0 671.0 1089.8 19.3 525.5 79.9 
 Stdev 0.3 162.6 0.6 14.1 24.0 19.4 0.2 36.1 0.9 
 %CV 1.6 1.3 0.6 0.1 3.6 1.8 1.1 6.9 1.1 
           

Grass 4: Aster bottom Averag
e 9.3 14125.

0 58.1 5767.5 326.5 1393.0 23.8 123.9 102.5 
 Stdev 0.1 169.7 3.0 279.3 51.9 67.2 0.8 11.4 4.8 
 %CV 0.9 1.2 5.2 4.8 15.9 4.8 3.5 9.2 4.7 
           

Grass 5: Reed canary bottom Averag
e 33.8 7190.0 24.3 11137.

5 634.0 1747.3 15.7 219.5 69.4 
 Stdev 0.9 304.1 1.1 590.4 26.2 66.8 0.7 6.1 0.6 
 %CV 2.5 4.2 4.5 5.3 4.1 3.8 4.4 2.8 0.8 
           

Grass 6: Reed canary bottom Averag
e 24.9 14927.

5 43.2 17062.
5 735.5 2347.8 22.4 445.9 49.3 

 Stdev 2.9 81.3 0.2 53.0 22.6 4.6 0.0 71.1 1.9 
 %CV 11.6 0.5 0.4 0.3 3.1 0.2 0.2 16.0 3.9 
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Appendix 13: Mehlich III for field samples from historic gun ranch  

a. Top 15 cm soil samples  

 

B. Bottom 15 cm soil sample  

Soil samples Arseni
c 

mg/kg 

Calciu
m 

mg/kg 

Cop
per 

mg/k
g 

Iron 
mg/
kg 

Potassi
um 

mg/kg 

Magnes
ium 

mg/kg 

Nick
el 

mg/k
g 

Phosph
orus 

mg/kg 

Lead 
mg/k

g 

Zinc 
mg/k

g 

Grass 1: Reed 
canary bottom 

3.3 715.9 1.8 570 47.2 366.2 1.9 40.5 41.5 18.4 

Grass 2: 
Stinging nettle 

bottom 

1.6 2956 6.5 342 91.2 382.3 1.5 150 123 16.7 

Grass 4: Aster 
bottom 

0.9 5401 5.1 304 41.0 665.2 1.8 73 36.4 34.8 

Grass 5: Reed 
canary bottom 

3.7 2441 0.3 559 89.5 447 1.8 54.3 18.9 10.9 

Grass 6: Reed 
canary bottom 

1.3 3195 1.1 537 75.7 548 1.0 42.9 27.2 6.4 

 

Soil samples As 
mg/kg 

Ca 
mg/kg 

Cu 
mg/k

g 

Fe 
mg/
kg 

K 
mg/kg 

Mg 
mg/kg 

Ni 
mg/
kg 

P 
mg/kg 

Pb 
mg/
kg 

Zn 
mg/kg 

Grass 1: Reed 
canary top 

2.8 4674 0.9 56
8 

183.1 742.6 1.5 95 24
4 

19.9 

Grass 2: Stinging 
nettle top 

3.8 2603 5.8 22
0 

188.0 330.2 1.1 153 51
7 

18.3 

Grass 3: Reed 
canary  

(WATER) 

2.9 3283 3.0 54
8 

54.8 355.9 1.6 133 22
0 

17.5 

Grass 4: Aster top 2.4 3843 8.0 27
6 

123.3 429.5 1.6 210 42
7 

22.2 

Grass 5: Reed 
canary top 

2.3 3210 1.1 53
1 

118.1 573.0 1.4 71 48 13.1 

Grass 6: Reed 
canary top 

0.7 3864 5.5 38
0 

139.1 554.5 1.1 74 45 11.2 
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