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EXECUTIVE SUMMARY

The U.S. Army Environmental Center (USAEC) funded this project as part of the Department
of Defense’s (DoD) program to evaluate remediatioﬁ technologies for removing heavy metals
from contaminated soils. Of the heavy metals, the DoD is currently emphasizing lead (Pb)
removal due to the inherent toxicity of lead and the quantity discharged. A number of DoD
installations have soils which will require remediation for heavy-metal contamination. The
contamination consists of both particulate and ionic metals. The metallic particulate (bullet
fragments, etc.) were often deposited as the result of firing range use. The ionic metals were
- commonly deposited when metal-bearing propellants, ammunitions, and powders were burned
at explosive disposal sites. The project goal was to determine how to increase the effectiveness
of phytoextraction techniques for removing ionic lead from contaminated soils. The project
was conducted in support of an Environmental Security Technology Certification Program
(ESTCP) proposal to conduct a field demonstration of phytoextraction techniques. Based on
the results of this project, a two year field demonstration was funded in fiscal 1998 and is

currently being conducted at the Twin Cities Army Ammunitions Plant (TCAAP).

Phytoextraction is an in situ remediation method in which plants are used to remove ionic
metals, particularly lead, from contaminated soils. During the phytoextraction process,
water-soluble metals are taken up by plant species selected for their ability to take up large
quantities of lead. The metals are stored in the plant aerial shoot tissues which are harvested
and are either smelted for potential metal recycling/recovery or are disposed of as a hazardous
waste. Phytoextraction is generally considered a subcategory of phytoremediation, which is a
broad term for a variety of remediation methods which use plants to remediate contaminated

soils, surface waters, and groundwaters.

The primary objective of this project was to determine whether enhancing the solubility of
soil-borne lead would be a practical and affordable method of improving phytoextraction
techniques for remediating lead-contaminated soils. The solubility of lead was to be increased
by adjusting the soil pH and adding chelating agents to the soil. Specific project objectives

were to:
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e Select the chelate, chelate concentration, and soil pH level that optimized lead

solubilization in soil.

e Determine the optimum method for applying the soil amendments (soil acidifiers and

chelates).
* Monitor chelate movement and degradation in soil over time.

e Select the treatment combination (plant species and soil amendment concentrations, etc.)

that optimized lead uptake and promoted translocation of lead to plant shoots.

e Determine if lead leaches out of the root zone when soil amendments are applied under

simulated field conditions and, if so, to what extent.

This project was executed under a partnering agreement between the USAEC and the
Tennessee Valley Authority (TVA). The USAEC was the lead agency. The U.S. Army Corps
of Engineers (USACE) Kansas City District and the U.S. Army’s Industrial Operations
Command (IOC) provided contaminated soil from the Sunflower Army Ammunition Plant
(SFAAP) at Desoto, Kansas. TVA conducted the study and provided technical expertise in

plant lead uptake, application of soil amendments, and analysis of soil and plant samples.
Based on the project results, TVA concluded that the optimum treatment parameters were:

e Use of corn (Zea mays Mays L.) as a warm season crop.

e Use of white mustard (Brassica hirta L.) as a cool season crop.

e Use of the potassium salt of ethylene-dinitrilo-tetraacetic acid (EDTA) as the chelate at a
1.0 molar ratio of chelate to soil-borne lead. v

e The EDTA should be applied with only enough water to bring the top two feet of soil to
field capacity.

e Acidification of soil pH to 5.5 using acetic acid in conjunction with EDTA when corn is
the phytoextraction crop.

e No soil acidification with use of EDTA when white mustard is the phytoextraction crop.

Phytoextraction of Lead i ' Sunflower AAP




e Ifneeded to provide supplemental phosphorus, a 1 percent foliar phosphate spray may be

‘ used for corn.

e A foliar phosphate application should not be made when growing white mustard.
The project results indicate that:

e Lead levels in the treated soils were reduced by a maximum of 8% depending upon soil
type, fertilization levels, and the crop grown.

e Average lead concentrations in corn and white mustard were 0.85% and 1.5% by weight,
respectively.

o Foliar application of phosphates to corn did not significantly affect the corn crop’s ability
to take up lead.

e The optimum time to harvest corn (after soil acidification and EDTA application) was
after plants had senesced to the point of dryness, but still contained sufficient moisture to
prevent excessive leaf shatter.

e When using white mustard, the optimum time to apply EDTA is at the onset of bolting

‘ and flowering.

e With white mustard, maximum lead uptake occurred within 48 hours after EDTA
application. Harvesting at this point will minimize the potential for leaf shatter and wind
dispersion.

e As long as the moisture content of the soil was held to field capacity or below,

solubilized lead and water-soluble EDTA generally remained within the plant root zone.
Overall, the project results were encouraging. Based on these results, the phytoextraction

methods examined are likely to enhance lead removal with minimal risk of lead leaching out of

the root zone.
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1.1

SECTION 1.0
INTRODUCTION

Background
The U.S. Army Environmental Center (USAEC) funded this project as part of a Department of

Defense (DoD) program to evaluate remediation technologies. The project goal was to
determine how to increase the effectiveness of phytoextraction techniques for extracting ionic
lead (Pb) from contaminated soils. The project was conducted in support of an Environmental
Security Technology Certification Program (ESTCP) proposal to conduct a field demonstration

of phytoextraction techniques.

Phytoextraction is an in situ remediation method in which plants are used to remove ionic
metals, in this case lead, from contaminated soils. During the phytoextraction process, metals
solubilized by soil amendments are taken up by plant species selected for their ability to take
up large quantities of lead. The metals are stored in the plant aerial shoot tissues, which are
harvested and are either smelted for potential metal recycling/recovery or are disposed of as a
hazardous waste. Phytoextraction is generally considered a subcatergory of phytoremediation,
which is a broad term for a variety of remediation methods which use plants to remediate

contaminated soils, surface waters, and groundwaters.

A number of DoD installations have heavy metal-contaminated soils requiring remediation.
Particulate heavy metals (bullet fragments, etc.) were deposited during the expenditure of
munitions on firing ranges. In addition, ionic metals were commonly deposited when
metal-bearing propellants, ammunitions, and powders were burned at explosive disposal sites.
CERCLA has identified heavy metals, lead in particular, as a priority concern. Because of the
inherent toxicity of lead and the quantity discharged, the DoD is currently emphasizing lead

removal. Hence, a cost-effective process for removing lead from contaminated soils is needed.

One constraint to the use of phytoextraction techniques is the low solubility of lead in soil;
hence, it is difficult for plants to absorb lead through their root systems. Conceptually,
increasing lead solubility in the soil should enhance plant uptake and translocation of lead to

shoot tissues.

Phytoextraction of Lead 1-1 Sunflower AAP




The solubility of soil-borne lead can be increased by lowering the soil pH and by adding
chelates to the soil. The technique is based on the behavior of chelates in soil. Simplistically,
metal chelation may be viewed as a multiple bonding of metal ions to the coordinating groups
(or ligands) of organic compounds to form a stable charge structure. The stability of the metal
chelate complex protects the metal ion and minimizes reaction with soil. The metal ion’s
solubility is increased by the ligands with which it becomes coordinated and the solubilized

metal is more readily removed from soil.

An additional challenge to phytoextraction is the tendency of lead to accumulate within most
plant root structures, rather than moving to the aerial shoots. Prior research *"!, indicated that
lead translocation to the shoots of selected plant species was enhanced when chelates were
preéent in soil, resulting in the accumulation of up to 2% lead in the aerial portion. Hence, it
may be possible to improve phytoextraction efficiency. The goal of this project was to
determine the impact of chelate use, soil pH adjustment, and selected plant species on the
efficiency of current phytoextraction techniques. Determining the impact of these factors was

necessary in order to assure the success of the proposed ESTCP field demonstration.
This project was executed under a partnering agreement between the:

e U.S. Army Environmental Center (USAEC)
e Tennessee Valley Authority (TVA)

The USAEC was the lead agency. The U.S. Army Corps of Engineers (USACE) Kansas City
District, and the U.S. Army’s Industrial Operations Command (IOC) provided contaminated
soil from the Sunflower Army Ammunition Plant (SFAAP) at Desoto, Kansas. TVA conducted
the study and provided technical expertise in plant lead uptake, soil amendment application,
and metals analysis for soil and plant samples. This document serves as the project’s Final

Results Report.
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1.2 Project Objectives

This project’s primary objective was to determine whether enhancing the solubility of lead in
soil would be a practical and affordable method for phytoextracting lead from contaminated

soils. Specific objectives were to:

e Select the chelate, chelate concentration, and soil pH level to optimize lead

solubilization.

e Determine the optimum method for applying the soil amendments (soil acidifier and

chelate).
e Monitor the chelate movement and degradation in soil over time.

e Select the treatment combination (plant species, soil amendment concentration, and

foliar phosphate fertilization) that optimizes lead uptake and promotes translocation to

‘ the shoot.

e Determine the extent that lead leaches out of the root zone when soil amendments are

applied.

1.3 Approach

The project was executed in five phases, these being:

e Test Plan Development (Phase 1). During this phase, the project was planned and

developed.

e Site Screening, Soil Collection, and Metal Analysis (Phase 2). During this phase,
contaminated soils at various sites were considered for use, selected, collected, and

analyzed for pH and heavy metals content.
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e Preliminary Laboratory Studies (Phase 3). This phase contained two studies: one for
chelate screening (the Chelate Screening Study) and another addressing chelate
application (the Chelate Applications Study). The purpose of these studies was 'to assess
the variables affecting lead solubilization (i.e., chelate type, concentration, soil pH, and

soil application method) and to monitor soil amendment movement and fate.

e Greenhouse Studies (Phase 4). This phase originally contained three greenhouse studies:
one pot study for screening plant species (the Plant Screening Study); a second pot study
addressing the foliar application of phosphate nutrients (the Foliar Application Study);
and a third study in which the most effective plant species, soil amendment treatments,
and fertilizer levels from two previous greenhouse studies were used in larger volumes of
soil to assess leaching of lead and EDTA (the Soil Leaching Study). The Soil Leéching
Study also included an after-harvest replanting to determine the effect of lead and
residual chelate on seed germination and plant growth, leaching of lead by residual

chelate, and lead removal by subsequent planting.

During the project, the scope of Phase 4 was increased to include three additional
studies: a Lysimeter Study to more accurately monitor EDTA and lead movement
through soil; a Chelate Timing Study to determine if lead uptake could be increased by
adding a chelate when white mustard’s water use was at a maximum; and a Harvest
Timing Study to determine the time required for white mustard to take up lead after

EDTA has been added to the soil.
e Final Report Writing (Phase 5). During this phase, the final report was written.

The project started the fall of 1996 with test plan development (Phase 1), contaminated site
screening (Phase 2), and the transport of selected soil to TVA’s facilities (Phase 2). During
Phase 2, lead-contaminated soil was collected from an explosives burning ground located at the
SFAAP in Desoto, Kansas, and brought to TVA’s facility in Muscle Shoals, Alabama, where

the lead uptake project was performed.

When the soil arrived, a preliminary assessment was initiated (Phase 3) to determine which soil

amendments should be used, how the amendments should be applied, and the fate of the
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amendments in soil. Concurrent with the preliminary assessment, plants were grown for use in
the Plant Screening Study (Phase 4). During Phase 4, the selected soil amendments were
applied when the plants reached full vegetative biomass (i.e., to a stage just before grain

production).

During the Plant Screening and Foliar Application Studies (Phase 4), soil amendments were
applied to the potted plants to facilitate lead uptake. Within two to four days, the plants began
to senesce (die) due to lead uptake. The plants were harvested after they died. The plant
shoots and soil were then analyzed for lead concentration. The plant dry matter content was

also determined.

After the Foliar Application Study, the Soil Leaching Study was initiated (Phase 4). During the
Soil Leaching Study, columns containing approximately 17 kg of soil were planted with the
best warm and cool season species from the previous study. When the first crop reached full
vegetative biomass, the soil amendments were added. The soil was sampled both before soil
amendment addition and after harvesting the first crop. These soils were analyzed for lead and
other heavy metals. The plant shoots were analyzed for heavy metals content after harvest.
Prior to adding soil amendments, an attempt to collect the leachate was made every two weeks.
After the soil amendments were added, an attempt to collect leachate was made daily until
plant harvest. However, poor percolation in these soils prevented leachate collection. The

reasons for this are discussed in Section 5.3.3.

After the initial harvest, the containers were replanted with the second crop. However, the
second crop either failed to germinate or died shortly after germination, except for the contral
columns (with no soil amendments) from the first planting. These plants were grown to full
vegetative biomass, soil amendments were applied, and the plants were harvested and analyzed
for lead, heavy metals, and chelate content. The reasons for these crops failures are discussed

in Section 5.3.3.

After the Soil Leaching Study, the Lysimeter Study was initiated (Phase 4). The procedures for
Lysimeter Study were very similar to the Soil Leaching Study. The study scope consisted of:

e Treatment with the cool season crop
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¢ One soil type (due to a lack of soil)

‘ e No controls (due to a lack of soil)

Finally, the Chelate Application Timing and Harvest Timing Studies were initiated (Phase 4).

The purpose of these studies was to optimize the lead uptake by the cool season crop.
During the project’s final phase, Phase 5, the final report was written.

1.4 Schedule

A GANTT chart showing project-related activities is provided in Figure 1-1. As indicated in

the section above, there were five phases to this study. The timelines for these phases were:

Test Plan Development (Phase 1). Began on September 6, 1996, and was scheduled to

end on December 8, 1996.

‘ e Site Screening, Soil Collection, and Metals Analysis (Phase 2). Began on August 6,
1996, and was scheduled to end on December 9, 1996.

e Preliminary Laboratory Studies (Phase 3). Began on December 9, 1996, and was
scheduled to end on March 8, 1997. Studies conducted within this phase had timelines
as follows:

= Chelate Screening Study - December 9, 1996, to December 23, 1996
= Chelate Application Study - December 16, 1996, to March 8, 1997

e Greenhouse Studies (Phase 4). Began. on November 29, 1996, and was scheduled to end
on January 7, 1998. Studies to be conducted within this phase had timelines as follows:
= Plant Screening Study - November 29, 1996, to April 28, 1997 .
= Foliar Application Study - March 18, 1997, to August 5, 1997
= Soil Leaching Study - May 19, 1997, to May 8, 1998
= Lysimeter Study - October 19, 1997, to January 20, 1998
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= Chelate Application Timing Study - September 10,1997, to November 23, 1997
‘ = Harvest Timing Study - September 10,1997, to November 23, 1997

e Final Report Writing Phase (Phase 5). Began on April 7, 1998, and ended September 29,
1998.
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SECTION 2.0

‘ LOCATION AND HISTORY

2.1 Site Selection

In consultation with the USAEC and the USACE, it was decided to obtain lead-contaminated
soil from an explosives burning ground located at the SFAAP in Desoto, Kansas. Site selection

was based on three major criteria:

e Lead-contamination at the site was ionic in nature; therefore, the soil could be treated

using phytoextraction techniques.
¢ Contaminant depth was less than one foot; therefore, the plant root structures could
access the contaminates if the site were chosen for remediation.

o The area showed textural differences in the soil. (For demonstration purposes, testing
‘ with two or more soil textures was considered desirable.)

2.2 Location of the Sunflower Army Ammunition Plant

The SFAAP is located approximately 30 miles southwest of Kansas City, Kansas, and 16 miles
east of ‘Lawrence, Kansas, along Route 10. The SFAAP encompasses about 10,000 acres and
is located south of DeSoto, Kansas, in the northwest corner of Johnson County (Figure 2-1).
The area immediately surrounding SFAAP is a sparsely populated area composed of privately
owned agricultural lands. The plant is bounded on the east by the Spoon and Kill Creeks and
on the west by Captains Creek. The Kansas River is located approximately three miles north

of the plant.
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History of the Sunflower Army Ammunition Plant

The SFAAP is a government-owned contractor-operated facility which has intermittently
manufactured smokeless powder, propellants, and related products since the early 1940s. The

plant’s production history is summarized in Table 2-1.

SFAAP began to produce propellants and related products in 1943. Over the years, three base
explosives have been produced for incorporation into propellants: nitroglycerin (NG),
nitrocellulose (NC), and nitroguanidine (NQ). The propellants manufactured at SFAAP
contained one or more of the three base explosives, a stabilizer, a plasticizer, extrusion
lubricant, and generally two burning rate modifiers. Among the propellants produced was N-5,

a rocket propellant consisting of a mixture of organic and lead-organic compounds.

In addition to the base explosives, nitric and sulfuric acids were manufactured at the plant.
These acids are required to produce the organic nitrates and calcium cyanamide, the major raw
material used in the NQ production process. The NG, NC, and acid production areas have long
been operated at SFAAP, whereas NQ and calcium cyanamide production did not begin until
the late 1970s. Processes involved in the propellant production included: mixing, washing, air
drying, blending, rolling, pressing, annealing, fluoroscoping, milling, and trimming. Support
functions for the production processes included product testing and storage, water and steam

production, waste treatment, and facility maintenance.
Recent activities at SFAAP have occurred at the acid area facilities, continuous paste facility,

mechanized roll (solventless roll) complexes, and the NG facility. The NQ facility was shut

down on September 1, 1992, and has been put into “standby” status.

Description of the L.ead-Contaminated Site at SFAAP

The soil sampling and soil excavation activities were conducted on an explosives burning
ground located within the SFAAP. The explosives burning ground consists of five
approximately 1-acre “cells” plus additional outlying areas of approximately 7-10 acres. Lead
contamination in the burning grounds originated from the burning of N-5 propellant, a mixture

of organic and lead-organic compounds. N-5 rocket propellant was produced at SFAAP from
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Table 2-1
Sunflower APP’s Production History

Year Event
1942 Construction began.
1943 Production began.
1943-1948 Propellant produced - including lead-bearing propellants.
1948-1951 Standby maintenance; ammonium nitrate liquor and NC
production continued while a majority of plant was
inactive.
1951-1960 Propellant produced - including lead-bearing propellants.
1960-1965 Standby maintenance; sulfuric acid production continued
while majority of plant was inactive.
1966-1971 Propellant produced - including lead-bearing propellants.
1971-1977 Standby maintenance.
1977-1992 NQ and calcium cyanamide produced.
1992-present | NQ facility in standby mode.

Phytoextraction of Lead

2-4 Sunflower AAP




1943 to 1971. The range of lead contamination over the burning area is 10-15,800 mg/kg.

Other heavy metals are also present in varying concentrations.

Two sites were selected for soil sampling; one site located in Cell 1 and the other in the
northern-most outlying area. The northern-most area has been designated as Cell 7 for the
purposes of this plan (Figure 2-2). Cell 7 is within 850 feet of the northern-most arm of a
flowing creek (Captains Creek), while Cell 1 is approximately 1,500 feet distant to the south.

Both cells are located on a sloping, grassy meadow.

The soil is generally classified as Kennebec alluvial silt loam, although there are distinct
textural differences ranging from the silt loam to a silty clay. Previous physical analyses show
the soil in Cell 1 to be an alluvial silty clay (50% silt, 50% clay) and the soil in Cell 7 to be an
alluvial silt loam (60% silt, 25% sand, and 15% clay). (Data obtained by correspondence with
USACE.) There is sufficient distance between cells that there is a distinct difference in
textural classiﬁcatioh in the soil. Thus, for the purpose of this project, the soil may be

considered as being of two distinct types.
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Figure 2-2
Location of Cells 1 and 7 at the SFAAP
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3.2

SECTION 3.0
TECHNOLOGY DESCRIPTION

Waste and Media Application

Phytoextraction is an in situ remediation method which uses plants to remove ionic metals
from contaminated soils. Ionic metals are commonly produced when metal-containing
propellants, explosives, and powders are burned on soil-bearing strata. Ionic lead
contamination may also occur when leaded chemicals or fuels are spilled. Particulate lead,
bullet fragments for example, cannot be treated by this process. Phytoextraction methods may
be used to treat lead concentrations in the 3,000-4,000 ppm range. The lead concentrations are
reduced by 200 to 700 mg lead/kg soil per year.**" ? Remediation at higher concentrations is

technically feasible but would require a longer time frame.

Current Practice and Alternatives

Several procedures for remediating metal-contaminated soil sites are currently available.

These include:
e Landfilling contaminated soil.

e Soil washing (separation) - soil excavation followed by soil washing, returning the clean

soil to the site, and landfilling the contaminated soil.

e In situ soil flushing - in-place soil washing using acid or chelate solutions followed by

recovery of the contaminated leachates and surface treatment of the leachates.
¢ Containment - placing a cap on contaminated sites to eliminate water infiltration.

e Phytoextraction - plant species are used to extract heavy metals from the soil and are

then harvested.
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These technologies, except containment, provide a clean site and normally avoid restrictions to

site use. Currently, the lowest cost option is phytoextraction (Table 3-1).

Table 3-1

Comparison of Remediation Costs

Remediation Method Cost of Remediation
Technique
($ per cubic yard)
Phytoextraction $25 - $124 Re5-3
Containment $100 - $175 Re*
Landfilling $165 - $410 R 13
Soil washing $175 - $390 Ret4
In situ soil flushing $300 - $380 R4

Technology Description

In phytoextraction, heavy metals accumulate in the .plant shoot tissues in sufficient
concentrations to cause plant death. After the plants die, the shoots are harvested and can
either be processed for metals recovery or be disposed of as a hazardous waste. In contrast to
other remediation methods, phytoextraction techniques allow for in situ metals extraction and

recovery; mechanical soil removal is not necessary.

The plant extraction of ionic lead is the primary focus of this technology. However, lead is not
easily removed from soil and taken up by plants. Lead is considered the least soluble and least
mobile of the heavy metals. lonic lead is usually present in soil as insoluble salts or solid
phase compounds which are not easily dissolved in soil solution (i.e., lead carbonate, lead
cerussite, etc.), thus its availability to plants is generally low. Lead also tends to accumulate
within most plant root structures rather than moving to the aerial shoots. X" 5 Before being
taken up by a plant, lead solid phases (lead-containing minerals and salts) have to be dissolved
into the soil solution as ionic lead (Pb**) through the use of soil amendments such as acidifiers
and chelates. Upon dissolution, Pb*" is released into the soil solution, absorbed into the plant

roots, and translocated to the plant shoots.
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A plant’s capacity to take up lead can be enhanced by adding soil amendments to increase lead
solubility. ~ Solubilization increases the availability of soil-borne lead for plant uptake.
Treatment with soil amendments also increases the translocation of lead to the above ground
portions of the plant and lead accumulates in the shoot at much higher concentrations than
without solubilization. Amendment use allows lead accumulation of up to 2% in the

aboveground portions of selected plant species.

Soil amendments currently used for phytoextraction are soil acidifiers and chelates. Soil
acidifiers, such as acetic acid, temporarily increase soil acidity, thereby causing lead
solubilization. Chelates, such as ethylene-dinitrilo-tetraacetic acid (EDTA), enhance the solid
phase solubilization by chelating solution-bomne lead, thus shifting the equilibrium toward
dissolution (i.e., lead ions combine with the chelating agent, thereby removing lead from the
liquid phase and promoting additional release of the solid phase into the liquid phase).
Chelation may be viewed as the multiple bonding of a metal to coordinating groups of an

organic compound to form a stable charge structure.

There are several components to a phytoextraction scheme. A lead phytoextraction
“processing unit” consists of a plowed field containing the contaminated soil, a crop, irrigation
system, fence, farm equipment, decontamination equipment, personal protective equipment,
and a decontai’nination area. The field should be fenced to prevent wildlife intrusion onto the
field. The decontamination area is used to facilitate the decontamination of personnel and
farm equipment leaving the contaminated field. Depending upon the local climate, one or
more crops may be grown during any given year. Plant species that have shown suitable
characteristics for lead remediation with application of soil amendments are corn, alfalfa,

Indian mustard, white mustard, sorghum sudan grass, and sunflower.

To “operate” the field, a crop which is adapted to the local climate is planted and grown to full
vegetative biomass maturity (i.., to a stage just before fruit or grain production) using
common farm practices. After the plants have matured, amendments are added to the soil to
promote lead solubilization. Within a few days, the plants begin to senesce (die) due to the
increased lead uptake. After the crop has died, the plant shoots are harvested using common

farming techniques or by hand. The harvested crop is then either processed for metals
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recovery (smelted) or sent to a hazardous waste disposal site. When possible, a cover crop
may be grown in the winter season to control wind and water erosion. The cover crop is tilled
back into the soil prior to planting the spring crop. Common cover crops include wheat, barley,

and annual ryegrass.

Advantages and Limitations

The feasibility of implementing a phytoextraction program at a particular site is influenced by:

e The soil lead content

e The underlying geology

e The potential for phosphorus deficiencies in the soil
e Local weather conditions

e Plant selection

Sites with soil lead concentrations less than 3,000 to 4,000 mg ionic lead/kg soil are the most
suitable for phytoextraction, since this type of site could be femediated within several years.
Plants may be used to remediate soil with lead concentrations greater than 3,000 to 4,000 ionic
mg lead/kg soil without interfering with plant growth. However, the expected reduction in soil
lead ranges from 200 to 700 mg lead/kg soil per year, so the time required to complete a

remediation program may become unrealistic for higher concentrations.®*"?

The underlying geology may also be a concern. Because soil amendments increase lead
solubility, lead may leach from the plant root zone into lower soil layers, adjoining areas, or
groundwater. Therefore, careful attention must be paid to the hydraulic conductivity of the

underlying geology, as well as the levels of soil amendment application.

Phosphorus-deficient soils are also a factor. Lead-contaminated soils tend to be deficient in
plant-available phosphorus (P) because lead precipitates P as insoluble lead-phosphate
complexes. The manifestations of phosphorus deficiency include decreased plant growth and
decreased biomass accumulation. Phosphorus deficiency lowers remediation effectiveness by
geducing total lead uptake.™" ¢ This can be remedied by supplying additional P to the plant,

either by foliar application (i.e., spraying a water-soluble phosphate fertilizer solution directly

Phytoextraction of Lead 3-4 Sunflower AAP




on the plant) or by banding (i.e., applying bands of phosphate fertilizer below the soil surface
‘ and to the side of the plant or seed row).

Local weather conditions affect growing season length, crop type, and crop sequence. In turn,
the types of plants to be grown at a site are subject to evaluation for a number of considerations
including: growing season length, adaptability to local conditions, soil fertility, and ability to
take up lead. Suitable candidates for warm season crops are corn (Zea mays L.), sunflower
(Helianthus annus L.), and sorghum sudan grass (Sorghum sudanense L.). White mustard
(Brassica hirta L.), Indian mustard (Brassica juncea L.), alfalfa (Medicago sativa L.) appear to

be suitable cool season crops.

Relative to other remediation technologies, phytoextraction methods have a number of

advantages. These include:

e Low remediation cost range from $25 to $127 per cubic yard (see Table 3-1).

. e Heavy metals removal by plant harvesting minimizes site disturbance and limits

contaminant dispersal.

» Heavy metals recycling is possible via the processing (smelting) of the harvested plant

tissues.

e If the heavy metals are recycled, the cost and long-term liability associated with

maintaining a landfilled hazardous waste is substantially reduced or eliminated.
e Operating space requirements are limited to the field being treated.

e The technology is relatively simple and easy to implement.

Phytoextraction of Lead 3-5 Sunflower AAP




‘ 3.5 Current Status

Currently, phytoextraction techniques are being investigated for potential use at DoD sites. In
the mid-1990s, the USAEC became interested in phytoextraction methods after private-sector
laboratory studies and field trials suggested that the technique could become a cost-efficient

means of remediating metals-contaminated soils (TabIes 3-2 and 3-3).

In 1997, the USAEC funded this project to determine whether the effectiveness of
phytoextraction techniques could be increased. The pfeliminary results were sufficiently
encouraging that the ESTCP funded a field demonstration of the phytoextraction technique
beginning in spring of 1998. The field demonstration facility is being conducted at the Twin

Cities Army Ammunition Plant (TCAAP) at Arden Hills, Minnesota.
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Table 3-2

List of Promising Research with Synopsis of Findings

e In greenhouse pot tests, translocation of lead from roots to shoots in corn plants increased
120-fold within 24 hours of a soil application of 1,000 mg/kg EDTA.™" °

e In laboratory pot trials with addition of chelates to soil, shoot lead concentrations have
reached 1% lead in corn and peas.”"’

e Corn exposed to low lead concentrations (4 ppm) in hydroponic solutions accumulated
0.2% lead in shoots."" .

e Cultivars of Indian mustard selected for lead uptake using hydroponic solutions or
sand/perlige mixtures for growth and lead application accumulated up to 3.5% lead in
shoots. "
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Table 3-3
List of Known Phytoextraction Field Trials with Synopsis of Findings

Bayonne, New Jersey, site: Soil at a Texaco Oil site contaminated with 1,000 ppm lead is being
remediated using the plant species Indian mustard with soil amendments of the chelate EDTA
alone and EDTA in combination with acetic acid to lower soil pH. Lead concentrations in plant
shoots have attained 0.4%. Remediation is estimated to require two to three years. [No
published data - discussion by Dr. I. Raskin at Phytoremediation Conference, Alabama A&M

Ul’l iV ref. 10]

Palmerton, Pennsylvania, site: A Superfund site contaminated with 2,000 to 50,000 ppm zinc
and 38 to 1,020 ppm cadmium is being used to assess the effectiveness of the species Alpine
pennycrest (Thlaspi caerulescens), in conjunction with soil amendments to acidify the soil, to
remove soil contaminants.*!' Zinc concentrations in Alpine pennycrest shoots from the field
site were 0.6 to 1.0% (R. Chaney, personal communication). In greenhouse studies using soil
from the Palmerton site, Alpine pennycrest accumulated 1.8% zinc and 0.1% cadmium in the
shoots without yield reduction associated with metals toxicity.”"'"

Liberty Park, New Jersey, site: Soil contaminated with chromium is being remediated by
planting with Indian mustard.™""'

Trenton, New Jersey, site: A Brownfield industrial site formerly used for the manufacture of
Magic Marker pens and batteries had soil contaminated with 927 ppm lead and was remediated
with chelating agents and a crop of Indian mustard. Cleanup was almost complete in one
summer and sampling of the plot down to 45 cm six months after application of 3,000 mg/kg
EDTA indicated no significant leaching of the chelate below 15 cm.™" 1

Butte, Montana, site: The DOE began large plot field tests in 1997 to determine uptake capacity
of several Brassica varieties (Indian mustard, rape, turnip) and grasses for cadmium, zinc, and
radioactive cesium and strontium.™" ?

Superfund Innovative Technology Evaluation Program site in Ohio: A field demonstration is in
progress on soil at a former metal plating facility to evaluate phytoextraction of cadmium, lead,
and hexavalent chromium by Indian mustard. The demonstration was initiated in 1996 and
includes monitoring the soil, groundwater, and plant material until at least 1999. To date, there
has been no downward movement of lead through the soil profile.™" 4
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4.1

4.2

SECTION 4.0
EXPERIMENTAL DESIGN

Introduction

This project was executed to refine the use of chelates in phytoextraction through laboratory
and greenhouse studies. Two preliminary laboratory studies evaluated chelate effectiveness
and persistence in soil. Six greenhouse studies tested plant species for their effectiveness in
removing lead from two contaminated soils which differ in chemical and physical properties,

and the movement of chelates and lead in the contaminated soils.

Approach

The work involved plant selection, process optimization, and treatability studies in the
laboratory and greenhouse to achieve the greatest lead removal from two lead-contaminated
soils having contrasting chemical and physical properties. The soils were collected from a
DoD-owned explosives burning ground (SFAAP) and brought to TVA’s Greenhouse facility in

Muscle Shoals, Alabama, where the soil was processed and the studies performed.

The principles of chelation chemistry were used as the basis for the project (see Section 3.3).
During this project, the soil was adjusted to a given pH to enhance lead dissolution from the
solid phase and a chelating agent added to the soil to bind with the lead and keep it in solution.
Calculations based on competitive metal/chelate equilibria were used to determine the
theoretical maximum amount of chelate required to complex and solubilize all of the lead at a
given pH. However this was only an approximation, since these calculations were based on
ﬁure systems which contain no other competing ligands that might complex with lead and no
other metals that would complex with the ligand. Ideally, the amount of chelate used would
only complex the amount of lead the plants can assimilate. In an attempt to avoid usi.ng excess
chelate, the chelate was added to the soil in molar ratios (chelate/soil-borne lead) of 0.5, 1.0,

and 1.5.
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4.3

4.4

44.1

Soil Characterization, Collection, and Processing

Prior to beginning the studies, the USAEC, USACE, and TVA selected two sites at SFAAP
which contained suitably contaminated soil with which to conduct this project. The soil from
these two sites was collected and analyzed to characterize lead concentrations in the immediate
area. The soil was then excavated and shipped to TVA’s Environmental Research Center

(ERC) in Muscle Shoals, Alabama, for use during this project.

During the soil characterization phase, each site was subdivided into 36 fifteen-foot grids and
then sampled using a hand-held soil probe. One hundred and forty four (144) soil samples
were taken from the sites (36 grids/site X 2 sample depths/gird X 2 sites = 144 soil samples)
and shipped to the TVA ERC for analysis. The samples were analyzed for pH and total lead
(Table 4-1).

After the sampling sites were properly mapped, 1,000 kg of bulk soil with lead concentrations
in the desired range (3,000 to 4,000 mg/kg) was collected from each site and shipped to the
ERC in Muscle Shoals, Alabama (see excavation procedure in Appendix D-2). The soil was
processed by passing it through a gasoline-powered soil shredder/screen. The soil was then
thoroughly mixed to homogenize it. Twelve soil samples were taken from the soil mixture and
the soil was rebarreled and stored. The soil samples obtained during this process were used to
determine the chemical characteristics and nutrient content of the soil (Table 4-2). This data
was used to establish a baseline for the studies to follow and as a screening mechanism to
determine the amount of lead (Pb), cadmium (Cd), copper (Cu), molybdenum (Mo), nickel
(Ni), zinc (Zn), chromium (Cr), mercury (Hg), and selenium (Se) in the soil. The lead and pH
data is provided in Appendix F.

Description of Preliminary Laboratory Studies

Chelate Screening Study

Chelate efficiency was evaluated during the Chelate Screening Study. To accomplish this,
different chelates at varying concentrations were used to solubilize metals at different soil pH

levels. An overview of the Chelate Screening Study experimental design is provided in
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Table 4-1
Chemical Analyses for the Soil Characterization/Mapping Work

Sample Type Minimum Parameter Measured
Sample Size!
Soil 12 grams pH
Total Metals (Pb)?

(1) Every tenth sample contained twice the usual amount of

sample and was submitted for use in the QA/QC program.

(2) The term “Total Metals” for any element refers to an analysis
following an acid digestion of the sample and was used to
distinguish it from metals measured following a leaching

process.
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Table 4-2
Chemical Analyses for Bulk Soil Sampling

Sample Type Minimum Parameter Measured
Sample Size'
Soil 60 grams pH

Buffer Curves

Cation Exchange Capacity (CEC)

Field Capacity

Total Organic Carbon (TOC)

Total Kjeldahl Nitrogen (TKN)

Extractable P

Exchangeable K

Exchangeable Ca

Exchangeable Mg

Exchangeable Al

DTPA-Extractable Fe

DTPA-Extractable Mn

Total Metals (Pb, Cd, Cu, Mo, Ni, Zn, Cr)°

Total Metals (Hg)

Total Metals (Se)”

EDTA-Soluble Pb

Plant-Available Pb

(1) Every tenth sample contained twice the usual amount of sample and was submitted
for use in the QA/QC program.

(2) The term “Total Metals” for any element refers to an analysis following an acid
digestion of the sample and was used to distinguish it from metals measured
following a leaching process.
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Table 4-3 and details of the experimental design are provided in Table 4-4. A listing of the

chemical analyses performed are provided in Table 4-5.

Various soil components can alter a chelate’s ability to complex specific metals due to
competing ion effects. For example, lowering soil pH will, in most cases, increase the amount
of metal in the soil solution. This occurs because protons (hydrogen ions) compete with metals
for exchange sites on clay micelles and organic components in the soil or because some
inorganic constituents are soluble at lower pH. Metals which are unable to bind to an
exchange site may be complexed by a chelate. Any metals which react with the chelate

become more water-soluble and are, therefore, more readily taken up by plants.

This study was conducted at the natural soil pH (pH 7.0 to 7.3) and at a pH of 5.5, where lead
solubility is higher. To determine the amount of acetic acid required to lower the soil pH to
5.5, acetic acid was applied to 100 g subsamples of bulk soil at concentrations of 0.03, 0.04,
0.05, and 0.06 millequivalents (meq) of acetic acid per gram of soil. The soil pH was

monitored over a 72-hour period since these soils tend to buffer the pH over time.
Three chelates were selected for study:

e Ethylenedinitrilotetraacetic acid (EDTA)
e Cyclohexane - 1,2 - Diaminetetraacetic Acid (CDTA)
¢ Ethylene bis(oxyethylenetrinitrlo)tetraacetic acid (EGTA)

The chelates were applied to 100-g soil samples at concentrations of 0.15, 1.5, and 15 mmole
of chelate/kg soil, both at the natural soil pH and at a pH of 5.5. The chelate and acetic acid
soil amendments were applied in sufficient water to bring the 100-g soil samples to field
capacity. The water was added slowly to prevent dispersion and mixing of soil since the soils
exhibited very slow infiltration rates. The term “field capacity” refers to the amount of water a
soil can hold. The volume of solution added was sufficient to percolate through the entire

volume of soil. Testing indicated that the soil field capacity of both soils was 32%
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Table 4-3

An Overview of Experimental Designs for the Preliminary Laboratory Studies

Chelate Screening Study
3 Chelates

3 Chelate concentrations
2 soil pH levels

2 soils

plus
2 controls

20 treatments replicated 3 times for each soil

Total: 120 units, 120 samples

‘ Chelate Applications Study
1 cropping system (planted)

1 chelate level

2 volumes of water for chelate application

3 time periods
2 soils

2 replicates

4 depths

Total: 24 units, 96 samples
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Table 4-5
Chemical Analyses for the Chelate Screening Study

Sample Type Minimum Preservative Parameter Measured
Sample Size' Added
Soil 10 grams None pH
Water Extract 50 ml Filtered” then | Total Dissolved Metals (Pb, Cd, Cu, Ni, Zn, Cr)
Nitric Acid
added
Until pH<2

. (1) Every tenth sample'contained twice the usual amount of sample and was submitted for use in the
QA/QC program.

(2) Filtered through Whatman #2 or equivalent.
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4.4.2

moisture by weight. The soil and amendments were allowed to reach equilibrium over a ’
24-hour period. A subsample of the soil was then extracted with water and analyzed to

determine chelate efficiency at solubilizing lead at that pH.

The chelate most effective at pronﬁoting lead solubility during the Chelate Screening Study
(EDTA) was used in the Chelate Applications Study and all subsequent greenhouse studies.

The basis for determining the most effective chelate is described in Section 5.2.1

Chelate Applications Study

Excess chelates applied to contaminated soils may create a metals leaching problem, since lead
could be leached below treatable depths if the chelate moves down past the root zone. This
could occur if too much solution is added during soil amendment application or if residual
chelates are flushed out of the root zone after harvest. The Chelate Application Study was

designed to:

e Determine the amount of water applied with the chelate

e Test chelate persistence in soil

An overview of this study’s experimental design is provided in Table 4-3, and details of the

experimental design are provided in Table 4-6.

The study was conducted in 2-inch diameter 24-inch long PVC columns. Each column
contained approximately 1.6 kg of soil and was planted with Indian mustard
(Brassica juncea L.). Indian mustard was used because prior research indicated it was the most

d®® and this project’s plant selection process had not

effective of the species that take up lea
been completed. When the plants reached full vegetative biomass, EDTA was added to the
columns as a water solution. The EDTA was applied in sufficient water to bring the whole soil
column to either field capacity or 1.5 times field capacity. Soil pH was not adjusted during this

study.

After applying the EDTA, the soil in each column was sampled at three time periods to
determine the movement and persistence of EDTA in the soil. Sampling times used for the soil

from Cell 1 were 2, 7, and 14 days. Sampling times for the soil from Cell 7 were 7, 14, and
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4.5

28 days, with the sampling times extended to determine whether EDTA concentrations in soil

would change over a longer time period.

To investigate the use of different application methods, EDTA was applied differently to each
soil. The EDTA added to Cell 1 soil was applied at a molar EDTA-to-lead ratio of 1.0 (16.7
mmoles per column) at field capacities of 1.0 and 1.5. This was accomplished by adjusting the
EDTA concentration applied. The EDTA added to Cell 7 soil was applied at a fixed
concentration, consequently, the amount of EDTA added to each column varied with the
amount of solution applied (20 mmole per column at a field capacity of 1.0 and 48.2 mmoles

per column at a field capacity of 1.5).

During each sampling period, the soil samples were obtained at depths of 07-6, 6”-12”,
127-18”, and 18”-24”. The soil samples were analyzed for pH, total lead, plant-available lead

(i.e., water-soluble lead), chelates, and moisture (Table 4-7).

Greenhouse Studies

The greenhouse studies consisted of:

1) A Plant Screening Study to determine which warm and cool season plants would
optimize lead removal, the amount of EDTA to add, and if the soil needed to be acidified

to optimize lead removal.

2) A Foliar Application Study to determine the optimal level of foliarly applied phosphate

needed to decrease lead toxicity and to enhance biomass growth.

3) Soil Leaching Study to determine the extent of EDTA movement through soil columns

and whether lead will leach out of the root zone as a result of solubilization by EDTA.

4) Lysimeter Study which was similar to the Soil Leaching Study, but which included

collection of soil solution at various depths using suction lysimeters.
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Table 4-7

Chemical Analyses for the Chelate Applications Study

Sample Type Minimum Parameter Measured
Sample Size'
Soil 50 grams pH
, Total Metals (Pb)’
Plant-Available Pb
Chelates
Moisture

(1) Every tenth sample contained twice the usual amount of sample and was submitted for use in

the QA/QC program.

(2) The term “Total Metals” for any element refers to an analysis following an acid digestion of
the sample and is used to distinguish it from metals measured following a leaching process.
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5) A Chelate Application Timing Study to determine the optimum time for adding the
EDTA chelate to the selected cool season crop. (The resultant cool season crop, white
mustard, takes up water at a more rapid rate during bolting and flowering. Thus, a

properly timed application could increase lead uptake.)

6) A Harvest Timing Study to determine the time required for maximum lead uptake by

white mustard after EDTA addition.
An overview of the experimental designs for these studies is provided in Table 4-8.

The Foliar Application Study was conducted using 5-inch diameter 8-inch deep plastic pots
containing 2 kg of soil. The Chelate Application Timing Study and the Harvest Timing Study

were conducted in 4-inch diameter 4-inch deep plastic pots containing 1 kg of soil.

4.5.1 Plant Screening Study

The Plant Screening Study was designed to determine:

e The amount of lead that six pre-selected plants species would take up and translocate to
their shoots
e The amount of EDTA to add to each soil type

e Ifthe soils needed to be acidified to optimize lead removal

The plants studied were selected on the basis of their ability to produce high levels of biomass
and grow in climates like that of a proposed field demonstration site at TCAAP. Six plant

species were screened for lead uptake efficiency:

o Indian mustard (Brassica juncea L.)
e  White mustard (Brassica hirtaL.)
e Corn (Zea mays L.)

e Sorghum sudan grass (Sorghum sudanense L.)
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‘ Table 4-8

An Overview of Experimental Designs for the Greenhouse Studies

Plant Screening Study
2 soil types (Cell 1 and Cell 7 soil)

6 plant species
4 chelate levels
2 soil pH levels

3 replicates

Total: 288 pots

Foliar Application Study
2 soil types (Cell 1 and Cell 7 soil)

2 best plant species (corn and white mustard)

3 phosphate levels
‘ 3 replicates
Total: 36 pots

Soil Leaching Study
2 best treatments (corn at soil pH 5.5 and a molar EDTA-to-lead ratio of

1.0; white mustard at the natural soil pH and molar
EDTA-to-lead ratio of 1.0)

2 soil types (Cell 1 and Cell 7 soil)

2 replicates for each combination of treatments by soil type

plus 4 controls (1 of each soil and species)

Total: 12 containers

Replanting:
2 species (corn and white mustard)
2 soil types

1 treatment

‘ Total: 4 containers
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Table 4-8 (Continued)

An Overview of Experimental Designs for the Greenhouse Studies

Lysimeter Column Study

1 species (white mustard)
1 soil type (Cell 7 soil)

1 treatment

2 replicates

Total: 2 containers

Chelate Application Timing Study

1 treatment

1 soil type (Cell 7 soil)

. 1 species (white mustard)
2 time periods for chelate application
3 replicates

Total: 6 pots

Harvest Timing Study

1 treatment

1 soil type (Cell 7 soil)

1 species (white mustard)
5 harvest times '

3 replicates

Total: 15 pots
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e Alfalfa (Medicago sativa L.)

o Sunflower (Helianthus annus L.)

The plants consisted of four broad-leafed dicotyledons (alfalfa, Indian mustard, white mustard,
and sunflower) and two tropical grass monocotyledons (corn and sorghum sudan). The plants
were further subdivided into cool season species (Indian mustard, white mustard, and alfalfa)

and warm season species (corn, sorghum sudan grass, and sunflower).

The treatment parameters (soil type, soil pH, and chelate concentration) were varied during the

study to:

e Determine the conditions for optimum lead uptake by each plant species.
e Provide a basis for determining which plant would be the most suitable for commercial

use.
Treatment parameters varied during the study included:

e Two soil types (a silty clay from Cell 1 and a silt loam from Cell 7)
e Soil pH (natural pH or pH 5.5)
e The molar ratio of EDTA-to-soil lead. (Four EDTA/Lead ratios were examined:

0,0.5, 1.0, and 1.5).

Details of the Plant Screening Study experimental design are provided in Table 4-9. A listing

of the chemical analyses performed are provided in Table 4-10.

Each of the six crops was grown from seed in 8-inch diameter 12-inch deep plastic pots
containing 4 kg of soil. A total of 288 pots were used during the study (6 crops x 2 soil types x
2 soil pH x 4 EDTA-to-lead ratios x 3 replicates = 288 pots).

During the planting process, each crop received sufficient fertilizer to satisfy its optimum
fertilization rates for nitrogen and potassium. Phosphate fertilizers were not added. Soil
nutrient analyses obtained during the Soil Characterization Study (Table 4-1) were used to

determine the nutrient content of each soil and to calculate the soil fertilization rates.
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Table 4-10
Chemical Analyses for the Plant Screening Study

Sample Type Minimum Parameter Measured
Sample Size'
Soil 7 grams Plant-available Pb”
Plant (aerial: control groups)’ 4 grams Total Metals (Pb)*
Total P’
Plant (aerial: all others) 2 grams Total Metals (Pb)*

(1) Every tenth sample contained twice the usual amount of sample and was submitted
for use in the QA/QC programs.

(2) Only soils containing cool season plant species were analyzed for plant-available
lead. Soil containing warm season plant species were not analyzed because
literature sources indicated that warm season species take up less plant-available
lead than cool season species.

(3) Analyzed the “best” warm and cool season species (corn and white mustard) in the
control group (the sample grouping with zero chelate concentration and natural
soil pH). The basis for selecting the “best” species is described in Section 5.3.1.
A total of six samples were obtained. The results were used during the Foliar
Application Study to determine whether the existing soils are providing sufficient
phosphorus to support growth (phosphorus content of 0.3-0.4% of the plant dry
weight).

(4) The term “Total Metals™ for any element refers to an analysis following an acid
digestion of the sample and is used to distinguish it from metals measured
following a leaching process.
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Throughout the study, the potted plants were placed in a randomized complete block design
with each block containing all treatment variables, including soil type. Individual replicates
within blocks were re-randomized each week. To ensure that nutrient deficiency did not limit
plant growth, an additional fertilizer application was made midway through the growing
season. To ensure each crop received an adequate amount of moisture, water was applied
throughout the growing season as needed. The amount of moisture to be added was
determined using moisture retention/release curves which had been developed for each soil

type (Appendix C-5). The overall health of the plants was also monitored throughout the
study.

When the plants reached full vegetative biomass, soil amendment treatments were applied to
the pots, as indicated in Table 4-9. The plants senescenced (died) two to four days after the
soil amendments were added. After the plants died, they were harvested, dried, weighed for
biomass determination, ground, and analyzed for total lead content. In addition, an analysis for
total P was run on the “best” warm and cool season species (corn and white mustard) in the
control groups (groups with no added chelate). These analyses were used during the Foliar
Application Study to determine whether the existing soils were providing sufficient phosphorus

to support growth.

Post-harvest soil samples from soil in which cool season crops were grown were taken and
analyzed for plant-available lead content. Plant-available lead and water-soluble lead are
synonymous terms. The lead is “plant-available” because it is water-soluble and therefore may

be taken up by the plant.

The best plant species and most effective soil treatment from this study were used in
subsequent studies. The most effective treatment is defined here to mean the treatment leading

to the highest level of lead uptake.
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4.5.2

Foliar Application Study

Upon completing the Plant Screening Study, the Foliar Application Study was begun using the
best warm and cool season crops (corn and white mustard) selected during the Plant Screening
Study. During the Foliar Application Study, phosphate fertilizer was applied to the leaves of

the plants to:

e Determine the best fertilization level for enhancing biomass growth
e Maximize lead uptake

e Reduce lead toxicity to the plants

The foliar application was expected to prevent formation of insoluble Pb-PO4 complexes in the
soil so that phosphate will not become unavailable to the plant. Details of the Foliar
Application Study experimental design are provided in Table 4-11. A listing of the chemical

analyses performed are provided in Table 4-12.

The experimental procedures for this study were essentially the same as those for the Plant

Screening Study. The treatment variables were:

e Two plant species (corn and white mustard - the best plants from the Plant Screening
Study)

e Two soil types (soils from Cells 1 and 7)

e Two soil pH (natural pH or pH 5.5)

e Three phosphate solution concentrations (solutions containing 0, 0.5, and 1.0% P)
Other parameters included:
e A 1.0 molar ratio of EDTA-to-soil lead

e Three replicates of each variable (plant species, soil type, soil pH, and phosphate

solution concentration)
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Table 4-12
Chemical Analyses for the Foliar Application Study

Sample Type Minimum Parameter Measured
Sample Size'
Plant (aerial) 7 grams Total Metals (Pb, Ni, Zn)
Total P
Soil 17 grams Plant-available Pb
pH

(1) Every tenth sample contained twice the usual amount of sample
and was submitted for use in the QA/QC program.

(2) The term “Total Metals” for any element refers to an analysis

following an acid digestion of the sample and is used to
distinguish it from metals measured following a leaching process.
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4.5.3

To conduct the study, plants were grown from seed in 5-inch diameter 8-inch deep plastic pots
containing 2 kg of soil each. Midway through the plant growth period, phosphate was foliarly
applied (i.e., applied to the plant leaves) using a fine mist sprayer. The amount of phosphate
applied to each plant species was determined from literature values.**'* Only one phosphate
application was made. When the crops reached full vegetative biomass, soil amendment
treatments were applied to the pots, as indicated (Table 4-11). The plants were harvested,
dried, weighed for biomass determination, ground, and analyzed for total metals (Pb, Ni, and

Zn). Soil samples were analyzed for pH and plant-available lead.

Soil Leaching Study

Upon completing the Plant Screening and Foliar Application studies, the Soil Leaching Study
was begun. During this study, the best plant species, chelate levels, and pH levels from the

Plant Screening Study were used to examine:

e The movement of lead and EDTA through the soil column.
e  Whether chelate application would induce leaching of solubilized lead.
o The potential impact of lead and residual EDTA on subsequent plant germination and

growth.

The experimental procedures for this study were essentially the same as for the Foliar
Application Study. The study was conducted using the parameters selected as optimal in the

plant screening and foliar application studies. Treatment parameters included:

e Two soil types (soils from Cells 1 and 7)

e Two plant species (corn and white mustard)

e A 1.0 molar ratio of EDTA-to-soil lead

¢ Two soil pH (pH 5.5 for corn; natural pH for white mustard and all controls)

e No foliar application

¢ Two replicates of each variable (soil type, plant species, and soil pH) - the controls were

not replicated
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Details of the experimental design for the first growth period are provided in Table 4-13 and
experimental design details for the second growth period are provided in Table 4-14. A listing

of the chemical analyses performed is provided in Table 4-15.

The study was designed to incorporate information over two growing periods: one ten-week
period in which chelate would be added to soil at full biomass (approximately week eight) and
a subsequent ten-week period in which crops would be replanted in the soil and the impact of
residual chelates would be tracked. Metal analyses in this study were limited to three metals

(lead, nickel, and zinc).

To conduct the first growing test, the crops were grown from seed in soil columns measuring 6
inches in diameter by 30 inches in length. Each column contained 16 to 17 kg of soil. After
the crops reached full vegetative biomass, and before amendment addition, the soil in each
column was sampled at depths of 0”-6”, 6°-12”, 12”-18”, and 18”-30” using a core sampler. A
section of PVC pipe was inserted into the void where the soil core was removed to prevent
short-circuiting of the amendment down the soil column (this was done throughout the study).
The soil samples were analyzed (Table 4-15) for pH and total metals (Pb, Ni, and Zn) by ICP.
The soil samples were further analyzed using a sequential extraction procedure, consisting of
progressively stronger soil extractants (Appendix C-18), to determine the form of metal
present. Plant root samples were also obtained with the core sampler. The root samples were

analyzed for total metals (Pb, Ni, and Zn) by ICP.

After sampling the soil, the crops were treated with the appropriate soil amendments
(Table 4-13). Approximately 2 to 4 days later, the crops were harvested and the soil was again
sampled at depths of 0”-6”, 6”-12”, 12”-18”, and 18”-30” using a core samplet. The soil

samples were analyzed for:

e Soil pH

e Total metals (Pb, Ni, and Zn) by ICP analysis

e Total metals (Pb, Ni, and Zn) by sequential extraction followed by ICP analysis
e Plant-available lead

e Water-soluble EDTA
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Plant root and aerial shoots samples were also collected at this time. The plant samples were

harvested, dried, weighed for biomass determination, ground, and analyzed for:

e Total metals (Pb, Ni, and Zn) by ICP

e Lead by electron scanning microscope (SEM)

An Electro Scan 3 environmental electron scanning microscope equipped with a PGA Omega
energy dispersive X-ray detector (EDX) was used to detect the location of lead and other
metals in the plant. This analysis was done to determine the sites of lead accumulation in the
aerial parts of the plant, which in turn may indicate the movement and deposition of lead in the
plant. Identifying where the lead is located in the plant may also be a means of determining the
appfopriate harvesting techniques to minimize the possibility of dispersing contaminated shoot

tissues.

Each column was fitted with a leachate collection system consisting of a central drain leading
to a plastic sampling bottle located at the bottom of the column. However, leachate collection
was impaired due to the effect on soil percolation of sodium in the tri-sodium salt of EDTA
applied to the soil, and representative leachate samples could not be collected. In addition,
reduced germination and stunting of surviving plants of both corn and white mustard occurred
in replanted columns that had received soil amendments. Results of germination and growth
experiments indicated that the sodium in the tri-sodium salt of EDTA was the most likely cause

of reduced germination in plants of a subsequent crop after initial EDTA additions.

For the second growing period (i.e. the replanting period), the columns used as controls in the
first growth period were replanted with corn and white mustard, with the experimental
procedure the same as for the first grthh period. Leachate was collected before soil
amendments were added, but restricted water percolation again prevented collection of
leachates after the addition of the soil amendments. This also caused pooling of water on the

soil surface which prevented post-chelate soil sampling.

To determine why the crops were failing, TVA conducted germination and growth tests. These

test results suggested that the problem was a combination of: '
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e Excess sodium which inhibited seed germination

e Excess EDTA which may be phytotoxic

The most likely sodium source was the EDTA which was introduced as a tri-sodium salt of

EDTA.

The reaction of sodium with soil clay micelles caused a flocculation of soil particles and loss
of pore space for water infiltration. This "puddling”" of the soil, as it is known, greatly
restricted water movement from the soil surface downward to the bottom of the column, which
precluded collection of leachate samples. Some downward movement of water eventually
occurred, as indicated by a reduction in the amount of water standing on the soil surface. This
likely was not due to evaporation loss since the soil surface was about 4 inches below the top
of the coiumn, and the relatively narrow diameter of the columns minimized air exposure to air
currents. The soil was subsequently sampled at incremental depths to determine if movement
of metals or chelate may have occurred. However, representative leachate samples could not

be collected.

In an attempt to overcome this problem, a Lysimeter Study was added to the project. To

minimize the effects of sodium, the Lysimeter Study was conducted with tri-potassium EDTA.

Lysimeter Study

The Lysimeter Study was an attempt to better determine the amount and extent of lead and
EDTA movement downward though the soil, while allowing for observation of actual solution
inigration through the soil. The slow infiltration rate of the natural soil, which was
complicated further by the sodium in the added EDTA, did not allow this in the Soil Leaching
Study. Porous cup soil water samplers (suction lysimeters) were inserted through the side of
each column at various depths to sample water directly from the soil, rather than depending on
leaching. In an attempt to improve water percolation through the soil by eliminating the large
amount of sodium added in the previous Soil Leaching Study, tri-potassium EDTA was used in
this study. Details of the experimental design are given in Table 4-16, and a listing of the

chemical analyses performed is provided in Table 4-17.
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The Lysimeter Study experimental design was very similar to the design created for the
Soil Leaching Study, except:

e Only Cell 7 soil was used (all the Cell 1 soil was used in previous studies)

e The study was conducted over one growing period due to the limited time
remaining for study.

¢ The white mustard treatment was investigated because corn would not grow in
the greenhouse at the time the study was conducted

e No controls were used due to an insufficient amount of soil

The study obtained information over a ten-week growing period, with tri-potassium
EDTA being added at approximately week eight when the plants reached full biomass.
The amendment treatment consisted of a 1.0 molar ratio of EDTA/soil-borne lead at

the natural soil pH.

To conduct the Lysimeter Study, two 6-inch-diameter, 30-inch long transparent Lucite
columns were fitted with four lysimeters. Each column contained approximately 17 kg
of soil from Cell 7. The lysimeters were placed at depths of 6, 12, 18, and 24 inches.
Any leachate moving through the soil column was to be intercepted as it moved
through the soil column. Transparent Lucite columns were used to visually observe

leachate movement.

The columns were planted with white mustard. After the plants had reached full
biomass, an amount of EDTA was added in a sufficient volume of water to give an
EDTA-to-soil molar ratio of 1.0 in the top 24 inches of the column, and to bring the top

24 inches to field capacity.

Leachate was to be collected one time at all depths before EDTA addition and daily at
all depths after EDTA addition (Table 4-17). However, the low hydraulic conductivity
of these heavy textured soils apparently severely restricts water movement through the
soil. During the normal growing period, the columns received only an amount of water
sufficient to meet the needs of the growing plants, and no leaching occurred. After the

plants had died and were harvested, an attempt was made to induce leachate collection
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by adding large volumes of water to the soil. However, even under these

circumstances, only 10% of the water infiltrated into the soil after 24 hours.

Soil and root samples were also taken prior to adding EDTA to the soil. The soil in
each column was sampled at depths of 0”-6”, 6”-12”, 12”-18”, and 18”-30” using a
core sampler. The soil samples were analyzed (Table 4-17) for pH and total metals
(Pb, Ni, and Zn) by ICP. Plant shoot and root samples were also obtained. The plant
parts were harvested, dried, ground, and analyzed for total metals (Pb, Ni, and Zn) by
ICP.

Approximately two days after adding the EDTA, the white mustard crop was harvested
and the soil was again sampled at depths of 07-6”, 6”-12”, 12”-18”, and 18”-30" using
a core sampler. The soil samples were analyzed for total metals (Pb, Ni, and Zn) by

ICP.

Plant root and aerial shoot samples were also collected at this time. The plant parts
were harvested, dried, weighed for biomass determination, ground, and analyzed for

total metals (Pb, Ni, and Zn) by ICP.

Chelate Application Timing Study

The Chelate Application Timing Study was designed to refine the timing of chelate
application for white mustard. The premise for this study was that the plant capacity to
take up lead should be at a maximum when plant water uptake is at a maximum. The
most rapid rate of water uptake by white mustard begins at bolting (rapid stem
elongation immediately prior to flowering) and continues through flowering. The
study was necessary to determine the time of chelate application for maximum lead

uptake by the plant.

During this study, chelate was added to three replicate pots during bolting, but before
flowering, and to a second set of pots during bolting after flowering had begun.
Sufficient chelate was added to give an EDTA-to-soil lead ratio of 1.0. Each pot

contained 1 kg of soil from Cell 7. Soil from Cell 1 was not used in this study because
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4.5.6

4.6

the available supply had been depleted by previous studies. The soil pH was not
adjusted. The aerial portions of the plant were harvested after senescence and

analyzed for total lead.

Details of the experimental design are provided in Table 4-18 and a listing of the

chemical analyses performed is provided in Table 4-19.

Harvest Timing Study

The Harvest Timing Study was designed to the determine the time required after
chelate addition for maximum lead accumulation by the plant before senescence. The
length of time required for maximum lead accumulation has a direct bearing on
harvesting efficiency. If plants could be harvested within a short time after chelate
addition, before the leaves dried out due to plant death, shattering and wind dispersion

of dried leaves could be minimized.

To conduct this study, fifteen plastic pots containing 1 kg of soil from Cell 7 were
planted with white mustard. Soil from Cell 1 was not used in this study because the
available supply had been consumed in previous studies. Chelate was added at bolting
to give an EDTA-to-soil lead ratio of 1.0. The soil pH was not adjusted. The aerial
portion of plants from three replicate pots was harvested at 24, 48, 72, 96, and 108 -

hours after chelate addition, and the plant tissues were analyzed for total lead.

Details of the experimental design are provided in Table 4-20, and a listing of the

chemical analyses performed is provided in Table 4-21.

Analytical Methods

The analytical methods used to analyze soil, plant, and leachate samples are outlined in

Tables 4-22, 4-23, 4-24 and respectively.
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Table 4-22
Soil Analyses: Outline of Parameters Analyzed and Method

Parameter Measured Extraction or Analytical Method
Preparation
Method
pH N/A ASA 12-2.6
Buffer Curves N/A Appendix C-21
Cation Exchange Capacity (CEC) N/A ASA 9-3.1/9-4.2
Total Organic Carbon (TOC) N/A ASA 29-3.5.2
Total Kjeldahl Nitrogen (TKN) N/A AP-0064
Extractable P ASA 24-5.2 6010B
Extractable K ASA 9-3.1 6010B
Exchangeable Ca ASA 9-3.1 6010B
Exchangeable Mg ASA 9-3.1 6010B
Exchangeable Al ASA 9-4.2 6010B
DTPA-Extractable Fe ASA 17-4.3 6010B
DTPA-Extractable Mn ASA 17-4.3 6010B
. Total Metals (Cd, Cu, Mo, Ni, Zn, Cr, Pb)l 3050B 6010B
Total Metals (Hg)' 7471A 7471A
Total Metals (Se)' 7740 7740
EDTA-Soluble Pb ASA 21-5 6010B
Plant-Available Pb ASA 21-5 6010B
Total Metals by Sequential Analysis AP-0054° 6010B
Chelates AP-0057 AP-0047
Soil Moisture N/A ASA 21-2.2.2
Moisture Release Curves (Field Capacity) N/A ASA 8-2.3

1) The term “Total Metals” for any element refers to an analysis following an acid
digestion of the sample and is used to distinguish it from metals measured following a
leaching process.

2) Plant-available lead and water-soluble lead are synonymous terms.
3) Sequential extraction of metals in soil was performed using the method outlined in:
Tessier, A., P.G.C. Campbell and M. Bisson. 1979.%" 16 Sequential extraction procedure

for the speciation of particulate trace metals. Anal. Chem. 51:844-850. (See
Appendix C-18.)
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Table 4-23
Plant Analyses: Outline of Parameters Analyzed and Method

Parameter Measured Extraction or Analytical
Preparation Method Method
Total Metals ( Ni, Pb, Zn)' 3050B 6010B
Pb sequestration - SEM-EDX’
Total P 3050B 6010B

1) The term “Total Metals” for any element refers to an analysis following an acid
digestion of the sample and is used to distinguish it from metals measured following
a leaching process.

2) Scanning Electron Microscope (SEM) equipped with Energy Dispersive X-ray

. Detector.

Table 4-24
Leachate Analyses: Outline of Parameters Analyzed and Method

Parameter Measured Preparation Method Analytical Method
Total Dissolved Metals (Pb, Ni, Zn) 3005A 6010B
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4.7

4.8

Data Analvsis

All data reported in this document were the analytical means of at least duplicate treatment
replications. To detect differences in outcomes due to treatment effects, appropriate portions
of the data were analyzed using the Least Significant Difference Test (LSD). The LSD test is a
statistical procedure for making pair comparisons of treatment means and is commonly used in
agricultural research. The procedure provides for a single LSD value, at a prescribed level of
significance, which serves as the boundary between significant and non-significant differences
between any pair of treatment means. That is, two treatments are declared significantly
different at a prescribed level of significance if the difference between the means exceeds the
computed absolute value of the LSD value; otherwise they are not significantly different.

Thus, the test indicates if there is a difference in results due to treatments.

The LSD is calculated at a given level of significance by taking the difference between any two
treatment means, then taking the standard error of the mean difference. This standard error is
multiplied by a “t” value which has assigned to it a level of significance and a certain number

of degrees of freedom (d.f.), which in this case was four. The “t” value is taken from standard

statistical tables.

The value for the mean difference computed as described above is then compared to the
calculated LSD value. If the absolute value of the difference between treatment means is
greater than the absolute value of the LSD, the means are then declared to be significantly

different. Otherwise the difference between the two means is not significantly different.

Laboratory Equipment

The equipment used for analyzing samples is outlined in Table 4-25.
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Table 4-25

Laboratory Equipment Used

Laboratory Data Equipment
Chelates Varian HPLC
DTPA-Extractable Fe and Mn Perkin Elmer or Thermo Jarrel Ash ICP
Extractable P Perkin Elmer or Thermo Jarrel Ash ICP

Exchangeable K, Ca, Mg, and Al

Perkin Elmer or Thermo Jarrel Ash ICP

TKN

Lachat Quick Chem 8000 or
Technicon AutoAnalyzer II

Total Organic Carbon (TOC)

Manual Titration

Total Metals (Pb, Cd, Cu, Mo, Ni, Zn, Cr)

Perkin Elmer or Thermo Jarrel Ash ICP

Total Metals (Hg)

Cold Vapor Atomic Absorption (AA) or Perkin
Elmer or Thermo Jarrel Ash ICP

Total Metals (Se) Graphite Furnace Atomic Absorption or Perkin
Elmer or Thermo Jarrel Ash ICP
Total Lead (Pb) Perkin Elmer or Thermo Jarrel Ash ICP

EDTA-Soluble lead (Pb)

Perkin Elmer or Thermo Jarrel Ash ICP

Plant-Available lead (Pb)

Perkin Elmer or Thermo Jarrel Ash ICP

Total Metals by Sequential Analysis

Perkin Elmer or Thermo Jarrel Ash ICP

Perkin Elmer or Thermo Jarrel Ash ICP

Total Pb by Sequential Analysis -
pH :

Orion meter or equivalent
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5.1

5.2

5.2.1

SECTION 5.0
RESULTS

Seil Characterization

The two soils obtained from SFAAP consisted of a Kennebec silty clay of near neutral pH from
Cell 1 and Kennebec silt loam from Cell 7. A partial characterization of these soils is provided
in Table 5-1. Generally, these were fertile soils which could supply adequate levels of most
macro- and micro-nutrients required for good plant growth. However, the soil from Cell 1 was
low in phosphorus (20 mg P/kg soil, Table 5-1) according to standard soil test
recommendations. Lead concentrations averaged 2,530 mg/kg in Cell 1 soil and 3,445 in
Cell 7 soil. The soils natural plant-available lead concentrations were very low, which
indicates that plants in these soils would not take up large quantities of lead under normal
growing conditions. Although the soils were analyzed for heavy metals, only zinc, nickel, and
lead were detected in significant concentrations, whereas the other metals (cadmium,
chromium, copper, mercury, molybdenum, and selenium) were below detection limits in the
majority of samples (Table 5-1). Therefore, with the exception of the Chelate Screening Study,
metal analyses for the project were limited to these three metals. Testing indicated that the
field capacity of both soils was 32% moisture by weight. All of the studies were conducted

with the soil at field capacity.

Preliminary Laboratory Studies

Chelate Screening Study

The efficiency of different chelates was evaluated during the Chelate Screening Study. To
accomplish this, varying chelate concentrations were used to solubilize ionic metals at different
soil pH levels. Prior to initiation of the Chelate Screening Study, buffer curves (Figure 5-1)
were determined by adding solutions of acetic acid at concentrations ranging from 0.028
millequivalents per gram of soil (meq/g) to 0.06 meq/g to plastic pots containing 500g of each
soil. The soil pH was determined after the soils had equilibrated for periods ranging from 18
hours to 72 hours. The optimum concentration of acetic acid was the amount which reduced

soil pH to 5.5 after 18-24 hours.

Phytoextraction of Lead 5-1 Sunflower AAP




Soil Characterization

Table 5-1

: Partial Characterization of Contaminated Soil

Characteristic Cell 1 Soil ' Cell 7 Soil !
Texture silty clay loam
pH 7.0 7.3
CEC, cmol/kg 18.9 15.7
Field capacity, % 32 32
Organic carbon, % 1.4 1.8
TKN, % 0.16 0.28
Total Pb, mg/kg 2,530 3,445
range: 1,720-3,200 > range: 362-3,660 °
Plant-Available Pb, mg/kg 32 47
EDTA-Soluble Pb, mg/kg 1,898 2,837
Exchangeable Al, mg/kg 0.2 0.3
Exchangeable Ca, mg/kg 2,446 2,542
Exchangeable Mg, mg/kg 157 437
Extractable P, mg/kg 20 44
. Exchangeable K, mg/kg 145 196
DTPA-Extractable Fe, mg/kg 63 72
DTPA-Extractable Mn, mg/kg 33 11
Total Cd, mg/k 3 3
" Cr " 24 23
" Cu " 29 31
" Hg " <0.3 <0.3
" Mo " <0.5 <0.5
" Ni " 21 28
" Se " <1.2 <1.2
" Zn " 112 269
1) Mean from 12 samples collected from bulk piles of each soil.
2) Mean of 72 samples across the entire field.
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acid used to adjust the soil pH in subsequent studies.

Figure 5-1
Acetic Acid Buffer Curves
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5.2.2

Of the chelates tested (EDTA, EGTA, and CDTA), EDTA was the most effective. The EDTA
solubilized an average of 60 percent of the soil total lead when applied at a rate of
15 mmole/kg. These results were obtained in both soils, both at the soil natural pH and when
the soils were acidified to a pH of 5.5 (Tables 5-2 and 5-3 and Figure 5-2). CDTA was almost

as effective as EDTA, but is more expensive than EDTA.

Chelate Application Study

Application of EDTA to small soil columns was performed to determine movement and
persistence of EDTA in soil, the effect of EDTA on lead leaching through the soil profile, and

the optimum solution volume to be applied.

Water-soluble EDTA moved down the soil columns when the EDTA was applied as a solution
containing enough water to bring the soil to 1.0 or 1.5 times field capacity (Figure 5-3). The
water-soluble EDTA appeared to move down to the 6"-12" and 12"-18" portions of the
columns containing soil from Cell 1. Little movement into the 18"-24" section of the columns

was observed, except when the solution was applied at 1.5 times field capacity. This indicates

- that excess water (1.5 times field capacity) enhanced movement of EDTA to lower soil depths

in Cell 1. Little downward movement in Cell 7 soil was observed. To fully saturate the root
zone in a soil like that from Cell 7, it may be necessary to increase the amount of water used to
apply the chelate. These test results suggest that chelate movement out of Cell 1 root zone (top

two feet) can be minimized if the volume of EDTA solution added brings only the root zone to

field capacity.

Water-soluble EDTA remained in the soils four weeks after the chelate was applied
(Figure 5-3). Generally, the water-soluble EDTA concentrations remained constant with time
indicating that the EDTA was not degrading. A chelate mass balance was not conducted since

the amount of solution added did not promote leaching.

The total lead profiles for the soil columns were similar to the profiles for water-soluble
EDTA. Higher lead concentrations were seen in the 18"-24" sections of the columns when

excess water was applied to bring the columns to 1.5 times field capacity as compared to
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Table 5-2

Chelate Screening Study: Effects of Chelate Type, Chelate Concentration, and Soil
Acidification on the Extraction of Metals from Cell 1 Soil

Chelate Chelate Total Metals Extracted, mg
Concentration Acetic Acid,
(mmoles/100g soil) | (meq/gsoil) | Pb [ Cd | Cr | Cu | Ni | Zn
At the Soil’s Natural pH
EDTA 0.015 0 6.5 0.0 0.0 0.1 0.0 0.2
0.15 0 24.8 0.0 0.0 0.1 0.0 0.4
1.5 0 143 0.0 0.0 0.6 0.3 1.9
EGTA 0.015 0 6.0 0.0 0.0 0.2 0.0 0.2
0.15 0 6.6 0.0 0.0 0.4 0.0 0.6
1.5 0 14.9 0.0 0.0 0.6 0.1 1.2
CDTA 0.015 0 7.6 0.0 0.0 0.1 0.0 0.3
0.15 0 24.0 0.0 0.0 0.2 0.0 0.7
1.5 0 133 0.1 0.0 0.7 0.3 1.9
Control Distilled Water 0 6.9 0.0 0.0 0.1 0.0 0.3
LSDy s’ 2.8 -] 0.03] 0.01{ 0.09
‘ At a Soil pH of 5.5

EDTA 0.015 0.05 14 0.0 0.0 0.0 0.0 0.0
0.15 0.05 15.8 0.0 0.0 0.0 0.0 0.2
1.5 0.05 139 0.0 0.0 0.4 0.4 1.8
EGTA 0.015 0.05 0.2 0.0 0.0 0.1 0.0 0.0
0.15 0.05 1.3 0.0 0.0 0.5 0.0 0.5
1.5 0.05 26.5 0.0 0.0 0.8 0.2 1.6
CDTA 0.015 0.05 1.7 0.0 0.0 0.1 0.0 0.1
0.15 0.05 16.7 0.0 0.0 0.2 0.0 0.5
1.5 0.05 113 0.1 0.0 0.8 0.3 1.9
Control Acetic Acid 0.05 0.5 0.0 0.0 0.0 0.0 0.0
LSDg s’ 7.2 - --- 0.08] 0.01] 0.09

1) LSD 05 — Least significant difference at the 5% probability level.

Phytoextraction of Lead 5-5 Sunflower AAP




Table 5-3
Chelate Screening Study: Effects of Chelate Type, Chelate Concentration, and Soil Acidification
on the Extraction of Metals from Cell 7 Soil

Chelate Chelate Total Metals Extracted, mg
Concentration Acetic Acid,
(mmoles/100g soil) | (meg/gsoi) | Pb | ¢d | €r | Cu | Ni | Zn
At the Soil’s Natural pH
EDTA 0.015 0 9.4 0.0 0.0 0.0 0.0 0.7
0.15 0 33,5 0.0 0.0 0.1 0.0 1.3
1.5 0 195 0.1 0.0 0.5 0.3 5.9
EGTA 0.015 0 7.9 0.0 0.0 0.1 0.0 0.8
0.15 0 9.4 0.1 0.0 0.3 0.0 14
1.5 0 34.3 0.1 0.0 0.5 0.1 3.1
CDTA 0.015 0 10.3 0.0 0.0 0.1 0.0 0.9
0.15 0 31.5 0.0 0.0 0.1 0.0 2.1
1.5 0 186. 0.1 0.0 0.7 0.3 6.5
Control Distilled Water 0 7.7 0.0 0.0 0.1 0.0 0.6
‘ LSDyos' 4.9 —| 0.03] 0.01] 0.03
At a Soil pH of 5.5

EDTA 0.015 0.05 2.4 0.0 0.0 0.0 0.0 0.2
0.15 0.05 14.9 0.0 0.0 0.0 0.0 0.4
1.5 0.05 152 0.1 0.0 0.2 0.3 4.5
EGTA 0.015 0.05 0.1 0.0 0.0 0.1 0.0 0.2
0.15 0.05 4.4 0.1 0.0 0.4 0.0 1.4
1.5 0.05 60.7 0.1 0.0 0.8 0.2 5.0
CDTA 0.015 0.05 1.9 0.0 0.0 0.0 0.0 0.2
0.15 0.05 9.4 0.0 0.0 0.0 0.0 0.8
1.5 0.05 113 0.1 0.0 0.8 0.3 1.9
Control Acetic Acid 0.05 0.0 0.0 0.0 0.0 0.0 0.1
LSDygs' 7.2 —] 0.05] 0.02] 0.03

1) LSD 05 — Least significant difference at the 5% probability level.
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columns at 1.0 times field capacity (Figure 5-4). Similar results were found in the analyses of
plant-available lead (Figure 5-5). Very little plant-available lead was detected in the 18"-24"
sections for columns that were at field capacity, with the majority of lead accumulating either
in the 6"-12" or the 12"-18" sections. However, columns at 1.5 times field capacity showed the
highest levels of plant-available lead in the 18"-24" sections. These results reinforce the
premise that EDTA should not be applied in volumes of water which exceed the soil field

capacity in the root zone.

Greenhouse Studies

Plant Screening Study

The Plant Screening Study was conducted to determine:

e The cool and warm season plant species most efficient at taking up lead from the soil
e The amount of EDTA to add to the soil

e The need for soil acidification to optimize lead removal

Corn (Zea mays L.) was the most efficient of the warm season crops (corn, sorghum sudan
grass [Sorghum sudanense L.], and sunflower [Helianthus annus L.] at lead uptake. When the
soils were left at the natural pH, lead uptake by com was <100 ppm (Figure 5-6). However,
corn did accumulate lead when the soil pH was decreased. In both soils, the optimum
conditions for lead uptake occurred when the soil pH was adjusted to 5.5 and the
EDTA-to-lead ratio was between 1.0 and 1.5 on a molar basis (Figure 5-6). An EDTA-to-lead
ratio of 1.0 is recommended, since increasing the EDTA/lead ratio to 1.5 did not significantly

increase lead uptake, but would increase the cost of field application.

The average lead concentration found in the harvested comn was 0.85%. This level is
consistent with levels found by other investigators. Huang (1997) reported lead concentrations
in corn up to 0.25% in a soil with a lead concentration similar to that found in Cell 1 soil

Ref. 17

(2,500 mg lead/kg soil). A related experiment produced lead concentrations up to 1.06%

in corn. However, the corn seedlings were only 17 days old. These results do not extrapolate
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well to results produced when the plants are at a full vegetative biomass stage of growth, such

as those reported in this study.

Of the cool season crops (Indian mustard [Brassica juncea L.}, white mustard [Brassica hirta
L.}, and alfalfa [Medicago sativa L.]), alfalfa accumulated the highest concentration of lead in
shoot tissue when grown in soil from Cell 1 at soil pH of 5.5. However, alfalfa did not perform
as well when grown in soil from Cell 7. In addition, alfalfa was found to establish slowly and

did not produce a large volume of biomass, so alfalfa was not studied further.

After alfalfa, white mustard (Brassica hirta L.) showed the greatest capacity for lead uptake
when grown in soil from Cell 1 (without soil acidification). White mustard also accumulated
more lead in its tissues than the other plant species planted in Cell 7 soil under optimum
treatment conditions, which were for white mustard an EDTA-to-lead ratio of 1.5 without soil
pH adjustment. Under other treatment configurations, white mustard performed as well as the
other cool season species. Although lead uptake increased in white mustard at the 1.5 chelate
ratio in Cell 7 soil, this same increase was not observed in Cell 1 soil. The recommended
treatment configuration for Cell 1 soil is an EDTA-to-lead ratio of 1.0 without soil pH

adjustment.

During the Plant Screening Study, the average lead concentration in white mustard was 1.5%
by weight, with lead concentrations as high as 2.4% in individual replicates. This level was
generally higher than that found by other investigators. Blaylock et al. ™" '® reported lead
concentrations of 1.6% with Indian mustard while using EDTA. However, this result was
obtained in soil recently amended with lead carbonate, which may not be a good simulation of
lead-contaminated soil under field conditions. In soil taken from an actual lead-contaminated
site (1,200 mg lead/kg), Indian mustard only accumulated lead up to 0.15% after soil
amendment addition.™ ' In contrast, we obtained lead concentrations in Indian mustard ten
times (1.5%) the concentration achieved by Blaylock et al.™" '® despite the fact that the lead in

the SFAAP soil was deposited some 50 years ago.

The plant-available lead content in soil samples taken from the cool season crop treatments

showed an increase in plant-available lead with increasing EDTA concentrations for alfalfa
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. 5.3.2

(Table 5-4), white mustard (Table 5-5), and Indian mustard (Table 5-6). The concentrations of
plant-available lead in acidified soil were slightly lower than in non-acidified soil. Although
higher amounts of applied EDTA increased the plant-available lead concentrations, this
provided little advantage for plant uptake at the highest EDTA concentrations (Figure 5-6).
Therefore, EDTA should not be applied in EDTA/lead ratios higher than 1.0 since this would
only add to project cost and would likely result in carry-over EDTA which might damage crops
or promote metal leaching. Consequently, recommended treatment for white mustard is an

EDTA-to-lead molar ratio of 1.0 without soil pH adjustment.

The best warm and cool season species (corn and white mustard) in the control groups were
analyzed post-harvest for phosphorus (P) to determine whether the existing soils were
providing sufficient P for good plant growth (Table 5-7). The control groups were not treated
with chelates. Although the phosphorus levels in the corn were marginally adequate, neither
plant species showed visible signs of phosphorus deficiency. Phosphorus application rates for

the Foliar Application Study (discussed below) were based on these analyses.

Foliar Application Study

The purpose of the Foliar Application Study was to determine the phosphate fertilizer

application level which would:

e Enhance biomass growth
e Maximize lead uptake

e Ameliorate lead toxicity to plants

Although phosphorus concentrations in the corn increased slightly with application of foliar P,
the application did not enhance biomass production in Cell 1 or Cell 7 soil (Table 5-8). A
slight increase in lead, nickel, and zinc uptake was observed for corn grown in Cell 1 soil
(Table 5-8). However, the opposite was observed for corn grown in Cell 7 soil, with a slight
decrease in lead uptake occurring when phosphorus was foliarly applied. Phosphorus
application to white mustard resulted in considerable foliar injury, to the point of almost

complete kill, so it was not possible to determine any benefit. Since there was little or no
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Table 5-4

Plant Screening Study: Plant-Available Lead in Soil After

EDTA Application and Harvest of Alfalfa Crop

Plant-Available Lead, mg/kg'

Molar Ratio of Cell 1 Soil Cell 7 Soil
Chelate to Lead At Natural pH | Acidified to pH 5.5 | At Natural pH | Acidified to pH 5.5
0.0 74 50 77 68
0.5 906 711 951 914
1.0 1,350 1,360 1,490 1,370
1.5 1,720 1,550 2,000 1,730
LSDg 5" 193 101 124 155

1) The results are the mean of each treatment replicated in triplicate.
2) LSD g5 — Least significant difference at the 5% probability level.

Table 5-5

Plant Screening Study: Plant-Available Lead in Soil from Cells 1 and 7

After EDTA Application and Harvest of White Mustard Crop

Plant-Available Lead, mg/kg'

Molar Ratio of Cell 1 Soil Cell 7 Soil
Chelate to Lead At Natural pH | Acidified to pH 5.5 [ At Natural pH | Acidified to pH 5.5
0.0 60 52 67 58
0.5 1,080 973 1,340 1,190
1.0 1,300 1,220 1,710 1,560
1.5 1,800 1,500 2,040 1,870
LSDy.s” 176 189 162 257
1) The results are the mean of each treatment replicated in triplicate.
2) LSD s — Least significant difference at the 5% probability level.
Sunflower AAP
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Table 5-6 -
. Plant Screening Study: Plant-Available Lead in Soils from Cells 1 and 7
After EDTA Application and Harvest of Indian Mustard Crop

Plant-Available Lead, mg/kg'
Molar Ratio of Cell 1 Soil Cell 7 Soil
Chelate to Lead | At Natural pH | Acidified to pH 5.5 | At Natural pH | Acidified to pH 5.5
0.0 61 57 57 61
0.5 1,010 969 1,120 870
1.0 1,430 1,320 1,640 1,580
1.5 1,850 1,800 2,000 1,850
LSDy 5" 52 194 78 91

1) The results are the mean of each treatment replicated in triplicate.
2) LSD g5 — Least significant difference at the 5% probability level.

Table 5-7
‘ Plant Screening Study: Phosphorus (P) Concentrations in Soils After White Mustard
and Corn Harvest, Without EDTA Application (Control)

Crop Soil From Soil pH' P Concentration'
(mg P/kg soil)
White Mustard Cell 1 Natural pH 2,390
, Adjusted to pH 5.5 2,980
Cell 7 Natural pH 2,280
Adjusted to pH 5.5 2,000
Mean 2,410
LSDy0s” 161
Corn Cell 1 Natural pH 1,070
Adjusted to pH 5.5 1,140
Cell 7 Natural pH 823
Adjusted to pH 5.5 1,100
Mean 1,030
LSDy 05" 96

1) The results are the mean of each treatment replicated in triplicate.
l 2) LSD s — Least significant difference at the 5% probability level.
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Table 5-8
Foliar Application Study: Effect of Foliar Phosphate Applications on Phosphorus

and Metal Concentrations in Corn Grown in Soil Acidified to pH 5.5

Concentration in Plant, (mg/kg plant tissue) "
% P From Cell 1 From Cell 7
Applied | Biomass P Pb Ni Zn | Biomass P Pb Ni Zn
Yield Yield
e (6]
0.0 65 1,000 | 5,680 23 108 70 988 | 8,39 24 | 275
_ 0
0.5 62 1,170 { 6,420 24 129 71 1,11 | 7,42 22 1271
0 0
‘ 1.0 66 1,250 | 7,060 26 135 68 1,18 | 7,02 22 | 269
0 0
LSDg s’ NS* 52 101 | NS | NS NS NS | 124 | NS | NS

1) All plants were harvested 3-4 days after amendment addition.

2) The results are the mean of each treatment replicated in triplicate.

3) LSD (5 — Least significant difference at the 5% probability level.

4) NS - Not significant. Analysis of variance showed that differences between means
of treatments were not significant at the 5% probability level.
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biomass enhancement with corn and since the only effect on lead uptake was in soil from
Cell 1, foliarly applied P was not used in any of the subsequent studies. The foliar application

did not appear to affect the concentrations of plant-available lead in the soil (Table 5-9).

533 Soil Leaching Study

During the Soil Leaching Study, the recommended treatment regimes (i.e., best plants, chelate

levels, and pH levels) from the Plant Screening Study were used to examine:

e Movement of lead and EDTA through the soil column.
e  Whether chelate application would induce leaching of solubilized lead.

e The effect of lead and residual EDTA on subsequent plant germination and growth.

To conduct the study, corn and white mustard crops were grown from seed in 6-inch-diameter
by 30-inch-long PVC columns containing 16 to 17 kg of soil. After the plants had attained full
vegetative biomass, but prior to the addition of soil amendments, the soil was sampled at
depths of 0"-6", 6"-12", 12"-18", and 18"-30" and analyzed for lead, zinc, and nickel content
(Table 5-10). Comparing the original bulk soil lead, zinc, and nickel concentrations
(Table 5-1) with those found in the soil prior to adding the soil amendments (Table 5-10)
suggests that the metals did not move down the soil columns as a consequence of natural
leaching processes. Soil pH also did not appear to change, suggesting that plant growth did not
influence soil pH (Tables 5-1 and 5-11). However, the considerable buffering capacity of these
soils may have been sufficient to negate any acidifying effect of plant root exudates. Analyses
of the plant roots collected prior to soil amendment addition suggest the plants did take up

small quantities of lead during the growing period (Table 5-12).

After the soil amendments wefe added and the crops harvested (three days later), the soil in
each column was sampled again. The post-harvest soil analyses indicated that the total lead
and zinc concentrations in the top 12 inches of both soils was somewhat lower than that found
prior to soil amendment addition (Table 5-10). Most of these differences were statically
significant. These results indicate that the plants were removing lead from the soil. Slight

decreases in the nickel and zinc concentrations were also observed.
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Table 5-9

Foliar P Application Study: Plant-Available Lead in Soils After Corn Harvest

Soil from Cell 1' Soil from Cell 7'
% P Plant-Available Lead Soil pH Plant-Available Lead Soil pH
Applied (mg/kg) After Harvest (mg/kg) After Harvest
0.0 1,310 6.3 1,780 6.9
0.5 1,260 6.2 1,490 6.7
1.0 1,370 6.5 1,500 7.0
LSDg05° NS’ NS 59 NS

1) The results are the mean of each treatment replicated in triplicate.
2) LSD (05— Least significant difference at the 5% probability level.
3) NS - Not significant. Analysis of variance showed that differences between means of

treatments were not significant at the 5% probability level.
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Soil Leaching Study: Average Metal Concentrations in the Soil Columns After

Table

5-10

Growing the 1* Crop Both Before and After Soil Amendment Addition

Metal Concentrations in Soil Containing Corn'
Soil Soil from Cell 1 Soil from Cell 7
Depth Prior to Adding After Adding LSDy s> Prior to Adding After Adding LSDy s
Soil Amendments Soil Amendments Soil Amendments Soil Amendments
Lead, mg/kg .

0"-6" 2,510 2,400 NS° 3,490 3,300 77
6"-12" 2,430 2,330 NS 3,500 3,380 56
12"-18" 2,610 2,420 92 3,420 3,410 NS
18"-30" 2,580 2,580 NS 3,480 3,430 NS

LSDy os* NS 111 NS 31
Nickel, mg/kg

0"-6" 24 19 NS 33 23 NS
6"-12" 22 17 NS 30 20 NS
12"-18" 20 20 NS 30 21 NS
18"-30" 19 18 NS 27 22 NS

LSDy 05" NS NS NS NS
Zinc, mg/kg

0"-6" 104 114 NS 270 223 22
6"-12" 118 98 7 279 210 16
12"-18" 112 102 NS 260 241 NS
18"-30" 115 100 8 259 226 21

LSDy05° NS 9 NS NS
Metal Concentrations in Soil Containing White Mustard'

Soil Soil from Cell 1 Soil from Cell 7

Depth Prior to Adding After Adding LSDg s Prior to Adding After Adding LSDg s
Soil Amendments Soil Amendments Soil Amendments Soil Amendments
Lead, mg/kg

0"-6" 2,603 2,380 56 3,500 3,230 101
6"-12" 2,550 2,210 68 3,460 3,320 56
12"-18" 2,600 2,500 NS 3,450 3,450 NS
18"-30" 2,530 2,470 NS 3,510 3,600 NS

LSDyg 05" NS 52 NS 94
Nickel, mg/kg

0"-6" 23 23 NS 22 20 NS
6"-12" 21 10 6 25 15 NS
12"-18" 21 18 NS 37 17 9
18"-30" 24 23 NS 26 25 NS

LSDyo5° NS 2 4 6
Zinc, mg/kg

0"-6" 114 92 8 263 234 13
6"-12" 121 103 8 271 239 22
12"-18" 124 94 11 244 242 NS
18"-30" 110 91 NS 260 211 17

LSDg 5" NS NS 9 NS
1) The results are the mean of samples taken from duplicate columns.
2) LSD ggs— Least significant difference at the 5% probability level.
3) NS - Not significant. Analysis of variance showed that differences between means of treatment were not
significant at the 5% probability level.
5-20 Sunflower AAP
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Table 5-11

Soil Leaching Study: Soil pH in the Soil Columns After

Growing the 1¥ Crop, but Prior to Soil Amendment Addition

Soil Depth Soil from Cell 1' Soil from Cell 7'
Corn l White Mustard Corn | White Mustard
0"-6" 7.1 7.0 7.4 7.2
6"-12" 6.9 7.1 7.3 7.4
12"-18" 7.0 7.0 7.5 7.3
18"-30" 7.5 7.1 7.2 7.1
LSDgos° NS’ NS NS NS

1) The results are the mean of samples taken from duplicate columns.

2) LSD 45— Least significant difference at the 5% probability level.

3) NS - Not significant. Analysis of variance showed that differences between means

of treatments were not significant at the 5% probability level.

Table 5-12

Soil Leaching Study: Metal Concentrations in Corn and White Mustard Roots

After Growing the 1% Crop, but Prior te Soil Amendment Addition

Metal Soil from Cell 1' Soil from Cell 7'
Corn White Mustard Corn White Mustard
Lead, mg/kg 809 901 1,487 2,170
Nickel, mg/kg 12 8 19 26
Zinc, mg/kg 71 53 190 273

1) The results are the mean of samples taken from duplicate columns.
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- The post-harvest soil samples were also analyzed for plant-available lead. The overall data for
water-soluble lead at each depth (Table 5-13) indicates solubilization of lead down to 18 inches
in the column, but little below the 18-inch level, depending on which crop was grown. For
columns containing corn in Cell 1 soil, lead concentrations increased down to 18 inches,
apparently due either to movement of EDTA with subsequent solubilization of lead at the
wetting front, or movement of solubilized lead from the upper soil layers. There was an
incremental increase in EDTA concentrations down to 18 inches which did not completely
correspond to the amount of lead present. This EDTA may have been complexed with
elements other than lead (e.g., calcium, iron, or aluminum), which would form a neutral,
water-soluble complex subject to downward movement. However, this would have no effect
on lead movement once the EDTA was so complexed. This may have significance for
subsequent crops since EDTA may be phytotoxic. EDTA may slowly dissociate from the
aforementioned aluminum, calcium, or iron complexes and damage the emerging seedling
directly, or it may re-form a plant-available complex with lead which would eventually be

phytotoxic to the growing plant.

It should be noted that the procedure used to analyze the EDTA in soil only indicates the
amount of water-soluble EDTA present. Additional EDTA may be present in water-insoluble
forms. Very little leachate was collected from the soil column and only a small percentage of
the EDTA was found in the plants; therefore, it is likely that insoluble EDTA is bound in the

soil matrix.

In contrast to the results with corn, for white mustard most of the plant-available lead remained
in the top 12 inches of the soil column. Based on to soil samples taken 3 to 4 days after EDTA
application, water-soluble EDTA also remained in the top 12 inches and tended to concentrate
in the top 6 inches. Water-soluble EDTA concentrations were higher than those found with
corn in the top 12 inches. A material balance suggests that substantially more water-soluble
EDTA remained in the soil at the end of the harvest period (Table 5-14). However, the molar
ratio of plant-available lead to water-soluble EDTA remaining in the soil was in the range of
0.5 to 0.6 at the end of the first harvest period. This is the same range found in the Chelate

Screening Study.
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Table 5-14

Soil Leaching Study: Percent of Water-Soluble EDTA Remaining in

the Soil Columns After Treatment and Harvesting the 1% Crop

Percent of Total EDTA Added Remaining in a Water-Soluble Form'
(Weight % of Total EDTA Added to Each Soil Column During Treatment)’
Seil Depth Soil from Cell 1 Soil from Cell 7
(inches) Corn White Mustard Corn White Mustard
0"-6" 2.4% 16.3% 4.4% 14.8%
6"-12" 2.7% 6.1% 1.3% 11.0%
12"-18" 3.6% 0.5% 1.4% 0.3%
18"-30" 0.2% 0.1% 0.1% 0.1%
LSDg 05’ 0.4% 0.2% 1.0% 2.1%

1.) Water-insoluble forms of EDTA may be present in the soil; therefore, these figures méy not

reflect the total amount of EDTA present in the soil.
2.) Total amount of EDTA added to soil in columns: Cell 1 soil - 74,000 mg; Cell 7 soil -

" 100,600 mg.

3.) LSD g5 — Least significant difference at the 5% probability level.
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In addition to the soil analysis above, TVA conducted a limited number of analyses of the plant
tissues. These analyses suggest that plants were taking up EDTA, and that the corn was taking
up more EDTA than the white mustard (EDTA concentration in corn was 11%; EDTA
concentration in white mustard was 4%). These factors, combined with the soil analyses for
lead and EDTA, support literature-based propositions which suggest that crops tend to take up

EDTA and lead in one of two ways. The proposed mechanisms are:

1) The metal-chelate complex moves to the root by diffusion and is absorbed intact by the

plant.

2) The metal-chelate complex moves to the root by diffusion whereupon the metal is
released at the root surface and is then taken up by the plant. The chelate then

complexes with another metal ion, and this process is then repeated.

Both pathways have been widely reported.* '° These pathways are thought to be crop
dependent. If it is assumed that corn takes up both lead and EDTA via the first pathway, this
may explain the lower concentrations of water-soluble EDTA in the soil surrounding the comn.
Similarly, if it is assumed that white mustard follows the second pathway, this may explain the
higher concentrations of water-soluble EDTA in the top 6 inches of the soil column and the

reason it tends to remain within the plant root zone.

Three days (72 hours) after soil acidification, Cell 1 soil did not return to the original pH of
7.0, and at the lower depths very little recovery occurred (Table 5-15). This may have been
due to the lower buffering capacity of Cell 1 soil compared to Cell 7 soil, which showed better
recovery to the natural pH of 7.3, at leést in the upper soil layers. Anaerobic conditions and
compaction which can occur at the lower soil depths in this type of soil column study may have
suppressed microbial degradation of the acetic acid. Microbial death due to the presence of
acetic acid or solubilized lead would have resulted in reduced degradation of acetic acid. Since
acetic acid was not used in conjunction with the chelate for white mustard, soil pH was not
lowered. However, a slight increase in pH was seen in Cell 1 soil due to the addition of the

chelate. This was not observed on Cell 7 soil due to the higher buffering capacity of this soil.
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Table 5-15

Soil Leaching Study: Soil pH in the Soil Columns 72 Hours

After Soil Amendment Addition and Harvesting of the 1* Crop

Soil Depth Soil from Cell 1 Soil from Cell 7
Corn | White Mustard Corn l White Mustard
pH’

0"-6" 6.6 7.6 7.0 7.2
6"-12" 6.2 7.4 6.9 7.4
12"-18" 5.9 7.6 5.9 7.3
18"-30" 5.5 7.5 5.8 7.1

LSDy 05" 0.5 NS’ 0.4 NS

1) The results are the mean of samples taken from duplicate columns.

2) LSD (s — Least significant difference at the 5% probability level.

3) NS - Not significant. Analysis of variance showed that differences between means
of treatments were not significant at the 5% probability level.
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The lead concentrations in the shoots of both crops increased upon the addition of the soil
amendments (Table 5-16). The metal concentrations found in the treated crops were similar to
those observed in corn and white mustard in the Plant Screening Study (Section 5.3.1). This
data, combined with the pre- and post-harvest soil analyses (Table 5-10), indicate the plants

were removing lead from soil.

Analysis of the crop roots shows that the addition of soil amendments increased the metals
concentrations in the roots (Table 5-17). However, lead concentrations in the roots were only
about 10 to 20 percent of the concentration in the shoots. These results suggest that the EDTA
induced xylem transport of lead from the root to the shoot with little storage in the root. The
xylem is a vascular system that conducts water from the roots, through the plant stem, and up
into the leaves. These results are consistent with those of Huang et al.”" ¢, which also confirms

that EDTA enhances xylem transport of lead to the shoots.

When a scanning electron microscope (SEM) was used to map the lead concentrations on corn
shoots, the highest amount of lead was found in the leaves. Little or no lead was detected in
the stems. A digital dot map was created to assess the relative abundance of lead throughout
the leaf, (Figure 5-7). The lead was found to be evenly distributed throughout the leaf and not
associated with any particular leaf structure. These results suggest that EDTA-solubilized lead
is transported through the stem in the xylem with little or no movement into or accumulation in
the surrounding stem cells. When the water carrying the lead in the xylem reaches the leaf, the

lead is then distributed throughout the leaf and accumulates in the leaf cells.

A sequential extraction procedure was performed on bulk soil from both Cell 1 and Cell 7 to
determine the forms of soil metals before and after amendment addition. This procedure
showed that lead solubility in the Sunflower soil is controlled primarily by the carbonate and
hydrous oxide mineral fraction of the soil (Table 5-18 and 5-19). The organic fraction was of
lesser importance. These findings agreed with other published studies™™ 2°?' which show that
lead solubility in most mineral soils will be limited by the less soluble fractions of the soil, and
in particular, the hydrous oxide fraction. A significant portion of lead also was associated with
the carbonate fraction. This correlates with the slightly alkaline pH (7.0-7.3) of the soils. The
significant organic content of the soil (Table 5-1) accounted for the amount of lead

complexation observed with organics.
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Table 5-16

Soil Leaching Study: Metal Concentrations in Corn and White Mustard Shoots

After Soil Amendment Addition and Harvesting of the 1% Crop

Analysis Soil from Cell 1' Soil From Cell 7'
Corn | White Mustard Corn I White Mustard
Controls With No Soil Amendment Addition

Crop Yield, g 65 21 71 26
Lead, mg/kg 31 32 34 49
Nickel, mg/kg 9 5 10 8
Zinc, mg/kg 95 103 102 117

With Soil Amendments Added
Crop Yield, g 64 20 69 24
Lead, mg/kg 8,510 12,580 8,380 16,330
Nickel, mg/kg 10 10 8 9
Zinc, mg/kg 127 114 159 132

1) The results are the mean of samples taken from duplicate columns.
Table 5-17
Soil Leaching Study: Metal Concentrations in the Roots of the 1% Crops
After Harvesting the Crops
Metal Soil from Cell 1 Soil From Cell 7*
Corn | White Mustard Corn | White Mustard
Controls With No Soil Amendment Addition

Lead, mg/kg 779 987 1,450 2,100
Nickel, mg/kg 10 10 22 25
Zinc, mg/kg 82 54 223 280

With Soil Amendments Added
Lead, mg/kg 1,161 1,260 1,220 2,320
Nickel, mg/kg 29 21 46 37
Zinc, mg/kg 297 100 444 396

1) The results are the mean of samples taken from duplicate columns.
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Similarly, the hydroils oxide fraction accounted for a significant portion of bound nickel and
zinc. Very little of the nickel and zinc were complexed with the carbonate or the organic
fractions, but the residual fraction accounted for about a third of the nickel and up to half of the
zinc in the bound fractions of each soil. These findings are in agreement with Behel™" % who
obtained similar results using geochemical modeling to predict metal equilibria in

metal-contaminated soils.

Amendment additions had little effect on the degree of metal association with the various soil
fractions (Appendix E and Figures 5-8 to 5-13). There was a quantitative reduction in the
amount of lead associated with each fraction or "pool", at each depth of 0"-6', 6"-12", 12"-24",
and 24"-36", which followed amounts removed through plant uptake. However, the overall
equilibrium of metals among the various soil components remained relatively unchanged after
soil amendment additions, with little conversion of metals from one fraction to another. This
indicates that metals, and lead in particular, in these soils are normally highly unavailable to
plants, and that little change in metal solubility would be likely to occur through natural
processes. This indicates that this soil would contribute minimally to further contamination of
the environment if left undisturbed. These findings further illustrate that phytoextraction may
be a viable and effective means to remediate recalcitrant metals, such as lead, which otherwise

would remain fixed in the soil.

A second crop was attempted during the Soil Leaching Study. However, other than the
controls, crops planted during the second growing period either failed to germinate or died.
The crops in the treated columns were replanted, but these plants also died. To determine why

the crops were failing, TVA conducted germination tests.

The purpose of the germination test was to determine if the poor germination during the second
growing period was the result of excess sodium (introduced as a tri-sodium salt of EDTA),
residual chelate, solubilized lead, or a combination of these factors. Two soils were used
during these tests. The first soil was from Cell 7. The second soil was an Epping silt loam
soil from Nebraska. The Epping loam has been used in numerous TVA studies and has been
well-characterized.. The Eppling loam was very similar chemically and physically to the soils

from SFAAP, but contained no lead.
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Extractable Zn in Soil from Cell 1 after White Mustard Grown
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Extractable Nickel in Soil from Cell 1 after White Mustard Grown
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Test parameters were conducted with white mustard and consisted of:

Sodium chloride and sodium nitrate applied to both soils at a sodium concentration
which matched that of the EDTA originally used (to test for inhibitory effect of
sodium.)

Potassium chloride and potassium nitrate applied to both soils at a concentration to
match the sodium concentration ( to test for and eliminate chloride and nitrate as the
inhibitory agents). ‘

Tri-sodium and tri-potassium EDTA applied to both soils at concentrations matching
those originally used in the Soil Leaching Study (to determine the inhibitory effect of
EDTA).

When using the lead-free soil, the germination test results showed:

A strong inhibitory effect of sodium, but not potassium, on seed germination and
seedling survival. Only 4% of seeds germinated in soil treated with the sodium
solutions. The seedlings subsequently died.

A slight inhibitory effect of the potassium salts due to the concentration of salt in
contact with the seed. About 90% of the seeds germinated. About 7% died shortly
after emergence, for a survival rate of 83%.

An almost complete inhibition of germination when using sodium EDTA. Surviving
seedlings died within one week.

Gefmination rate with potassium EDTA was about 80%. Another 10% seedling loss

after germination reduced the survival rate to 70%.

In the lead-contaminated soil, germination and seedling survival was reduced by another

10%-20%, most likely due to soluble lead.

These results showed that seed germination may be improved by use of the potassium salt of

EDTA rather than the sodium salt. Both EDTA and soluble lead were implicated in reduced

seed germination and seedling survival. Additional work is needed to allay these problems

(see Recommendations for Future Work, Section 6.3)
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The collection of leachate during both the first and second growing periods was inhibited by
the effect of sodium on the soil structure. It was apparent that the sodium was causing
flocculation near the top of the soil column. This restricted water flow so that very little
leachate reached the bottom of the column. Consequently, representative leachate samples

could not be collected during the Soil Leaching Study.

In an attempt to overcome this problem, a Lysimeter Study was added to the project. To

remove the sodium source, the Lysimeter Study was conducted with tri-potassium EDTA.

Lysimeter Study

The Lysimeter Study was designed to more accurately monitor EDTA and lead movement
through the soil column. The Lysimeter Study experimental design was very similar to the

design created for the Soil Leaching Study. For this study:

e One soil was used (Cell 7 soil)

e The study was conducted over one growing period

e Columns were planted with white mustard (i.e., grow white mustard and treat with a 1.0
molar ratio of EDTA/soil-borne lead at the natural soil pH)

e No controls were used

Although leachate samples were to be collected during the Lysimeter Study (Table 4-17), the
low hydraulic conductivity of the heavy textured soil so severely restricted water movement

that leachate samples could not be obtained.

Analysis of soil samples collected prior to soil amendment addition indicated that normal
watering and plant growth did not cause lead or nickel to move through the soil column

(Table 5-20). However, a slight increase in zinc concentration was noted at the lower depths.

The EDTA application appeared to influence lead, nickel, and zinc migration down to a depth
of 12 inches. This is indicated by a slight decrease in metal concentrations in the soil samples

taken between 07-6” and slight increase occurring in the samples taken between 67-12”
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Table 5-20
Lysimeter Study: pH and Total Metal Concentrations in Soil Taken

from Lysimeter Columns Growing White Mustard in Soil from Cell 7

Pre-Harvest' Post-Harvest’
Depth pH Lead Nickel Zinc pH Lead Nickel Zinc
(mg/kg) | (mg/kg) | (mg/kg) (mg/kg) | (mg/kg) | (mg/kg)

07-6” 7.4 3,500 22 257 7.7 3,340 17 223

67-12” 7.0 3,510 25 266 7.5 3,720 23 267
‘ 127-18” | 7.3 3,420 22 272 7.5 3,350 19 244

187-30” | 7.5 3,590 27 280 7.2 3,520 15 250

LSDgos’ | NS° NS NS 9 NS 72 NS 14

1) The results are the mean of samples taken from duplicate columns.

2) LSD (s Least significant difference at the 5% probability level.

3) NS - Not significant. Analysis of variance showed that differences between means
of treatments were not significant at the 5% probability level.
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5.3.5

5.3.6

(Table 5-20). The lead concentrations did not appear to change below the 18-inch depth. As
in the Soil Leaching Study, Cell 7 soil pH slightly increased with chelate application, with the

greatest change occurring in the top 6 inches of soil.

Analysis of white mustard shoots and roots showed essentially the same amount and pattern of

lead uptake experienced during the previous studies (Table 5-21).

Chelate Application Timing Study

The Chelate Timing Study was designed to determine if lead uptake could be enhanced by
adding EDTA when water use by white mustard was at a maximum (i.e. during bolting and
flowering). The white mustard crop took up approximately the same amount of lead during
bolting but prior to flowering as it did during actual flowering, indicating that lead uptake was
not effected by timing of application i(Table 5-22). Therefore, EDTA may be applied
throughout the bolting and flowering period without affecting the lead uptake efficiency of

white mustard.

Harvest Timing Study

The Harvest Timing Study was designed to determine the time required for maximum lead
accumulation by white mustard after EDTA has been added to the soil. This length of time has
a direct bearing on the harvesting efficiency of white mustard. The treated plants become
brittle as they dry out. Consequently, their leaves are subject to wind dispersion and the stalks
and leaves may shatter during harvesting. Therefore, it is desirable to harvest the white
mustard crop prior to the point that it becomes completely dry. Lead uptake increased
significantly up to 48 hours after EDTA application and increased very slowly thereafter
(Table 5-23). Therefore, white mustard can be harvested as early as 48 hours after an EDTA

application to minimize wind dispersion and shattering of plants.
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Table 5-21

Lysimeter Study: Pre- and Post-harvest Concentrations of Metals in

the Shoots and Roots of White Mustard Grown in Seil from Cell 7

Pre-Harvest' | Post-Harvest'

Metal Metals in Shoots LSDg,s'
Lead, mg/kg 51 16,800 141
Nickel, mg/kg 6 11 4
Zinc, mg/kg" 91 127 20

Maetals in Roots
Lead, mg/kg 670 1,770 276
Nickel, mg/kg 16 27 4
Zinc, mg/kg" 87 243 22

1) The results are the mean of samples taken from duplicate columns.
2) LSD 45— Least significant difference at the 5% probability level.

Table 5-22
Timing of Chelate Application to Maximize Lead Uptake by White Mustard

Time of Application Lead Concentration (Wt. %)
Before flowering 1.98
During flowering 2.03
LSDy s’ NS?

1) LSD g5 — Least significant difference at the 5% probability level.

2) NS - Not significant. Analysis of variance showed that differences
between means of treatments were not significant at the 5%
probability level.

Phytoextraction of Lead 5-43 Sunflower AAP
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Table 5-23
Time Required after Chelate Application for Maximum

Lead Uptake by White Mustard

Harvest Time (hr) | Lead Conc. (Wt. %)’
24 1.63
48 1.89
72 1.94
96 1.90
108 2.01
LSDy0s' 0.14

1) The results are the mean of samples taken from

duplicate columns.
2) LSD (05 — Least significant difference at the 5%

probability level.
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5.4

Quality Assurance } .

The Quality Assurance Program used during this project is provided, in detail, in Appendix B.
The reliability of the data was monitored through the use of quality control samples, as
specified in this program and following EPA guidelines, wherever applicable. These quality
control samples included analysis of method blanks, analysis of calibration standards, analysis
of independently produced quality control samples, and analysis of matrix spikes. Method
blanks were used to determine whether an analyte might be present in reagents or from
laboratory equipment. Reanalysis of calibration standards throughout runs was used to monitor
process stability. Analysis of independently prepared quality control samples was used to
check for bias in calibration. Matrix spike samples were used to monitor matrix effects. Other
measurements which are characterizations of physical or chemical properties, such as buffer
curves and moisture release curves, are not amenable to quality control protocols. The data
generated from the QC samples are retained with the records of analysis, as described in

Appendix B, Section B.5.

During this project, there were no major problems detected in the QA system that negatively

impacted the validity of the results.
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6.1

6.2

6.2.1

SECTION 6.
CONCLUSIONS

Background

Phytoextraction appears promising as a cost-effective method for remediating soils
contaminated with moderate levels of heavy metals (3,000-4,000 ppm lead). However, as an
emerging technology, the methodology and process of applying phytoextraction are still being
defined through demonstrations. Several issues remain to be addressed before phytoextraction
is truly a viable process. Since lead tends to remain in the soil where it has been deposited,
one challenge to lead remediation is the naturally low solubility of lead in soils, which prevents
any significant uptake of lead by plants. A second limitation is the tendency of lead to
accumulate within the root structures of most plants rather than moving to the shoots where it

can be removed by harvesting.

These limitations are overcome if lead is solubilized during the remediation process. This is
possible because soil acidifiers and chelates convert soil-bome lead into a water-soluble
plant-available form which enhances its uptake and translocation to the shoots in large

amounts.

The focus of this effort was to investigate the use of phytoextraction methods (soil application
of acidifiers and chelates) to increase lead uptake and translocation from the soil to the aerial
portions of plant species. The most importént issues addressed in this document were
improvements in chelate selection and use, the effect of soil pH adjustment, investigation of
chelate persistence, selection of plant species, and investigating the potential for migration of

chelates and solubilized lead beyond the root zone.

Study Results

Chelate Screening Study

The efficiency of three chelates (EDTA, CDTA, and EGTA) was evaluated during the Chelate

Screening Study. To determine the amount of metal extracted by each chelate, two different
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6.2.2

soils were treated with the chelates and then extracted with water. The soil treatments
consisted of three chelate concentrations in soils either acidified to pH 5.5 or left at the natural
pH. Water extracted from the soils was analyzed for lead, cadmium, chromium, copper, nickel,
and zinc. Where applicable, acetic acid was used to decrease the soil pH. The soil pH was

also monitored over a 72-hour period to determine the time required for the treated soils to

return to the natural pH.

Of the chelates tested, EDTA was found to be the most effective at extracting lead from soil.
The EDTA solubilized an average of 60 percent of the soil total lead when applied at a rate of
15 mmole/kg. Soil acidification did not appear to impact EDTA effectiveness in either soil.
The addition of acetic acid to the soils did not permanently affect soil pH. Instead, the soils
gradually returned to the natural pH within 72 hours. CDTA was almost as effective as EDTA,

but is more expensive.Ref' 3 Therefore, EDTA was chosen for further study.

Chelate Application Study

During the Chelate Application Study, EDTA was applied to 24-inch-long columns of both
soils in volumes of water calculated to bring soil moisture to 1.0 or to 1.5 times field capacity.
About 55% of the chelate was recovered in soil from Cell 1 after 2 weeks, with similar
recovery in the soil from Cell 7 after 4 weeks. In the soil from Cell 1, EDTA was found to a
depth of 18 inches. Generally, chelate concentration decreased with depth and little EDTA was
found below a depth of 18 inches. Minimal downward movement of EDTA in Cell 7 soil was
observed, although higher concentrations were seen below depths of 18 inches when excess
water (1.5 times field capacity) was added to the soils. These results suggested that chelate
movement in the root zone (top two feet) can be minimized if the volume of EDTA solution
applied is only enough to bring the soil to field capacity. The results reinforce the premise that

the volume of EDTA solution applied should not exceed the field capacity of the root zone. -

In all of the cases examined, EDTA remained in the soils four weeks after application.
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‘ ‘ 6.2.3 Plant Screening Study
\

The Plant Screening Study test results indicated that the best warm season treatment

parameters were:

|

| e Use of a corn crop

|

| e Soil adjustment to a pH of 5.5 using acetic acid

| e A chelate application of 1.0 mole EDTA/mole soil lead

The best cool season treatment was:

¢ No adjustment of soil pH
e A chelate application of 1.0 mole EDTA/ mole soil lead

‘ 6.2.4  Foliar Application Study

e Use of a white mustard crop
The purpose of the Foliar Application Study was to determine if foliar phosphate fertilizer
‘ applications would enhance biomass growth, maximize lead uptake, or ameliorate lead toxicity

to plants.

The corn crops did not receive a significant benefit from the foliar applications. Although
lead, nickel, and zinc uptake increased slightly when growing corn in Cell 1 soil, lead uptake
decreased in corn grown in Cell 7 soil. Although the applications slightly increased the
phosphorus concentrations in the corn, the applications did not enhance corn biomass

production in either Cell 1 or Cell 7 soil.

A foliar application was detrimental to white mustard. Application to white mustard resulted

in considerable foliar injury to the point of almost complete kill.
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Given that the benefits of foliar application to corn were minimal and that an application to
white mustard would be counterproductive, foliarly applied phosphate was not used in any of

the subsequent studies.

Soil Leaching Study

The results of the Soil Leaching Study indicated that lead solubilization was generally limited
to the plant root zone (i.e., top two feet of soil). A small amount of EDTA moved to lower soil
depths, and this was accompanied by a small increase in the soil plant-available (water-soluble)
lead content. However, this EDTA may have complexed with other cations (e.g., calcium, iron,
or aluminum) forming a neutral, water-soluble complex which could not solubilize additional
lead. Therefore, the risk of leaching lead out of the root zone appears to be small as long as the

bulk of the EDTA is retained within the root zone.

One way of limiting EDTA migration out of the root zone is to minimize the volume of EDTA
solution added to soil. For this reason, it is recommended that the volume of solution used be

limited to the amount required to bring the soil in the root zone to field capacity.

Attempts to grow a second crop of white mustard failed when the seeds did not germinate or
the seedlings died shortly after germination. The addition of fresh soil to the columns (i.e.,
one-quarter inch soil added to the soil surface) improved germination, but subsequent seedling
survival was poor. Tests were conducted to determine why the white mustard crops failed.
These tests indicated the primary problems were the presence of excess EDTA and sodium in
the soil. The excess sodium was introduced with a tri-sodium salt of EDTA. All subsequent

tests were conducted with tri-potassium EDTA.

The excess sodium also caused flocculation near the top of the soil column which restricted
water flow through the soil column. The low hydraulic conductivity of the soil also restricted
water movement. Consequently, representative leachate samples could not be collected during
the Soil Leaching Study. In an attempt to overcome this problem, a Lysimeter Study was added

to the project.
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. 6.2.6 Lysimeter Study

Although the Lysimeter Study was designed to monitor EDTA and lead movement through the
soil columns, the low hydraulic conductivity of the soil so severely restricted water movement
that leachate samples could not be collected. However, as in the Soil Leaching Study, soil
analysis showed that EDTA did not appear to migrate below the root zone, and lead

concentrations below the root zone did not appear to change.

6.2.7 Chelate Application and Harvest Timing Studies

The Chelate Timing Study was designed to determine if lead uptake could be enhanced by
adding EDTA when water use by white mustard was at a maximum during bolting and
flowering. The results indicated that EDTA may be applied throughout the bolting and

flowering period with no effect on lead uptake by white mustard.

The Harvest Timing Study was designed to determine the time required for maximum lead
‘ accumulation by white mustard after EDTA has been added to the soil. Lead uptake increased
significantly up to 48 hours after EDTA application and increased very slowly thereafter.
Therefore, it is recommended that white mustard be harvested 48 hours after an EDTA

application to minimize wind dispersion and shattering of senesced plants.

6.3 Recommendations for Future Work

As observed during the Soil Leaching Study, the presence of residual amounts of EDTA tends
to place stress on a succeeding crop (white mustard). Consequently, future efforts should be
directed towards enhancing plant growth in subsequent crops and minimizing the potential

effects of EDTA. Specific areas to explore include:

¢ Examining use of alternate farming techniques to encourage the microbial breakdown of
residual chelates (particularly after application and prior to replanting)
e Examining the application of less phytotoxic amounts of chelate

’ ¢ Determining the phytotoxicity of alternate chelates
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Examining the use of multiple chelates to obtain synergistic affects for lead uptake
Screening plants for their ability to germinate and grow in the presence of residual
amounts of chelate

Examining the use of alternate farming techniques as a means of increasing soil
permeability in the root zone

Examining the use of soil heating as a means of increasing lead uptake in the root zone
Intercropping to maximize root exploration

Examining the use of plant hormones to promote lead uptake and enhance plant health

While research in these areas can be conducted in laboratory and greenhouse studies, field
demonstrations are needed to realistically assess the effectiveness of phytoextraction

procedures for in situ remediation of contaminated soil.

Overall, the test results appear sufficiently encouraging to warrant field demonstration of the

phytoextraction methodologies developed in the studies described in this document.

Summary

During this project, TVA tested treatment effectiveness on two moderately contaminated soils
(2,500-3,500 ppm lead) which differed in chemical and physical properties (a silty clay -
pH 7.0 and a silt loam - pH 7.3 ) which were obtained from the SFAAP. The primary project

goals were to:

Determine which of three chelates (CDTA, EDTA, or EGTA) would be the most
effective at solubilizing soil lead.

Determine the optimal chelate concentration and soil pH to use during treatment.
Determine the best method for applying the selected chelates.

Determine the lead uptake efficiency of cool and warm season plants species (Indian
mustard, white mustard, alfalfa, corn, sorghum sudan grass, and sunflower).

Determine if foliarly applied phosphate would enhance plant growth or decrease lead
toxicity to the selected crops.

Appraise chelate persistence and movement in soil.
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¢ Determine the extent of lead movement in soil due to solubilization by treatments.

During the course of the project, TVA determined that the optimum treatment parameters for

the SFAAP soils were:

e An application of EDTA at a one-to-one molar ratio to the lead concentration in the soil

e Use of corn as the warm season crop

¢ Use of white mustard as the cool season crop

e Acidification of soil to pH 5.5 in combination with EDTA when comn is the
phytoextraction crop

¢ No soil acidification with use of EDTA when white mustard is the phytoextraction crop

e A 1 percent foliar phosphate spray may be used for corn to provide supplemental
phosphorus

¢ No foliar phosphate application for white mustard

e Application of chelate in a volume of water to bring only the top two feet of soil to field

capacity

For these soil types in this study, adherence to these parameters should result in maximum-lead

uptake efficiency by the plants with the least environmental risk.

The project results also indicate that:

Foliar application of phosphates to corn did not significantly affect lead uptake by corn.
e The best harvest time for corn after EDTA application and soil acidification was at plant
senescence to the point of dryness, but while still at sufficient moisture content to prevent

excessive leaf shatter.

e The best results for white mustard were obtained when EDTA was applied at the onset of

bolting and flowering.

. e Maximum lead uptake for white mustard occurred within 48 hours after EDTA application,

and harvest at this point allowed ease of handling (no leaf shatter and dispersion).
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* Some downward movement of solubilized lead and EDTA occurred in soil when the crops
and amendments were tested in soil leaching columns. Maintaining the moisture content

of the soil at or below field capacity minimized movement.

e EDTA detected below the root zone may have been complexed with cations other than

lead, which limited lead solubilization below the root zone.

Overall, the project results were encouraging. Based on these results, the phytoextraction
methods examined appear likely to enhance lead removal and minimize the risk of lead

leaching out of the plant root zone.

Based on techniques developed in this study, the USAEC, as lead agency, with the TVA,
Alliant TechSystems, and the Twin Cities Army Ammunition Plant (TCAAP) were funded by
the Environmental Security Technology Certification Program to initiate a field demonstration
of phytoextraction at two sites at the TCAAP, New Brighton, MN, in spring 1998. The
demonstration is scheduled to run for two years. Two-0.2 acre areas of low (740 ppm or less)
or moderate (1,300-8,000 ppm) levels of lead are in use with remediation crops of corn and
white mustard in summer. A chelate and soil acidification are being used to enhance lead
uptake by corn, whereas only the chelate is being used with white mustard. Simultaneous
resource recovery of lead and disposal of plant material is accomplished by smelting the
harvested crops. Intensive soil and plant sampling coupled with a leachate collection system is

being used to monitor treatment effectiveness and any potential environmental effects of the

technology.
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SECTION A
PROJECT SAMPLING PLAN

Al Overview of Sampling Operations

Field sampling operations were performed for the following purposes:

e Characterize and map SFAAP sites for soil type and degree of heavy metal contamination

via collection of multiple soil cores at various depths at two contaminated areas.

e Collection of a bulk quantity of soil from a suitable location within each SFAAP site for
use in laboratory and greenhouse studies. A suitable location is defined as a site with lead

contamination levels of 3,000 to 4,000 ppm in the top foot of soil.

Laboratory and greenhouse sampling operations were performed for the following purposes:

e Collection and analyses of soil samples during laboratory studies to select chelates to be
used in the greenhouse studies and to optimize chelate effectiveness in solubilizing lead

and other metals in soil.

e Collection and analyses of soil samples to determine chelate persistence and movement

in soil.

e Collection and analyses of plant and soil samples in greenhouse studies to determine the
plant species with the highest efficiency for lead removal and to determine the amounts

of lead remaining in soil after plant harvest for each species studied.

e Collection and analyses of plant and soil samples in greenhouse studies to determine the

effect of phosphate in ameliorating lead toxicity to plants.
e Collection and analyses of plant, soil, and leachate samples in greenhouse studies after

optimization of other experimental parameters to assess the risk of lead and metals

leaching after chelate additions.
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A.2 Sample Collection and Laboratory Procedures

A.2.1 Soil Sampling Procedures for Initial Characterization

Initial field sampling was conducted on an explosives burning ground located at the SFAAP.

Two sites were selected for soil sampling; one site was located in Cell 1 and the other in Cell 7

(Figure 2-2).

Soil sampling was performed by TVA personnel. Safety precautions and site controls used

during the sampling procedure are outlined in the Health and Safety Plan. The sampling

procedure, conducted by TVA personnel, was as follows:

1.

Select and mark an area measuring 90 feet by 90 feet within each of Cell 1 and Cell 7.
Subdivide the area into thirty-six 15-foot-square grids.

Further subdivide each 15-foot grid into four 7.5-foot squares.

Take one soil core to a depth of 12 inches from each 7.5-foot square and subdivide this
core by depth into two portions (0-6 and 6-12 inches). Composite cores taken from the
four 7.5-foot squares, according to depth, into one sample for each depth and place it into

an appropriately identified and labeled plastic bag (Ziploc™ type).

Package samples for shipment to ERC and transfer to TVA’s greenhouses at the TVA’s
Analytical Laboratory in Muscle Shoals, AL, in accordance with TVA’s chain of custody
procedures (TVA procedure SP-0001, “Sample Chain of Custody™.)

A total of 144 samples were taken (36 grids/site x 2 depths/sample core x 2 sites = 144). Upon

leaving the sampling site, all TVA personnel involved in the sampling procedure underwent

decontamination in accordance with the Health and Safety Plan. The soil sampling plan is

provided in Appendix D-1.
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The collected soil samples were air-dried by opening the plastic bag and folding down the top
to permit sufficient air movement. The opened bags were placed on tables in the greenhouse
and allowed to dry for one week with periodic mixing of the soil in the bag. Following this,

the soil samples were analyzed for the parameters shown in Table 4-1 and by the methods

shown in Table 4-22.

Sampling Procedures for Bulk Soil Collection and Processing

Based on the criteria of soil texture and total lead content determined by TVA, bulk quantities
of soil were collected by TVA personnel from two of the sites identified in Section 5.2.1 (1,000
kg collected per site). The soil was collected by shoveling it into 55-gallon steel drums lined
with a heavy-duty plastic barrel liner. Soil sampling was performed by TVA personnel. Safety
precautions and site controls used during the sampling procedure are outlined in the Health and
Safety Plan. The soil in each drum was labeled both for identification and for Department of
Transportation (DOT) regulatory requirements for hazardous waste and shipped by best
available method to the ERC greenhouse in Muscle Shoals, AL. Copies of the soil sampling

and excavation plans are provided in Appendices D-1 and D-2, respectively.

Once received, each site’s soil was processed for use in laboratory and greenhouse
studies by passing the soil through a precleaned gasoline-powered soil shredder fitted
with a one-quarter inch stainless steel screen. The soil was thoroﬁghly mixed and twelve
subsamples were taken for analysis and characterization, as described in Table 4-2 and
by the methods listed in Table 4-22. The soil then was rebarreled at the existing
moisture content and stored with appropriate labels until use. Safety precautions,
engineering controls, and site controls were used which were consistent with the ERC’s
Health and Safety and Chemical Hygiene Plans. All activities, except chemical analysis,

were conducted at the ERC greenhouse to minimize the possibility of contamination.

Soil Sampling Procedures for Laboratory Studies

For laboratory studies, an amount of soil was removed from a selected barrel, weighed, and
recorded as to the amount removed, placed in an appropriately identified and labeled plastic

bag (Ziploc™ type), and transported to TVA’s Analytical Laboratory in accordance with TVA’s
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chain of custody procedures (TVA procedure SP-0001, “Sample Chain of Custody,” Appendix
C-1).

Soil Sampling Procedures for Greenhouse Studies

For a given greenhouse study, sufficient soil was taken from the appropriate barrels (located at
the greenhouse), placed on a heavy plastic sheet or tarp on a concrete floor, and thoroughly
mixed. Small samples were taken for moisture determination and, if necessary, the moisture
content of the soil was adjusted to one-fourth to one-third of field capacity for best handling in
subsequent greenhouse operations. The soil then was covered with plastic to prevent any

appreciable moisture loss until used in plant screening, foliar application, and soil leaching

studies.

In the Plant Screening and Foliar Application Studies, soil was sampled post-harvest.
Sampling was performed by taking three full-depth cores from the pot with a standard hand soil
sampler. The cores were composited to provide one soil sample from each pot. After each
sampling, the core sampler was cleaned by wiping with a damp rag and dried by wiping with a
Kim Wipe. The soil samples were air-dried in open Ziploc™-type plastic bags as described
previously, screened through a 2.0-mm mesh stainless steel wire screen, then transported to the
TVA’s Analytical Laboratory for analyses in accordance with TVA’s chain of custody
procedures (TVA procedure SP-0001, “Sample Chain of Custody,” Appendix C-1). .

In the Soil Leaching Sfudy, soil samples were taken both pre- and post-harvest. Pre-harvest
samples were taken irnmediately prior to soil amendment additions by removing two full-depth
cores from each container. After sampling, the core sampler was cleaned by wiping with a
damp rag and dried by wiping with a Kim Wipe. The cores were subdivided by depth (0-6”,
6”-12”, 127-18”, and 187-30") and composited into one sample for each depth. The
composited samples were placed in Ziploc™.-type plastic bags and transported to TVA’s
Analytical Laboratory for analysis. Core holes were filled with a sealed PVC tube before
acidifier and chelate additions. To prevent amendment short-circuiting, the post-harvest
samples were taken in similar fashion and transported to TVA’s Analytical Laboratory for
analysis. All samples were transported in accordance with TVA’s chain of custody procedures

(TVA procedure SP-0001, “Sample Chain of Custody,” Appendix C-1). Core holes from
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post-harvest soil sampling were filled with sealed PVC tubes and remained in place during
replanting and growth of the second crop. Soil sampling conducted after the containers were

replanted was conducted in the same way.

Plant Sampling Procedure

In the studies involving plant sampling, the total aerial portions of the plants were harvésted
from the pots when senescence, or death, occurs following the addition of the soil amendments.
During the Soil Leaching Study, both root and shoot samples were taken pre- and post-harvest.
For pre-harvest root sampling, roots were extracted as cores using a standard hand soil sampler.
Roots were thoroughly washed and then rinsed in deionized water. After each sampling, the
core sampler was cleaned by wiping with a damp rag and dried by wiping with a Kim Wipe.
Core holes from post-harvest soil sampling were filled with sealed PVC tubes. Plant tissue
from individual treatments were placed into appropriately labeled brown paper bags and oven
dried for 72 hours at 55 degrees Celsius in accordance with standard methods of plant and soil
analysis. The tissues were weighed for yield determinations, then ground to less than 2.0-mm
particle size using a Wiley Mill equipped with stainless steel blades and screens. The dried,
ground tissues were stored in glass bottles and transferred to TVA’s Analytical Laboratory in
accordance with TVA’s chain of custody procedures (TVA procedure SP-0001, “Sample Chain
of Custody,” Appendix C-1). Plant materials were analyzed by the methods listed in

Table 4-23.

Leachate Sampling Procedure for the Soil Leaching Study

During the first growth period of the Soil Leaching Study, soil leachates would have been
collected from the containers when leaching occurred from the bottom of the column prior to
the addition of soil amendments and every day after amendment addition. After plant harvest,
the containers were replanted and the leachate was to be collected weekly from the containers
when leaching occurred from the bottom of the column. When the plants reached full
vegetative biomass, the experiments were concluded. The leachates collected from the plant
containers was to drain in into a suitaEle sized plastic bottle. The amount of leachates was to
be measured and recorded. The leachates were to be filtered through a Whatman #2 filter, or

its equivalent and preserved with nitric acid to a pH of 2 or less. A subsample was to be placed
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in a precleaned 125-ml plastic bottle and taken to TVA’s Analytical Laboratory for analysis,
and the leachates then were to be placed into a holding container until disposal. The plastic
collection bottle was to be cleaned with a 6 molar solution of hydrochloric acid, triple rinsed
with deionized water, and returned to service. Leachates collected during the preliminary
laboratory studies were to be processed similarly. All samples were to be transferred to TVA’s
Analytical Laboratory in accordance with TVA’s chain of custody procedures (TVA procedure
SP-0001, “Sample Chain of Custody,” Appendix C-1). The leachate was analyzed by the
methods listed in Table 4-24.

Leachate Sampling Procedure for the Lysimeter Study

During the growth period of the Lysimeter Study, attempts were made to collect soil leachates
from suction lysimeters positioned at 6", 12", 18", and 24" depths in the column. Samples
were to be collected when leaching occurred. When the plants reached full vegetative biomass,
the experiments were concluded. The leachates were to be collected from the lysimeters into
125 mL Erlenmeyer suction flasks. The amount of leachate was to be measured and recorded.
The leachates were to be filtered through a Whatman #2 filter, or its equivalent, and acidified
with nitric acid to a pH of 2 or less. A subsample was to be taken to TVA’s Analytical
Laboratory for analysis, and the leachates then were to be placed into a holding container until
disposal. The subsample was to be placed in a precleaned 125-ml plastic bottle. The
Erlenmeyer flasks were to be cleaned with a 6 molar solution of hydrochloric acid, triple rinsed
with deionized water, and returned to service. Leachates collected during the preliminary
laboratory studies were to be processed similarly. All samples were to be transferred to TVA’s
Analytical Laboratory in accordance with TVA’s chain of custody procedures (TVA procedure
SP-0001, “Sarnplc Chain of Custody,” Appendix C-1). The leachate was analyzed by the
methods listed in Table 4-24.

Laboratory Procedures

Standard operating analytical procedures for data collected in the laboratory are provided in

Appendices C-1 through C-22.
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Sample Storage. Packaging, and Shipping

All samples shall be handled in accordance with TVA procedure SP-0001, “Sample Chain of
Custody” (Appendix C-1). In addition, all leachate samples were to be filtered and preserved

with nitric acid. Sufficient nitric acid was to be added to the leachate samples to lower the pH

below 2.

No attempt was made to store samples or sample extracts beyond that period of time required

for initial assessment and review of laboratory data.

Laboratory Equipment

The equipment used for analyzing samples is outlined in Table 4-25.

Sampling Documentation

Field sampling logs were produced and completed at the time of sampling to ensure dates,
times, locations, and other pertinent data and conditions were recorded. Sample identification
numbers were written on both the sample containers and sample log sheet for easy
identification and cross-referencing. Sample identification codes or numbers were assigned in

a logical manner to ensure ease in correlating between codes and sampling locations.
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Appendix B
QUALITY ASSURANCE

B.1 Purpose and Scope of the Plan

The quality assurance (QA) plan outlined procedures to ensure that:

e Sufficient measurements were made to assess the effectiveness of the proposed treatment

methods
e Samples taken were representative of the conditions in the experimental setup
e Samples were delivered to the laboratory for analysis without deterioration
e Samples were processed by the laboratory without deterioration prior to analysis
e Measurement techniques were sufficiently specific to measure the target compounds

e Data taken was reliable

The quality assurance plan applied to all activities, including performing experiments,

sampling, and laboratory analysis of samples.

TVA’s Analytical Laboratory provided analytical chemistry support for the project by
performing analyses for metals and chelate (water-soluble EDTA). Metals analysis comprised

the bulk of the workload, but additional analyses were performed for nutrients and organic

carbon.
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Project Responsibilities

Figure B-1 shows the TVA organizations providing support to the project. Responsibilities of

the TVA project team were as follows:

The Program/Project Manager served in two capacities: Program Manager and Project
Manager. As Program Manager he was responsible for providing guidance to the project team
to ensure that the USAEC and TVA project and program goals were met. The Program
Manager was also responsible for resolving any inconsistencies between USAEC and TVA

mission objectives and those of the project/program.

As Project Manager he was responsible for overall direction of the project and was responsible
for oversight and direction of staffing levels, process design, constructibn, installation, field
process operations, technical reports, preparation and presentation of technical papers, and
conducting briefings of USAEC personnel. The Project Manager was responsible for
providing direction and executing tasks to ensure that project goals were met, reports were
delivered on schedule, and that task schedules and costs were met. The Project Manager

ensured that any variances were adequately explained.

Technical Manager was responsible for planning, directing, and executing the details of
process design, construction, installation, experimental design, field process equipment
operation, sampling, documentation, data integrity, data interpretation, technical reports,
preparation and presentation of technical papers, and conducting briefings of USAEC

personnel.

The Engineering Staff reported to the Project Manager and was responsible for various project
management tasks including: project planning, cost estimating, scheduling, technical writing,

compiling/editing of reports, and other project management tasks.

Analytical Laboratory was responsible for providing analytical measurements on samples
required in the course of the project and was responsible for review of the data produced,

documentation of analytical runs, and ensuring data integrity.
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B.3

B.3.1

The Analytical Laboratory was managed by the Laboratory Manager. The Laboratory Manager
reported to the Project and Technical Managers and was responsible for providing project

analytical oversight and for final data integrity.

In the Analytical Laboratory, research chemists and research scientists reported to the
Laboratory Manager and were responsible for planning, design, testing, and documentation of
the various sub-projects assigned to them. They were responsible for producing periodic
progress reports to the Laboratory Manager. They were responsible for review of data falling
under their area of responsibility. Chemical laboratory analysts and technicians assigned to the
Analytical Laboratory reported to the Laboratory Manager and were responsible for following
procedures and instructions to provide analytical measurements required in the course of the
project. They were responsible for review of the data they produced, documentation of

analytical runs, and analytical equipment maintenance.

The Quality Assurance Officer was responsible for auditing actions and documentation to
ensure adherence to this Plan (Section 6). The Quality Assurance Officer was responsible for

providing quarterly quality control (QC) data reports to the Project Manager.

Research chemists and research scientists from Land and Water and Remediation reported to
the Technical and Project Managers and were responsible for planning, design, testing, and
documentation of the various sub-projects assigned to them. They were responsible for
producing periodic progress reports to the Technical Manager. They were responsible for

review of data falling under their area of responsibility.

The Greenhouse staff reported to the Technical Manager and were responsible for the

day-to-day operations of the greenhouse and related functions.

Quality Program Procedures and Documents

Documenting Experimental Data

Experiments were planned in advance and documented in writing. This was done in research

notebooks or separate work plans. Data, observations, experimental conditions, and changes to
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B.3.3

plans were recorded in research notebooks in a complete enough fashion that all actions,
results, and conclusions might be reconstructed afterwards. All written documents were

written in ink.

Procedures for Field Sampling

Field sampling was conducted in accordance with written work plans, procedures, or
instructions to ensure complete samples were taken at the correct locations and in a manner
which did not invalidate conclusions. All field sampling actions were recorded in field

notebooks or on forms designed to ensure complete documentation of all the experimental

parameters.

Analytical Laboratory QA Manual

The analytical laboratory activities conducted during this project were conducted in accordance
with the Analytical Laboratory's Quality Assurance Manual. The manual contains the

following documents:

QAPLAN - “Quality Assurance Plan”

GLP-0001 - “Procedure Format and Style”

GLP-0002 - “Quality Assurance Records Control”

GLP-0003 - “Procedure Preparation and Distribution"

GLP-0004 - “Training”

GLP-0005 - “Nonconformances and Corrective Actions”
GLP-0006 - “Control of Reagents and Standards”

GLP-0007 - “Analysis Work Plan Preparation”

GLP-0012 - “Treatment of Data”

GLP-0013 - “Instrument Logbook and Control Chart Maintenance”
GLP-0016 - “Sample Receipt, Log-in, and Data Handling”
GLP-0017 - “Control of Changes to Software”

CP-0001 - “Measurement and Test Equipment Control and Calibration”
SP-0001 - “Sample Chain of Custody”
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Procedures Policy for Analytical Laboratory Analyses

Laboratory analyses were conducted in accordance with written procedures. Three procedures
were developed during the course of this project: AP-0047, “EDTA Analysis by High
Performance Liquid Chromatography (HPLC)”, AP-0057 “Extraction of EDTA from Soils,”
and AP-0064, “TKN by Flow Injection Analysis (Lachat QuikChem 8000).” The TKN
procedure was written without substantive change from the manufacturer’s instructions which
were included as an appendix in the project plan. The EDTA procedures were developed
specifically for this project from methods and approaches in open literature. The extraction
procedure was carried out with deionized water. In the analytical procedure, ferric iron was
added to aqueous samples or aqueous extracts which were passed through a chromatography
column. The resulting iron-EDTA complex eluted as an UV-absorbing chromophore which

was detected with a diode-array detector.

Analysis for metals was carried out in accordance with procedures from SW-846. However, a
revision to SW-846 was promulgated since issuance of the project plan. The most recent
revisions to SW-846 were followed. Other analytical techniques (cation exchange capacity,
extractable lead, etc.), which consist of a specialized extraction from soil followed by a metals

analysis, were carried out as proposed.

These other procedures were derived from standard EPA sources or the American Society of

Agronomy.
Control of Purchased Items

Chemicals, equipment, materials, and other items purchased to conduct this project were of
suitable quality to meet the project needs as épeciﬁed in the written procedures. Purchased
items were inspected upon receipt to ensure they met the requirements specified in purchase
requests. Nonconforming items were not used. Suitable handling activities, storage
conditions, and other controls were utilized to ensure quality of purchased items was not

degraded after receipt.
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B.5.1

B.5.2

B.6

B.6.1

Records
Record Control

Records of analysis, records of calibration, research notebooks, chromatograms, field sampling
logs, custody records, work plans, machine printouts, chromatogram traces, logsheets, standard
material use records, raw data calculation sheets, and copies of procedures were maintained as
quality assurance records as specified in GLP-0003. Records were accumulated in logical
arrangement to facilitate retention and review. In-process records and logbooks were stored in

the work area in a safe manner to protect against loss, fire, spills, or other damage.

Record Retention

Records of experiments and analyses will be maintained for a three-year period after the end of
the project. This includes machine printouts or chromatogram traces, logbooks, notebooks,
logsheets, standard material use logs, and raw data calculation sheets. Due to the limited
lifetime of computer storage media, any computer media utilized to store analytical file

backups or raw data files will be stored for the lifetime of the project plus one year.

Performance and System Audits

Performance Audits

Analytical Laboratory participated in EPA Water Pollution Studies twice yearly during this
project. The Analytical Laboratory investigated any analyte falling outside control limits and
reported it; findings to the Quality Assurance Officer in writing.  Participation in this
cross-checking process provides information on Analytical Laboratory’s performance as
compared to other laboratories in the nation. However, the cross-check spiking levels tend to
be at the lower concentration ranges of the analytical techniques where relative error is large.
Concentrations and matrices for the cross-check samples may not match those for the project
samples, yet they are promulgated nationally and are an important part of a total quality control
program, since they can provide independent information about laboratory performance that is

not available from internal quality control samples.
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During the project, the TVA QA Officer also introduced a purchased set of blind quality

control samples and other blind quality control check samples.

Onsite System Audits

The TVA Quality Assurance (QA) Officer periodically inspected logs, records, printouts,
results of quality control checks, documentation, case narratives, research notebooks, and other
quality-related aspects of the project to ensure detailed compliance was in effect. No

nonconformances were noted during this project.

Quality Assurance Reports

Status Reports

The Project Manager provided monthly progress reports to the USAEC. These reports
contained a monthly summary of accomplishments, any significant problems encountered,

problem resolution, and plans for the following month.

Quarterly quality control data reports were written by the TVA QA Officer addressing:

e Changes in this QA plan

e Changes in analytical procedures

e Summary of QC program results

e Summary of training

e Results of audits

e Results of performance sample evaluations

e Data quality assessment in terms of precision, accuracy, completeness, and MDLs

e Discussion of whether QA objectives were met
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B.9

B.9.1

B.9.2

B.9.3

Analytical Procedures Policy

All analytical work was done in accordance with written procedures. Procedures were those
promulgated by EPA, promulgated by another nationally recognized body (American Society
of Agronomy), or specifically developed at TVA. No modifications to promulgated procedures

were needed for the work documented in this report.

Analytical Laboratory Calibration and Quality Control

General Quality Control Requ_liremehts

The Analytical Laboratory ran appropriate method blanks for the procedures used in this
portion of the project. Method accuracy and precision were demonstrated by running
calibration checks or other quality control samples. Analysts demonstrated the ability to
generate acceptable results with the methods by utilizing appropriate proficiency samples or

standard reference materials. The Analytical Laboratory determined method detection limits

for target compounds.

Batch OC

With each batch of 20 samples or subset thereof, one method blank, one matrix spike, and one
laboratory control sample were run. In addition, one sample duplicate or one matrix spike
duplicate was run with each batch. Note: For some analytical techniques, matrix spikes were

not possible.

Quality Control Requirements for HPL.C

HPLC was used in analysis for water-soluble (extractable) EDTA. Retention time windows
were determined and the device was calibrated during development of the procedure for EDTA

analysis. Five calibration standards were used.
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At the beginning of each day that analyses were conducted, the midpoint calibration standard
was analyzed. Then every ten samples and at the end of the run, a midpoint calibration ‘

standard was run again in accordance with the quality control requirements for HPLC devices.

Quality Control for Automated Laboratory Instrumentation

The quality control tests required in method 6010B were used as guidelines for the calibration
and use of the equipment used in ICP methods. The quality control tests for Atomic
Absorption (AA) methods for calibration and use were those specified in the 7000 series

methods in SW-846.

For ICP, calibration was performed with one standard and one blank run at the beginning of
each run. For AA, calibration was performed with three standards and one blank run at the
beginning of each run. Following calibration, a calibration check sample and a calibration
blank were run as required by the method. Typical results for calibration check samples for
ICP analysis of lead are attached for two six-month periods as Figures B-2 and B-3. A small
positive bias is observable in the 1998 data, but is not a major problem and would not cause

rejection of any of the project data.

Flow injection analyzers (FIA) were calibrated before each use following written procedures.
For FIA, calibration was performed with standards of five concentrations at the beginning of
each day. Concentrations bracketed the range of interest, but were limited to the range of

linear response of the device.

For each of these devices, a laboratory control sample made from a separate stock than the
calibration standards was run with each batch. For any of these devices, samples exhibiting a

signal above the linear range of the device were diluted and reanalyzed.

For any of these devices, a midpoint calibration standard was run at least every ten samples and
at the end of the run throughout the day. Any group of ten samples preceding and following a

midpoint calibration check which fell outside the 15% limits was reanalyzed.
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B.11

Data Reduction and Validation

The project’s analytical data was calculated and reduced on vendor-supplied chromatographic
software for HPLC systems and on vendor-supplied analysis software for FIA systems, ICP
systems, or AA systems. These systems typically calculate calibration curves automatically
and apply the curves to sample measurements. However, a spreadsheet developed at TVA was
used to fit curves and calculate data for the HPLC analysis. Other laboratory calculations were
carried out on spreadsheets developed and tested at TVA or on hand-held calculators (e.g., soil

moisture). Some devices such pH meters give direct readout or printout of analytical data.

The Analytical Laboratory’s chemical Laboratory Analysts were responsible for calculation

and reduction of data.

Analytical measurements were first reviewed by the chemist producing them and then by
another chemist before being interfaced with the laboratory database. If quality control
samples fell outside limits, the samples were usually scheduled for reanalysis. After questions
were resolved, results were passed on to the Laboratory Manager for final review and
validation. Group supervisors or team leaders were responsible for decisions concerning
reanalysis of samples and coordinated with the Project Manager when significant problems

were discovered or when resampling was required.

Equipment Logbooks

Equipment logbooks were maintained to note instrument settings, operating instructions,

problems, corrections, quality control checks, and other data.
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B.12.1

B.13

B.14

Data Reporting
Units

Analytical data were reported in units of milligrams per liter for liquid samples. Solid sample

results were reported as milligrams per kilogram dry weight.

Method detection limits and instrument detection limits were reported for each run. Recovery

of matrix spikes and recovery of quality control samples were calculated and reported as

percentages.

Data Packages

Analytical data packages for the project included:

e Sample description or identification information
e Sample analytical results

¢ Quality control sample results with percent recovery of known compounds

Sufficient data were maintained such that every experiment and analytical result could be

reconstructed.

Qualified Data

Records of all attempts at anélysis were maintained whether or not the analysis was successful.
However, unusable data were not reported. Data were unusable when quality control samples
or quality control checks failed; however, the records for these attempts at analysis were
maintained with relevant documentation. Data Qualification Codes in use by the laboratory

and which may have been encountered in review of this project’s data were as follows:

NA - Compound Not Analyzed
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B.16

B.17

B.17.1

B.17.2

<MDL - Compound not detected (value falls less than Method Detection Limit)
TR or Trace - Compound present at trace level, indicated but less than MDL

Q - “Qualified” - For a sample in which an analyte was quantified, but "an associated

quality control sample fell outside control limits

Additional QC Samples

The sampling organization submitted field blanks, field duplicates, reagent blanks, or trip
blanks as instructed in the project test plan. The Analytical Laboratory counted these as

samples in determining batch size.

Corrective Action

Corrective action in accordance with the requirements of GLP-0005 was not identified in the

course of this project.

Data Quality Parameters for Analytical Laboratory Measurements

Commonly Used Quality Parameters

Percent recovery, standard deviation, relative percent difference, and other commonly used
statistical indicators of accuracy were calculated as defined in Chapter 1 of SW-846, 3rd

Edition.

Method Detection Limits and Method Quantitation Limits

Method Detection Limits were calculated as defined in Title 40, Code of Federal Regulations,
Part 136, Appendix B, "Definition and Procedure for the Determination of the Method

Detection Limit" - Revision 1.11.
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Method Quantitation Limits were defined as five times the Method Detection Limit as in
Chapter 1 of SW-846, 3rd Edition, or as the lowest point used in making the calibration curve,

whichever was higher.
Definitions

Batch - Usually a group of no more than 20 samples of the same matrix prepared or extracted

at the same time with the same reagents.

Method Blank - A sample of clean reagent carried through preparation and extraction in the

same manner as samples. One method blank was run with each batch.

Matrix Spike - An aliquot of a sample spiked with a known concentration of all target
analytes. Spike concentration was set to read at five times the method quantitation limit in the

sample or about the midpoint of the calibration curve. One matrix spike was run for each

batch.

Matrix Spike Duplicate - A second aliquot of the same sample treated in the same manner as

the matrix spike.

Duplicate - A second aliquot of a sample taken independently through extraction and

preparation before analysis.

Quality Control Check Sample - A quality control sample of the same type and matrix as
calibration solutions, but made independently from the calibration solutions. This sample was

also referred to as a laboratory control sample.
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“Sample Chain of Custody”

1.0

2.0

3.0

4.0

4.1

4.2

43

44

PURPOSE

This procedure provides instructions for sample custody from collection to
final disposition.

SCOPE

This procedure applies to all samples collected under a sampling plan which
requires documentation of sample custody.

SUMMARY

Requirements for documentation of sample collection and sample custody
are specified.

REFERENCES

U. S. Environmental Protection Agency, "Test Methods for
Evaluating Solid Waste, Physical/Chemical Methods,” SW-846,
3rd Edition, Most Recent Update (September 1994)

"Preparation Aids for the Development of Category II Quality
Assurance Project Plans,” EPA/600/8-91/004, February 1991,
Guy F. Simes, Risk Reduction Engineering Laboratory, Office
of Research and Developent, U.S. Environmental Protection
Agency, Cincinnati, OH 45268

"Preparation Aids for the Development of Category III Quality
Assurance Project Plans,” EPA/600/8-91/005, February 1991,
Guy F. Simes, Risk Reduction Engineering Laboratory, Office
of Research and Development, U.S. Enviromental Protection
Agency, Cincinnati, OH 45268

“Sample Receipt, Log-in, and Data Handling”, GLP-0016, Tennessee
Valley Authority, Analytical Laboratory of Environmental Applications,
Muscle Shoals, AL.
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5.0 RESPONSIBILITIES )

5.1 The laboratory team leader shall ensure that this procedure is followed.

5.2 The sampler shall follow this procedure to ensure sample integrity in the
field.

5.3 The person transporting the samples shall follow the procedure to ensure
sample integrity in transit.

54 The person receiving the samples shall follow this procedure to ensure
sample integrity upon receipt and immediately following.

5.5 Laboratory analysts shall follow this procedure during sample analysis.

6.0 REQUIREMENTS

6.1 Prerequisites

6.1.1 Sample containers shall be cleaned to specifications of the sampling plan, or
in their absence, to good commercial practice.

6.1.2 Sample containers shall have preservative added before sampling as
required by the sampling plan.

6.2 Limitations and Actions

6.2.1 If the sampling organization has its own sampling procedure, sample
custody procedure, labels, or custody forms, they may be substituted for the
contents of this procedure as permitted by the sampling plan.

6.2.2 The number of persons handling samples from the time of sampling to .
receipt by the laboratory should be held to a minimum.

6.2.3 Sample containers shall be labeled by attaching tie-on tags, adhesive labels,

or by writing on sample containers with indelible markers. Sample
containers shall be labeled with sufficient information that they may be
traced to sample collection logs, field sheets, or custody records. Choice of
adhesive labels or indelible ink should take into consideration that samples
may come into contact with melted ice or condensed moisture during
shipment or storage.
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“Sample Chain of Custody”

6.2.4

6.3

6.3.1

6.3.2
6.3.2.1

6.3.2.2

6.3.2.3

Individual samples shall be sealed or sample shipping containers shall be
sealed with a tamper-proof seal when they will be relinquished by TVA to a
common carrier or if the sampling plan requires it. If the samples will

_remain in the custody of TVA employees from the time of sampling through

transport to the laboratory or under lock and key (as in a locked vehicle or
storage container) during this time, use of seals is not required. However,
even if seals are not required, their use is strongly urged on shipping
containers if the sample is to change hands several times in transport.

Requirements

Apparatus/Equipment

This procedure specifies no additional apparatus or equipment in addition to
any sampling plan.

Materials
Sample containers specified in the sampling plan shall be utilized.

Labels - Samples labels shall have an adhesive which does not readily
release when containers become damp.

Custody Forms - Sample chain of custody forms shall be used to record
custody of samples after sampling from relinquishment by the sampling
organization through transport to receipt by the laboratory. The following
information shall be supplied on the custody form:

a. Project identification

b. Sample collection date

c. Sample identification

. Collection time

€. Number of containers per sample identification code
f. Requested analysis

g. Sampling location

h. Comments

1. Signature of sample collector.

(=9

In addition the form shall contain an area so that each relinquishment and
receipt of samples may be documented.
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“Sample Chain of Custody”

6.3.2.4

6.3.2.4.1

6.3.2.4.2

6.3.2.5

7.0

7.1

Example custody forms are attached as appendices 10.1 and 10.2. Other
forms specific to a given project may be developed as long as they contain
the minimum information specified above.

Note: If sample collection time and location are already recorded on a
field sheet or sampling log, that information need not be repeated on
this form provided a copy of the sampling information is transmitted to
the laboratory with the custody sheet.

Tamper-evident seals - These seals shall be individually numbered or
otherwise marked so that they could not be removed and replaced without it
being detected. Two styles have been useful for samples or sample
containers.

Adbhesive seals advertised as meeting forensic science requirements, such as
Kapak brand seals.

Padlock-style plastic seals for hasps.

Field Logbooks or Field Sheets - Sampling activities may be documented in
field logbooks or field sheets designed for that purpose. When these are
used, they shall contain:

. Project identification

. Sample collection date

Sample identification

. Collection time

Number of containers per sample identification code
Reference to the sampling procedure

. Sampling location

. Comments

i. Signature of sample collector.

B o oo o

PROCEDURE
Field Operations
Prior to sampling, label sample containers with an adhesive label or with

indelible marker. (Note: If the sampling conditions require it, labels may be
affixed after sampling and cleaning the outside of the container.)
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7.1.2

7.14

7.14.1

7.14.2
7.14.3

7.1.5

7.1.6

7.1.7
7.2

7.2.1

7.2.2

Document sample information in a field log, field sheet, or the custody
sheet if the first two are not provided.

Seal the sample container with an adhesive seal if the sampling plan
requires it.

Complete a “Sample Chain of Custody” form.

If field logs or field sheets contain collection time and location, these items
may be omitted from the form. In that case, draw a diagonal line in that
column and attach a copy of the field logs or sheet so that the laboratory
may have pertinent sampling information.

If a numbered seal is to be used on the shipping container, note that number
in the comments section of the custody form.

If the shipping container is to be sealed, sign and date the “relinquished”
area of the form.

Place the original copy of the paperwork in a plastic bag inside the shipping
container. Retain one copy for field files. Transmit a third copy by separate
courier, mail or fax to the laboratory.

Place the samples in a shipping container. As required by the sampling
plan, place ice (or commercial substitute) and a temperature test bottle in the
container as well. Seal the shipping container if the sampling plan requires
it. See also 6.2.4.

Deliver the container to be transported to the laboratory.
Laboratory Receipt (Reference also GLP-0016)

Inspect the seals. Open the shipping container. Inspect the samplé custody
form to ensure that it is correctly completed. Sign as receiver. Compare the
shipping container contents to the information on the form.

If the “relinquished” blank is not completed and the person delivering the
samples is present, have that person sign the “relinquished by.” Otherwise
write “Not completed”, date and initial. If a person signs “relinquished by,”
provide that person a copy of the paperwork.




SP-0001 Revision R2 29-Nov-96 ‘ Page 6

“Sample Chain of Custody”

7.2.2

723

72.4

7.2.6

7.3

7.3.1

7.4

74.1

7.4.2

7.4.3

8.0

8.1

8.2

As required by the sampling plan, measure the temperature of any samples
or temperature blanks and record that information on the custody sheet.

Communicate any errors, broken seals, missing seals, broken samples,
differing identification numbers, extra samples, missing samples or
misidentification to field personnel. Document all discussions by
memorandum or database sample comment file. Document all problems
and their resolution by memorandum or database sample comment file. If
seals show signs of tampering, bring this to the attention of the group leader
or team leader.

Refer to GLP-0016 for further sample receipt and log-in instructions.

Following logging, store the samples in a locked, refrigerated storage area
as required by the sampling plan or project plan.

Laboratory Custody
Samples in locked storage areas, being prepared, being processed, or in
autosampler trays are considered to be in the custody of the laboratory.

When sampling plans require it, laboratory work areas shall be locked when
unattended.

Sample Disposal

When customers request it, samples shall be returned to them following
analysis.

Otherwise, dispose of samples after the time period specified in the

sampling plan or project plan. If these do not specify a date, samples should
be kept no longer than three months after all analyses are complete.

If the sampling plan requires it, document sample disposal in the wofkorder
file, or custody records.

SAFETY

Wear rubber gloves and protective eyewear when handling samples unless it
is known that the samples are innocuous.

Avoid contact with samples. Be aware of broken containers, corrosives,
irritants, biohazards, flammability, pyrophoricity, reactivity, radioactivity
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and toxicity. Inspect labels and shipping information for warnings. When
hazards are known, label samples with hazard information if that is not
already provided by the customer.

8.3 In case of skin contact, wash thoroughly with soap and water.

84 In case of eye contact, hold the eyes open and wash for at least 15 minutes
in an eyewash. Call for help.

85 Flammable liquids must be refrigerated only in explosion-proof
refrigerators to avoid the risk of explosion caused by sparks in the electrical

contacts of the compressor.

8.6 In handling samples, be aware of spills on outside of containers. Clean the
exterior of containers as needed. :

9.0 NOTES

None
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10.0

Chain of Custody Record - TVA 29203 B (RC-CTR 4-94)
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10.2
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END OF PROCEDURE




Appendix C-2
‘ Lab Procedure for Soil pH: Method ASA 12-2.6

Phytoextraction of Lead Sunflower AAP




Seil pH
ASA 12-2.6

Procedure:

1. Calibrate the pH meter according to manufacturer’s instructions using two buffers to
bracket the expected range of measurements. Buffers should be approximately three pH
units apart.

2. Where available, check the calibration with a third buffer.
3. Prepare a slurry of soil and water in the ratio of 10.0 g to 10.0 ml.

4. Stir the slurry vigorously with a glass rod and place the electrode into the slurry.
Allow the electrode to come to equilibrium and measure th