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Executive Summary

This project was executed under a partnering agreement between the:

• U.S. Army Environmental Center (USAEC)
• Tennessee Valley Authority (TVA)
• Twin Cities Army Ammunition Plant (TCAAP) and their operating contractor, Alliant

Techsystems Inc.(ATK)

The Environmental Security Technology Certification Program (ESTCP) funded this project as
part of the Department of Defense (DoD) program to conduct field demonstrations of remediation
technologies for removing heavy metals from contaminated soils.  The project was funded from
January 1998 through May 2000 as reported herein.  The emphasis was on lead, due to its inherent
toxicity and the quantity discharged.  Lead may be present in soil either in particulate (e.g., bullet
fragments) or ionic (i.e., compound lead) forms.  The remediation technology tested in this project
to remove lead from contaminated soil was phytoextraction.

Phytoextraction is an in situ remediation method in which plants are used to remove ionic (non-
particulate) lead or other ionic metals from contaminated soils.  Particulate metals (i.e., bullets)
cannot be remediated by this process.  Ordinarily, lead is very insoluble in soil, and thus plants
cannot remove it from the soil through their roots and shoots (i.e., plant uptake).  However, in the
phytoextraction process, a chelate (in this case, potassium EDTA) and a soil acidifier (acetic acid)
were used to convert soil lead into a water-soluble form that plants can take up and remove from
the soil.  Lead is translocated from the roots into the plant tops, and the tops are harvested and
smelted or otherwise disposed of, thereby removing lead from the soil.

The objective of this project was to determine if phytoextraction could be practically and
economically utilized in situ to remove lead contamination from soils under the heterogeneous soil
and diverse waste conditions found at military sites, such as ammunition plant disposal sites, open
burn/open detonation sites, and other areas contaminated with ionic lead.  The field design
consisted of a 6x6 grid pattern (thirty-six 15-foot-square grids).  The field demonstration was
conducted for two years (1998, 1999) at TCAAP on a small portion (0.2 acre) of Site C (total
area - 16.4  acres) and on a 0.2-acre portion of Site 129-3 (total area - 1.5 acres).  The whole of
both Site C and Site 129-3 were designated CERCLA sites which were scheduled for remediation
at the end of the two-year demonstration, including the demonstration plots.  For convenience, the
small demonstration plots will hereafter be referred to as Site C and Site 129-3.

Preliminary soil sampling to map lead contamination within the demonstration plots was done in
November 1997.  Crops were grown in 1998 and 1999 to test the technology.  No crops were
grown in 2000, but groundwater, surface water, and deep core soil sampling was conducted in
April 2000 (mainly at Site C) to determine environmental effects of the technology.  Lead and
EDTA was observed in groundwater, and additional groundwater and surface water sampling was
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conducted in April and May 2000.  No further phytoremediation was done.  Extensive plant and
soil sampling was conducted throughout the demonstration to measure the effectiveness of the
technology in removing lead from the soil.

In 1998, the demonstration areas were planted with grain corn followed by white mustard.  The
lead uptake for the corn crop was 0.65% (6,500 mg/kg) lead in the biomass which was promising.
These results met expected levels based on results of previous greenhouse studies and information
in the literature.  However, the relatively poor agronomic properties of the sites and the presence
of toxic contaminants other than lead in the soil, particularly at Site C, made growing the crop
difficult.  Therefore, biomass yields were less than anticipated.  The level of lead uptake in the
white mustard was less than anticipated due to adverse weather and a slow application rate of
EDTA which damaged the plants before sufficient lead uptake occurred.   

Based on lessons learned in the 1998 demonstration, several modifications and refinements were
made to improve the demonstration approach in 1999.   The grain corn variety was replaced with a
deeper rooting silage corn variety in an attempt to improve yields and also to improve root
scavenging of soil lead.  The hose applicator system that was used to apply soil amendments to
corn was changed to a drip delivery system for mustard in 1998.  However, the delivery rate
proved to be too slow, and the system was replaced in 1999 with one having triple the number of
delivery tubes.  The amount of EDTA that was applied to soil in 1999 was calculated based on the
frequency of occurrence of a given lead concentration across the plot rather than on the average
total soil lead concentration as in 1998.  This reduced the amount of EDTA applied by one-third.

Planting of the 1999 silage corn was delayed by excessive rainfall early in the season.  Heavy
rainfall and cool temperatures shortly after planting caused poor stand establishment, and
extensive bird damage required several replantings, resulting in a stand of various growth stages.
Due to insufficient growth of the corn that resulted in bare areas in the plots, only selected areas
were designated to receive soil amendments of acetic acid and EDTA.  Only these areas were used
for pre- and post-amendment plant and soil sampling, which reduced the amount of data collected.

The lead concentration in the 1999 corn plants at Site C after amendment additions averaged
tenfold less than obtained in corn treated in 1998.  Excess rain and toxic contaminants in the soil
that limited root growth to the top 6- to 8-inch soil layer, and the varied growth stages drastically
reduced yields and uptake of lead.  Only two grids were sampled at Site 129-3, and evaluation of
treatment effectiveness was not possible because of insufficient data.

Since weather and other factors severely limited the amount of data that was collected in 1998 and
1999, a third-year demonstration was planned for 2000 which would incorporate lessons learned
from 1998 and 1999.  Before beginning the year 2000 demonstration, however, groundwater
samples were taken at Site C in the spring to assess movement of lead and EDTA in the soil.  Both
lead and EDTA were found in shallow groundwater in the immediate vicinity of the plot, although
neither had moved very far from the demonstration plot.  However, there is no historical
groundwater data at this particular area of Site C.  Historical data exists for the northern areas of
Site C, i.e., Area C-1, but not the southern area where the demonstration plot is located.
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At that time, all demonstration activities were halted, and additional groundwater and surface
water samples were collected to determine the extent of lead and EDTA movement.  Analysis
showed that the major part of EDTA and lead was localized beneath and in the close vicinity of
the demonstration plot, and that movement away from the plot was occurring very slowly in
keeping with the slow rate of groundwater flow.

Lead was not moving in the groundwater in soluble form to any great extent in association with
EDTA.  Instead, lead was being displaced from the EDTA complex by innocuous cations (e.g.,
calcium, iron, and magnesium) and re-precipitated in the soil as insoluble lead.  EDTA combines
with lead on a one-to-one molar basis.  If the EDTA:lead ratio is greater than 1:1, this means that
lead had been displaced from the EDTA by another cation.  A high EDTA:lead ratio observed for
groundwater samples and the relatively high concentrations of Ca, Mg, and Fe in the water
indicated that much of the lead had been displaced from the EDTA complex.

The decreasing EDTA concentrations with distance from the plot indicated that: (1) EDTA was
being adsorbed in the soil and (2) degradation of EDTA was likely occurring, with subsequent
displacement of lead from the complex into insoluble forms.  The results for lead were below
detection limits in surface water samples taken from a drainage ditch located near the plot.

Lead and EDTA in the groundwater likely was due in large part to the presence of a fluctuating
shallow groundwater table underneath the demonstration plot.  The fluctuating groundwater may
have moved up into the EDTA-treated rooting zone and periodically “washed” the soil of
adsorbed EDTA/lead.  Iron oxide deposition was common in 4-ft deep soil samples as were
manganese sulfide concretions (usually a representation of alternating aerobic and anaerobic zones
in the soil profile, likely caused by a fluctuating water table).

The large amount of debris and extreme variation in soil type and texture within the plot
exacerbated the movement of the EDTA-lead complex.  The soils at site C were found to be much
more heterogeneous than was originally anticipated.  Seven soil types, ranging from sand to clay,
were identified in deep soil cores which is contrary to the single soil type identified in the RI/FS.
Clay and sand lenses were common throughout the soil, and a considerable amount of burned and
unburned wood was found.  Debris consisting of glass, metal, wire, concrete, bullets, and brass
shell casings was found throughout the plot.

Since Site C is located in the middle of a CERCLA area already scheduled for remediation, the
environmental impact of solubilized lead and EDTA in the slow-moving groundwater stream
should be minimal.  Given the alkaline pH of the system and the mineralogy of the soil and aquifer,
the indications are that lead already in the groundwater will continue to be displaced from the
EDTA complex and become insoluble, and that the scheduled excavation of the soil from the plot
will remove the source of additional lead and EDTA.

From an environmental perspective, EDTA is a non-regulated chemical; many thousand tons are
released into the environment annually.  For example, annual amounts of EDTA released into the
Ruhr River, Germany, in 1984 were about 60 tons, and over 1,080 tons were released annually
into the Rhine River, Germany, from 1985 to 1987.  In this demonstration, EDTA was used to
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complex lead into a water-soluble form which was taken up into plants.  The EDTA-lead complex
not taken up by the plants was transformed by chemical and microbial processes. In soil, the
processes of competition, exchange, adsorption, and precipitation attenuated lead complexed in
soluble form with EDTA.  Degradation of EDTA and dissolution of the EDTA-lead complex with
re-sorption of lead in the soil further diminishes any environmental risks.  The 2000 sampling
results showed that the EDTA previously applied to soil did not degrade as rapidly as expected,
possibly due to the anaerobic environment in the groundwater and other toxic contaminants in the
soil which were not favorable to a population of EDTA-degrading microorganisms.  The data
indicated that degradation was occurring, although at a slower rate than normally seen in soils.

Throughout the demonstration, the considerable spatial variability in soil lead concentrations
across the plot due to the large amount of particulate lead deposited in the site made analysis and
interpretation of the data very difficult.  The variability made the application of modern statistical
techniques (i.e., parametrics, geostatistics, kriging) to the results ineffective in measuring a change
in soil lead concentrations.  The only indicator of lead removal that could be utilized with
confidence was the amount of lead in the harvested crops.

In addition, the considerable debris (e.g., rail ties, metal scrap, concrete, burned materials) buried
at Site C made soil tilling, sampling, and characterization difficult and contributed to vertical
movement of lead and EDTA.  The natural soil structure was destroyed, which prevented a
uniform hydraulic conductivity and resulted in erratic water movement in the soil.  The extreme
conditions were not apparent when the demonstration began.  Deep core soil sampling in 2000
revealed that seven different soil types, ranging from coarse sand to clay, were present within the
plot area, likely because soils from other areas of TCAAP were introduced at Site C when waste
and scrap were deposited in the area.  Soil tends to be variable even under normal circumstances,
and these extremes in physical characteristics allowed vertical movement of solubilized lead and
EDTA.  Such vertical movement was mostly likely due to preferential flow and channeling in the
soil/debris mix rather than to actual leaching through the soil.

In order to estimate the costs for in situ phytoextraction, it was assumed that a phytoextraction
project would be conducted in an environment suitable for good growth of agricultural crops and
with moderate levels of lead contamination.  Under these circumstances it was assumed that:

• The growing season would allow growth of 2 crops per year.
• Two crops of silage corn could be grown per year.
• Soil conditions would be optimal for plant growth.
• The total lead content of the soil was 1,000 - 2,000 ppm.
• Potentially plant-available lead concentration would be 55% of the total concentration.
• Modern production agriculture practices and equipment would be used on-site.
• Site preparation was complete and soil was ready for treatment.

The cost for phytoextraction of one acre to a depth of one foot is estimated to be $42,145 per
crop, assuming:
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• The starting lead concentration is 1500 mg/kg.
• The clean-up goal is 1000 mg/kg.
• Plant-available lead is 55% of the total lead.
• The biomass production is 8 tons per acre.
• The concentration of lead in the biomass is 0.5%.
• Two crops per year are grown at the site.

The cost is equivalent to $26.13 per cubic yard per crop.  This remediation would require 27 crops
over a period of 14 years, for a total cost of $706 per cubic yard.

All other assumptions remaining constant, if the initial soil lead concentration were 1200 mg/kg,
the remediation would require 11 crops over a six year period, at an approximate cost of $287 per
cubic yard.  Based on these costs, in situ phytoextraction as a sole technology would be
economical only when the initial lead concentration is close to the clean-up goal.  Reagent costs
(EDTA, acetic acid, other soil amendments) account for a significant portion of total costs. Costs
for site preparation, i.e., clearing and removal of trees, removal of buildings and debris, etc., would
be site-specific and would be in addition to the above cost.

Formulas for calculating the time required for phytoremediation of lead-contaminated soil for any
project were developed.  These calculations provide a direct measure of total soil lead reduction
over time.  Variables (i.e., lead concentration in soil, number of crops, lead concentration in crop,
etc.) may be changed to fit a specific site.  For a soil with even a moderate concentration (e.g.,
2,000 ppm) of lead, the time required for remediation by phytoextraction is unrealistically long
and far greater than anticipated when phytoextraction began to be seriously considered and tested
as an in situ soil remediation method.

The overall results of the phytoremediation technology during the demonstration were less than
hoped for with respect to crop growth, plant lead uptake, and removal of lead from the soil.  In
order for this technology to be effective, greater uptake of lead by plants from the soil will have to
be realized.  This cannot be achieved in the site conditions that exist at TCAAP, particularly at
Site C.  The poor chemical and physical condition of the soil and the extreme heterogeneity of
both the concentration and the form of lead in the soil made growing conditions very poor which
resulted in low yields for the site and low plant uptake of lead.

Based on the findings from this project, phytoextraction does not appear suitable as a technology
for in situ application under the highly heterogeneous, highly contaminated conditions typically
found at open burn/open detonation disposal areas.  Considering the fact that, on average, only
about half of the lead in the soil can be extracted using this technology, phytoextraction does not
appear viable as a sole use technology for areas where open burn and open detonation have been
used, due to the resultant contamination with a variety of solid debris, other toxic contaminants,
and particulate lead.  However, combining this technology with appropriate screening and
separation processes to remove extraneous materials and particulate contaminants, and with
confinement and collection measures to allay environmental impacts, could produce a useful
remediation package.
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Section 1.0
Introduction

1.1  Background Information
A number of Department of Defense (DoD) installations have heavy metal-contaminated soils
requiring remediation, in part because the Comprehensive Environmental Response,
Compensation, and Liability Act (CERCLA) has identified heavy metals, lead (Pb) in particular,
as a priority concern.  Particulate-type heavy metals (bullet fragments, etc.) were often
deposited as the result of firing range use.  In addition, ionic forms of metals were commonly
deposited when metal-bearing propellants, ammunitions, and powders were burned at explosive
disposal sites or when particulates dissolved.  The DoD is currently emphasizing lead removal
due to the inherent toxicity of lead and the quantity discharged to the environment.  Hence, a
need for cost-effective procedures for removing lead from contaminated soils has emerged.  This
project was funded from January 1998 through May 2000 as discussed in this report.

The phytoremediation technique that was demonstrated, phytoextraction, uses selected plant
species in combination with soil amendments to extract lead.  The technology can be
implemented to extract other heavy metals, but the focus of this project was on lead.  The heavy
metals are subsequently stored in the plant shoot tissues.  After the plants died, due to excessive
lead uptake, the shoots were harvested and the plants smelted using a standard smelting
technique.

The expected benefit of the technology was to provide an economical, effective in situ
phytoremediation technique for extracting ionic heavy metals, specifically lead, from
contaminated soils.  The Environmental Security Technology Certification Program (ESTCP)
funded this project as part of a DoD program to evaluate treatment technologies under field
conditions and to transfer technical and economic performance information to the DoD user
communities.  Several procedures for remediating metals-contaminated soil sites are currently
available.  These include traditional and proven ex situ methods, as well as emerging, state-of-
the-art in situ technologies.  Conventional ex situ methodologies include:

• Landfilling of contaminated soil
 
• Soil washing (separation) - excavation of soil followed by soil washing, return of clean soil to

the site, and landfilling of soil which is still contaminated

• Incineration - excavation and incineration, with the remaining mineral fraction returned to
the original site, or landfilling if decontamination is not complete
 

• Solidification - excavation and ex situ solidification with pozzolanic agents and landfilling of
the stabilized material

These methods are effective, however, they usually involve long-term monitoring and permanent
and sometimes drastic alterations to the original site.
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In situ methods include:

• In situ soil flushing - in-place washing of soil using acid or chelate solutions followed by
pumping of contaminated soil solution to the surface for treatment

• Solidification/stabilization - similar to ex situ but involves proprietary reagent delivery and
mixing systems and may be less costly for large soil volumes and depths greater than 10 feet

 
• Containment - placing an impermeable cap on the contaminated site to eliminate water

infiltration into the contaminated soil
 
• Electrokinetics - use of low intensity direct current fields between electrodes in soil to

mobilize and capture contaminants at the electrodes for removal

• Phytoremediation - a broad term for the use of plants to remediate contaminated soil and
water

The in situ technologies, except containment and flushing, provide a clean site and normally
avoid future liability and restrictions to site use.  Depending on site conditions, phytoremediation
may have the potential to be among the lower cost options. Site conditions, including the nature
and depth of contamination, presence of debris and other contaminants in the soil, the depth to
groundwater, and soil type will influence the applicability and economics of the technology, to
where phytoremediation may not be suitable for certain sites.

1.2  Official DoD Requirement Statement
The DoD requirement statements that were addressed, as stipulated in the 1994 Tri-Service
Environmental Quality Strategic Plan (EQ Strat Plan) Report, are as follows:

1.4.d    - Lead Contamination - Army
1.3.e    - Soil Inorganic - Army
1.4.c    - Heavy Metals - Army
1.2010 - Heavy Metals in Excavated Soil Treatment - Air Force
1.I.4.J  - Improved Isolation and Treatment of Heavy Metals in Soil - Navy

The Army has provided updated information in the Army Environmental Requirements and
Technology Assessments (AERTA) that addresses the specific problems and needs for the
following requirements that are addressed by:

1.3.e. - Innovative and In-Situ and/or Onsite Ex-Situ Treatment Technologies for Soils
            Contaminated with Inorganics
1.4.c. - Remediation of Heavy Metal Contamination of Facilities
1.4.d. - Lead Contamination
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1.2.1  How Requirements Were Addressed
The overall plan for addressing environmental problems at military sites is described in the 1994
Tri-Service Environmental Quality Strategic Plan (EQ Strat Plan), also known as the Green
Book.Ref 1  Four pillars are described for managing environmental problems.  The cleanup pillar
which this project addressed has three objectives:

• Improving technologies for site characterization and monitoring
• Developing less costly remediation technologies
• Generating user-based risk assessment methodologies

This project was aimed at the second objective.  The demonstration of phytoremediation offered
a cleanup option with the potential to be less costly than existing ex situ remediation
technologies.  Phytoremediation addressed the AERTA needs identified above since the
technology is applicable to treatment of lead and heavy metal contamination and could
potentially be conducted under in situ conditions.  The technology would also be applicable for
excavated soils at Army, Navy, and Air Force sites.

The DoD requirement statements mentioned in Section 1.2.1 are all addressed in Cleanup
Program Thrust 1.N.  The problem statement for 1.N is:

DOD PILLAR 1:  Cleanup

PROGRAM THRUST 1.N:  Inorganic-Contaminated Soils

USER PROBLEM:  Currently, few techniques exist for the treatment of inorganic-
contaminated soils and sludges.  Those which do exist do not remove inorganic or heavy metals
from contaminated soils and sludges.

TECHNOLOGY OBJECTIVE:  To develop cost-effective technologies for the remediation of
inorganic- and heavy metal-contaminated soils and sludges.

TRI-SERVICE REQUIREMENTS

REQUIREMENT SUMMARY:  Inorganic and heavy metal treatment technologies are
required to reduce the volume of material requiring ultimate disposal and to reduce treatment
cost for inorganic- and metal-contaminated soils and sludges.

PROBLEM SCOPE AND MAGNITUDE:  As of 1999, inorganic and heavy metal
contamination was reported at over 940 military sites in soils and sludges.  Typical military
activities resulting in heavy metal contamination include plating operations, firing ranges, motor
pool activities, metal finishing, incineration activities, cooling water treatment, and burning pits.
Few technologies currently exist for the in situ treatment of metal-contaminated soils.  This
program was implemented to develop such technologies.
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This project was directly aimed at providing a cost-effective method for treating lead
contamination in soil.  The purpose of the project was to provide a means of removing lead from
the soil, not just isolating the contamination.  If the technology could be applied under suitable
conditions, it should benefit installations and organizations responsible for the design and
execution of military restoration activities involving lead contamination in soil.

1.3  Objectives of the Demonstration
The primary objective of this environmental technology demonstration was to provide a
technically and economically feasible means of reducing lead contamination in soils through the
utilization of plant species in conjunction with soil amendments.

The demonstration was conducted in two 0.2-acre (90-ft by 90-ft) plots.  The two plots had
different concentrations of lead contamination in the soil, representing use of phytoremediation
in two different stages of site cleanup.  The demonstration took place at the Twin Cities Army
Ammunition Plant (TCAAP) in Arden Hills, Minnesota.  The project was executed under a
cooperative arrangement among the:

• U.S. Army Environmental Center (USAEC)
• Tennessee Valley Authority (TVA)
• TCAAP and its operating contractor Alliant Techsystems Inc. (ATK)

The U.S. Army Operations Support Command (OSC) assisted the USAEC by providing sites
containing lead-contaminated soil at TCAAP.  TVA provided scientific expertise, research, and
technology demonstration.  In particular for this project, TVA provided technical expertise in
agronomy, soil fertilization, plant physiology, plant botany, heavy metals chemistry in soil and
plants, and application of soil amendments.  ATK, the operating contractor at TCAAP,
conducted day-to-day field demonstration site operations.

The project was executed in seven phases, these being:

• Site Screening, Soil Collection, and Metal Analysis (Phase 1) - During this phase,
contaminated soil from three TCAAP sites being considered for use was collected and
analyzed for pH and heavy metals.  The data collected were used to select two
demonstration sites.

• Technology Demonstration Plan Development (Phase 2) - During this phase, the Technology
Demonstration Plan was developed, written, reviewed, and approved by the Army, ESTCP,
and the Minnesota Pollution Control Agency (MPCA).

• Site Preparation (Phase 3) - During this phase, the selected sites were prepared for use.
Tasks conducted during this phase included:  delineating site locations, delineating
contamination reduction zones, erecting fences, eradicating existing vegetation, installing soil
solution monitoring systems, installing irrigation systems, preparing the soil, and pre-
operational inspection of these subsystems.
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• 1998 Field Demonstration (Phase 4) - This phase consisted of a demonstration of the use of
two crops in a growing season:  a warm season crop and a cool season crop.  An interim
results report with preliminary implementation guidance was issued at the end of this phase
to document results and provide planning for future implementation.

• 1999 Field Demonstration (Phase 5) - This phase consisted of a second demonstration of the
use of a warm season crop.

• 2000 Post-Demonstration Sampling (Phase 6) - The original plans for this phase were to
demonstrate phytoextraction only at Site 129-3.  After observation of lead and EDTA in
groundwater, the activities were modified to consist of soil, surface water, and groundwater
sampling and analyses to assess the impact of soil amendments used in phytoremediation on
these parameters.

 
• Final Report Writing (Phase 7) - During this phase, the final results document was written

using the preliminary implementation guidance document developed in Phase 4 and the Final
Report was reviewed, approved, and published.  The final implementation guidance
document (Section 8.0) outlines the applicability and restrictions to the use of this
technology and the conditions under which it can be applied in the field.

This project began on October 7, 1997, when TVA initiated site selection procedures (Phase 1).
During Phase 1, lead-contaminated soil samples were collected from two sites located within
TCAAP (November 1997).  Soil samples from these sites were taken to TVA’s facility in Muscle
Shoals, Alabama, for analysis.  Upon completion of the analysis, a preliminary assessment was
made of the local conditions and an approach was developed upon which the Technology
Demonstration Plan could be devised.  Development of the Technology Demonstration Plan was
initiated on December 15, 1997 (Phase 2).

Upon approval of the Technology Demonstration Plan, two CERCLA sites were prepared for
demonstration (Phase 3).  These sites were prepared by installing phytoextraction process
subsystems including:  fences, decontamination areas, soil solution monitoring systems, and plant
irrigation systems.  Tasks such as clearing the site of vegetation also occurred at this time.
Phytoextraction subsystems were installed at two sites at TCAAP.  The first site was located
within Site C and the second site within Site 129-3.  Based on initial soil analysis, the soil at
Site C contained lead concentrations in the range of 1,300-8,000 mg/kg (parts per million - ppm).
The demonstration conducted within Site C was intended to illustrate the effectiveness of
phytoextraction methods on moderately contaminated sites during the early stages of a multi-
year remediation program.

In contrast, the demonstration within the second site, Site 129-3, was intended to illustrate the
effectiveness of phytoextraction methods near the conclusion of a remediation program, or for
situations in which the level of contamination is low and the use of a “polishing treatment" is
desirable.  Lead concentrations ranged from 23 to 740 ppm at the site.  Demonstrating
remediation at low-end concentrations was considered to be important because the effectiveness
of a phytoextraction technique can vary with soil lead concentration.  Consequently, it was
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important to identify any problems that may be encountered at low lead concentrations which
are not observable at high concentrations.

The demonstrations at Sites C and 129-3 were conducted over a two-year period, with
assessment of the impact of the technology on soil and groundwater conditions conducted in the
third year.  These periods are referred to as the 1998 Demonstration (Phase 4), the 1999
Demonstration (Phase 5), and the 2000 Post-Demonstration Sampling (Phase 6).  Two crops
were planted in the first year of the demonstration:  a warm season crop (field corn) and a cool
season crop (white mustard). For the second demonstration year, only one crop, a silage corn
variety, was planted.  An interim results document, with preliminary implementation guidance,
was issued as part of the 1998 Demonstration (Phase 4).  Phase 7 consisted of writing the final
results document, including the final implementation guidance.

1.4  Regulatory Issues
The FY92 Defense Authorization Act required the Director of Defense Research and
Engineering to develop a strategic investment plan for Environmental Quality Research and
Development.  A report called the Tri-Service Environmental Quality R&D Strategic Plan was
published in 1993 and revised in 1994.  It provided a 5-year plan for environmental activities at
U.S. military sites.

The Department of Defense established the Defense Environmental Restoration Program
(DERP) in 1984 to promote and coordinate efforts for evaluation and remediation of
contamination at DoD facilities.  Congress established the Defense Environmental Restoration
Account (DERA) in 1986 as Title 10, United States Code (USC) 2701-2707 and 2810, as a part
of the Superfund Amendments and Reauthorization Act (SARA).  Section 11 of SARA, as
amended in November 1993, requires an annual report to Congress on progress made with
environmental restoration at military installations.  SARA establishes Applicable or Relevant and
Appropriate Requirements (ARARs) levels for cleanup for specific chemicals, as discussed
below for lead.

Lead contamination is commonly seen at DoD installations.  Typical military activities that result
in lead contamination include production and handling of ammunition, plating operations, firing
ranges, motor pool activities, metal finishing, incineration activities, and burning pits.  Lead is
frequently identified as a Contaminant of Concern.

Lead has attracted the attention of regulators for many years.  Although the health effects of
lead have been studied in great detail, there is still a lack of knowledge in determining the levels
of lead that correspond to specific health effects or risk levels.

The carcinogenicity of lead salts administered to rats orally or by injection has been
demonstrated, and the United States Environmental Protection Agency (USEPA) has classified
these compounds in Group B2 (probable human carcinogen).  But because occupational
exposure to lead has not resulted in corresponding blood lead levels, USEPA has not developed a
cancer slope factor and has focused on the non-carcinogenic effects.
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The major adverse non-carcinogenic health effects of lead include changes in the hematopoietic
(blood-forming organs) and nervous systems.  The health effects of lead are most closely related
to the total amount of lead contained in the body, with the concentration of lead in whole blood
being the most widely used index of total lead exposure.  Some health effects of lead have been
shown to occur at almost undetectable levels which have prevented the development of a
reference dose (RfD) threshold value.

USEPA’s alternative approach to the use of cancer slope factors and RfDs to evaluate lead
exposure is to consider the effect of exposure on the total body burden, i.e., blood lead levels.
USEPA currently has determined that 10 µg/dL should be the level of concern based on the most
sensitive effects on the most sensitive population, that being neurological effects on small
children.  This blood lead level is the basis for determining cleanup levels in drinking water and
soil at CERCLA sites.

For lead in soil, USEPA has developed a preliminary remediation goal of 400 mg/kg using the
Integrated Exposure Uptake Biokinetic (IEUBK) model (USEPA, 1994a).  This model is
designed to evaluate exposure from lead in air, water, soil, dust, diet, paint, and other sources,
and predict blood lead levels in children 6 months to 7 years old.  It is important to remember
that the remediation goal of 400 mg/kg is based on residential (daily) exposure to small children
and may not be applicable at all sites.

Lead-containing soils are regulated under the Resource Conservation and Recovery Act
(RCRA).  Limits have been established by USEPA for the toxicity of lead and these limits are
published in the Code of Federal Regulations (CFR).  The 40 CFR, Section 261.24, identifies
lead in solids as a hazardous waste due to toxicity at 5.0 mg/L.  This value is established using
the Toxicity Characteristic Leaching Procedure (TCLP) developed by USEPA.  Thus, the
concentration of lead may be higher than 5.0 ppm in the soil, but the leachability of the lead
cannot exceed the 5 mg/L level.  The Safe Drinking Water Act (SDWA) establishes ARARs for
cleanup.  The 40 CFR, Section 268.40, establishes 5.0 mg/L as the standard for lead
contamination in wastewaters and non-wastewaters.

Lead concentrations in air are regulated by the Clean Air Act of 1970, as amended in 1977 and
1990.  Lead is included in the National Ambient Air Quality Standards (NAAQS) as a criteria
pollutant.  The primary standard for lead is 1.5 µg/m3 as an arithmetic mean averaged quarterly.
Lead is regulated as a hazardous air pollutant (HAP).  Lead in soil can become airborne during
activities that create dust at sites with lead soil contamination.

1.5  Previous Testing of the Technology
In the mid-1990s, the USAEC became interested in phytoremediation methods after private
sector laboratory studies and field trials suggested that the technique might become a cost-
efficient means of remediating metals-contaminated soils  (see Tables 1-1 and 1-2).

In 1996, the USAEC funded a greenhouse study at TVA to determine whether the effectiveness
of phytoextraction techniques could be increased.  The primary goal of that project was to
determine whether enhancing the water solubility of soil-borne lead would be a practical method
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for improving the phytoextraction of lead-contaminated soils.  The greenhouse study was
conducted by TVA using soil from the Sunflower Army Ammunition Plant (SFAAP) located at
Desoto, Kansas.  TVA provided technical expertise and conducted the greenhouse study at the
TVA greenhouse and environmental growth chamber facilities in Muscle Shoals, Alabama.  The
results of this study can be found in the report “Results of a Greenhouse Study Investigating the
Phytoextraction of Lead From Contaminated Soils Obtained From the Sunflower Army
Ammunition Plant, Desoto, Kansas,” USAEC Report No. SFIM-AEC-ET-CR-98036. Ref. 2

Specific findings of the greenhouse studyRef. 2 were:

• Amending the soil with chelates for white mustard, or chelates in conjunction with soil
acidification to a pH of 5.5 for corn, increased lead concentrations in the plants up to 1,000-
fold over unamended soils.

 
• When using soil amendments to stimulate lead uptake, the lead concentrations in the plant

shoots were up to 1% in corn and sorghum-sudan grass, 1.2% in alfalfa, 2% in Indian
mustard, and 2.4% in white mustard.

 
• Translocation of lead from root to shoot occurred within 24 hours of chelate application (in

agreement with Huang et al.Ref. 3).
 
• The plants most efficient at accumulating lead in shoots also produced the largest amount of

shoot biomass.  Shoot biomass is essential for maximum lead removal.

• A lead concentration of up to 2.4% in white mustard was achieved using a chelate alone,
suggesting that soil acidification was not necessary when this species was used.
Accumulation of lead in corn and white mustard was a function of the lead concentration in
the soil (higher soil lead = greater plant lead).  Blaylock et al.Ref. 12 reported similar findings in
EDTA produced much higher lead concentrations in white mustard coincident with the
increase in the total concentration of lead in the soil.

 
• A planted soil column study, which was designed to determine the persistence and movement

of EDTA in the soil, showed an average 55% recovery of applied chelate, with the highest
concentrations found in the top 15 cm of the soil.  Blaylock et al.Ref. 12 reported similar
findings in a field study.

The results of the greenhouse study were sufficiently encouraging to warrant a field
demonstration of the phytoextraction technique, as funded by ESTCP and reported in this
document.
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Table 1-1

List of Promising Research With Synopsis of Findings

• 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
ethylenedinitrilo-tetraacetic acid (EDTA).Ref. 3

• In laboratory pot trials with addition of chelators to soil, shoot lead concentrations
have reached 1% lead in corn and peas.Ref. 4

• Corn exposed to low lead concentrations (4 ppm) in hydroponic solutions
accumulated 0.2% lead in shoots.Ref. 5

• Cultivars of Indian mustard selected for lead uptake using hydroponic solutions or
sand/perlite mixtures for growth and lead application accumulated up to 3.5% Pb in
shoots.Ref. 6
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Table 1-2

List of Known Phytoremediation Field Trials With Synopsis of Findings

• Bayonne, New Jersey, site:  Soil at a Texaco Oil site contaminated with 1,000 ppm lead
was remediated using the plant species Indian mustard, with soil amendments of the
chelator 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 Univ.Ref. 7]

• Palmerton, Pennsylvania, site:  A Superfund site contaminated with 2,000 to 50,000 ppm
zinc and 38 to 1,020 ppm cadmium has been 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.Ref. 8  Zinc (Zn) concentrations in Alpine
pennycrest shoots from the field site were 0.6% to 1.0%.Ref. 9  In greenhouse studies using
soil from the Palmerton site, Alpine pennycrest accumulated 1.8% Zn  and 0.1%
cadmium (Cd) in the shoots without yield reduction associated with metals toxicity.Ref. 10

• Liberty Park, New Jersey, site:  Soil contaminated with chromium was remediated by
planting with Indian mustard.Ref. 11

• 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.Ref. 12

• Butte, Montana, site:  The Department of Energy (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.Ref. 13

• 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.Ref. 14
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Table 1-2 (Continued)

List of Known Phytoremediation Field Trials With Synopsis of Findings

• A field study investigated the potential of red root pigweed, Indian mustard, and tepary
bean for phytoextraction of radioactive 137cesium from contaminated soil.  Pigweed
showed much higher potential for removing cesium from the soil than mustard and bean
(40-fold more), with approximately 3% of the total 137cesium being removed from the top
15 cm of soil.  The project is continuing to investigate the effect of inorganic and organic
soil amendments on potential for leaching of 137cesium.Ref. 15

• A field study is ongoing at a site in Chernobyl, Ukraine, using sixteen high biomass
cultivars of amaranthus, amaranthus x Jerusalem artichoke hybrid, sunflower x Jerusalem
artichoke hybrid, corn, peas, sunflower, and Indian mustard in combination with 20
different soil amendments to remediate soil contaminated with radioactive 137cesium.
Soil amendments included chelates, surfactants, organic and inorganic acids, and salts.
Amaranthus showed the highest bioaccumulation coefficients for cesium and the highest
yields, with significant variation within cultivars.  Indian mustard was intermediate in
cesium bioaccumulation, but lowest in yields; sunflower showed a low bioaccumulation
coefficient and low yields.  Of the soil amendments, only ammonium salts were effective
in increasing extraction of 137cesium from the soil by the plants.  Cropping resulted in
only a small decrease in 137cesium activity in the soil.Ref. 16
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Section 2.0
Technology Description

2.1  Description

2.1.1  Waste and Media Application
Phytoextraction is an in situ remediation method which uses plants to remove ionic metals (e.g.,
lead) from contaminated soils.  Ionic metals are commonly produced when metal-bearing
propellants, ammunitions, and powders are burned on the soil surface or particulate lead
dissolves.  Ionic lead contamination may also occur when leaded chemicals or fuels are spilled.
Particulate elemental lead, bullet fragments for example, cannot be treated by this process.
Phytoextraction methods may practically be used to remediate soils contaminated with lead in the
100 to 2,000 ppm range.  For the technology to work, at least 50% of the total soil lead should be
in a form amenable to extraction by plants.  Expectations for reduction in soil lead concentrations
are in the range of 100 to 200 mg lead/kg soil per year.  Treatment at higher soil lead
concentrations is technically feasible; however, the time required to achieve complete
remediation will be excessive and unrealistic.

2.1.2  Description of Technology
In phytoextraction, heavy metals are taken up in plant tissues in sufficient concentrations to
cause plant death.  After the plants die, the plant shoots are harvested and can either be
processed for metals recovery or disposed of as a hazardous waste.  In contrast to some other
remediation methods, phytoextraction techniques allow for the extraction and recovery of metals
in situ; mechanical removal of the soil should not be necessary.

The extraction of ionic lead by plants is the primary focus of this technology.  However, lead is
not easily taken up by plants and removed from soil.  Lead is considered the least soluble, the
least mobile, and the least plant-available of the heavy metals in soils.  Ionic lead (Pb2+) is usually
present in soil in various insoluble solid phases (i.e., lead carbonate - Pb3(CO3)2(OH)2, lead
cerrusite - PbCO3, lead phosphates, etc.) which do not readily release lead into the soil solution;
thus, plant availability of lead is generally low.  Lead also tends to accumulate within the root
structures of most plants rather than moving to the aerial shoots.  Before being taken up by a
plant, lead in solid phases must be dissolved and released into the soil solution as ionic lead.  The
lead then is absorbed into the plant roots and translocated from the roots to the plant shoots.

In phytoextraction, plant uptake of lead may be increased by adding soil amendments to increase
lead solubility.  Solubilization makes lead more available for plant uptake.  The soluble forms of
lead easily move into the plant roots and are translocated to and accumulate in the aboveground
shoots of certain plant species at much higher concentrations than would otherwise occur.  The
use of these amendments with selected plant species allows lead accumulation of up to 2% in the
aboveground portion of the plant.

Soil amendments currently used for phytoextraction are soil acidifiers and chelates.  Soil
acidifiers, such as acetic acid, temporarily increase soil acidity which solubilizes lead out of soil
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solid phases and into the solution phase of the soil (the soil solution).  Chelates, such as EDTA,
enhance solid phase solubilization by chelating the lead that is in solution and shifting the
equilibrium toward further dissolution (i.e., lead ions combine with the chelating agent, thereby,
removing ionic lead from the liquid phase and promoting additional release of the solid phase lead
into the liquid phase).  Chelation may be viewed as the multiple bonding of a metal to
coordinating groups (or ligands) of an organic compound to form a stable charge transfer
structure which protects the metal ion from reacting with the soil to form insoluble compounds.

There are several components of a phytoextraction scheme.  The “processing unit” of a lead
phytoextraction system consists of a plowed field of the contaminated soil, a crop, an irrigation
system, a fence, the necessary farm equipment, decontamination equipment, and a
decontamination area.  The decontamination area is used for decontamination of personnel and
farm equipment leaving the contaminated area.  The addition of soil amendments greatly
enhances lead uptake by the plants; however, plant species vary considerably in ability to take up
lead, even when it is in a soluble form.  Plant species that have suitable characteristics for lead
remediation are corn, alfalfa, Indian mustard, and white mustard.

To “operate” the field, a crop, which is chosen for good growth in the climate of the area, is
planted and grown to full vegetative biomass maturity (i.e., to a stage just before fruit or grain
production) using common farm practices.  After the plants have matured, the amendments are
added to the soil to solubilize lead into a plant-available form.  Within a few days, the plants
begin to senesce (die) due to uptake of large amounts of lead and chelate.  After plant death, the
shoots are harvested, either by use of common farming techniques or by hand.  The harvested
crop is then either disposed of as a hazardous waste or processed (smelted) for metals recovery.
The number of extraction crops that can be grown to full vegetative biomass depends on the type
of plant and local climate and may range from one to four crops per year.  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.  Examples of common cover crops are
wheat, barley, and annual and perennial ryegrass.

2.2  Strengths, Advantages, and Weaknesses
Several strengths and advantages have been attributed to phytoremediation.  However, this
demonstration showed that in this particular case, the weaknesses outweighed the advantages.
The feasibility of implementing a phytoextraction program at a particular site is influenced by the
following factors:

• The lead content of the soil
• The underlying geology
• The potential for phosphorus deficiencies in the soil
• Local weather conditions
• Plant selection
• Chelator cost
• Size of area to remediate
• Time limitations for remediation
• Regulatory requirements within a state
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Sites with lead concentrations within 200 - 300 mg ionic lead/kg soil of the clean-up level are the
most suitable for phytoextraction, since this type of site could be remediated within 5 years.
However, the expected reduction in soil lead ranges from 50 - 100 mg lead/kg soil per year, so the
time required to successfully conclude a remediation program may become unrealistic for higher
concentrations.

The underlying soil geology may also be a concern.  Soil amendments increase lead solubility and
it is possible for lead to move out of the plant root zone into lower soil layers, adjoining areas, or
groundwater.  Therefore, careful attention must be paid to the nature of the underlying geology
(soil texture, clay content, hydraulic conductivity, soil moisture, depth of water table, etc.), as
well as the levels of soil amendment application.

Phosphorus (P)-deficient soils may complicate phytoextraction schemes.  Lead-contaminated
soils tend to be deficient in plant-available phosphorus because some of the applied phosphorus
may precipitate with lead as insoluble lead-phosphate complexes.  The symptoms of phosphorus
deficiency include decreased plant growth and decreased biomass production.  Phosphorus
deficiency lowers remediation effectiveness by reducing total lead uptake.Ref. 3  This can be
remedied by supplying additional phosphorus to the plant, either by foliar application (i.e.,
spraying a water-soluble phosphate fertilizer solution directly on the plant) or by band application
of phosphorus at planting (i.e., applying bands of phosphate fertilizer below the soil surface and
to the side of the plant or seed row).  However, this can easily be done only with crops that are
planted in rows, such as corn.  This may not be practical for crops that are broadcast-seeded,
such as mustard.

Local weather conditions affect the length of the growing seasons, the type of crop to be grown,
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:  the length of the growing season, the availability of rainfall
and rainfall accumulations, adaptability to local conditions, soil fertility, and ability to take up
lead.  Corn (Zea mays) appears to be the most suitable warm season crop, while white mustard
(Sinapis alba), Indian mustard (Brassica juncea L.), and alfalfa (Medicago sativa L.) appear to
be suitable cool season crops.

Chelate costs are a major part of the expenses for a phytoextraction project and fluctuations in
prices may significantly impact projected budgets.  If feasible, long-term contracts with the
vendor to supply the required amount of chelate over the life of the project at a pre-set cost
would be very desirable.

The size of the area to be remediated directly affects both the level and type of labor and
equipment required, which in turn affect cost.  A practical area size limit for completion using
manual practices (i.e., soil core sampling, hand tilling, planting, and harvesting) would be half an
acre.  Larger areas will require the use of mechanized equipment.  Manual labor is initially
cheaper, but there will be a point where this cost savings will quickly be offset by the time and
effort required to accomplish each task.  At that point, mechanized equipment becomes more
practical.
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The time required to phytoextract an area is a function of the potentially extractable and plant-
available lead concentration in the soil and the cleanup level (residential or industrial standard) to
be achieved.  In most cases, phytoextraction is slower than other methods.  The ultimate use of
the area dictates the maximum time that can be allotted for remediation.  For example, simple
economics dictate that an area designated for general construction will require a more expedient
method than phytoremediation for cleanup.  However, if there are no immediate plans for use of
the area, and all that is required is that the area be cleaned up, then phytoextraction will be
entirely suitable.

Additional aspects of phytoextraction relative to other remediation technologies include:

• Low remediation costs, ranging from $25 to $127 per cubic yard.Refs.17,18

 
• Heavy metals removal by plant harvesting minimizes site disturbance and limits the dispersal

of contaminants.
 
• Heavy metals recycling is possible via the processing (smelting) of the harvested plant tissues.
 
• If the heavy metals are recycled, the cost and long-term liability associated with maintaining a

landfilled hazardous waste is substantially reduced or eliminated.
 

• Operating space requirements are limited to the field being treated.
 
• The technology is relatively simple and easy to implement.
 
Relative to other technologies, phytoremediation also has a number of weaknesses:

• Can require several years for remediation.
 
• Only applies to limited situations (lead concentrations, site conditions, soil type).
 
• Will be prohibitively expensive for higher soil lead concentrations.
 
• Technology is greatly impacted by weather and other environmental factors.
 
• May require liners to prevent lead leveling, which will increase costs.
 
• EDTA is an effective chelate for solubilizing lead, but carry-over EDTA may become toxic to

plants.
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2.3  Factors Influencing Cost and Performance
Factors which affect the cost and performance of phytoextraction technology include:

• Soil (Matrix) Properties
♦ Soil type
♦ Clay content and/or particle size distribution
♦ Hydraulic conductivity
♦ Moisture content
♦ Porosity
♦ pH
♦ Contaminant depth

 
• Properties of Organics in Soil

♦ Total organic carbon
 

• Non-Matrix (non-soil) Characteristics
♦ Contaminants
♦ Ambient temperatures
♦ Geology and hydrogeology
♦ Cleanup levels
♦ Weather conditions (rainfall, drought)
♦ Growing season
♦ Chemical costs

The potential effects of each of these factors on cost or performance are listed in Table 2-1 and
procedures for measuring these parameters are listed in Table 2-2.

Other factors which can be relevant to the performance of the technology are outlined in Table 2-3
in accordance with the guidelines given in “Guide to Documenting and Managing Cost and
Performance Information for Remediation Projects:”Ref. 19

• The applicability of the technology to a specific situation
• Competing technologies
• The maturity of the technology

The implication of these factors are outlined in Table 2-3.
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Table 2-1

Matrix Characteristics and Operating Parameters that Affect Phytoremediation
Technology Treatment Cost or Performance

Parameter Potential Effects on Cost or Performance
Matrix Characteristics

Soil Properties
Soil Type 1. Sand and sandy loam soil types are conducive to leaching of nutrients;

consequently, natural fertility usually is low and nutrient deficiencies
may develop in plants.  Applied chelate and inorganic contaminants
solubilized by the chelate may be subject to downward movement,
which may move contaminants of interest beyond the root interception
zone of remediation crop, and uptake by crop may be reduced.

2. Mineralogy of soil--an enriched iron oxide content will promote strong
adsorption of chelate, which may reduce chelate effectiveness or may
result in carryover to successive crops.

Clay Content and/or
Particle Size Distribution

1.  Presence of clay lenses or a fine clay/sand hardpan layer increases
difficulty and labor requirements of sampling.

2.  Also results in reduced and non-uniform infiltration (areas over-
saturated or under-saturated) of added soil amendments (chelate and
acidifier) which may result in loss by runoff and reduced amount in root
zone (treatment effectiveness compromised).

Hydraulic Conductivity 1. Variable in sandy loam from slow to fast.  This results in variable
infiltration rates and non-uniform amendment application and placement
within crop; potential for runoff increased.

2. Fast in sand.  May result in too rapid downward movement of
amendments and reduced contact time with roots--reduced treatment
effectiveness.

3. Slow in clay.  May result in restricted downward movement of
amendments and prolonged contact time with roots--reduced treatment
effectiveness.  May result in runoff of soil amendments.

Moisture Content Soil moisture should be regulated by selective irrigation so that the required
amount of soil amendment may be applied in a volume which does not
exceed field capacity in the top 2 feet of soil (rooting zone).

Porosity Directly affects the water-holding capacity and field capacity of soils.
pH 1. Must be within the tolerance range of crop to be grown for efficient

nutrient utilization and maximum yield.
2. pH is reduced to 5.5 to facilitate solubilization of inorganic contaminants

into plant-available form and to increase efficiency of chelate.
Contaminant Depth Contamination in soil must be restricted to a depth accessible to plant roots

(usually top 2 to 3 feet).
Properties of Organics in Soil

Total Organic Carbon This influences important soil chemical and physical properties, i.e., fertility,
exchange capacity, and moisture-holding capacity.  This may also affect
reactions of inorganic contaminants (metals, oxyanions) both before and after
solubilization by amendments.



Lead Phytoremediation Demonstration                                                              Twin Cities AAP2-7

Table 2-1 (Continued)

Matrix Characteristics and Operating Parameters that Affect Phytoremediation
Technology Treatment Cost or Performance

Parameter Potential Effects on Cost or Performance
Matrix Characteristics

Non-Matrix Characteristics
Contaminants The primary contaminant of interest should have the greatest interaction with

the soil amendments (acidifier and chelate) and the selected amendments
should be tailored to the primary contaminant.  Other Contaminants of
Concern (COCs) should be identified and quantified and a determination made
of potential adverse effects on crop growth.  Crops with low tolerance to any
contaminants should not be grown.

Ambient Temperature Ambient temperature affects metabolic processes of plants.  Lower
temperatures may reduce rates of uptake and assimilation.

Geology and Hydrogeology Heterogeneous material, i.e., sandy soil with gravel and cobbles, will increase
sampling difficulty and will promote variable hydraulic rates.  May limit
usefulness of suction lysimeters as monitoring tool for solubilized metals in soil
solution.  A shallow or perched water table may be subject to contamination
by amendments and solubilized COCs and may reduce percolation rates.
Heavy clay soils may inhibit infiltration.  Direction of flow should be
considered to determine suitability of site for amendment application.  Shallow
hard pan restricts root growth and encourages shallow rooting.

Cleanup Levels Technology may not be suitable for reducing all COCs to appropriate level or
the desired level may not be achievable within an appropriate timeframe.
There may be a wide disparity in cleanup levels among the COCs.  A dual
level (industrial and residential) may exist for some contaminants.
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Table 2-2

Measurement Procedures for Matrix Characteristics and Operating Parameters
That Affect Phytoremediation Technology Treatment Cost or Performance

Parameter Measurement Procedures
System Parameters
Soil Classification Official Soil Series Descriptions, USDA-NRCS Soil Survey Division,

Iowa State University
pH ASA Method 12-2.6
Temperature Standard ambient temperature mercury thermometer
Porosity ASA Method 8-2.3, Water Retentivity.
Biological Activity

Nutrients/Soil Amendments 1. Organic Carbon measured by ASA Method 29-3.5.2; nitrogen as
ammonia by ASTM D 1426-89, Test Methods for Ammonia
Nitrogen in Water; nitrogen as nitrite-nitrate by ASTM D 3867-90,
Test Method for Nitrite-Nitrate in Water; phosphorus by ASTM D
515-88, Test Methods for Phosphorus in Water; aluminum, calcium
and magnesium by ASA 9-3.1; extractable iron by ASA Method 17-
4.3.

 
2. EDTA in soil and plants by Method AP-0057 and Method AP-0047.

Plants Per Unit Area and Plant Type 1. Representative areas in remediation plots selected and measured, area
calculated, and number of growing plants in area counted.  Total
plant population calculated by extrapolation to a per acre basis.

 
2. Amount of biomass produced determined by subsample weighing and

extrapolation to total field area and by actual weight determination at
disposal site, i.e., a smelter.
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Table 2-3

Other Factors Affecting Project Demonstration Performance

Applicability of the Technology
• Phytoextraction is suitable for the range of lead concentrations (100 to 2,000  mg/kg) present in demonstration

sites.  Sites with higher lead concentrations may be remediated without interfering with plant growth.
However, the expected lead reduction in soil ranges from 50 to 100 mg/kg per year and time constraints may
limit use for higher concentrations.

• Technology usefulness may be limited by the sandy soils on demonstration sites which are conducive to
downward movement of solubilized metals, as well as EDTA.

• Highly stratified soil with hardpan near surface may restrict root growth, encourage shallow rooting, and
reduce infiltration while promoting runoff of added soil amendments.

• Stratified soils of varying texture within the soil profile restrict use of lysimeters for monitoring potential
downward movement of chelate and contaminants.

• Presence of clay lenses may result in non-uniform infiltration of amendments across the continuum of the
demonstration area.

• Presence of beryllium and thallium, even at very low soluble concentrations (2 ppm) in soil, may limit plant
growth and sensitive accumulator crops may be severely damaged.  These elements show indication of

solubility into plant-available form by application of soil amendments or into a form which may migrate
through soil, causing damage to roots.  Therefore, phytoextraction may not be suitable for soils which contain
these elements.

• The forms of soil lead govern the potential amount of lead that may be solubilized by a chelate, and thus the
amount of lead available to plants.

• Application of the technology will be severely limited in areas having a shallow and/or fluctuating groundwater

table that periodically intrudes into the amendment-treated rooting zone.

Competing Technologies
• Phytoextraction competes with conventional established technologies such as landfilling, soil washing

(separation), in situ soil flushing, and containment.

• Commercial-for-profit vendors are actively promoting and using phytoextraction.  However, methods are
proprietary and operational success is not certain at present.

Maturity of the Technology
• Phytoextraction is an emerging technology and the methodologies and processes of applying the technology

are still being defined through demonstrations.  Several problematic areas, for example, chelate application
methods, application rates, and chelate persistence in soil remain to be satisfactorily addressed and resolved.

• Current technology demonstrations and contaminants being addressed are:  Arden Hills, Minnesota (lead);
Bayonne, New Jersey (lead; Palmerton, Pennsylvania (zinc and cadmium); Liberty Park, New Jersey
(chromium); Trenton, New Jersey (lead); Butte, Montana (cadmium, zinc, and radioactive cesium and
strontium); and at the Superfund Innovative Technology Evaluation (SITE) Program site in Ohio (cadmium,
lead, and hexavalent chromium).
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Section 3.0
Site/Facility Description

3.1  Background

3.1.1  Site Selection Criteria
The USAEC, in consultation with TVA, selected TCAAP as the demonstration site based on the
soil and geologic conditions, the local climatic conditions, implementation cost, facility interest,
and the interest of regulatory agencies in the affected state.  TCAAP was selected for the
following reasons:

Soil and Geologic Considerations
• TCAAP had sites with both moderate and low levels of ionic lead contamination.
• Metallic debris (i.e., bullet jackets) were present in the soil at Site C, so a demonstration at

that site would provide a perspective on the impact of metallic lead particulate on
remediation efforts.

• The soils at TCAAP were thought to be sandier than those used during the Sunflower
greenhouse study and, therefore, would have better infiltration characteristics.

• The depth of the water tables varied considerably at the TCAAP sites, providing
opportunities to examine the effect of these differences on the technology.  At Site C, the
water table could fluctuate between 2 to 10 feet below the surface, although there is no
historical groundwater data at the area where the demonstration plot was located.  However,
the plot was on the highest part of Site C proper, and groundwater was not encountered
beneath the plot area during lysimeter installation or during soil sampling.  At Site 129-3, the
water table is estimated to be 140 to 200 feet below the surface.

Climatic Considerations
• Minnesota does not have a long growing season and can have early/late frosts, snow, etc.

This provided an opportunity to examine operational feasibility in a relatively difficult
climate.

Cost Considerations
• Local ATK personnel could be used for demonstration activities.
• A smelter was located nearby.

Local Facility and Regulatory Considerations
• TCAAP was interested in demonstrating the use of innovative technologies.
• The State of Minnesota, in general, has a "forward" thinking approach in environmental

matters.
• Regulators in the State of Minnesota are interested in the new technologies.
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3.1.2  Facility Description
TCAAP is a 2,370-acre facility located in Arden Hills, Minnesota, approximately ten miles north
of Minneapolis-St. Paul, Minnesota (Figure 3-1).

TCAAP is surrounded by four suburban towns including:

• Shoreview to the north and east
• Mounds View to the west
• New Brighton to the southwest
• Arden Hills to the south

TCAAP was established in 1941 and was used for the production and storage of small arms
ammunition (.30 and .50 caliber), related materials, fuzes, and artillery shell metal parts.  The
facility also provided proof testing of small arms ammunition and the storage and handling of
strategic and critical raw materials for other government agencies.  At its peak, the facility
contained 7 major production buildings and over 300 auxiliary buildings (Figure 3-2).  The
facility is currently inactive.

The phytoremediation demonstration was conducted on areas within Sites C and 129-3.  Site C is
located immediately east of Mounds View Road, just northeast of the central portion of TCAAP
(Figure 3-2).  Site C’s northern boundary is approximately 0.5 mile south of the northern plant
boundary.  The site is bounded by railroad tracks to the east and by Building 190 to the south
(Figure 3-3).  It is about 550 feet wide in the east-west direction and 1,300 feet long in the north-
south direction.

Site 129-3 lies west of Snelling Avenue, just south of the Snelling Avenue and Upper Range Road
intersection near the center of TCAAP (Figure 3-2).  Site 129-3 is located about 0.1 miles west
of the TCAAP internal reservoir.  The site is roughly shaped like a parallelogram and has
approximate dimensions of 225 feet in the north-south direction by 280 feet in the east-west
direction (Figure 3-4).

3.1.3  Facility History

3.1.3.1  Current Operations at TCAAP
TCAAP is a government-owned military industrial installation under the jurisdiction of the
Commanding General, Headquarters, United States Army Operations Support Command.  The
OSC was formed on October 1, 1995, and has its headquarters at the Rock Island Arsenal, Rock
Island, Illinois.  OSC is a major subordinate command of the U.S. Army Materiel Command.

From 1941 to 1976, the mission of TCAAP was to produce a wide variety of ammunition for the
U.S. and its allies during World War II, the Korean conflict, and the Southeast Asian conflict.
Since active production has not been required since the late 1970s, TCAAP today is in modified
caretaker status.  This means that there are no active Army production activities
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Figure 3-1

Location of TCAAP in the State of Minnesota
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Figure 3-2

TCAAP Boundaries and Potential Contaminant Sources
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Figure 3-3

Layout of Site C
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Figure 3-4

Layout of Site 129-3
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except for that conducted by companies that occupy facilities on the installation under some
form of contractual arrangement with the Army.  DoD contractor Alliant Techsystems Inc. is
such a tenant that also currently serves as the Installation Support Services contractor.  In
addition, TCAAP serves as host to the U.S. Army Reserves and the Minnesota National Guard.
TCAAP has focused its attention on the mission of environmental cleanup and is implementing
its comprehensive environmental cleanup program under CERCLA.

TCAAP’s current mission is to retain control of the site until the facility has been remediated to
industrial use standards.  Ownership of lands is currently retained by the OSC.

TCAAP is participating in the Installation Restoration Program (IRP), a specially funded
program developed by DoD in 1978 to identify, investigate, and control the migration of
hazardous contaminants on military and other DoD installations.

ATK also operates production facilities on TCAAP property for DoD production contracts.  The
property was declared excess by OSC in 1992 due to reduction-in-force structure requirements.
Remediation efforts are proceeding on the property.

3.1.3.2  Past Operations at TCAAP
TCAAP was established in 1941 as part of the World War II buildup.  Employment reached a
historic high of near 24,000 during World War II.  The installation supported both the Korean
and Southeast Asian conflicts.  A small-caliber ammunition modernization program was initiated
in 1967, with additional prototypes in 1974.  Production was completed in 1976.

In 1981, environmental studies indicated that contaminated groundwater from the TCAAP was
migrating into the Minneapolis-St. Paul metropolitan groundwater supply.  These studies
suggested that a number of sites within TCAAP were contributing to groundwater and soil
contamination.  These sites included:  former landfills, impoundments, burning and burial
grounds, ammunition testing and disposal sites, industrial operations buildings, and sewer system
discharges.  The primary groundwater contaminants were volatile organic compounds (VOCs).
The primary soil contaminants were ammunition-related heavy metals (copper, lead, and
mercury), followed by VOCs and polychlorinated biphenyls (PCBs).

3.1.3.3  Past Operations at Site C
Documentation on materials disposal or other activities at Site C is limited.  The site’s history has
been deduced mainly on a review of aerial photographs.  In 1940, Site C consisted of agricultural
fields and two farmsteads.  From 1947 to 1957, the site was used for burning scrap wood boxes,
solvents, oils, corn cobs, and production materials.  The site was also used as an open storage
site from 1947 to 1982.  Typically, the northern portion of Site C, commonly referred to as
Site C-1 (Figure 3-3), was used as a burning ground and general waste disposal area.  In May
1962, a  60-foot x 20-foot x 30-foot pit was dug in the southeast portion of Site C next to a
railroad track (Figure 3-3).  This pit, commonly referred to as the 1962 Pit, was used to
decontaminate 64 machines from Building 103.  These machines, contaminated with explosives,
were subjected to open-flamed fires fed with wood and No. 2 fuel oil.  The decontaminated
machines were later removed and sold as scrap.  The phytoremediation demonstration site is
located in the approximate area of the 1962 Pit.
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3.1.3.4  Past Operations at Site 129-3
Documentation of some of the disposal activities at Site 129-3 is based on aerial photographs.  A
1940 aerial photograph indicates that Site 129-3 was once an agricultural field.  The
photographic evidence suggests the site was vacant from 1945 to 1966.  In 1970, aerial
photographs indicated that a large rectangular pit had been installed in Site 129-3 and a pipe was
extending from the southeast corner of the pit to the adjoining road.  By 1972, two rectangular
pits appeared (Figure 3-4).  Each pit was approximately 65 feet wide x 120 feet long.  The pits
were separated by about 20 feet.  These pits are believed to have contained contaminated
wastewater from a lead styphnate production facility constructed in December 1971 during the
Southeast Asian conflict.

Production of lead styphnate was carried out in Buildings 138-A, -B, -C, and -D.  Contaminated
wastewater from the facility was treated with steam at the facility to break down tetracene.
Sodium hydroxide was then added to precipitate lead, and aluminum powder was added to
neutralize the resulting basic solution.  Facility records suggest that after treatment, the
wastewater was transported to the lead styphnate leaching pits at Site 129-3.  It is believed that
wastewaters from primer explosive mixing (Building 328), primer filling (Building 135), and
tetracene manufacturing operations (Building 327) were also disposed of in the leaching pits
located at Site 129-3.

The material put in the pits was about 90% water and was taken to the pits by sump trucks.
Liquids from the trucks were channeled into the leaching pits through pipes in the southeast
corner of each pit.  An estimated 1,500,000 to 2,000,000 gallons of wastewater were discharged
annually into the pits.  After discharge, water leached into the ground or evaporated.  The pits
were also flashed with scrap propellant powder.  This flashing may have been done on an
irregular basis, especially in winter when several months could pass between flashings because
of snow.

Although it has been claimed that the pits were used until 1978, it seems likely that activity
ceased in 1976.  Activities associated with the Southeast Asian conflict ended at TCAAP in
September 1974.  A 1977 aerial photograph shows that both pits remained open with no liquid in
either pit and with what appeared to be a light-toned residue in the western pit.  The pits were
eventually sealed, as documented in a letter dated October 25, 1977.  According to operating
personnel, the pits were filled with sand, capped with clay, and sloped.  A 1980 aerial
photograph shows that the site had revegetated, but the access road was still visible.

A small circular pit containing light-toned material was also visible in the 1970 photo, but was
not evident in the 1972 photo (see 1972 Pit in Figure 3-4).  This pit may have been used for the
disposal of mercurous nitrate.  According to operating personnel, the pit was "filled in",
however, no details of this action are available.  Spent mercurous nitrate solution, which was
used in the quality control (QC) testing of brass cartridge cases, was discharged untreated into
the pit.  It has been estimated that the solution contained about 10,000 mg/L of mercury.  It is
not known whether this value represents the total amount of mercury disposed of or the amount
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of mercury in solution for each disposal activity.  The frequency of disposal between 1970 and
1972 is also unknown.

3.2  Site/Facility Characteristics

3.2.1  Local Climate
The Minneapolis-St. Paul area has a continental climate with wide variations in temperature,
ample summer rainfall, and winter precipitation.  In general, there exists a tendency toward
extremes of almost all climatic aspects.

Regional precipitation data indicate an average total precipitation (both rainfall and snow) rate
of 28.6 inches of water per year and an annual snowfall rate of 46 inches of snow per year.  The
maximum monthly precipitation rate (17.9 inches) was recorded in July 1987.  The minimum
monthly precipitation rate (a trace) was recorded in December 1943.  Temperature data (1966-
1996) indicate an annual average temperature of approximately 49.6oF.  Monthly highs average
83oF in July with the highest recorded temperature being 105oF.  The area experiences an
average of 15 +90oF days per year.  Monthly lows average 2oF in December with the lowest
recorded temperature being -34oF.  The area experiences an average of 158 freezing days a year,
with 34 of these being below-zero days.  Average relative humidity ranges from 68% to 74%
year-round.  Prevailing winds alternate from May to October in a south and southeasterly
direction.  From November to April, the prevailing winds are northeasterly.

3.2.2  Regional and Local Geology

3.2.2.1  Geology Beneath Site C
The local geology of the earth beneath Site C consists of bedrock overlain by three thick layers
of deposit.  The top deposit, generally referred to as Unit 1, primarily consists of fine sand and
silt with an occasional clay layer (Figure 3-5).  Unit 1 has a thickness ranging from about 10 to
16 feet.  This soil is considered a sandy loam under the U.S. Geologic Survey (USGS) soil
classification system.  Unit 1 was deposited by ancient Lake Fridley during the retreat of the
Grantsburg Sublobe ice.  Before the lake was completely drained, the site probably became a
wetland, resulting in the deposit of a thin layer of organic material and a layer of clayey material
near the land surface.

Below Unit 1 is a layer of Twin Cities Till which is commonly referred to as Unit 2.  The till is
clayey in nature and ranges in thickness from 64 to 120 feet.  Unit 2 provides a good hydraulic
barrier between Unit 1 and the underlying Unit 3.

Below Unit 2 is Unit 3.  These deposits consist of medium to coarse pebble sand (Hillside Sand)
and unnamed layers.  Unit 3 increases in thickness to the north as the center of an underlying
bedrock valley is approached.
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Figure 3-5

Surface Geology at TCAAP
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A bedrock valley is located beneath Site C (Figure 3-6).  Three kinds of bedrock are exposed
under the 246-feet thick deposits above the bedrock.  The bedrocks are, from north to south, the
St. Lawrence Formation, Jordan Sandstone Formation, and Prairie du Chien Group.  Their
topographic surface dips to the north.

3.2.2.2  Geology Beneath Site 129-3
The local geology of the earth beneath Site 129-3 consists of bedrock overlain by two layers of
glacial deposits consisting of Arsenal and Hillside Sands (Figure 3-5).  These deposits are
generally referred to as Unit 3.  This soil is considered a fine sand under the USGS soil
classification system.  Site 129-3 itself is located on a mound of stratified drift deposited by
glacial meltwater.  Such mounds are referred to as kames.  At Site 129-3, the kame consists of up
to 430 feet of unconsolidated glacial deposits.  No distinct lithologic break occurs between the
Hillside and Arsenal Sands, so it is difficult to determine the thickness of individual units.

The generally overlying Arsenal Sand is a light gray to brown, well-sorted, fine- to coarse-
grained sand.  The deposits are probably glacial outwash deposited by both the Superior Lobe
and the Grantsburg Sublobe ice.  These deposits comprise a kame formed on the terminal margin
of the retreating Grantsburg Sublobe ice.

The Hillside Sand is very pale brown to brown, poorly sorted, medium- to coarse-grained, and
has some pebbles and cobbles.  These deposits are thought to be glacial outwash deposited by
both the Superior Lobe and the Grantsburg Sublobe ice.

Unit 3 sand overlies a northwest-southeast trending bedrock valley that runs through the center
of TCAAP (Figure 3-6).

3.2.3  Topography

3.2.3.1  Topography of Site C
Site C is located on a lake plane that was once occupied by ancient Lake Fridley.  There is a
wetland east of the site.  The wetland discharges its water into Rice Creek (located to the west of
the site) through a drainage channel that transects about one third of Site C from its northern
boundary.  The site is very flat with a gentle dip toward the drainage ditch from both the south
and north.

3.2.3.2  Topography of Site 129-3
No buildings or structures exist on Site 129-3.  An access road was in use during the operation of
the lead styphnate leaching pits but has revegetated since it was last used in 1976.  The surface
topography slopes gently to the northwest.  Surface elevations range from about 1,055 feet
above sea level at the southwest corner to about 994 feet above sea level along the northern
boundary.
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Figure 3-6

Bedrock Surface Topography at TCAAP
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3.2.4  Soil Type

3.2.4.1  Soil Type at Site C
Site C is covered by a layer of black decomposed peat, below which are fine sand and sandy
clay of lacustrine origin.  Oxidation is common in the fine sand and the sandy clay, resulting in
molten textures and iron stains for a depth of more than ten feet.

3.2.4.2  Soil Type at Site 129-3
Surface soils on the site consist of brown fine- to medium-grained sand with trace silt and gravel
that grade to a light brown fine-grained sand with depth.

3.2.5  Hydrogeology

3.2.5.1  Surface Water
With the exception of drainage basins, no surface waters exist within either Sites C or 129-3.

3.2.5.2  Groundwater
Groundwater Beneath Site C - The aquifers below Site C are located in the Unit 1 and 3
formations.  The depth of groundwater in Unit 1 may range from two to ten feet below the
ground surface.  The soils in Unit 1 consist primarily of decomposed peat overlying layers of fine
silt and sandy clay of lacustrine origin with a relatively uniform depth of 12 feet.  The soil has a
horizontal hydraulic conductivity ranging from 0.007 to 22 feet per day, depending on the
presence or absence of higher permeability lenses.  If it is assumed that the hydraulic
conductivity is as above, the porosity of Unit 1 is 0.3, the hydraulic gradient is 0.002, and the
horizontal groundwater flow velocity ranges from 0.017 to 55 feet per year.  Unit 1 obtains
recharge water from the wetland east of the site.  The groundwater flow direction in Unit 1 at
Site C is not certain due to limited groundwater level data.  However, in the area close to the
drainage ditch south of the northern edge of Site C, the groundwater flow is dictated by the
presence of the ditch.  Water from the south and north is thought to discharge to the ditch.  The
groundwater in Unit 1 is conservatively estimated to flow in a generally northwesterly direction
at a rate of 55 feet per year.

In Site C, the condition of the Unit 1 aquifer suggests a potential for migration of contaminants
to the unconfined shallow aquifer.  However, from the past data, it appears that contaminant
migration in Unit 1 is negligible.  The presence of organic peat and clayey soils is thought to have
deterred the downward transportation of contaminants in Unit 1.  Because organic carbon is an
effective absorbent for VOC and clay particles for metals, the migration of VOC and metals is
expected to be greatly reduced.  This may explain why only slight contamination has been
detected at certain wells, despite their close proximity to burning pits.

Unit 2, the Twin Cities Till Formation, ranges from 64- to 120-feet thick and underlies Unit 1.
Unit 2 is not an aquifer.  The clayey nature of the till restricts, if not completely stops, vertical
contaminant migration to Unit 3.  The downward movement of groundwater through the Unit 2
formation is estimated to range from 0.82 to 8.2 feet per year assuming:
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• The vertical hydraulic conductivity of Unit 2 is the same as the horizontal hydraulic
conductivity, i.e., 0.001 to 0.01 foot per day.

• The vertical hydraulic gradient is 0.8.
• The formation porosity is 0.35.

At the location of minimum thickness (64 feet), contaminants would take about eight years to
pass through Unit 2.  Once in Unit 3, contaminants would generally migrate horizontally toward
the southwest.  The rate of horizontal groundwater flow in Unit 3 has been estimated to be
333 feet per year.

Groundwater Beneath Site 129-3 - Because only two Unit 3 wells exist at Site 129-3, the local
characteristics of the aquifer are not clear.  Based on the Unit 3 aquifer levels at Sites D to the
south and E to the north, the elevation of the aquifer beneath Site 129-3 is between 850 and
859 feet above sea level.  Data specifically listing the aquifer depth at Site 129-3 were not found.
Sites D and E encounter the same formation (Unit 3) and are relatively close to Site 129-3
(Figures 3-2 and 3-6).  Based on an estimated average groundwater elevation of 855 feet above
sea level, the groundwater is expected to be at a depth of 140 to 200 feet below ground level.
The estimated average linear groundwater velocity through Unit 3 is expected to be
333 feet/year in the horizontal direction and 833 feet/year in the vertical.  Groundwater
movement through the underlying bedrock, Unit 4, is also expected.  Unit 4 consists of the
Prairie du Chien Formation.  Horizontal movement of groundwater through Unit 4 is estimated at
1,241 feet/year.  Vertical movement is estimated at 621 feet/year.  Site 129-3 is approximately
4,400 feet upstream of the TCAAP border.  Literature data indicating the direction of
groundwater flow from Site 129-3 was not found.  Unit 3 groundwater flow from Sites D and E is
to the southwest.  The direction of groundwater flow in Unit 4 is also to the southwest.

3.2.6  Distribution of Contaminants

3.2.6.1  Distribution of Contaminants in Site C
The contaminants of primary concern at Site C are solvents, oil, grease, explosives, propellants,
and metals.

Geophysical and soil gas surveys at Site C-1 consisted of the excavation of three soil trenches in
former disposal and burning areas and collection and analysis of numerous soil, surface water,
sediment, and groundwater samples from areas within and outside of Site C-1.Ref. 20  The resulting
data indicated that portions of Site C-1 (i.e., the 1957 pits and 1953 pits) had been used for
surface burning.  Semi-volatile organic compounds, which commonly occur as residues of grease
and oil burning, were detected in the soil.  In addition, VOCs were detected semi-quantitatively
in the soil gas survey.  The affected area extended from the center of Site C to its west boundary,
with the highest VOC readings detected at a point immediately west of the 1953 burning pits.
The vertical extent of soil contamination by VOCs in the area could not be ascertained.  Existing
data from Site C-1 indicate no contamination by explosives or PCBs.

Analytical data of composite soil samples collected from the 1962 Pit, located in the southeast
corner of Site C, indicate a general absence of contamination by VOCs, semi-volatiles, PCBs,
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and pesticides.Ref. 20  However, heavy metals, particularly lead, arsenic, antimony, beryllium, and
thallium were encountered (Figure 3-7 and Table 3-1).

Based on the characteristics of local topography and hydrogeology, contaminants at Site C-1
could migrate via surface runoff and groundwater.  The surface water and sediment samples
collected from the drainage ditch at a downstream point, however, were found to be relatively
free of contamination, indicating that contaminants at the site are currently not migrating offsite
through surface runoff.

Sampling of Unit 1 aquifer wells at the site indicates slight contamination by organics in well
0lU085, which is located within the burning area.  No sign of contamination was detected in
wells 0lU045 and 0lU046, which are just off the major burning areas.  From the current data, it
appears that contaminant migration in the Unit 1 aquifer at Site C-1 is negligible.  It is possible
that organic contaminants in the former burning and disposal pits are currently being confined at
disposal sites because of the clayey soils and decomposed peat that are common at Site C-1.

The potential for contaminant migration to aquifer Units 3 and 4 is probably not significant.  The
more than 100 feet of clayey soils in Unit 2 have a tendency to restrict downward migration of
pollutants.  Sporadic detection before 1988 of organics in down-gradient Unit 3 wells (i.e., wells
03U025 and 03UD83) indicates that contamination may originate from other upgradient sources
or that Unit 2 has not been totally effective in blocking the downward migration of a few
contaminants from Site C.  In any event, large-scale migration of contaminants in deeper
aquifers under Site C is currently not occurring.

3.2.6.2  Distribution of Contaminants in Site 129-3
The results of the soil investigations at Site 129-3 indicate that VOCs are present in the soil gas
of the unsaturated soil layer beneath Site 129-3.Ref. 20  No VOCs were detected in soil samples
collected at depths up to 3 feet, suggesting a deeper VOC source.  Because soil moisture content
is not known for the soil in this area, it is not possible to predict the partitioning of VOCs
between air, water, and soil.  Once in groundwater, the VOCs are expected to move at
approximately the same velocity as the average linear groundwater velocity, i.e., 333 feet/year in
Unit 3 and 1,241 feet/year in Unit 4 (bedrock).

Elevated concentrations of barium, chromium, lead, and antimony have also been found in the
soils at Site 129-3 (Figure 3-8 and Table 3-2).  Significant metal contamination has not appeared
in the groundwater to date.  Soil-bearing data indicate that the metals have remained near the
surface (upper 10 feet of soil) and apparently have not migrated downward.  Because the
adsorptive capacity of soil is a function of factors, such as mineralogy, particle size, soil
moisture, pH, and conductivity, it is difficult to predict the mobility of metals in the unsaturated
soil layer.
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Figure 3-7

Inorganic Contamination at Site C

Lead Phytoremediation Demonstration 3·16 Twin Cities AAP



Lead Phytoremediation Demonstration                                                               Twin Cities AAP3-17

Table 3-1

Inorganic Contaminants at Site C

Block
No.1

Depth
(ft)

Antimony,
mg/kg

Arsenic,
mg/kg

Beryllium,
mg/kg

Lead,
mg/kg

Manganese,
mg/kg

Thallium,
mg/kg

A 0 150   NA2   NA2 16,000   NA2   NA2

B 0   NA2 NA NA 4,950 NA NA
5 NA NA 0.754 1,910 NA NA
10 NA 5.76 NA NA NA NA

C 0 71 NA NA 27,000 NA 40.4
D 0 78 NA 0.702 8,800 NA 14.1

5 110 4.48 NA 49,000 NA 44.8
10 9,200 4.12 NA 7,100 NA NA

E 0 NA NA NA 3,000 NA NA
F 0 NA NA NA 6,100 NA NA

10 NA NA NA 4,900 NA NA

(1) References block numbers in Figure 3-7.
(2) NA = Not Applicable.

Table 3-2

Inorganic Contaminants at Site 129-3

Block
No.1

Depth
(ft)

Antimony,
mg/kg

Lead,
mg/kg

Manganese,
mg/kg

TCE,
mg/kg

A 10   NA2   NA2 1,100   NA2

B 0 40.4 NA NA NA
C 3 362 3,700 NA NA
D 3 NA NA NA 120

(1) References block numbers in Figure 3-8.
(2) NA = Not Applicable.
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In general, due to electrical charge imbalances, metal adsorption in soil (particularly clay)
prevents metals from moving very quickly through a soil column.  Once in groundwater,
however, chromium and antimony are estimated to move at a velocity of 5.3 feet/year and lead
at a velocity of 0.5 foot/year in the Unit 3 aquifer.  In the Unit 4 aquifer, estimated velocities are
5.2 feet/year for chromium and antimony and 0.5 foot/year for lead.

3.3  Information Sources
The technical information presented in this section was obtained from the report “Installation
Restoration Program:  Remedial Investigation Report for the Twin Cities Army Ammunition
Plant (Final Report),” prepared by the U.S. Army Corps of Engineers’ Toxic and Hazardous
Materials Agency in April 1991.Ref. 20  Information regarding current operations was updated by
ATK.
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Section 4.0
Demonstration Approach

4.1  Performance Objectives
The objective of this project was to evaluate the technical and economic feasibility of in situ
phytoextraction under the typically difficult and “dirty” conditions found at contaminated
military disposal sites.  The technical feasibility of the phytoremediation technology was
measured by the uptake of lead by plants which, in turn, is a measure of lead removal from soil.
The potential of the process to eventually meet a specific regulatory goal was evaluated.
Technical criteria considered to evaluate the technology included:

• The concentration of lead in plants (corn and white mustard) after lead uptake was induced.
Desired lead concentrations were 1% in corn and 2% in white mustard, based on a previous
greenhouse treatability studyRef. 2 for remediation within a reasonable timeframe.

 
• Crop total uptake of lead as calculated on the basis of aboveground total biomass production.

At the initiation of this project, a desired biomass production target was 6 tons per acre of
corn stover prior to grain production and 7 tons per acre for white mustard as cited in the
literatureRef. 6.  The 6 tons of corn stover per acre figure is approximately equivalent to 18
tons per acre of mature corn, including grain.

 
• The concentrations of lead remaining in the soil after each harvest.  The industrial regulatory

target for lead concentration at TCAAP is 1,200 mg Pb/kg soil, and the regulatory target for
residential use is 400 mg Pb/kg soil.  Lead concentrations at Site 129-3 are already below the
industrial use standard.  The demonstration at Site 129-3 was intended to illustrate
remediation at lower lead levels.
 

• The concentration of lead in soil solutions beneath the plant rooting zone.  A soil solution
target concentration was not set at Site C due to elevated lead concentrations, up to
49,000 ppm, at deeper (≥3 foot) soil depths.

The performance objective for 7 tons per acre of white mustard was based on literature
reference which has since been modified to approximately 2 tons per acre.  Two tons per acre is
probably a more realistic expectation for white mustard in a single growing season.

Economic feasibility was evaluated by cost analysis (see Section 6.0).

4.2  Physical Setup and Operation

4.2.1  Introduction
During the course of the demonstration, TVA and ATK were engaged in a number of field
activities.  A “field activity” is defined here to mean any activity occurring at the demonstration



Lead Phytoremediation Demonstration Twin Cities AAP4-2

site which is not directly related to the characterization of the technology performance.  With
respect to this project, field activities performed at the demonstration sites were:

• Site characterization
• Site preparation
• The conduct of process operations (i.e., personnel and equipment decontamination, crop

planting, crop tending, soil amendment addition, crop harvesting, and crop processing.)
• Demobilization and site restoration

The demonstration was originally a three-year project, with two full years planned for cropping.
Field activities at TCAAP were initiated on November 18, 1997, when TVA and ATK began to
collect soil around Sites C and 129-3 as part of the preliminary site characterization program.
The purpose of the site characterization program was to identify two sites which had sufficient
lead concentrations to meet the project goals.  Based on the preliminary assessment, a suitable
site for the Site C demonstration unit was identified (Figure 4-1).  However, a suitable site for the
Site 129-3 demonstration was not found in the fall of 1997.  All field activity was suspended in
the winter of 1997/1998 due to the severity of local weather conditions.  Field activities resumed
in the spring of 1998 and a demonstration  site for Site 129-3 was selected  at that  time
(Figure 4-2).

Following the selection of the two demonstration sites, the sites were prepared for use.  This task
involved installing controlled access zones, eradicating existing grass, installing fences and
irrigation systems, and a pre-operational inspection of the site.

Once the operating sites were prepared, process operations began.  During this phase, field
activities consisted of tilling the soil, fertilizing the soil, planting the crops, installing a soil
solution monitoring system, tending of crops planted, irrigation, weeding crops, adding soil
amendments, and harvesting the crops.  Two crops were planted during the first year of the
demonstration:  a field corn (Zea mays) crop in the spring and a white mustard crop (Sinapis
alba) in the late summer.  One crop of silage corn was planted in the spring of the second year.
The extended growing season and late harvest prevented a white mustard crop from being
planted in the second year.  Plans were made for planting Site 129-3 during a third year.  After
observing lead and EDTA in groundwater, the third year activities consisted of soil, surface
water, and groundwater sampling at Site C in the early spring.  Deep core soil sampling was
done at Site 129-3 in 2000.

All field operations work on this project were conducted in Modified Level D or Level C
personal protective equipment (PPE), as specified in the demonstration Health and Safety Plan
located in Appendix B of the Technology Demonstration Plan.Ref. 21

4.2.2  Site Characterization
Prior to beginning the demonstration, AEC, ATK, and TVA selected two sites which contained
suitably contaminated soils.  For the site requiring a moderate level of contamination (Site C), a
suitable location was defined as a 90- x 90-foot area with lead contamination levels from
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Approximate Location
of the Site C

Demonstration Plot

Approximate Location
of Area Sampled

Figure 4-1

Demonstration Site at Site C
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Approximate Location
of the Site 129-3

Demonstration Plot

Note:  The demonstration is located on the same plot of land sampled during site
characterization.

Figure 4-2

Demonstration Site at Site 129-3
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2,000 to 4,000 ppm in the top foot of soil.  For  the  site requiring low levels of contamination
(Site 129-3), a suitable location was defined as a 90- x 90-foot site with lead contamination
levels from 400 to 700 ppm in the top foot of soil.  Samples of the soil from these two sites were
collected and analyzed for the purpose of characterizing (mapping) the degree of lead
contamination in the immediate area.  Initially, these samples were analyzed for lead content and
pH (Table 4-1).  After selecting the demonstration sites, the soil from each area underwent
additional analysis in order to determine fertilization requirements, soil characteristics, and the
concentration of other Contaminants of Concern (COC) (Table 4-2).  The analytical methods
used are listed in Table 4-12 (see Section 4.3.2.1).

Soil sampling was performed by TVA and ATK personnel.  Safety precautions and site controls
used during the sampling procedure are outlined in the demonstration Health and Safety Plan
(see Reference 21, Appendix B, Section B3.2, and Table B1-1).  Modified Level D PPE was
worn during these procedures.  The sampling procedure used at Sites C and 129-3 were as
follows:

1. A selected area of Site C (Figure 4-1) was divided into two areas:  Site C-North and Site C-
South.  Site 129-3 was sampled in only one area.  The dimensions of these areas were
150 feet x 90 feet at C-North,  90 feet x 90 feet at C-South,  and  90 feet x 90 feet at
Site 129-3.

2. The C-North Site was subdivided into sixty 15- x 15-foot grids.
 
3. The C-South and 129-3 sites were subdivided into thirty-six 15- x 15-foot grids.
 
4. Each 15- x 15-foot grid was further subdivided into four 7.5- x 7.5-foot quadrants.
 
5. Each 7.5- x 7.5-foot quadrant was sampled to a depth of 12 inches by taking one soil core

using a hand-held soil sampling probe.  NOTE:  during the winter of 1997 and spring of
1998, it was not necessary to wet the soil to prevent the production of Pb-laden dust, as per
the demonstration Health and Safety Plan due to the damp condition of the soil.

 
6.  The sample core was subdivided into two portions.  One portion represented the depth from

0 inch to 6 inches and the second from 6 inches to 12 inches.  Each half core had an
approximate wet weight of 100 grams.

7. The quadrant samples from each grid were composited.  The 0-inch to 6-inch samples, one
from each quadrant of the grid, were composited by placing the four quadrant samples into a
single OneZip™ plastic bag.  The 6-inch to 12-inch samples from the four quadrants of each
grid were composited by placing these samples into another OneZip™ plastic bag (i.e., two
400-gram samples were obtained per grid; 120 soil samples from Site C-North, 72 samples
from Site C-South, and 72 samples from Site 129-3).  Each plastic bag containing a
400-gram composite sample was labeled as in the following example:
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Sample Depth
Site Demonstration Site            Grid           (A = 0"-6", B = 6"-12")
C-North 1-60 A or B
C-South 1-36 A or B
129-3 1-36 A or B

 
8. After sampling all four quadrants in each 15- x 15-foot grid, the soil sampling probe was

cleaned by moving to the next grid, taking a soil sample, and discarding the sample
collected.  The soil sample was discarded within the grid.  A field blank was collected by
sampling a clean area outside the plot area in the same manner in which other samples were
taken.

 
9. Upon completion of the sampling program, hand tools and all personnel involved in the

sampling procedure underwent decontamination in accordance with the demonstration
Health and Safety Plan.

 
10. Field wastes were packaged in heavy-duty plastic bags and disposed of by ATK.
 
11. The 400-gram composite samples were packaged for shipment to the TVA Analytical

Laboratory in Muscle Shoals, Alabama, in accordance with the TVA chain of custody
procedures (Appendix D-17).

 
12. Upon receipt at TVA, the 400-gram 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 a TVA greenhouse and allowed to dry for one week with periodic mixing of the soil
in the bag.

 
13. Upon drying, the soil samples were analyzed for pH and total lead (Table 4-1) by the

methods listed in Table 4-12 (see Section 4.3.2.1).
 
14. After soil from the entire area of Site C was analyzed for total lead content, a 90- x 90-foot

area was selected from within Site C-North for use as the demonstration area for Site C.
For Site 129-3, the original 90- x 90-foot area of Site 129-3 was selected as the
demonstration plot.  The soil samples taken from these plots were then further analyzed to
fully characterize the site.  Analyses conducted are listed in Table 4-2.  The methods used
are listed in Table 4-12 (see Section 4.3.2.1).

4.2.3  Site Preparation and Process Description
Upon completion of the site characterization work, the sites were prepared for conducting the
demonstration.  Tasks accomplished by ATK during this period included:
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Table 4-1

Chemical Analyses for the Initial Soil Characterization Work

Sample Type Minimum
Sample Size1

Parameter Measured

Soil 12 grams pH
Total Metals (Pb)2

(1)  Every twentieth sample contained twice the usual amount of sample and
was submitted for use in the 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 the Full Soil Characterization Work

Sample Type Minimum
Sample Size1

Parameter Measured

Soil From Site C 200 grams 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 (As, Be, Pb, Sb, Tl, Mn)2

Bio-Available Pb  (Water-Soluble)
Cation Exchange Capacity (CEC)
Soil pH
Soil Moisture

Soil From Site 129-3 200 grams 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, Sb, Mn)2

Bio-Available Pb  (Water-Soluble)
Cation Exchange Capacity (CEC)
Soil pH
Soil Moisture

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



Lead Phytoremediation Demonstration Twin Cities AAP4-9

• Installation of controlled access zones
• Mowing grass
• Eradication of existing vegetation within the plots
• Installation of fences
• Installation of sprinkler irrigation systems
• Pre-operational site inspection
• Installation of the soil solution monitoring system (just after planting the 1998 corn crop)

The site preparation work began in mid-March 1998.  The first task was the installation of the
controlled access zones for the sites.  Initially, these zones consisted of a support zone (SZ), a
150- x 180-foot exclusion zone (EZ), and a contamination reduction zone (CRZ) [Figure 4-3].  A
30- x 30-foot CRZ was recommended; however, exact dimensions of the CRZ were left to the
discretion of TVA and ATK Health and Safety officers.  The EZ consisted of an area 15 feet
outside the area where the 120- x 150-foot demonstration site fences were placed.  The CRZ
consisted of an area outside the area to be fenced, close to the intended location of the fence exit,
and upwind of the fenced area.

The SZ consisted of all areas outside the EZ and CRZ.  This work was conducted using Modified
Level D PPE.  Upon setting up the controlled access zones, the area within the EZ and CRZ was
mowed.  Mowing was conducted using Level C PPE.

Upon clearing the sites, the grass in the 90- x 90-foot farm plots was eradicated with an
application of RoundupTM (glyphosate) [Figure 4-3].  These activities were conducted using Level
C PPE.  Upon completion of these activities, all tools and equipment were decontaminated in
accordance with the TCAAP Health and Safety Plan and the demonstration Health and Safety
Plan.

After applying the RoundupTM, a fence was installed around each of the demonstration sites.
Each fence consisted of a 120-foot-wide x 150-foot-long x 8-foot-tall fence with a single exit
(Figure 4-4).  The sides of the fence consisted of heavy netting.  The exit consisted of a gate
made of the same netting material.  The gate opened outward (away from the interior of the
fence).  The exit was located on the 120-foot fence wall located furthest from the farm plots.
Signs were posted on each exterior wall of the fences reading:

The installation of the fences was conducted using both Modified Level D and Level C PPE.
Level C PPE was used for all tasks requiring soil disturbance.  All other activities were
conducted using Modified Level D PPE.  Upon completion of these activities, all tools and
equipment were decontaminated by brushing the contaminated soil off the tools and equipment.

Warning
Lead-Contaminated

Soil
Poison
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150’ x 180’
Exclusion Zone

Support Zone

90’ x 90’ Farm Plot Support Zone

Fence

120’ x 150’
Fence

30’ x 30’
Contamination

Reduction Zone

Figure 4-3

Layout for the Initial Site-Controlled Access Zones
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The contaminated soil was swept up and returned to the demonstration plots.  Upon leaving the
sampling site, all personnel involved in the sampling procedure underwent decontamination in
accordance with the demonstration Health and Safety Plan.

Upon completion of the fences, the EZ was moved.  The new EZ consisted of the area within the
fence located within 15 feet of the 90- x 90-foot plots (Figure 4-5) and was located totally within
the fence.  The farm plots were located such that the edges of the plots were 15 feet away from
the fences.  The Work Zone (WZ) was located inside the fence and the CRZ was located
immediately outside the fence since the entire area is a CERCLA site.  Repositioning of the EZ
zone was conducted using Modified Level D PPE.

Upon repositioning the EZ zones, the irrigation systems were installed.  These were sprinkler
systems supplied by existing water sources located near the demonstration sites.  The irrigation
systems distributed water over the surface of the farm plots according to the needs of the crop.
TVA designed the irrigation system and ATK constructed and installed the system.  Modified
Level D PPE was used for tasks not requiring soil disturbance.  Level C PPE was required for
tasks involving soil disturbance.  Upon completion of these activities, all tools and equipment
were decontaminated by brushing the contaminated soil off the tools and equipment.

The contaminated soil was swept up and placed inside the demonstration plots.  Upon leaving the
sampling site, all personnel involved in the sampling procedure underwent decontamination in
accordance with the demonstration Health and Safety Plan.

After installation of the irrigation system, ATK conducted a visual pre-operational inspection
which verified that:

 
• The sprinkler irrigation systems and related subsystems were functional.
• The fences were in good order and were equipped with the proper signs.
• All tools were removed from the site.
• The controlled access areas were delineated.
• The demonstration fences were properly secured.

At that time, ATK conducted safety inspections in accordance with the TCAAP Health and Safety
protocols.

The final site preparation task, installation of the soil solution monitoring systems, was
conducted just after planting the 1998 corn crop.  A soil solution monitoring system was installed
at each demonstration site.  Each soil solution monitoring system consisted of 12 porous cup
suction lysimeters arranged in three diagonal lines across a 90- x 90-foot plot (Figure 4-6).  The
soil solution monitoring systems were installed to determine if soil amendments caused the
movement of heavy metals and/or EDTA into the soil below the 2-foot sampling depth.  Since
trichloroethylene (TCE) had been reported as a possible contaminant at Site 129-3, one lysimeter
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Fence

90'

90'120'

150'

Farm Plot

Gate

15' Clearance
Typical

Figure 4-4

Layout of Demonstration Sites
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Work Zone
(30’ x 120’)

120’ x 120’
Exclusion Zone

Support Zone

90’ x 90’ Farm Plot

Contamination
Reduction Zone

(30’ x 30’ recommended)

Support Zone

Support Zone

Support Zone

Fence

Figure 4-5

Layout for the Final Site-Controlled Access Zones
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at Site 129-3 was dedicated to monitoring potential movement of trichloroethylene.  This was
done even though the reputed source of trichloroethylene was downslope from the actual plot
area.

A power auger was used to create a hole for each lysimeter.  Soil recovered by the auger was
placed in a bucket and mixed with water and silica flour to create a paste (1 part soil to 1 part
water to 1 part silica flour).  Next, sufficient paste to fill the annular space between the lysimeter
and the hole was poured down the hole.  The lysimeter was then placed in the hole.
Approximately two inches of the annular space at the top of the lysimeter was re-excavated
manually and plugged with a separate paste made with bentonite clay to prevent water infiltration
from the surface into the lysimeter.  The purpose of the bentonite plug was to provide a water-
and air-tight seal.   Any paste remaining in  the  buckets  was  poured  onto the  surface of the
90- x 90-foot plot.

Each porous cup suction lysimeter consisted of a 2-inch diameter inert polyvinyl chloride (PVC)
tube, approximately 60 inches in length, with a rubber stopper attached at the top of the tube and
a porous ceramic vessel (cup) attached at the bottom (Figure 4-7).  A small glass tube passed
through the center of the rubber stopper and PVC tube and ended just short of the bottom of the
cup.  When positioned in the soil, the top of the lysimeter was one foot above the soil surface and
the bottom lay approximately 48 inches below the soil surface.  To obtain a soil solution sample
for metals analysis, suction was applied to the glass tube at the surface, which caused water from
the soil to move into the porous cup.  The solution collected in the porous ceramic cup then
flowed though the glass tube to the surface where it was collected in a Buchner side arm suction
flask.  A hand-held, battery-powered drill with pump attachment was used to create the suction.

The lysimeters were installed using Level C PPE until air monitoring showed that Level D PPE
was appropriate.  The air monitoring was performed on June 3, 1998, and consisted of one
sample collected in the morning and one sample collected in the afternoon.  Under the sampling
conditions (digging and rototilling), lead exposure was well below the current OSHA PEL and
Action Limit, thus, the use of respirators was discontinued.  ATK personnel were responsible for
installation of the lysimeters.  Upon completion of these activities, all tools and equipment were
decontaminated by brushing the contaminated soil off the tools and equipment and rinsing the
buckets.  Any contaminated soil recovered during decontamination was swept up and returned to
the demonstration plots.  Upon leaving the site, all personnel involved in the installation
underwent decontamination in accordance with the demonstration Health and Safety Plan.

4.2.4  Process Operations

4.2.4.1  1998 Demonstration

4.2.4.1.1  1998 Crop Planting
Two crops were planted during the first year of the two-year demonstration.  Corn (Zea mays cv.
Mexican June) was planted May 11, 1998, and white mustard (Sinapis alba) on August 17, 1998.
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Fence

Farm Plot

Gate

Typical 15- x 15-Foot Grid

Typical Lysimeter

Figure 4-6

Position of Lysimeters in a Soil Solution Monitoring System
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Figure 4-7

Diagram of a Lysimeter
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Tasks accomplished during the planting periods included:

• Tilling the soil
• Removing debris and cobbles from soil
• Fertilizing the soil
• Planting the crop
• Irrigating the plots

Soil tilling was done using a Rototiller or tractor with a power takeoff (PTO) Rototiller
attachment.  Soil tilling was conducted using Level C PPE.  ATK personnel tilled the soil.

Following tilling, the soil was fertilized with granular nitrogen (N), potassium (K), and
phosphorus (P) fertilizer.  The fertilizer was applied either by hand application or with a drop-
type spreader, depending upon the amount to be applied.  All fertilizers were applied at
agronomic rates for the specific crop, taking into account the amount of nutrient already present
in the soil (based on soil analyses), and the removal rates of each nutrient from the soil by each
crop.  The fertilizer for corn was applied in a split application to optimize fertilizer use by the
crop and to prevent movement of unused fertilizer out of the root zone.  A split application is
one of two equal applications of the granular nitrogen and potassium fertilizers in which each
application is applied at one-half of the recommended agronomic rate.  The first application was
applied to the soil just before planting and the second application was made midway through the
growing season (at approximately four weeks for corn).  Due to the planting method used for
white mustard (broadcast seeding), this crop was fertilized as a single application during planting.
Soil fertilization was conducted using Modified Level D PPE.  ATK and TVA personnel
performed fertilization tasks.

The nitrogen fertilizer used for corn was ammonium nitrate (NH4NO3, 34% N) applied at a N
rate of 150 pounds per acre (88 pounds of NH4NO3 to provide 30 pounds of N per plot).  The
potassium fertilizer was potassium sulfate (K2SO4 - 45% K) applied at a K rate of 150 pounds of
K per acre (67 pounds of K2SO4 to provide 30 pounds of K per plot).  Additionally, a small
amount of phosphate fertilizer in the form of triple superphosphate (TSP-21% P) was band-
applied as a "starter" fertilizer for corn on Site C at a rate of 14 pounds of TSP per 0.2-acre plot
to provide 3 pounds of P per plot (15 pounds of P per-acre basis).  Corn is more susceptible to
phosphate deficiency than mustard, and phosphate levels in soil at Site C were very low
(16 pounds per acre available P).  The corn crop developed signs of phosphate deficiency early
in the season (purple coloration of the stems and leaves) and two foliar applications of a 0.5% P
solution were made to correct the problem.  Phosphate was soil-applied for corn only at Site C.
Phosphate levels at Site 129-3 were sufficient for corn, and no additional phosphate was applied
for that corn crop.  In addition, the corn at Site C exhibited iron deficiency (interveinal
chlorosis - a whitening of the leaf between the leaf veins) three weeks into the growing season.
This was corrected by a foliar application of a 2% iron sulfate solution.

Granular (prilled) urea (44% N) was used as the nitrogen fertilizer for white mustard at a rate of
260 pounds N per acre (118 pounds of urea for 52 pounds of N per plot).  The potassium source
was potassium sulfate applied at a rate of 150 pounds K per acre (67 pounds potassium sulfate to
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give 30 pounds K per plot).  The N and K were applied at the same rate for both Site C and for
Site 129-3.  However, at Site C, phosphate fertilizer was applied at a rate of 100 pounds of TSP
per plot to give 21 pounds P per plot  (105 pounds of P per acre);  at Site 129-3,  the P rate was
50 pounds TSP per plot (55 pounds of P per acre).

Planting was done after fertilization.  Corn was planted by hand using a push-type hand planter
equipped with a seed plate for large-seeded crops.  White mustard was planted using a hurricane
seeder for small-seeded crops.  Planting was conducted using Modified Level D PPE.

Immediately after planting, the plots were irrigated with ½-inch of water to prevent ‘burning’ of
emerging plant seedlings.  Soil irrigation was conducted using Modified Level D PPE.  ATK
personnel irrigated the soil.

TVA supplied all seed, pesticides, and fertilizer for use throughout the project.  TVA also
provided guidance during the planting and fertilization phases of the project.

4.2.4.1.2  1998 Crop Tending
Tasks accomplished during the crop-tending periods included:

• Inspecting the crops
• Cultivating soil and weeding (corn crop only)
• Applying foliar iron and phosphate fertilizers, pesticides, fungicides, and herbicides (as

required)
• Fertilizing the soil (second half of split application for corn)
• Irrigating the crops

Both the corn and white mustard were tended on a weekly basis.

As indicated above, two crops were grown.  Corn was grown for a total of 10 weeks (9 weeks to
achieve crop maturity followed by 1 week after soil amendment addition).  White mustard was
scheduled to be grown for a total of 7½ weeks (7 weeks to maturity plus 2 days after soil
amendment application).  However, poor germination of white mustard, particularly at Site C,
necessitated two additional spot replantings.  Therefore, the white mustard crop was not at the
same stage of growth over the entire plot area at the end of the 7-week growth period.

Crop inspection consisted of examining the crop and recording significant observations.  Items to
inspect included, but were not limited to:

• The condition of the crop including:
♦ The appearance of predatory insects
♦ The appearance of fungi or other plant diseases
♦ The impact of unusual weather conditions on plants (i.e., drought, frost, or hailstorm

damage, etc.)
♦ Unusual color
♦ Evidence of wildlife intrusion
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♦ Presence of weeds
 

• The condition of the surrounding fence, including verification that the fence was intact
 
• The mechanical condition and maintenance requirements of the irrigation subsystem

Observations made during inspections were recorded in a logbook.  Inspections were conducted
using Modified Level D PPE.  ATK personnel made the inspections.  TVA personnel provided
assistance with interpreting inspection results and developing an appropriate response to unusual
conditions, i.e., P deficiency, lodging (i.e., storm knockdown of vegetation), pestilence, peculiar
coloration, etc.

The corn crop was cultivated once with a Rototiller.  Cultivation consisted of tilling the soil
between the corn rows to minimize weed growth.  Since the white mustard crop was solid
broadcast-seeded instead of planted in rows, no cultivation was required for that crop.
Cultivation for corn was conducted using Level C PPE.  ATK personnel cultivated the corn crop.

ATK consulted with TVA on the need to apply foliar iron and phosphate fertilizers,  since
inspection of the corn crop indicated the iron and phosphate deficiencies in the early stage of
growth. Fertilizer solutions (0.5% phosphate and 1% iron) were manually applied using a hand
sprayer.  Solutions were applied by ATK personnel.

The second half of the split fertilizer application for corn was conducted four weeks after
planting the corn crop on June 8, 1998.  The fertilizer was applied in a manner identical to that
described above for fertilization during planting (Section 4.2.4.1.1).  Soil fertilization was
conducted using Modified Level D PPE.  ATK personnel applied fertilizer to the corn crop.

Both crops were irrigated (watered) so that the plots received at least one inch of moisture per
week, or according to the needs of the crop.  This was done in two applications of ½ inch per
week.  To determine if a plot needed watering, a rain gauge was installed at each demonstration
site and the amount of natural rainfall was measured.  If supplemental moisture was required,
irrigation was conducted using the irrigation system installed on each farm plot.  ATK, in
consultation with TVA, determined when to discontinue and restart artificial irrigation.  Irrigation
was conducted using Modified Level D PPE.  ATK personnel were responsible for irrigating the
crops.

4.2.4.1.3  1998 Soil Amendment Addition
After the corn and white mustard crops reached a full vegetative state, acetic acid and EDTA for
corn, and EDTA only for white mustard, were applied to the soil to solubilize heavy metals.  For
corn, acetic acid was applied first followed immediately by the EDTA.  Soil amendment
additions to corn were completed the week of July 20, 1998, after pre-amendment sampling.
Pre-amendment sampling activities for white mustard were completed on October 7 and 8, 1998.
Soil amendments were added on October 9 and 10, 1998.
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 Acetic acid was applied to acidify the soil to a pH of 5.5.  The amount of acetic acid needed was
calculated from buffer curves determined on bulk soil collected from the sites.  The volume of
acetic acid solution applied was sufficient to bring the soil to field capacity to a depth of
two feet, assuming uniform movement of water down through the soil.  Field capacity is the
percentage of water remaining in a soil 2 or 3 days after having been saturated and after free
drainage has practically ceased.  The application rate of acetic acid at both Site C and at
Site 129-3 was 4,018 pounds per plot.  The application was hand-applied using a hose applicator
connected to a 5,000-gallon stainless steel tanker truck.
 
The EDTA was added to optimize the solubilization of lead in the first two feet of soil (root
zone).  EDTA was dissolved in a solution of potassium hydroxide to form the potassium salt in
order to obtain the desired concentration of EDTA for application to soil.  The potassium salt of
EDTA is preferred to other salts, such as sodium, since a previous greenhouse studyRef. 2 showed
that use of the potassium salt of EDTA did not affect the physical structure of soil and
considerably reduced the risk of poor seed germination and poor plant growth associated with
the sodium salt.  The EDTA was added on an equimolar (i.e., 1:1) basis of EDTA to the average
total lead concentration (about 3,100 ppm) in the plot.  Although higher amounts of EDTA were
added in greenhouse tests (1.5:1 EDTA to lead), this amount was considered to be excessive in
this field situation and the ratio was maintained at 1:1 EDTA:lead.  At Site C, the EDTA
application rate was 6,750 pounds for corn and 3,375 pounds for white mustard.  This was
determined by calculating the average number of moles of soil lead from the average soil lead
concentration [i.e., 3,140 ppm ÷ 207.2 (molecular weight of lead) = 15.2] and matching with an
equal number of moles of EDTA (i.e., 6,750 lb EDTA ÷ 445 (molecular weight K3EDTA.2H20
that was used) = 15.2 moles EDTA).  The rate for white mustard was reduced by half to account
for reduced plot coverage due to poor stand establishment that occurred with white mustard at
this site.  The application rate for both crops at Site 129-3 was 850 pounds.  The lower rate at
Site 129-3 resulted from the lower average soil lead concentration at that site.  Applications to
the corn crops were made with the same equipment used for application of acetic acid.

EDTA application to the white mustard crop was made through drip delivery systems installed on
Site C and on Site 129-3 prior to planting the white mustard crop.  The system at Site C consisted
of a 90-foot-long main header across the south end of the field with 90-foot-long strips of drip
tubing attached every two feet along the length of the header.  These strips extended northerly
across the entire field and provided the means for chelate delivery for the white mustard.  The
system was the same at Site 129-3, except that the header was placed on the north end of the
field and drip tubing extended from it across the demonstration area in a southerly direction.

Soil amendment activities were conducted using Level C PPE.  TVA determined the amounts of
soil amendments to be applied based on the lead content, buffering capacity, and field capacity
of the soil, and conducted the field applications with assistance by ATK.
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4.2.4.1.4  1998 Crop Harvesting and Processing
After senescence due to excessive lead uptake (and possibly coincident uptake of EDTA which
resulted in an ion imbalance within the plant), the corn and white mustard crops were sampled
for analysis of lead and other COCs (see Section 4.3.2.1), then the entire crop was harvested for
processing.  Post-amendment sampling and harvest for corn was conducted the week of July 27,
1998.  Post-amendment sampling and harvest for white mustard was conducted beginning on
Octbober 14, 1998.  In addition to lead, COCs at Site C included arsenic (As), beryllium (Be),
manganese (Mn), antimony (Sb), and thallium (Tl).  COCs at Site 129-3 were lead, manganese,
and antimony.

Harvesting consisted of the following tasks:

• Placing plastic tarps in the WZ
• Cutting the plant shoots
• Air-drying the plant shoots
• Transporting the plant shoots to a smelter
• Weighing the shoots
• Smelting the shoots

After crop senescence, plants were cut and placed on plastic tarps in the WZ and allowed to dry
over a 5- to 7-day period.  The corn was cut by holding the plant to ensure it did not contact
contaminated soil and cutting the stalk near the base using a corn knife.  The white mustard was
cut down with a bladed weedeater.  Tarp placement activities were conducted using Modified
Level D personal protective equipment.  Cutting activities were conducted using Level C
personal protective equipment.  ATK and TVA personnel conducted these activities.

After air-drying, random grab samples were taken for analysis of moisture content to determine
yields, and the crops were loaded onto a truck for transportation to the smelter.  The smelter was
Gopher Resource Corporation, located at 3385 South Highway 149, Eagan, Minnesota.  At
Gopher Resource Corporation, the loaded truck was weighed, unloaded, and reweighed.  These
activities were conducted using Level C personal protective equipment.  ATK reported the crop
weight to TVA and recorded it in the ATK logbook.  Truck-loading activities were conducted
using Modified Level D personal protective equipment.  ATK personnel conducted these loading
activities.  Gopher Resource Corporation personnel conducted the unloading activities and were
responsible for truck decontamination.  Upon arrival at the Gopher Resource Corporation, the
crops were processed by smelting, and "Certificates of Waste Material Consumption" were
provided to ATK to document this phase of operations.

After harvesting the warm season corn crop, the soil microbial activity was stimulated by
irrigating and tilling the soil in cycles to encourage the degradation of residual EDTA.  Each
irrigation/tillage cycle consisted of first irrigating the soil with ½ inch of water and then
cultivating (tilling) the soil with a tractor equipped with a power takeoff Rototiller attachment.
Three irrigation/tillage cycles were performed prior to planting the white mustard.  Each
irrigation/tillage cycle was conducted at least three days apart.  Irrigation activities were
conducted using Modified Level D personal protective equipment.  Tilling activities were
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conducted using Level C personal protective equipment.  ATK personnel conducted both of
these activities.

4.2.4.2  1999 Demonstration

4.2.4.2.1  1999 Crop Planting and Tending
The initial planting attempt was made on May 3, 1999, with a silage corn variety (Novartis
Mycogen 345 hybrid).  The silage variety was used instead of the previous grain variety in an
attempt to improve biomass yields and rooting depth and density.  Planting was done with a
Covington one-row tractor-pulled planter.  Seed was planted on 15-inch row spacings (12 rows
per fifteen foot grid) for a desired plant population of 180 plants per grid.  Heavy rainfall
interrupted planting, however, and subsequent periods of heavy rainfall thereafter prevented
completion of planting until May 26-27.  The data in Table 4-3 shows that precipitation was
3.17 inches above normal during May 1999.  Even though precipitation was about normal for
June, actual conditions at the sites stayed wet and unfavorable for good crop growth.
Temperatures were cool at planting, during germination, and during seedling emergence, causing
low germination, poor stand establishment, and reduced growth rates.  Extensive bird damage
greatly reduced the plant population at both sites, and several replantings during June  resulted in
a  stand of  various growth  stages.

Stalk counts (Tables 4-4 and 4-5) were taken at both plots immediately prior to amendment
addition to determine growth stages and the reduction in plant coverage.  At Site C, these
measurements were taken in the eastern half of the plot only, since growth in the western half of
the plot was very poor and non-uniform.  Of the eastern half, there was sufficient growth only on
the eastern-most third of that area to justify amendment application.  Stalk counts and plant
heights were recorded for the grids to be treated and sampled at Site C.  At Site 129-3, only
2 grids (1 & 2) had sufficient plant population for soil amendment applications and sampling.

At Site C, fertilizers were applied at the following rates:  N - 200 pounds/acre as ammonium
nitrate; K - 150 pounds per acre as potassium sulfate; P - 44 pounds per acre as triple super
phosphate.  Nitrogen and K fertilizers were broadcast-applied and tilled in, and P was band-
applied at planting two inches below the seed row.  Fertilizer rates at Site 129-3 were the same,
except P was decreased to 31 pounds per acre.  The N and K fertilizer at both sites was applied
as a two-way split application, with half being applied at planting, and the rest applied
approximately 4 weeks later.

No mustard crop was planted in 1999 because of the extended growing season and the late
harvest of the corn.

4.2.4.2.2  1999 Soil Amendment Addition
At Site C, soil amendments (acetic acid and EDTA) were applied via a drip delivery system
consisting of 90-ft lengths of drip tubing connected every ten inches to a two-inch header.  The
header was connected by hose to a 5,000-gallon stainless steel tanker truck.  This system
contrasts with the 1998 system in that the number of tubes (108) was triple the number used
with the white mustard in 1998.  The tubing network extended across the entire plot oriented
parallel with the corn rows.  The increased number of delivery tubes allowed adequate saturation
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of the soil with the amendment solutions in a short period of time (approximately 2 hours).  Due
to bare areas in the plot at Site C, only the 36 tubes extending across grids 5, 6, 11, 12, 17, 18,
23, 24, 29, 30, 35, and 36 were used for amendment delivery.  The other tubes were blocked off
to prevent application of amendments to bare soil.

 Since only two grids were selected, amendments were applied at Site 129-3 using a hand-held
hose applicator connected to the tanker truck.

On August 11, 1999, 1,700 gallons of a 15% acetic acid solution was applied to the designated
grids at Site C through the drip delivery system over a two hour time period, followed by
1,600 gallons of aqueous potassium EDTA solution applied over one hour and forty-five
minutes.  The soil was visibly wet after application of the acetic acid, and saturated after
application of the EDTA.  This amount of EDTA reflected a one-third reduction from the amount
of EDTA applied to 1998 corn, based on the frequency of occurrence of a given lead
concentration.  The total amount of EDTA applied was 1,500 pounds.

Amendments were applied to the two grids at Site 129-3 on August 11, 1999, immediately
following the amendment application at Site C.  Due to the lower concentration of soil lead at
Site 129-3, the acetic acid and EDTA solutions used at Site C were diluted.  Forty gallons of the
15% acetic acid solution was diluted to 280 gallons and 50 gallons of the potassium EDTA was
diluted to 500 gallons, and the solutions were applied with the hose applicator to the two
selected grids.  Diluting the solutions gave a 1:1 ratio of EDTA:Pb based on a frequency of
occurrence of lead concentrations across the grids of 140 mg/kg.  The mole ratio of EDTA was
maintained at 1:1, but the amount applied was reduced by one-third as compared to 1998.

4.2.4.2.3  1999 Crop Harvesting and Processing
Crops were harvested according to the procedure for the 1998 demonstration year
(Section 4.2.4.1.4).

4.2.4.3  2000 Field Activities - Soil, Surface Water, and Groundwater Sampling
A field demonstration was not conducted in 2000.  A field demonstration at Site 129-3 was
planned in 2000.  However, after observation of lead and EDTA in groundwater, the project was
modified to soil, surface water, and groundwater sampling, as discussed in Section 4.3.4.

4.2.4.4  Personnel and Equipment Decontamination
 Two temporary decontamination areas were installed at each site; one for personnel and one for

equipment.  Since the soil around each site was considered contaminated, the areas consisted of
a zone marked off and designated for decontamination procedures.  The exact dimensions and
placement of the decontamination equipment were left to the discretion of TVA and ATK
Health and Safety Officers.  A general guide to the decontamination procedures and the
placement of decontamination equipment is provided in Attachment C of the demonstration
Health and Safety Plan.Ref. 21 ATK personnel were responsible for disposing of the residuals
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Table 4-3

Precipitation and Temperature Data at the Minneapolis-St. Paul International Airport
for the 1998 and 1999 Demonstration Years

Month
Precipitation
Equivalent

(in.)

Precipitation
Normal

(in.)

Departure
from Normal

(in.)

Mean
Temperature

(°°F)
(1998)

Jan 1.64 0.95 +0.69 19
Feb 0.80 0.88 -0.08 32
Mar 4.56 1.94 +2.62 32
Apr 1.56 2.42 -0.86 51
May 4.40 3.39 +1.01 63
Jun 6.52 4.05 +2.47 65
Jul 2.63 3.53 -0.90 73
Aug 5.99 3.62 +2.37 72

Total 26.78 +7.32

(1999)

Jan 2.67 0.95 +1.72 12
Feb 0.40 0.88 -0.48 28
Mar 1.86 1.94 -0.08 34
Apr 3.43 2.42 +1.01 49
May 6.56 3.39 +3.17 60
Jun 3.68 4.05 -0.37 67
Jul 4.55 3.53 +1.02 76
Aug 2.64 3.62 -0.98 70

Total 25.79 +5.01
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Table 4-4

Plant Count and Height for Grids in Site C (1999)

Grid Plants Average
Number per Grid Height (ft)

4 20 6
5 46 6
6 58 4

10 15 4.5
11 51 6
12 75 5
16 21 2 rows 4.5
17 45 6
18 64 3-4.5
22 29 4.5
23 48 4.5
24 57 4.5
28 38 4.5
29 49 5-6
30 56 6
34 38 4-6
35 50 4-6
36 53 6

(1) Planting was conducted to provide a maximum
      possible plant density of 180 plants per grid.
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Table 4-5

Plant Count and Height in Grids at Site 129-31 (1999)

Grid Plants Average
Number per Grid Height (ft)

1 34 7
2 66 7
3 18 7
4 25 5
5 4 5
6 15 5
7 20 3
8 30 3
9 37 3

10 14 5
11 30 2
12 8 5
13 9 7
14 15 3
15 30 2-7
16 36 3
17 25 7
18 8 7
19 36 3
20 18 7
21 23 7
22 8 7
23 40 7
24 13 6-7
25 8 3
26 10 4
27 32 5
28 20 7
29 10 6
30 20 3-6
31 44 7
32 16 3
33 46 6
34 53 3-6
35 44 7
36 74 7

(1) Planting was conducted to provide a maximum
      possible plant density of 180 plants per grid.
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produced by decontamination procedures.  Both TVA and ATK personnel were responsible for
the decontamination of their respective personnel and equipment after all process operations.
All decontamination procedures were done in accordance with the demonstration Health and
Safety PlanRef. 21 and the TCAAP installation-wide Health and Safety Plan.Ref. 22 The
demonstration Health and Safety PlanRef. 21 was considered a part of the TCAAP installation-
wide Health and Safety Plan.Ref. 22

4.2.4.5  Record Keeping
A description of activities occurring at Sites C and 129-3 was maintained in field logbooks
located in Building 105 at TCAAP.  Both TVA and ATK were responsible for recording their
activities in logbooks.  ATK supplied TVA with copies of the field logbooks.

4.2.4.6  Demobilization and Site Restoration
Demobilization activity consisted of  removing extraneous plant material, clearing the site,
dismantling the amendment delivery system and the irrigation system, and removing the fence
and the lysimeters.

4.2.4.7  Residuals Management for Field-Related Activities
Residuals consisted of plant tissues, contaminated plant and soil sample wastes, rinse water, and
contaminated articles of clothing (Tyvek suits, booties, gloves, masks, respirator filters, etc.).
These materials were disposed of as follows:

• The plant tissues were smelted at Gopher Resource Corporation, located at 3385 South
Highway 149, Eagan, Minnesota, (612) 454-3310.  (ATK activity)

 
• Sample wastes were disposed of by TVA Analytical Laboratory in a manner consistent with

the nature of the waste.  (TVA activity)
 
• Contaminated soil collected during the process of decontaminating personnel and equipment

was returned to the demonstration plots.  (TVA and ATK activity)
 
• Contaminated rinse water generated during the process of decontaminating personnel or

equipment was poured onto the demonstration plots.  (TVA and ATK activity)
 
• Contaminated plastic tarps or pads and articles of clothing (Tyvek suits, booties, gloves,

masks, respirator filters, etc.) were disposed of in a manner appropriate to the nature of the
waste.  (ATK activity)

4.3  Sampling Procedures

4.3.1  Introduction
The sampling objectives for the 1997-1998 site characterization, the 1998 and 1999
demonstrations were to:

• Initially characterize the soil at two TCAAP sites to map total lead content.
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• Additionally, characterize the soils at the selected sites for other chemical and physical

properties.
 
• Determine metal and chelate levels in the soil and plants during the demonstration period.
 
• Determine whether any downward movement of heavy metals, trichloroethylene, or chelate

occurred at depths below the plant root structures during the demonstration period.

Field activities were conducted in 2000 to:

• Determine soil physical properties (soil types) three-dimensionally across the plot area to
determine the effect on movement of water and EDTA and Pb.

 
• Characterize the soil profile for amount and type of debris in the subsurface soils, which

potentially affect downward movement of EDTA and Pb.
 
• Determine the movement of lead, EDTA, and other cations in groundwater and surface water

within the Site C plot and into areas adjacent to the plot.
 
• Determine the concentrations of cations that compete with lead for complexation by EDTA,

which affects lead transport in water.

Sampling methods for achieving the first two objectives (i.e., soil characterization) are outlined
in Section 4.2.2.  The lead concentrations in the soils of Sites C and 129-3 were mapped during
the initial soil characterization phase prior to growing the crops.  This data was collected by
TVA.  Sampling methods for the next two objectives are documented here since they are
indicators of system performance.  For the purpose of this document, these two objectives are
referred to as the “demonstration objectives” since they refer to objectives that were to be
accomplished during the demonstration phases of the project.  The last four objectives address
the environmental impact of demonstration activities.  A listing of the characteristics to be
monitored to meet these objectives is provided in Table 4-6.

4.3.2  Experimental Design for 1998 Demonstration Phases

4.3.2.1  Experimental Design for 1998 Soil and Plant Sampling
During the 1998 demonstration, crops of corn, followed by crops of white mustard, were grown
and harvested at both sites.  Two 90- x 90-foot plots were used for growing these crops.  The
plots in Sites C and 129-3 were divided into thirty-six 15- x 15-foot grids (Figure 4-6).  This grid
system was retained throughout the demonstration.

Immediately before adding soil amendments for corn, the soil in every fourth grid was sampled
at depths of 0 to 12 inches and 12 to 24 inches and analyzed for total lead, bioavailable lead,
other COCs, moisture, and pH.  The corn tissue was sampled and analyzed for lead and other
COCs (Tables 4-7 and 4-8).  The limited number of grids were sampled because plants were not
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expected to take up much lead in the absence of a chelator.  An overview of the experimental
design for soil and plant sampling is given in Table 4-9 and 4-10.  The corn was ready for harvest
approximately four days after adding the soil amendments.  Immediately prior to harvest, soil
was sampled from every grid at depths of 0 to 12 inches and 12 to 24 inches and analyzed for
total lead, bio-available lead, other COCs, and soil moisture.  The soil samples from every other
grid were analyzed for chelate concentration and soil pH.  Plant samples from every grid were
analyzed for total lead and other heavy metals.  Plants from every fourth grid were analyzed for
chelate.  After sampling, the corn was harvested and removed from the site.

After harvesting the corn and aerating the soil by irrigation/tillage, white mustard was planted
and grown for seven weeks to full vegetative biomass.  Prior to adding the chelate, soil and plant
samples were obtained from 18 of the 36 grids in each plot.  The analytes measured were the
same as for corn, as outlined above, except chelate concentration in the soil was also analyzed.
Soil amendment additions were conducted without soil acidification for white mustard.  Post-
harvest sampling, analyses, and harvesting methods for white mustard were the same as outlined
for corn.  Details for the experimental design for sampling are given in Table 4-11.  A listing of
the methods used to conduct the chemical analyses is provided in Table 4-12.

Analysis of the plant data was used to quantify the amount of lead taken up by the plants and
was intended to be the primary means to verify lead removal from the soil.  The soil sampling
results were used to assess the rate of chelate disappearance due to degradation, plant uptake, or
movement out of the rooting zone.  Soil was also analyzed for lead to see if a reduction of lead
levels could be observed over the two-year period.  The combined results of plant and soil
sampling were intended to be used to estimate the number of crops needed to reduce the soil
lead concentration to acceptable levels.

4.3.2.2  Experimental Design for 1998 Soil Solution Sampling
The soil solution data was intended to estimate potential environmental effects of the
technology.  During the warm and cool growing seasons, soil solution was collected from the soil
solution monitoring systems under Sites C and 129-3.  Soil solution sampling began three weeks
before the chelate was added to each crop.  For four weeks after this point, the lysimeters
comprising the soil solution monitoring system were sampled after the first significant rainfall of
each week.  A significant rainfall was defined as any 24-hour rainfall event exceeding 0.25 inch
of rain.  If sufficient soil solution was present in the lysimeter, the samples were collected and
analyzed for heavy metals and chelate.  Soil solutions were composited for each site.  Regulators
requested analysis for TCE because of a previous TCE finding located outside of the
demonstration plot at Site 129-3.  A single lysimeter at Site 129-3 was designated for collection
of soil solution for trichloroethylene analysis.  The negative results were the basis for elimination
of this sampling from future work in the demonstration.  The specific analytes for each site are
listed in Table 4-7 and 4-8.  A listing of the methods for the chemical analyses is provided in
Table 4-12.  Details of the sampling procedures are given in Section 4.3.5.3.
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4.3.2.3  1998 Statistical Analysis of Data
It was recognized that it would be difficult to discriminate between differences in soil lead
concentration below initial levels after only two growing seasons.  Therefore, the data analysis
emphasized plant uptake of lead and was based on the lead concentrations in the plants.

The approach for the statistical analysis was based on a design developed by Dr. Julio Henao, of
the International Fertilizer Development Center (IFDC), Muscle Shoals, Alabama.  The
statistical analysis of the data produced was based on the following assumptions:

1. There were two treatments (amendment application).  These corresponded to Site 129-3
(treatment T1), a site with low concentration of lead, and Site C (treatment T2), a site with
high concentration of lead.
 

2. Measures of the concentration of lead in plants and soil were done on each plot.
 
3. Total lead uptake was estimated on each plot at harvest.

4. A normal distribution was assumed for lead concentration and total lead uptake.  If high
variation or a non-normal distribution was observed, a test of additivity and homogeneity of
variances was done and an appropriate data transformation was then used to test the
hypothesis.

Data evaluation was based on the following statistical models:

• Model 1 - A general investigation of the variability of lead content, including site effects,
variability across rows within a site, and variability across columns within a site.

 
• Model 2 - A paired t-test to compare soil lead concentrations only in the grids analyzed

before and after soil amendment additions.
 
• Model 3 - Changes in lead concentration in soil over the two-year period.

4.3.2.3.1  Model 1 - Variability of Soil and Plant Lead Content
The analysis of variability (comparisons) tested the variation due to:

• Site effects:  to test the hypothesis that changes in concentration or total lead uptake are due
to site concentration.

 
• Rows within sites:  to test the hypothesis of variability of concentration or total lead uptake

across rows.
 
• Columns within sites:  to test the hypothesis of variability of concentration or total lead

across columns.
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Table 4-6

Sampling Goals for the TCAAP Demonstration

Study Goal General Characteristic
Measured

Specific Characteristic
Measured or Calculated

Activity
Timeframe

Sampling
Frequency

Initial Soil
Characterization

Beginning lead levels in soil Lead Concentration in Soil Site
Characterization

Once

Soil characteristics Soil pH
Additional Soil
Characterization

Fertilizer requirements TKN; Extractable P, Exchangeable
K; DTPA-Extractable Fe & Mn

Site
Characterization

Once

Soil characteristics TOC and Soil Moisture;
Exchangeable Ca, Mg, Al; CEC,
pH

Initial heavy metals
contaminant concentrations

Total Metals (As, Be, Pb, Sb, Tl,
Mn); Bio-available Pb

Document plant uptake
of lead and other heavy
metals

Heavy metals concentration in
soil before and after soil
amendment additions

Total Metals (As, Be, Pb, Sb, Tl,
Mn) in soil; Bio-available Pb

1998 & 1999
Demonstrations

2 times/yr. for
1998;  once for

1999
Heavy metals concentration in
plants before and after soil
amendment additions

Total Metals (As, Be, Pb, Sb, Tl,
Mn) in plant shoots
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Table 4-6 (Continued)
Sampling Goals for the TCAAP Demonstration

Study Goal General Characteristic
Measured

Specific Characteristic
Measured or Calculated

Activity
Timeframe

Sampling
Frequency

Document chelate levels
in soil and plants

Chelate concentrations in soil
before and after soil
amendment additions

Chelate in soil 1998 & 1999
Demonstrations

2 times/yr. for
1998;  once for

1999
Chelate concentrations in
plants after soil amendment
additions

Chelate in plants

Document heavy metal,
trichloroethylene, and
chelate movement

Metals in soil solution, chelate,
and trichloroethylene

Total Metals (As, Be, Pb, Sb, Tl,
Mn); Trichloroethylene; chelate

1998 & 1999
Demonstrations

14 times/yr. for
two years 1

Document heavy metal
and chelate movement

Metals, cations, and chelate in
groundwater, surface water,
and subsurface soils

Total Metals (As, Be, Pb, Sb, Tl,
Mn), cations, and chelate

2000 Field
Activities

Groundwater - 3
times

Surface Water - 2
times

Subsurface Soil -
1 time

(1) If TCE was not detected, the analysis would not be continued.
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Table 4-7

Chemical Analyses for Soil, Plant, and Soil Solution Samples From Site C in 1998

Sample
Location

Sample Period Sample
Type

Minimum
Sample Size1

Preservative
Added

Number of
Grids Sampled

Parameter Measured

Site C Before adding Soil 40 grams None 9 grids for corn; Total Metals (As, Be, Pb, Sb, Tl, Mn)2

soil amendments 18 grids for Plant-available Pb
white mustard pH

Chelate (EDTA) (Except for corn)
Moisture

Plants 100 grams None 9 grids for corn; Total Metals (As, Be, Pb, Sb, Tl, Mn)2

(Aerial) 18 grids for
white mustard

Soil Solution 250 mL Nitric Acid Not Applicable Total Metals (As, Be, Cu, Pb, Sb, Tl,
Mn)2

40 mL None Not Applicable Chelate (EDTA)
Site C After adding Soil 40 grams None 36 grids Total Metals (As, Be, Pb, Sb, Tl, Mn)2

soil amendments Plant-available Pb
Moisture

18 grids pH
Chelate (EDTA)

Plants 100 grams None 36 grids Total Metals (As, Be, Pb, Sb, Tl, Mn)2

(Aerial) 9 grids Chelate (EDTA)
Soil Solution 250 mL Nitric Acid Not Applicable Total Metals (As, Be, Cu, Pb, Sb, Tl,

Mn)2

40 mL None Not Applicable Chelate (EDTA)
(1) Every twentieth sample containing twice the usual amount of sample was submitted for use in the 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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Table 4-8

Chemical Analyses for Soil, Plant, and Soil Solution Samples From Site 129-3 in 1998

Sample
Location

Sample Period Sample
Type

Minimum
Sample Size1

Preservative
Added

Number of
Grids Sampled

Parameter Measured

Site Before adding Soil 40 grams None 9 grids for corn; Total Metals (Pb, Sb, Mn)2

129-3 soil amendments 18 grids for Plant-available Pb
white mustard pH

Chelates (EDTA)
(Except for corn)
Moisture

Plants
(Aerial)

100 grams None 9 grids for corn;
18 grids for

white mustard

Total Metals (Pb, Sb, Mn)2

Soil 250 mL Nitric Acid Not Applicable Total Metals (Pb, Sb, Mn)2

Solution 80 mL HCl Not Applicable Trichloroethylene
40 mL None Not Applicable Chelate (EDTA)

Site After adding Soil 40 grams None 36 grids Total Metals (Pb, Sb, Mn)2

129-3 soil amendments Plant-available Pb
Moisture

18 grids pH
Chelates

Plants 100 grams None 36 grids Total Metals (Pb, Sb, Mn)2

(Aerial) 9 grids Chelate (EDTA)
Soil 250 mL Nitric Acid Not Applicable Total Metals (Pb, Sb, Mn)2

Solution 80 mL HCl Not Applicable Trichloroethylene
40 mL None Not Applicable Chelate (EDTA)

(1) Every twentieth sample containing twice the usual amount of sample was submitted for use in the 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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Table 4-9

An Overview of Experimental Design for Soil Sampling
in Sites C and 129-3 for 1998

• 1st Planting (Corn) - before soil amendment addition - 9 grids per site for two sites
with two soil depths (36 samples total).
 

• 1st Planting (Corn) - after soil amendment addition - 36 grids per site for two sites
with two soil depths (144 samples total).
 

• 2nd Planting (White Mustard) - before soil amendment addition - 18 grids per site for
two sites with two soil depths (72 samples total).
 

• 2nd Planting (White Mustard) - after soil amendment addition - 36 grids per site for
two sites with two soil depths (144 samples total).

Total:  396 samples



Lead Phytoremediation Demonstration                                                               Twin Cities AAP4-36

Table 4-10

An Overview of Experimental Design for Plant Sampling
in Sites C and 129-3 for 1998

• 1st Planting (Corn) - before soil amendment additions - 9 grids per site for two sites
(18 samples total).

 
• 1st Planting (Corn) - after soil amendment additions - 36 grids per site for two sites

(72 samples total).
 

• 2nd Planting (White Mustard) - before soil amendment additions - 18 grids per site
for two sites (36 samples total).

 
• 2nd Planting (White Mustard) - after soil amendment additions - 36 grids per site for

two sites (72 samples total).

Total:  198 samples
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Table 4-11

Experimental Design Details for 1st Growing Season (1998) for Soil and Plant Sampling

Plot Crop Sampling
Time

Soil pH
Adjustment

Chelate
Concentration

Number
of Grids
Sampled

Soil
Depths

Chemical
Analyses

Number of
Soil

Samples

Number
of Plant
Samples

C Corn Before Soil
Amendments

Not
Applicable

Not
Applicable

9 2 See
Table 4-7

9 grids X 2
depths = 18

9

After Soil
Amendments

5.5 1:1 molar ratio
of EDTA:Lead

36 2 36 grids X 2
depths = 72

36

White
Mustard

Before Soil
Amendments

Not
Applicable

Not
Applicable

18 2 18 grids X 2
depths = 36

18

After Soil
Amendments

Not
Applicable

1:1 molar ratio
of EDTA:Lead

36 2 36 grids X 2
depths = 72

36

Total 198 99
129-3 Corn Before Soil

Amendments
Not

Applicable
Not

Applicable
9 2 See

Table 4-8
18 9

After Soil
Amendments

5.5 1:1 molar ratio
of EDTA:Lead

36 2 72 36

White
Mustard

Before Soil
Amendments

Not
Applicable

Not
Applicable

18 2 36 18

After Soil
Amendments

Not
Applicable

1:1 molar ratio
of EDTA:Lead

36 2 72 36

Total 198 99
Grand Total 396 198



Lead Phytoremediation Demonstration                                                              Twin Cities AAP4-38

Table 4-12

Methods for Analyzing Soils, Plants, and Soil Solution

Parameter Measured Extraction or
Preparation

Method2

Analytical
Method2

Soil and Plant Analyses
 pH N/A ASA 12-2.6
 Total Organic Carbon (TOC) N/A ASA 29-3.5.2
 Total Kjeldahl Nitrogen (TKN) N/A  Lachat QuikChem

13-107-06-2-D
 Extractable P ASA 24-5.2 6010B
 Exchangeable 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 (Be, Pb, Sb, Tl, Mn)1 3050B 6010B
 Total Metals (As)1 3050B 7060A
 Bio-Available Pb  (Water-Soluble) ASA 21-5 6010B
 Chelate (EDTA) AP-0057 (soil) AP-0047
 Cation Exchange Capacity (CEC) ASA 9-3.1/9.4.2 6010B/AP-0059
 Soil Moisture N/A ASA 21-2.2.2
Soil Solution Analyses
 Total Metals (Be, Cu, Pb, Sb, Tl, Mn)1 3005A 6010B
 Total Metals (As)1 7060A 7060A
 Chelator (EDTA) N/A AP-0047
 Trichloroethylene N/A 8021B

(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)  The methods and procedures listed are provided in Appendix D.
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The general model used to test the hypotheses was:

Yijk = u + pi +ϒϒji + ΦΦki + εε ijk       (Model 1)

Yijk: Lead concentration in plant
u: Concentration mean or uptake mean for the two sites
pi: Site effect
ϒϒji: Variability of rows within sites
ΦΦki: Variability of columns within sites
εε ijk: Random variation assumed N (0, σ)

4.3.2.3.2  Model 2 - Changes in Soil Concentrations in Sampled Grids
Since not all of the grids were sampled before soil amendments were applied, Model 2 was used
to compare the change in soil lead concentration only in the grids sampled both before and after
soil amendment addition and crop harvest.  A paired t-test was used to determine whether the
mean of the differences between soil lead concentrations before and after soil amendments was
significantly different from zero, so the null hypothesis is:

H0:uD = 0 (Model 2)
      and the test criterion is:

t = 
D

sD

where D is the mean of the differences and sD is the standard deviation of the differences.

4.3.2.3.3  Model 3 - Changes in Lead Concentrations in Soil Over the Two-Year Period
Model 3 included the factor of time (periods) to evaluate changes in soil lead concentration at
each sampling period as discrete variables so that changes in soil Pb might be detected at a
specified confidence level.

Yijk = u + ψψ ji + ϒϒji + ΦΦki + εε ijkl       (Model 3)

ψψ ji: Variability of periods

The analysis of variance tested the variation due to sampling periods.  Regression analysis was
used to determine whether any of the measured parameters showed a statistically significant
response to another parameter.

The above-discussed parametric statistical analysis provided a practical and realistic assessment
of the 1998 data for the sites under the existing conditions.  However, a detailed geostatistical
analysis and evaluation was also performed.  This analysis incorporated soil lead concentration
data in the treatment plots prior to the commencement of the phytoremediation study and
subsequent to applying the final treatments in 1998.  The geostatistical analysis included
development of appropriate variogram models and two-dimensional kriging to develop contour
plots of the data for both the upper (0- to 12-inch) and lower (12- to 24-inch) soil horizons
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(assuming the random field is stationary).  A detailed explanation of the theory, methodology,
and results of the geostatistical analysis is presented in Appendix H.

4.3.3  Experimental Design for 1999 Demonstration Phases

4.3.3.1  Experimental Design for 1999 Soil and Plant Sampling
Due to insufficient or poor growth of corn which resulted in bare areas in the plots, only selected
areas in the plots were designated to receive amendments, and only these areas were used for
pre-amendment soil sampling.  Twelve grids at Site C (5, 6, 11, 12, 17, 18, 23, 24, 29, 30, 35, and
36) designated to receive amendments were sampled on August 10, 1999, following the
procedure described in Section 4.3.5.1.1.  Two grids (1 and 2) were sampled at Site 129-3.
Sampling was done by dividing each grid into quadrants and, with a power auger, taking one
sample from each quadrant at depths of 0 to 12 inches and 12 to 24 inches.  The four samples
were composited by depth into one sample for analysis.

For pre-amendment plant sampling, plant samples were taken from each of the grids designated
for treatment in accordance with Section 4.3.5.2.  Plant sampling was done by dividing each grid
into quadrants and taking two whole stalk samples from each quadrant.  The four samples were
composited into one sample for analysis.

After soil amendments were added and the corn had senesced due to the treatments, post-
amendment soil and plant samples were taken.  For Site C, the grids receiving amendment
applications, plus four locations within grids in the plot immediately adjacent to the treated area,
were sampled for lead, EDTA, and other COCs on August 17, 1999.  Post-amendment sampling
of the two selected grids at Site 129-3 was also performed on August 17.  The sampling
procedure for the post-amendment soils was the same as used for pre-amendment soil sampling.

Plant samples were taken from each of the grids that received soil amendments in accordance
with Section 4.3.5.2.  The sampling procedure for plant samples taken after amendment
additions was the same as for the pre-amendment samples.

No mustard crop was planted in 1999 because of the extended growing season and the late
harvest of the corn.  Hence, no samples were collected.

4.3.3.2  Experimental Design for 1999 Soil Solution Sampling
Sampling attempts were carried out as described in Section 4.3.5.3.  However, all attempts to
collect soil solution samples were unsuccessful.  The reasons for the lack of success were not
apparent.  Possibly, over the winter months of 1998-1999, freezing and thawing of water in the
surrounding soil resulted in loosening of the seal between the fill soil and the porous cup of the
lysimeter so that water did not flow into the cup.

4.3.3.3  Experimental Design for Soil Sequential Extraction Analyses
Midway through 1999, information became available for use of a sequential soil fractionation
analysis that could be used to revise the amount of EDTA to add to soil.Ref. 23  Therefore, in 1999,
post-amendment soil samples were analyzed by a modification of a sequential extraction
procedure (Appendix J) employed for lead-contaminated soils in another study Ref. 2 to determine
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the concentrations of the more plant-available fractions of lead in the soil.  This analysis may be
used as a basis for calculating the amount of EDTA needed to solubilize only the plant-available
fraction of lead in soil, which will result in a more conservative amount of EDTA being added to
the soil.  Soil lead can be fractionated into water-soluble, exchangeable, carbonate-bound, oxide-
bound, organically-bound, and residual mineral fractions.  The fractions generally considered to
be the more readily plant-available forms are the water-soluble, exchangeable, carbonate-bound,
and oxide-bound fractions.  However, the oxide-bound fraction is usually much less plant-
available than the other fractions, and therefore is not included as part of the total plant-
available lead concentration.

4.3.3.4  1999 Statistical Analysis of Data
Due to the limited data collected from the small number of grids at both sites (12 of the 36 grids
at Site C and two of the 36 grids at Site 129-3), statistical analysis of the data by use of
parametric statistics was not performed.  Geostatistical analysis and evaluation was performed
on data obtained at Site C.  The analysis is presented in Appendix E.  However, the extreme
variability in lead content prevented an accurate accounting of the total lead status of the soil
with the use of geostatistics.

4.3.4  2000 Field Activities - Groundwater, Surface Water, and Deep Core Soil Sampling
Plans were modified to include phytoextraction at Site 129-3 in 2000.  After observation of lead
and EDTA in the groundwater, the plans were changed to sampling only.  Groundwater, surface
water, and soil were sampled in 2000 to determine if the EDTA applications to the plot at Site C
in 1998 and 1999 had impacted groundwater beneath and outside the plot area, or surface water
in a drainage ditch to the southwest, west and northwest of the plot.

Three groundwater sampling events and two surface water sampling events were performed at
Site C (Table 4-13). The groundwater samplings were performed on April 11, May 17, and
May 30, 2000.  A single surface water sample was collected from the drainage ditch on April 11
in conjunction with groundwater sampling.  A second, more comprehensive set of surface water
samples was collected on May 4, 2000.  The sampling locations for the ground and surface water
samples are shown in Figure 4-8.  Groundwater samples were not collected at Site 129-3.  The
groundwater samples were taken at increasing distances from the demonstration plot in order to
track the extent of lead and EDTA movement away from the plot.  Samples were taken from the
drainage ditch to determine if groundwater that flowed beneath the demonstration plot
subsequently flowed up into the ditch.

Samples sent to the TVA Analytical Laboratory were unfiltered and unacidified.  The samples
were unfiltered in order to determine the contribution (if any) of lead adsorbed on silt, clay, or
colloidal particulates to the total concentration of lead in the sample.  The samples were initially
unacidified to prevent interference with EDTA determination, but upon receipt by TVA, the
sample was subdivided and a portion was acidified to preserve the sample for metals
determination.
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Table 4-13

Chronology of Groundwater and Surface Water Sampling Events at Site C in 2000

Sampling
Event

Sample
ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft)
1 FB1 Field Blank 11-Apr-00
1 RB1 Rinse Blank 11-Apr-00
1 RB2 Rinse Blank 11-Apr-00
1 GW1 Groundwater 11-Apr-00 7 - 7.5
1 GW2 Groundwater 11-Apr-00 5 - 5.5
1 GW3 Groundwater 11-Apr-00 5
1 GW4 Groundwater 11-Apr-00 4
1 GW5 Groundwater 11-Apr-00 6
1 GW6 Groundwater 11-Apr-00 5.5
1 SW1 Surface Water 11-Apr-00

2 PRB2-1-U Pre-Rinse Blank 4-May-00
2 PRB2-1-F Pre-Rinse Blank 4-May-00
2 FB2-1-U Field Blank 4-May-00
2 FB2-1-F Field Blank 4-May-00
2 RB2-1-U Rinse Blank 4-May-00
2 RB2-1-F Rinse Blank 4-May-00
2 SW2-1-U Surface Water

Sample -Unfiltered
4-May-00

2 SW2-1-F Surface Water
Sample - Filtered

4-May-00

2 SW2-2-U Surface Water
Sample -Unfiltered

4-May-00

2 SW2-2-F Surface Water
Sample - Filtered

4-May-00

2 SW2-3-U Surface Water
Sample -Unfiltered

4-May-00

2 SW2-3-F Surface Water
Sample - Filtered

4-May-00

2 SW2-4-U Surface Water
Sample -Unfiltered

4-May-00

2 SW2-4-F Surface Water
Sample - Filtered

4-May-00

2 SW2-4-UD Surface Water
Sample -Unfiltered

Duplicate

4-May-00
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Table 4-13 (Continued)

Chronology of Groundwater and Surface Water Sampling Events at Site C in 2000

Sampling
Event

Sample
ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft)
2 SW2-4-FD Surface Water

Sample - Filtered
Duplicate

4-May-00

2 PRB 2-1U Pre-Rinse Blank
Unfiltered

17-May-00

2 PRB 2-1F Pre-Rinse Blank
Filtered

17-May-00

2 FB2-1U Field Blank 17-May-00
2 FB2-1F Field Blank Filtered 17-May-00
2 RB2-1U Rinse Blank 17-May-00
2 RB2-1F Rinse Blank Filtered 17-May-00
2 GW2-1U Groundwater

Sample - Unfiltered
17-May-00 9.5 - 10

2 GW2-1F Groundwater
Sample - Filtered

17-May-00 9.5 - 10

2 GW2-2 DID NOT SAMPLE 17-May-00 DID NOT
SAMPLE

2 GW2-3 DID NOT SAMPLE 17-May-00 DID NOT
SAMPLE

2 GW2-4U Groundwater
Sample - Unfiltered

17-May-00 9 - 9.5

2 GW2-4F Groundwater
Sample - Filtered

17-May-00 9 - 9.5

2 GW2-5U Groundwater
Sample - Unfiltered

17-May-00 5

2 GW2-5F Groundwater
Sample - Filtered

17-May-00 5

2 GW2-6U Groundwater
Sample - Unfiltered

17-May-00 8

2 GW2-6F Groundwater
Sample - Filtered

17-May-00 8

2 GW2-7 DRY 17-May-00 DRY
2 GW2-8U Groundwater

Sample - Unfiltered
17-May-00 7.5

2 GW2-8F Groundwater
Sample - Filtered

17-May-00 7.5

2 GW2-9 DRY 17-May-00 DRY



Lead Phytoremediation Demonstration                                                              Twin Cities AAP4-44

Table 4-13 (Continued)

Chronology of Groundwater and Surface Water Sampling Events at Site C in 2000

Sampling
Event

Sample
ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft)

3 FB3-1U Field Blank 30-May-00
3 FB3-1F Field Blank Filtered 30-May-00
3 PRB3-1U Pre-Rinse Blank

Unfiltered
30-May-00

3 PRB3-1F Pre-Rinse Blank
Filtered

30-May-00

3 GW3-1U Groundwater
Sample - Unfiltered

30-May-00 8

3 GW3-1F Groundwater
Sample - Filtered

30-May-00 8

3 GW3-2U Groundwater
Sample - Unfiltered

30-May-00 6

3 GW3-2F Groundwater
Sample - Filtered

30-May-00 6

3 GW3-3U Groundwater
Sample - Unfiltered

30-May-00 8

3 GW3-3F Groundwater
Sample - Filtered

30-May-00 8

3 GW3-4U Groundwater
Sample - Unfiltered

30-May-00 8

3 GW3-4F Groundwater
Sample - Filtered

30-May-00 8

3 GW3-4U-
DUP

Groundwater
Sample - Unfiltered

30-May-00 8

3 GW3-4F-
DUP

Groundwater
Sample - Filtered

30-May-00 8

3 GW3-5U Groundwater
Sample - Unfiltered

30-May-00 3

3 GW3-5F Groundwater
Sample - Filtered

30-May-00 3

3 GW3-6U Groundwater
Sample - Unfiltered

30-May-00 6

3 GW3-6F Groundwater
Sample - Filtered

30-May-00 6
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The first set of groundwater samples and the first surface water sample were analyzed by the
TVA Analytical Laboratory for lead, EDTA, pH, and 19 other cations.  A laboratory of the
Minnesota Department of Health performed analyses for lead only on splits of these samples.
The samples were analyzed for other cations by TVA to determine the degree of competition by
other cations with lead for complexation by EDTA, and the potential speciation of EDTA with
other cations in addition to lead.

The second and third set of groundwater samples were analyzed for EDTA by the TVA
Analytical Laboratory.  A commercial laboratory (CompuChem), one of the TCAAP Quality
Assurance Project Plan (QAPP)-approved laboratories used for CERCLA cleanup, performed
analyses for lead on these samples.

The TVA Analytical Laboratory performed analyses on the second set of surface water samples
(taken May 4, 2000) for lead, EDTA, pH, and 19 other cations.  CompuChem performed the
analysis for lead on these samples.

The sampling procedure for collection of the groundwater and surface water samples is detailed
in Section 4.3.5.4.  The quality assurance/quality control procedures used by TVA in the ground
and surface water analyses were the same as those identified in the phytoremediation
demonstration plan. Ref. 21

The method used by TVA for EDTA analysis was TVA Method AP-0047, as provided in the
Technology Demonstration Plan and the 1998 data report.  There was no standard EPA method
for EDTA analysis, so TVA developed this method in-house based on literature research.  The
EPA method for lead analysis was SW846-6010.  EPA Method 150.1 was used to determine pH.

EDTA in all sampling results is reported as Na2EDTA and as EDTA.  For EDTA, analytical
results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without
note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion
factor is:  (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.

4.3.4.1  First Groundwater and Surface Water Sampling - April 11, 2000
Six groundwater samples were taken with a Geoprobe® from the locations shown in Figure 4-9
and designated as GW1-1 through GW1-6.  A field blank and two equipment rinse blanks were
also taken at this time.  The depth to groundwater ranged from 4 feet to 7.5 feet (Table 4-13).

Six temporary boreholes were advanced inside and outside the plot using a Geoprobe

instrument.  Attempts were made to collect a groundwater sample from each borehole. ATK
contracted with American Engineering and Testing, Inc. (AET) to perform the drilling and
sample collection.

The borehole locations were agreed upon by USAEC and MPCA representatives in a March 30,
2000 conference call.  A map (Figure 4-8) was constructed showing the locations of the
boreholes before sampling commenced.  These borehole locations provided one upgradient
sample, three downgradient samples, and two samples from within the demonstration plot.  ATK
marked the locations in the field prior to the sampling event.  A duplicate sample was collected
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from borehole GW-5 (within the demonstration plot) and a rinsate sample was collected when
the equipment was decontaminated between sampling at GW-5 and GW-6.

The boreholes were advanced to the bottom of Unit 1 as determined by the on-site geologists
from AET and ATK.  Unit 1 is estimated to be approximately 15 feet thick at Site C.  By
agreement between AEC and MPCA, any Geoprobe advances to the bottom of Unit 1 without
encountering water constituted a complete sampling event at that location.

Also, by agreement, incomplete penetration of the Geoprobe would result in the borehole being
offset 5 feet to the northwest.  If refusal continued, the borehole was to be offset in the following
order:  5 feet to the northeast; 5 feet to the southeast; and finally, 5 feet to the southwest.  In the
event that these five attempts failed to advance a borehole, the location was considered
complete.

To avoid cross-contamination of samples, new equipment was used at each borehole location or
equipment was decontaminated between borings.  Since Site C was already scheduled for
shallow soil remediation, decontamination water was poured onto the site.  After the
groundwater samples were collected, the boreholes were filled with bentonite grout, as required
by Minnesota Department of Health Rules.

The MPCA requested that split samples be collected, and all equipment pertinent to that
exercise was provided by the MPCA.

One split of each sample was sent to the TVA laboratory where the groundwater samples and
blanks were filtered through a 0.2 micron pore size Millipore® syringe filter and divided into two
equal portions.  One portion was acidified and analyzed for lead and 19 other cations.  The other,
unacidified portion was analyzed at its indigenous pH for EDTA and pH.

A single surface water sample was collected from the drainage ditch at this time by dipping a
large container into the standing surface water, and then transferring to sample containers.

4.3.4.2 Second Surface Water Sampling - May 4, 2000
Surface water samples were collected from four locations in the drainage ditch as described in
Section 4.3.5.4.  The sample locations are designated as SW2-1 through SW2-4 on Figure 4-8.  A
duplicate sample was collected from the location designated SW2-4.  One equipment pre-rinse
blank, one equipment rinse blank, and one field blank also were collected in conjunction with
this sampling.  Each sample, including blanks, was divided into two portions, and one portion
was filtered through a 0.45 micron pore size Millipore® filter at the time of collection in the field,
then acidified, while the other portion was unfiltered and unacidified.

The filtered, acidified samples were sent to an outside lab, CompuChem, for analysis of lead.
The unfiltered, unacidified samples were sent to the TVA Analytical Laboratory for EDTA
analysis.  These samples were then divided into two portions.  One portion was filtered through a
0.45 micron pore size Millipore® filter, analyzed for EDTA, then acidified and analyzed for
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Figure 4-8
Groundwater and Surface Water Sampling Locations

Site C - April 2000



Lead Phytoremediation Demonstration                                                              Twin Cities AAP4-48

lead. The other portion was filtered through a 0.2 micron pore size Millipore® filter, analyzed for
EDTA, then acidified and analyzed for lead and other cations that could potentially compete with
lead for complexation by EDTA.  The dual filtration was done to test for adsorption and transport
of EDTA and lead on particulates in the water.

4.3.4.3  Second Groundwater Sampling - May 17, 2000
Attempts were made to collect groundwater samples from 9 locations (shown on Figure 4-8) at
this sampling.  The samples were collected as outlined in Section 4.3.5.4 using the GeoProbe®.
The sample locations are designated as GW2-1 through GW2-9 as shown on Figure 4-8.
However, due to difficulties in the field and bad weather, two of the locations  (GW2-2 and
GW2-3) were not sampled, and groundwater was not found at two other locations (GW2-7 and
GW2-9).  One equipment pre-rinse blank, one equipment rinse blank, and one field blank also
were collected in conjunction with this sampling.  The depth to groundwater ranged from 5 feet
to 10 feet (Table 4-13).

Each sample and blank was divided into two portions.  One portion was filtered through a
0.45 micron pore size Millipore® filter at the time of collection in the field, then acidified, while
the other portion was unfiltered and unacidified.

The filtered, acidified samples were sent to CompuChem for analysis of lead.  The unfiltered,
unacidified samples were sent to the TVA Analytical Laboratory for EDTA analysis.  Analyses
for other elements were not conducted.  However, TVA split the samples and retained an
acidified portion in case additional analyses were requested.

4.3.4.4  Third Groundwater Sampling - May 30, 2000
Groundwater samples were collected from six locations (designated as GW3-1 through GW3-6
on Figure 4-8).  A duplicate sample was collected from location GW3-4.  One equipment pre-

rinse blank and one field blank were collected.  The samples were collected using the Geoprobe

as outlined in Section 4.3.5.4.  The depth to groundwater at this sampling ranged from 3 to 8 feet
(Table 4-13).

As before, each sample was divided into two portions, with the filtered and acidified portion sent
to CompuChem for determination of the lead concentration in the sample, and the unfiltered,
unacidified portion sent to the TVA Analytical Laboratory for EDTA analysis.

4.3.4.5  2000 Deep Core Soil Sampling at Site C and Site 129-3
Since the experimental plots were shown to be extremely heterogeneous with respect to soil type
and the type and amount of debris present, particularly at Site C, deep core soil samples (to a
4-foot depth) were taken at Site C from 12 locations within the plot and from 6 locations outside
the plot (Figure 4-9).   Deep core samples were taken  from  4 locations within the plot at
Site 129-3, (Figure 4-10) but none were taken outside the plot.  All samples were taken with the
GeoProbe on April 11, 2000, in conjunction with the groundwater sampling.  The sampling
protocol is detailed in Section 4.3.5.1.2.
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The intact cores were characterized by visual and tactile means to determine the broad soil
textural class and also to determine the amount and type of debris present in order to gain a
three-dimensional perspective of the soil.  The soil was analyzed in increments of one foot to
determine the amount of solubilized lead and EDTA in the surface and subsurface soil after the
winter of 1999, to determine background concentrations of lead and EDTA outside the plot, and
to determine concentrations of total lead present at the lower soil depths.

4.3.5  Sampling Plan

4.3.5.1  Soil Sampling

4.3.5.1.1  Soil Sampling in 1998 and 1999
Soil sampling was performed by TVA personnel, with assistance from ATK personnel.  The
sampling procedure was as follows:

 
1. The Site C and 129-3 farm plots were each subdivided into thirty-six 15- x 15-foot grids, as

described above in Section 4.3.2.   Each 15- x 15-foot grid was then subdivided into four
7.5- x 7.5-foot quadrants.

 
2. All of the grids were sampled during most sampling periods during the 1998 season.

However, only every second or fourth 15- x 15-foot grid was sampled during sampling
periods conducted prior to the addition of soil amendments (see Tables 4-7 and 4-8).  Those
15- x 15-foot grids were designated with a flag.  In 1999, only twelve grids were sampled at
Site C and two at Site 129-3.

 
3. The 0-inch to 12-inch soil sample from each grid was a composite sample comprised of soil

taken from the four quadrants within each grid.  Each grid quadrant was sampled by
creating a 12-inch-deep hole using a power soil sampling auger and then scraping a soil
sample from the length of the hole using a spoon.  Each soil sample weighed approximately
200 grams.  Use of the power sampling equipment was a modification of the Technology
Demonstration Plan.

 
4. The four 0-inch to 12-inch soil samples from each grid were composited by placing the four

quadrant samples into a single OneZip™ plastic bag.  Each plastic bag contained
approximately one 800-gram composite sample and was labeled, as indicated in
Section 4.3.5.7.

 
5. A 12-inch to 24-inch soil sample was obtained from each quadrant of each grid sampled

above.  Each 12-inch to 24-inch quadrant sample was obtained from the sampling hole used
to obtain the 0-inch to 12-inch sample by placing the soil auger into the original hole,
drilling a 24-inch deep hole, and then scraping a soil sample from the length of the 12- to
24-inch hole using a spoon.  Each soil sample weighed approximately 200 grams.

 
6. The 12-inch to 24-inch soil samples from each grid were composited by placing the four

quadrant samples into a single OneZip™ plastic bag.  Each plastic bag contained
approximately one 800-gram composite sample and was labeled, as indicated in
Section 4.3.5.7.
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Figure 4-9
Locations for Deep Core Soil Samples Taken at Site C
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Figure 4-10
 Locations for Deep Core Soil Samples Taken at Site 129-3.
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7. Upon leaving the sampling site, all personnel involved in the sampling procedure underwent
decontamination in accordance with the demonstration Health and Safety Plan.Ref. 21

 
8. Field wastes were packaged in suitably sized heavy-duty plastic bags and placed in a

designated satellite area until disposal in a hazardous waste landfill.
 

9. The soil samples were packaged for shipment to the TVA Analytical Laboratory in Muscle
Shoals, Alabama, in accordance with the TVA chain of custody procedures (Appendix D-17).

 
10. Upon receipt at the TVA facility, the 800-gram 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 a greenhouse and allowed to dry for one week with periodic mixing
of the soil in the bag.

 
11. Upon drying, the soil samples were analyzed, as outlined in Tables 4-7 and 4-8.  The specific

analytical methods used are shown in Table -12.  A total of 396 soil samples were taken
during the 1998 demonstration year (Table 4-9).  Fifty-six samples were taken during the
1999 season.

No field QC samples were collected for soil sampling, but a laboratory duplicate of every
twentieth sample was analyzed when sample size allowed.

4.3.5.1.2  Soil Sampling in 2000
Soil samples down to the four foot depth were collected from Site C and from Site 129-3 using
the Geoprobe®.  The sampling was performed by American Engineering and Testing, Inc. (AET).

The sampling procedure was as follows:

1. The sample locations were determined as shown in Figure 4-9 and 4-10.
 

2. 48” Geoprobe Macro-Core Sample Tubes with liners (MC PETG Liner, heavy duty) were
used to sample continuously to depth of exactly 4 feet from ground surface.  If significant

obstructions were encountered (evidenced by lifting of Geoprobe), then the sample tube
was removed, the liner discarded, and the sampling point was offset 1 to 2 feet.

 
3. Compression of the soil in the tubes to less than 40 inches necessitated collection of two

separate samples at each of the sample locations.  One sample was collected from the ground
surface to exactly 2 feet deep.  The second sample was collected from 2 feet to 4 feet via the
same sample hole (the probe was inserted through the void left by the 0- to 2-foot sample
collection).

 
4. Probe rods were retracted and the sample liner removed. Length of sample material within

the liner was measured to the nearest inch and recorded.  Before cutting, a permanent
marker was used to write “Top” and “Bottom” directly on the sample liner.  Any empty liner
material was cut away, (use Macro-Core Circular Cutting Tool or knife) and a black (black, b
for bottom) vinyl end cap was placed on the end with the deepest soil and a red vinyl end
cap on the end with the shallowest soil.  A permanent marker was used to label each tube.
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The label identified the sample location and the respective depth range (0 to 2 feet or 2 to 4
feet).  Probe rods and other downhole equipment were decontaminated between each use.

 
5. Each deep core soil sample (i.e., MC PETG Liner) was labeled as to

• Site C or Site 129-3
• Sample location
• Top or bottom of sample
• Date
• Depth range at which sample was collected
• Sampler’s initials

 
6. Any soil from the outside of the sample liner was wiped away with a dry cloth or paper

towel.  Up to six core samples (12 liner halves) were placed in a large plastic bag and a knot
was tied in the opening. This bag was placed in a 2nd plastic trash bag, which was knotted,
and then again in a third bag, which was knotted.  The triple-bagged samples were placed in
a cooler on top of Blue Ice.

 
7. Immediately before relinquishing samples to the shipping company (UPS or FEDEX), the old

Blue Ice was removed and new frozen Blue Ice was added.  The chain of custody form was
completed and placed in a sealable bag inside cooler.  The custody seal was applied across
the opening of the cooler and signed and dated.  The ice chests were shipped over night for
delivery by 10:00 a.m. to:

Tennessee Valley Authority
Attention:  David Phillips
Reservation Road, CTR-1K
Muscle Shoals, Alabama  35661
Phone  256-386-3358

8. The format for the Field Log used during collection of deep core soil samples was as follows:

Date Location Start Time End Time Recovery (inches) Comments

4.3.5.2  Plant Sampling
Plant sampling was performed primarily by TVA personnel with assistance from ATK personnel.
The sampling procedure was as follows:

1. Each 15- x 15-foot grid was divided into four 7.5- x 7.5-foot quadrants, as in Step 1 for soil
sampling (Section 4.3.5.1.1).
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2. A 15- x 15-foot (minimum) plastic tarp was placed on an area within the WZ (see

description of WZs in Section B 6.4 of the demonstration Health and Safety PlanRef.  21).
 
3. All of the grids were sampled during most sampling periods in 1998.  However, only every

second or fourth 15- x 15-foot grid was sampled during sampling periods prior to the
addition of soil amendments (see Tables 4-7 and 4-8).  These 15- x 15-foot grids were
designated with a flag.  In 1999, only twelve grids were sampled at Site C and two at
Site 129-3.

 
4. Two plants from each of the four 7.5- x 7.5-foot quadrants were harvested by cutting the

plant at the stalk near the base (eight plants total).  Each plant was cut down by carefully
holding the plant to prevent contact with contaminated soil, cutting the stalk using a corn
knife or shears, and carrying the harvested plants to the tarp in the WZ.

 
5. At the WZ, the eight plants harvested from each grid were cut into small pieces using hand

tools and placed into large paper bags.  Each paper bag was labeled, as indicated in
Section 4.3.5.7.  After processing the plants from each grid, but prior to processing plants
from the next grid, the plant debris on the tarp was brushed into a dust bin using a broom
and deposited into the paper bag.  Each paper bag was folded at the top and sealed
(stapled).

 
6. Upon completion of the sampling program, hand tools were decontaminated by either

wiping off the tool or rinsing with potable water.
 
7. Upon leaving the sampling site, all personnel involved in the sampling procedure underwent

decontamination in accordance with the demonstration Health and Safety Plan.Ref.  21

 
8. The plant samples were packaged for shipment to the TVA Analytical Laboratory in

Muscle Shoals, Alabama, in accordance with the TVA chain of custody procedures
(Appendix D-17).

 
9. Upon receipt at the TVA facility, the plant tissue samples were oven-dried for 72 hours at

55°C in the original paper bags.  The tissue was then ground to less than 2.0-mm particle
size using a Wiley Mill.  The dried, ground tissue was stored in large glass bottles and
labeled.

 
10. A representative plant sample was obtained from the glass bottles and analyzed, as outlined

in Tables 4-7 and 4-8.  The specific analytical methods that were used are provided in
Table 4-12.  A total of 198 plant samples were taken in 1998 (Table 4-10).  Twenty-eight
plant samples were taken in 1999.

No field QC samples were collected for plant sampling, but a laboratory duplicate of every
twentieth sample was collected when sample size allowed.

4.3.5.3  Soil Solution Sampling
Soil solution sampling was performed by ATK personnel.  The sampling procedure is described
below.
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4.3.5.3.1  Soil Solution Sampling at Site C
Samples were collected from the lysimeters at Site C whenever the lysimeters contained a
sufficient volume of soil solution to obtain an approximate 80-mL sample.  However, on
numerous occasions, there was insufficient solution in the lysimeters to collect a sample.  Each
80-mL sample was obtained by applying a suction to the glass tube at the top of the lysimeter.
The system was designed so that soil solution in the porous ceramic cup at the bottom of the
lysimeter flowed through the glass tube to the surface, through a plastic tube, and into a 250-mL
Buchner side arm suction flask.  A hand-held, battery-operated drill with pump attachment was
used to create the suction.

All of the 80-mL samples collected were composited in a pre-cleaned 1-liter stainless steel
beaker for distribution to other containers.  Approximately 40 mL of the soil solution from the
stainless steel beaker was transferred to one 40-mL glass bottle.  The contents of this bottle were
analyzed for EDTA.  Approximately 250 mL of the soil solution from the stainless steel beaker
was transferred to one 250-mL plastic bottle.  The contents of this bottle were analyzed for total
metals (Be, Pb, Sb, Tl, Mn).  In addition, the solution from the lysimeter in the extreme
northwest corner of the demonstration plot was analyzed for copper (total metals - Cu), since the
collected solution exhibited a blue coloration, which sometimes indicates the presence of copper.
This blue coloration varied in intensity from faint blue to sky blue and persisted over a period of
7 weeks.  Next, approximately 500 mL of the soil solution from the stainless steel beaker was
transferred to one 500-mL glass bottle.  The contents of this bottle were analyzed for arsenic.
The contents of the 250- and 500-mL bottles were preserved by adding four drops of nitric acid
to each bottle.  Any remaining soil solution in the 1-liter stainless steel beaker was poured onto
the soil in the 90- x 90-foot plot.

During the first sampling day at the demonstration site, a rinse blank, trip blank, and field
duplicate (for each bottle) also were collected.  Thereafter, a rinse blank, trip blank, and field
duplicate were collected for every twentieth composite sample collected.

Each sample container was affixed with a label indicating:  the demonstration site the sample
was taken from, the purpose for taking the sample (demonstration, rinse blank, trip blank, or
field duplicate), the date the sample was taken, and the type of crop growing at the time (see
labeling instructions in Section 4.3.5.7).  All of the containers were transported to the TVA
Analytical Laboratory in Muscle Shoals, Alabama.  All samples were refrigerated upon arrival at
the lab.  All samples received from the demonstration site were handled in accordance with the
TVA chain of custody procedures.

Upon completion of the sampling program, all hand tools were decontaminated either by wiping
off the tool or rinsing with clean water.  Upon leaving the sampling site, all personnel involved in
the sampling procedure underwent decontamination in accordance with Section B3.2 of the
demonstration Health and Safety Plan.Ref. 21

4.3.5.3.2  Soil Solution Sampling at Site 129-3
As described for Site C, soil solution at Site 129-3 was collected from lysimeters using a 250-mL
Buchner side arm suction flask and a hand-held, battery-operated drill with suction pump
attachment.  However, due to the volatile nature of trichloroethylene, the sampling procedure
varied from that described for Site C for the sample designated for trichloroethylene sampling as
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requested by the regulators.  The lysimeter closest to trench TR031, i.e., the lysimeter located in
the northwestern corner of the 90- x 90-foot plot area (grid #6) was designated for
trichloroethylene sampling.  Had sample collection been possible, the sampling procedure would
have been as follows:

Lower a 50-mL glass sample bottle, attached to a probe, to the bottom of the lysimeter.
Carefully fill the bottle and bring to the soil surface.  Carefully and quickly transfer 40 mL of the
contents to one 40-mL glass screw cap volatile organic analyte (VOA) vial containing four drops
of concentrated hydrochloric acid and quickly seal with the cap.   Analyze the contents of the
40-mL VOA vial for trichloroethylene.  The VOA vial is labeled to indicate that this is the first
VOA sample collected at this sampling.  HCl is added to preserve the sample for
trichloroethylene analyses.  Any excess water is poured into a 250-mL Buchner side arm suction
flask.

The 50-mL glass sample bottle is lowered into the lysimeter a second time, carefully filled, and
brought to the surface.  The contents (40-mL) are carefully and quickly transferred to a second
40-mL glass screw cap VOA vial containing four drops of concentrated hydrochloric acid.  The
contents of this vial are analyzed for trichloroethylene for quality control purposes.  The VOA
vial is labeled to indicate that this is the second VOA sample collected.  Again, any excess water
is poured into the 250-mL Buchner side arm suction flask.

Next, up to 80 mL of sample is collected by lowering a glass sample bottle, attached to a probe,
to the bottom of the lysimeter.  The sample is poured into a 250-mL flask.  Any soil solution in
the flask is poured into a precleaned 1-liter stainless steel beaker.

For analysis of metals and EDTA, approximately 80 mL of soil solution was collected from each
of the remaining 11 lysimeters at Site 129-3 (if lysimeters contained sufficient solution for
sampling).  Each 80-mL sample was obtained by applying a suction to the glass tube at the top of
the lysimeter.  Soil solution in the lysimeter porous ceramic cup flowed through the glass tube to
the top of the lysimeter, through a plastic tube, and into a 250-mL Buchner side arm suction
flask.  A hand-held, battery-operated drill with pump attachment was used to create the suction.

At a given sampling event, all 80-mL samples collected were composited in the 1-liter stainless
steel beaker described above.  Approximately 40 mL of the soil solution from the stainless steel
beaker was transferred to one 40-mL glass bottle.  The contents of this bottle were analyzed for
EDTA.  Approximately 250 mL of the soil solution from the stainless steel beaker were
transferred to a 250-mL plastic bottle, preserved by addition of four drops of nitric acid, and
analyzed for total metals (Pb, Sb, Mn).  Any remaining soil solution in the 1-liter stainless steel
beaker was poured onto the soil in the 90- x 90-foot plot.

During the first soil solution sampling day at the demonstration site, a rinse blank, trip blank, and
field duplicate also were collected.  Thereafter, a rinse blank, trip blank, and field duplicate were
collected for every twentieth composite sample collected.  For the trichloroethylene sample, a
trip blank would have been collected each time.
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Each sample container was affixed with a label indicating:  the demonstration site the sample
was taken from, the purpose for taking the sample (demonstration, rinse blank, trip blank, or
field duplicate), the date the sample was taken, and the type of crop growing at the time (see
labeling instructions in Section 4.3.5.7).  All of the containers were transported to the TVA
Analytical Laboratory in Muscle Shoals, Alabama, for analysis.  All samples were refrigerated
upon arrival at the laboratory.  All samples received from the demonstration site were handled in
accordance with the TVA laboratory chain of custody procedures.

Upon completion of the sampling program, all hand tools were decontaminated either by wiping
off the tool or rinsing with clean water.  Upon leaving the sampling site, all personnel involved in
the sampling procedure underwent decontamination.

4.3.5.4  Ground and Surface Water Sampling in 2000

4.3.5.4.1  Groundwater Sampling at Site C
Subsurface water sampling was arranged by ATK.  Sample containers (250-mL Nalgene® bottles)
were cleaned by TVA personnel prior to use by acid-washing and then rinsing with deionized
water.  The bottles were then shipped to TCAAP.

A log was maintained by ATK which appropriately described all aspects of the actual sampling,
and the characteristics of each sample.  This included any difficulties encountered in obtaining
the sample, and the color, odor, and appearance of each sample.  The sampling procedure is
described below.

1. Using the Geoprobe® sampling equipment in accordance with manufacturer’s instructions,
the access hole was bored or drilled to the expected subsurface water level.

2. After location of water was achieved, a water sample of at least 200 mL in volume was
withdrawn from the collection device and place in the sample container.

 
3. Care was taken to ensure that no soil or other solid or liquid contaminant was introduced into

the sample or sample bottle.  However, if such contamination had occurred, the
contaminated sample would have been discarded and another sample obtained.

 
4. The sample was not filtered, acidified, or altered in any way from the natural state.
 
5. Each sample was labeled as to the following:

a) Site C
b) sample location
c) date
d) time
e) depth at which sample was collected
f) physical appearance of sample, i.e., clear, turbid, etc.
g) name of person collecting the sample



Lead Phytoremediation Demonstration                                                              Twin Cities AAP4-58

6. Each sample bottle label was covered with plastic tape so that moisture would not obliterate
the label.

 
7. Each sample was placed in an ice chest containing crushed ice or Blue Ice for cooling the

samples in the field.
 
8. Immediately before relinquishing samples to the shipping company (FEDEX), the old Blue

Ice (or crushed ice) was removed and new frozen Blue Ice was added. The sample bottles
were cushioned by wrapping in plastic bubble wrap, placing on Blue Ice, and the ice chest
was sealed for shipment.

 
9. A chain of custody form was completed and placed in a sealable bag inside the cooler. A

custody seal was placed across the opening of the cooler and signed and dated.  The
container was shipped over night for delivery by 10:00 a.m. to:

Tennessee Valley Authority
Attention:  David Phillips
Reservation Road, CTR-1K
Muscle Shoals, Alabama  35661
Phone  256-386-3358

10. The format for the field log used during collection of groundwater samples was as follows:

Date Location Start Time End Time Recovery (inches) Comments

4.3.5.4.2  Surface Water Sampling at Site C
Surface water sampling was arranged by ATK.  Sample containers (250 mL Nalgene® bottles)
were cleaned by TVA personnel prior to use by acid-washing and then rinsing with deionized
water.  The bottles were then shipped to TCAAP.

A log was maintained by ATK which appropriately described all aspects of the actual sampling,
and the characteristics of each sample.  This included any difficulties encountered in obtaining
the sample, and the color, odor, and appearance of each sample.  The sampling procedure is
described below.

For the single surface water sample - April 11, 2000:
1. Water was collected from the drainage ditch by dipping a large plastic bucket into the

standing water in the ditch.

2. A water sample of at least 200 mL in volume was poured from the collection device into the
sample container.
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3. Care was taken to ensure that no soil or other solid or liquid contaminant was introduced into

the sample or sample bottle.  However, if such contamination had occurred, the
contaminated sample would have been discarded and another sample obtained.

 
4. The sample was not filtered, acidified, or altered in any way from the natural state.
 
5. Rinse blanks were collected in similar fashion.
 
6. The sample was labeled as to the following:

a) Site C
b) Sample location
c) Date
d) Time
e) Depth at which sample was collected
f) Physical appearance of sample, i.e., clear, turbid, etc.
g) Name of person collecting the sample

7. The sample bottle label was covered with plastic tape so that moisture would not obliterate
the label.

 
8. The sample was placed in the same ice chest containing the groundwater samples and packed

in Blue Ice and shipped to TVA along with the groundwater samples.

For the surface water sampling - May 4, 2000:
The protocol for this sampling was the same as for the single sample collected on April 11,
except that water was collected from the drainage ditch by pumping with a peristaltic pump
fitted with Tygon® tubing into the 250 mL Nalgene® sample containers.

4.3.5.5  Sampling Team Structure and Qualifications
The sampling team collecting soil and plant samples consisted of at least one team leader and
one technician.  This team consisted of both TVA and ATK personnel.  All sampling team
members had completed the Occupational Safety and Health (OSHA) 40-hour HAZWOPER
training program in accordance with 29 CFR 1910.120.  The team leader had also completed the
8-hour supervisor training.

The ATK sampling team collecting soil solution samples consisted of one team leader and one
technician.  All sampling team members had completed the OSHA 40-hour HAZWOPER
training program.  The team leader had also completed the 8-hour supervisor training.

The sampling team for the groundwater and surface water sampling consisted of a team leader
from ATK, a representative from MPCA, and personnel from AET.  For the first groundwater
sampling, a representative for AEC and a representative for TVA were also present as observers.
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4.3.5.6  Site Health and Safety Procedures
Level D PPE was deemed appropriate for sampling operations.  Monitoring for lead in ambient
air indicated that under the conditions of sampling, lead exposure was well below the current
OSHA PEL and Action Limit, thus, no respirator was required during sampling.

4.3.5.7  Sample Labeling
Soil samples were labeled with the date of sampling, the plot designation, the grid the soil sample
was taken from, and the soil depth.  An example of the labeling of a soil sample taken in the first
sampling period is:  7-1-98, plot C, grid 16, 0-12 inches.

Plant samples were labeled with the date of sampling, the plant species, the plot designation, and
the grid from which the plant sample was taken.  An example of the labeling of a plant sample
taken in the first sampling period is:  7-1-98, corn, Site C, grid 16.

A label was affixed to each bottle containing a soil solution sample indicating:  the date the
sample was taken, the demonstration site the sample was taken from, and the purpose for taking
the sample (demonstration, rinse blank, trip blank, or field duplicate).  An example of labeling
for a soil solution sample being taken for demonstration purposes taken in the 1998 crop would
be:  date, Site C, rinse blank.

Each ground and surface water sample was labeled as to the following:
a) Site C
b) sample location
c) date
d) time
e) depth at which sample was collected
f) physical appearance of sample, i.e., clear, turbid, etc.
g) name of person collecting the sample

Each sample bottle label was covered with plastic tape so that moisture would not obliterate the
label.

4.3.5.8  Sample Documentation
All samples shipped from the site by TVA or received by TVA were handled in accordance with
Procedure SP-0001, “Sampling Chain of Custody” (Appendix D-17).

4.3.5.9  Sample Storage, Packaging, and Shipping
Soil samples were transported in the appropriately identified and labeled sealed plastic bags
(OneZip™-type) into which they were placed immediately after sampling.  The bags were
placed into containers for shipping.  Soil samples remained in these bags for storage.

Plant samples were shipped in the paper bags into which they were placed immediately after
harvesting.  The bags were folded at the top, sealed (stapled), and placed into sealed containers
for shipping.  After plant samples were dried and ground, they were stored in glass bottles.

Soil solution and ground and surface water samples were placed in plastic bottles, and shipped in
ice chests containing blue ice.
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Deep core soil samples were placed in triple plastic bags, and shipped in  ice chests containing
blue ice.

All samples shipped or received by TVA were handled in accordance with TVA chain of custody
procedures (Appendix D-17).

4.4  Analytical Procedures

4.4.1  Laboratory Procedures
Standard analytical procedures for data collected in the laboratory are provided in
Appendices D-1 through D-19.  For EDTA, analytical results are based on comparison with
Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this
project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows
the data calculated as Na2EDTA and as EDTA.  The conversion factor is:  (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.

4.4.2  Analytical Equipment
The equipment used for collecting laboratory data at TVA is outlined in Table 4-17.  The pH of
soil samples taken in the laboratory were analyzed with a glass electrode and pH meter.  Total
Organic Carbon (TOC) was analyzed by a manual titrimetric method.  Total Kjeldahl Nitrogen
(TKN) was determined colorimetrically via an automatic analyzer.  For Cation Exchange
Capacity (CEC) analysis, both an automatic analyzer and inductively coupled plasma (ICP)
were used.  Extractable P, Exchangeable K, Ca, Mg, and Al; DTPA-Extractable Fe and Mn; Bio-
available Pb; and Total Metals (Be, Pb, Sb, Tl, Mn) were determined by ICP spectrometry.
Arsenic (As) was determined by atomic absorption (AA).  The EDTA chelate was analyzed by
high performance liquid chromatography (HPLC).  Trichloroethylene was to be determined by
gas chromatography (GC).

4.4.3  Residuals Management of Laboratory- and Sampling-Related Wastes
Residuals consisted of lead-contaminated soil, plant tissue, soil solutions, ground and surface
water samples, rinse water, laboratory waste, and contaminated articles of clothing (Tyvek suits
and booties, gloves, masks, respirator filters, etc.).  The fate of these materials was as follows:

• Contaminated soil, water, and plant samples sent to TVA, as well as related laboratory
wastes, were disposed of through TVA’s existing hazardous waste disposal contracts.  (TVA
activity)
 

• Contaminated soils collected during the process of decontaminating personnel and
equipment decontamination were returned to the demonstration plots.  (TVA and ATK
activity)
 

• Contaminated rinse water collected during the process of decontaminating personnel and/or
equipment was poured onto the demonstration plots.  (TVA and ATK activity)



Lead Phytoremediation Demonstration                                                              Twin Cities AAP4-62

 
Contaminated soils, plastic tarps or pads, articles of clothing (Tyvek suits, booties, gloves,
masks, respirator filters, etc.) produced during the sampling process were disposed of in a
manner appropriate to the nature of the waste.  (ATK activity)
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Table 4-14

Equipment Used for Data Collection

Parameter Measured TVA Equipment ATK-Designated Lab
Equipment

Soil and Plant Analyses
  pH Orion pH meter  NA1

  Total Kjeldahl Nitrogen (TKN) Lachat QuikChem 8000 or Technicon AutoAnalyzer
II

NA

  Extractable P Perkin Elmer or Thermo Jarrel Ash ICP NA
  Exchangeable K Perkin Elmer or Thermo Jarrel Ash ICP NA
  Exchangeable Ca Perkin Elmer or Thermo Jarrel Ash ICP NA
  Exchangeable Mg Perkin Elmer or Thermo Jarrel Ash ICP NA
  Exchangeable Al Perkin Elmer or Thermo Jarrel Ash ICP NA
  DTPA-Extractable Fe Perkin Elmer or Thermo Jarrel Ash ICP NA
  DTPA-Extractable Mn Perkin Elmer or Thermo Jarrel Ash ICP NA
  Total Metals (Be, Cu, Pb, Sb, Tl, Mn) Perkin Elmer or Thermo Jarrel Ash ICP NA
  Total Metals (As) AA NA
  Bio-Available Pb  (Water-Soluble) Perkin Elmer or Thermo Jarrel Ash ICP NA
  Chelator (EDTA) HPLC NA
  Cation Exchange Capacity (CEC) Lachat QuikChem 8000 or Technicon AutoAnalyzer

II
and Perkin Elmer or Thermo Jarrel Ash ICP

NA

  Soil Moisture Analytical Balance NA
Soil Solution Analyses
  Total Metals (Be, Pb, Cu, Sb, Tl, Mn) ICP
  Total Metals (As) AA
  Trichloroethylene GC
(1)  NA = Not Applicable.



Lead Phytoremediation Demonstration                 5-1 Twin Cities AAP

Section 5.0
Performance Assessment

5.1  Performance Data

5.1.1  Analytical Methods Employed
Standard analytical procedures for data collected in the laboratory are provided in
Appendices D-1 through D-19.  EDTA in all sampling results is reported as Na2EDTA and as
EDTA.  For EDTA, analytical results are based on comparison with Na2EDTA standards and are
calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as
Na2EDTA and as EDTA.  The conversion factor is:  (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.  On a molar basis, there is no difference:  one mole of disodium EDTA is
equivalent to one mole of EDTA.

5.2  Data Assessment

5.2.1  Preliminary Site Characterization
At the beginning of the demonstration, preliminary soil characterization samples were collected
from both Site C and Site 129-3 to map the extent and location of lead contamination in the soil
at the proposed demonstration sites (Figures 5-1 and 5-2).  Each demonstration site was divided
into 36 grids.  A soil sample was collected from each of the 36 grids and the samples were
analyzed for pH and total lead (Tables 5-1 and 5-2).  These results indicate that the soil at both
sites was uniformly alkaline (pH approximately 8.2) down to the depth sampled (12 inches).

The lead concentrations in the soil at both sites varied extensively.  At Site C, the lead
concentration averaged 2,610 mg/kg at the 0- to 6-inch depth and ranged from 1,240 mg/kg to
8,170 mg/kg.  The average lead concentration at the 6- to 12-inch depth was 2,850 mg/kg and
ranged between 1,050 mg/kg to 7,150 mg/kg.  The lead concentrations at Site C are consistent
with those of a site with a moderate level of lead contamination. Based on the state of
development of the technology at the onset of the demonstration, the soil contained lead
concentrations which were reported to be just within the practical and economic limits of the
technology.  However, results of this demonstration showed that remediation of soil at these lead
concentrations under the conditions of the site was not technologically and economically
practical.

Much of the lead in the soil at Site 129-3 was present at concentrations below the regulatory
residential use target of 400 mg/kg.   The lead concentrations averaged 329 mg/kg  at  the  0- to
6-inch  depth and ranged from 6 mg/kg to 1,730 mg/kg; the average lead concentration at the 6-
to 12-inch depth was 249 mg/kg, with a range of 3 mg/kg to 918 mg/kg (Table 5-2).  For
demonstration purposes, the lower lead concentrations at this site would be similar to those
which would be encountered near the end of a remediation effort.  Demonstrating remediation at
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Grid # 31 32 33 34 35 36
0-6 in. 1,840 1,780 2,980 4,200 3,010 1,820

6-12 in. 2,820 2,100 1,300 2,620 4,050 1,580

Grid # 25 26 27 28 29 30
0-6 in. 1,760 2,340 1,240 3,490 2,400 2,010

6-12 in. 3,550 3,630 1,500 4,800 2,550 1,200

Grid # 19 20 21 22 23 24
0-6 in. 2,030 2,870 8,170 6,340 2,360 2,730

6-12 in. 4,270 4,540 1,050 7,150 1,990 2,160

Grid # 13 14 15 16 17 18
0-6 in. 1,340 2,510 1,810 2,390 3,000 2,670

6-12 in. 2,570 4,060 2,030 3,640 2,430 2,620

Grid # 7 8 9 10 11 12
0-6 in. 1,800 2,200 2,410 1,940 1,720 2,130

6-12 in. 2,360 2,820 2,870 2,110 2,000 2,800

Grid # 1 2 3 4 5 6
0-6 in. 2,690 3,650 2,420 1,410 1,590 3,090

6-12 in. 1,100 5,320 4,670 1,680 2,000 2,710

Figure 5-1
Map of Initial Lead Contamination (mg/kg) at Site C

Grid # 31 32 33 34 35 36
0-6 in. 353 682 130 170 490 973

6-12 in. 784 802 20 237 396 6

Grid # 25 26 27 28 29 30
0-6 in. 1,730 349 311 41 117 300

6-12 in. 249 549 45 17 133 300

Grid # 19 20 21 22 23 24
0-6 in. 1,050 221 356 232 365 117

6-12 in. 301 344 495 13 521 516

Grid # 13 14 15 16 17 18
0-6 in. 56 101 402 98 44 149

6-12 in. 41 289 377 23 218 299

Grid # 7 8 9 10 11 12
0-6 in. 705 6 169 126 41 85

6-12 in. 122 3 3 194 57 20

Grid # 1 2 3 4 5 6
0-6 in. 206 206 913 178 188 188

6-12 in. 151 196 918 321 224 133

Figure 5-2
Map of Initial Lead Contamination (mg/kg) at Site 129-3
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Table 5-1

Initial Soil pH and Total Lead at Site C

pH Pb, mg/kg
Grid No. Depth, inches Depth, inches

0-6 6-12 0-6 6-12
1 8.1 8.3 2,690 1,100
2 8.3 8.4 3,650 5,320
3 8.0 8.1 2,420 4,670
4 8.4 8.5 1,410 1,680
5 8.3 8.0 1,590 2,000
6 8.6 8.0 3,090 2,710
7 8.5 8.4 1,800 2,360
8 8.1 8.3 2,200 2,820
9 8.3 8.5 2,410 2,870
10 8.7 8.0 1,940 2,110
11 8.3 8.1 1,720 2,000
12 8.0 8.4 2,130 2,800
13 8.3 8.3 1,340 2,570
14 8.3 8.7 2,510 4,060
15 8.3 8.6 1,810 2,030
16 8.2 8.2 2,390 3,640
17 8.5 8.3 3,000 2,430
18 8.4 8.5 2,670 2,620
19 8.1 7.9 2,030 4,270
20 8.3 8.0 2,870 4,540
21 8.6 8.9 8,170 1,050
22 8.7 8.4 6,340 7,150
23 8.3 8.1 2,360 1,990
24 8.2 8.4 2,730 2,160
25 8.5 8.3 1,760 3,550
26 8.3 8.5 2,340 3,630
27 8.3 8.6 1,240 1,500
28 8.4 8.3 3,490 4,800
29 8.3 8.2 2,400 2,550
30 8.6 8.3 2,010 1,200
31 8.7 8.4 1,840 2,820
32 8.5 8.0 1,780 2,100
33 8.5 8.0 2,980 1,300
34 8.7 8.3 4,200 2,620
35 8.7 8.2 3,010 4,050
36 8.7 8.1 1,820 1,580

Mean 8.2 8.1 2,610 2,850
Std. Dev. 0.3 0.4 1,340 1,340
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Table 5-2

Initial Soil pH and Total Lead at Site 129-3

pH Pb, mg/kg
Grid No. Depth, inches Depth, inches

0-6 6-12 0-6 6-12
1 8.6 8.1 206 151
2 8.3 8.2 206 196
3 8.0 8.1 913 918
4 8.4 8.6 178 321
5 8.3 8.1 188 224
6 8.1 8.0 188 133
7 8.5 8.4 705 122
8 8.1 8.3 6 3
9 8.2 8.5 169 3
10 8.8 8.1 126 194
11 8.4 8.1 41 57
12 8.1 8.2 85 20
13 8.2 8.3 56 41
14 8.2 8.9 101 289
15 8.2 8.3 402 377
16 8.2 8.2 98 23
17 8.5 8.8 44 218
18 8.4 8.5 149 299
19 8.1 8.1 1,050 301
20 8.3 8.0 221 344
21 8.6 8.9 356 495
22 8.7 8.4 232 13
23 8.6 8.1 365 521
24 8.2 8.4 117 516
25 8.5 8.3 1,730 249
26 8.2 8.5 349 549
27 8.3 8.6 311 45
28 8.4 8.3 41 17
29 8.3 8.2 117 133
30 8.6 8.1 300 300
31 8.7 8.4 353 784
32 8.6 8.0 682 802
33 8.5 8.0 130 20
34 8.7 8.3 170 237
35 8.7 8.2 490 396
36 8.8 8.1 973 6

Mean 8.2 8.3 329 249
Std. Dev. 0.3 0.4 358 244
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low-end concentrations was an important aspect of the phytoextraction demonstration, since
removal of lead by plants can vary with soil concentration.Ref. 24

Lead concentrations across the plots were analyzed statistically using Model 1 (Section
4.3.2.3.1) to test for a difference in site lead concentrations and for variability across grid rows
and grid columns within each site.  Since site differences were significant, the sites were
analyzed separately for row and column variability (Appendix E, Table E-1).  The lead
concentrations in rows and columns for both Site C and Site 129-3 were not significantly
different because the variability in the data was too great.  If the variability of the grids within
each row and column is large, it would give a large error term for testing for significance.  A
large error term makes detecting differences in row and column variability more difficult.  The
large standard deviations for both sites (Tables 5-1 and 5-2), which indicates a large amount of
variability in lead concentrations, suggested that differences in row and column variability were
not detected due to a large error term in the statistical analysis for both sites.

After selecting the demonstration sites, the soils from each area were further analyzed to
determine fertilization requirements, various chemical and physical properties, and COCs
(Table 5-3).  The alkaline soil pH (pH >8.0) at both sites is the principle factor in the naturally
low solubility and plant availability of lead.  The sandy texture, low cation exchange capacity,
and low organic matter of the soils make it difficult for nutrients to be retained.  Most of the soil
fertility parameters at Site C were low.  Overall, soil fertility parameters at Site 129-3 were
adequate for crop growth.  Low extractable P levels at Site C indicated a potential for P
deficiency in crops grown on this plot.  Levels of P at Site 129-3 appeared adequate for good
crop growth.

The iron levels at Site C were high which usually indicates a significant level of iron hydroxides
and oxides in the soil mineralogy at the site.  Although the soil class at Site C (Mollic Hapludalf)
is not usually characterized by a high iron oxide content, the concentration reported here could
reasonably be found in this soil.  The soil survey also indicated aluminum oxides in the
subsurface B horizon mineralogy, as indicated by exchangeable Al in the soil analysis.  The
specific mineralogy of the soil at Site 129-3 is normally characterized by a significant iron oxide
content and aluminum oxides may also be present in quantities that would dominate the
mineralogy.

Iron and aluminum minerals play a major role in primary sorption reactions in the soil,
particularly those involving multivalent cations, such as antimony and thallium, and organic
compounds such as EDTA.  In addition, iron will effectively compete with lead for complexation
by EDTA.  High concentrations of iron will result in displacement of lead from the EDTA
complex in the neutral to acidic soil pH range, with subsequent re-precipitation of lead as
insoluble compounds in the soil.  Analysis of cation-EDTA equilibria reactions indicate that
EDTA will eventually predominate as the iron (III) chelate in acidic to neutral soils, and as the
calcium chelate in alkaline soils.  The abundance of calcium in the soil at Site C and the neutral
to slightly alkaline soil pH would support formation of both calcium and iron complexes of
EDTA.
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5.2.2  Soil Sampling 1998 - Corn Crop

5.2.2.1   Pre-Amendment Soil Sampling - 1998 Corn Crop
Pre-amendment plant and soil sampling for the corn crop at Sites C and 129-3 were completed
the week of July 20, 1998.

Soil samples were taken from Sites C and 129-3 immediately prior to adding the soil
amendments to determine if any changes had occurred from the time the soil was initially
sampled to the point at which the corn was ready for soil amendment addition.  During this
period, the soil pH at both sites decreased from approximately 8.2 (Tables 5-1 and 5-2) to pH 7.7
(Tables 5-4 and 5-5).  Such decreases commonly occur in soils after fertilization and tilling due
to the nitrification process.  Tilling kills soil microbes and breaks up organic matter;
decomposition of the microbes provides an ammonium source in addition to the ammonium ions
from the added fertilizer.  Nitrification (oxidation) of the ammonium ions to nitrate then provides
the protons which are responsible for the decrease in pH.  The reaction is as follows:

 2NH4
+ + 3O2 à 2NO-2 + 2H2O + 4H+ + energy;

 2NO2 + O2 à 2NO3- + energy

Organic acids are produced during decomposition of organic matter, which provides a secondary
source of acidity.  In addition, the sandy soils at TCAAP have a fairly low buffering capacity
against change in pH and this has also contributed to the decrease in pH.

At both sites, the lead concentrations obtained prior to soil amendment addition varied
significantly from the initial soil characterization.  At Site C, the average lead concentration
across all grids at the 0- to 12-inch depth was about 46% higher than the initial characterization
(compare Tables 5-1 and 5-4).  Just prior to soil amendment addition, the average lead
concentration for Site C was 4,000 mg/kg and 3,830 mg/kg at the 0- to12-inch and 12- to 24-
inch depths, respectively.  In contrast, the average lead concentrations at the 0- to 12-inch depth
at Site 129-3 were 76% lower than the levels found during the initial characterization (compare
Tables 5-2 and 5-5).  The differences in lead concentrations were observed at both sites even
though the samples were taken in close proximity to each other in the grids at each sampling.
The differences in concentration were likely due to the non-uniform distribution of lead as a
result of the random placement of the contaminants over a period of many years.  Tilling during
plot preparation and planting might also account for some of the variability.  Information in the
RI/FS indicates that lead-contaminated waste was disposed of over much of the demonstration
plot area.  The higher lead concentrations in the 12- to 24-inch depth could indicate a downward
movement of lead deposited by surface disposal and burning of such lead-contaminated waste.
More likely, however, the lead in the 12- to 24-inch zone was placed there over years of disposal
activities, since historical data indicates lead is at 5 and 10 ft in the general area.  Further, lead-
contaminated soil from other areas of TCAAP may well have been dumped into the area of the
1962 Pit as fill soil after the original soil had been excavated during equipment decontamination
activities.

An average of 2 mg/kg arsenic was detected in the Site C soil (Table 5-4).  Since the arsenic
content in a typical non-contaminated glacial till sandy soil may be 6 mg/kg and range between
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2-12 mg/kg,Ref. 24 the concentrations reported may be of natural origin and not the result of
disposal practices.

Although beryllium is listed as a COC for Site C, concentrations of the element in the soil were
<0.15 mg/kg (Table 5-4), less than the 0.7 mg/kg figure reported in the Record of Decision
(ROD).  At these concentrations, the element does not appear to be cause for concern.  The
normal range of concentration for beryllium in uncontaminated soils is from <1 to 15 mg/kg and
averages 1.6 mg/kg.Ref. 25  Beryllium occurs most often in a divalent oxidic-bonded form.  In the
alkaline environment at TCAAP, it would likely be present as a complex carbonate anion.
Beryllium is usually immobile in soil and does not leach readily.  In the anion form, it is not
easily taken up and concentrated in plants.  However, relatively low concentrations of beryllium
in a soluble form, in the range of 2-16 mg/kg (10-3 to 10-4 M), are highly toxic to plants.
Symptoms of toxicity include inhibited seed germination and inhibition of P absorption.  When
there is appreciable uptake, toxicity is manifested in mature leaves at a concentration range from
10 to 50 mg/kg.

Manganese concentrations were considerably less than the concentration of 2,500 mg/kg at
Site C and 850 mg/kg at Site 129-3, as reported in the ROD (Tables 5-4 and 5-5).
Concentrations were fairly uniform with soil depth across the field at both sites, averaging
297 mg/kg at Site C and 314 mg/kg at Site 129-3.  It is difficult to discern if these concentrations
are indigenous levels in the soil or a result of contamination.  An average manganese
concentration for soils that is usually cited is 600 ppm.Ref. 26

 Antimony concentrations in the pre-amended soil at both sites were below the detection limit of
the analytical method employed (Tables 5-4 and 5-5).  Apparently, the concentrations reported
in the ROD of 67 mg/kg at Site C and 22 mg/kg at Site 129-3 do not accurately reflect actual
antimony concentrations across the demonstration areas.  Antimony may be part of lead bullet
composition and manufacture and antimony would be a likely soil contaminant at the site.
However, the values reported in the ROD were based on a limited number of samples.
Concentrations of antimony in the original waste may have been very low and the area of
deposition limited, which may account for the present low concentrations.  A typical
concentration range for antimony in sandy soils is 0.05-1.33 mg/kg, with a mean of
0.19 mg/kg,Ref. 27 so the low concentrations may be the natural concentrations in these soils.
However, the mobility of antimony in sandy soil can be relatively high, particularly if the
element is in association with Fe hydroxides,Ref. 27 and the iron hydrous oxide content in these
type soils may be appreciable.Ref. 28 Thus, movement out of the surface soil to lower depths could
account for the low antimony concentrations observed in these samples.  In addition, the
samples for the ROD were taken in the summer of 1990.  The time differential between sampling
for the ROD and subsequently occurring events such as tillage, planting, and irrigation
operations, as well as adequate rainfall, may have caused the levels of antimony observed here.
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Table 5-3

Characterization of Bulk Soil from Sites C and 129-3

Site C Site 129-3
Texture various sand
pH 8.2 8.0
CEC, cmol/kg 4.9 2.4
Field capacity, % 12 10
Organic carbon, % 0.6 0.4
TKN, % 0.008 0.007
Total Pb, mg/kg 3,200 400
Exchangeable Al, mg/kg 7 5
          "           Ca      " 1,447 1,120
          "           Mg     " 88 116
          "           K        " 51 58
Extractable P, mg/kg 16 38
          "       Fe     " 21 8
          "       Mn   " 16 3
Total As, mg/kg <4.5 <4.5
    "    Be      " <0.6 <0.6
    "    Mn     " 260 250
    "    Sb       " <40 <40
    "    Tl       " <50 <50
Plant-available Pb, mg/kg 12 4
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Table 5-4

Soil pH, Water-Soluble Pb, and Contaminants of Concern at Site C
Prior to Adding Soil Amendments to 1998 Corn

Grid pH
Water-Soluble Pb,

mg/kg
Pb1,

mg/kg
As1,2,
mg/kg

Be1,2,
mg/kg

Mn1,2,
mg/kg

Sb1,2,
mg/kg

Tl1,2,
mg/kg

No. Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

4 7.3 7.3 1.9 <0.53 2,110 2,510 1.5 1.5 <0.153 <0.153 324 275   <403 <403 <503 <503

8 7.4 7.6 1.1 0.7 12,700 3,310 1.8 1.0 <0.15 <0.15 205 252 <40 <40 <50 <50
12 7.9 7.9 0.7 <0.5 3,210 1,280 2.4 1.7 <0.15 <0.15 541 264 <40 <40 213 <50
16 8.0 8.0 1.4 0.8 5,470 7,120 2.1 5.4 <0.15 <0.15 261 207 <40 <40 <50 <50
20 7.4 7.5 1.7 1.6 3,390 4,060 1.8 1.4 <0.15 <0.15 220 205 <40 <40 73 <50
24 7.6 7.7 1.8 <0.5 2,330 266 2.1 1.6 <0.15 <0.15 240 222 <40 <40 <50 <50
28 8.0 7.9 <0.53 1.6 1,910 6,090 1.9 1.3 <0.15 <0.15 213 203 <40 <40 <50 <50
32 7.9 8.1 1.3 <0.5 2,400 6,320 1.8 1.7 <0.15 <0.15 252 898 <40 <40 <50 <50
36 8.1 7.8 0.6 1.6 2,470 3,530 2.3 1.5 <0.15 <0.15 365 198 <40 <40 <50 <50

Mean 7.7 7.8 1.1 0.7 4,000 3,830 2.0 1.9 NA4 NA 291 302 NA NA 32 NA
Std. Dev. 0.3 0.3 0.6 0.7 3,440 2,330 0.3 1.3 NA NA 108 225 NA NA 72 NA

(1)  Concentrations were determined by acid digestion.
(2)  Contaminant of Concern for this site.
(3)  Method Detection Limit.
(4)  NA = Not Applicable.
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Table 5-5

Soil pH, Water-Soluble Pb, and Contaminants of Concern at Site 129-3
Prior to Adding Soil Amendments to 1998 Corn

Grid pH
Water-Soluble Pb,

mg/kg
Pb1,

mg/kg
Mn1,2,
mg/kg

Sb1,2,
mg/kg

No. Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

4 7.0 7.3  0.6 0.5 21 191 226 254 <403 <403

8 7.4 7.8  1.0 0.4 55 2 368 1,190 <40 <40
12 7.7 7.8  0.4 <0.23 93 334 228 374 <40 <40
16 7.7 7.7 <0.23   0.4 54 10 203 197 <40 <40
20 8.0 8.0  0.3 <0.2 22 2 209 409 <40 <40
24 8.0 7.6 <0.2 <0.2 67 2 198 197 <40 <40
28 7.8 7.6  0.4 <0.2 230 35 206 288 <40 <40
32 8.0 8.0 <0.2 <0.2 28 2 188 178 <40 <40
36 8.0 8.0   0.5 <0.2 52 10 288 439 <40 <40

Mean 7.7 7.7 0.4 <0.1 69 65 235 392 <40 <40
Std. Dev. 0.3 0.2 0.4 0.2 65 118 58 315 NA4 NA

(1)  Concentrations were determined by acid digestion.
(2)  Contaminant of Concern for this site.
(3)  Method Detection Limit.
(4)  NA = Not Applicable.
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Thallium occurred in soil at Site C in localized, isolated areas (Table 5-4).  However, the extent
of thallium contamination was not determined for every grid since only every fourth grid was
sampled.  Concentrations were highest in the top 12 inches of soil and, in some cases, greatly
exceeded the cleanup level stipulated for  Site C by the ROD.   Concentrations in  the  12-  to
24-inch depth were less than the detection limit, which may indicate limited mobility and
migration of the element in soil.  The normal thallium concentration range is from 0.02 to
2.8 mg/kg in surface soils of the U.S.Ref. 29  The element is highly associated with K and other
basic cations and may be incorporated into soil minerals during weathering.  If in a soluble form,
it is readily mobilized and transported together with the alkaline metals.Ref. 30  Thus, in soluble
form, the element is readily leached from sandy soils, particularly in the presence of basic
cations such as K and Ca.  Thallium uptake by plants is greatly affected by the presence of K.
Thallium can replace K in several enzyme systems with deleterious effects on plants.Refs. 31, 32

Soil levels from 2.1 mg/kg to 8.5 mg/kg may adversely affect plants with severe damage
occurring at the higher concentration.Ref. 32  Toxicity is greatest in soils of low fertility.  Thus, the
conditions at Site C could be conducive to thallium toxicity in crops grown there.  Since
accumulation in plants seems to be a function of thallium concentration in soil, a significant
accumulation in the crops grown at Site C could occur should plants remain sufficiently viable
for active uptake of thallium to occur.

5.2.2.2  Post-Amendment Soil Sampling - 1998 Corn Crop
Soil amendment additions (acidifier and chelate) to corn at Site C and Site 129-3 were completed
the week of July 20, 1998, after pre-amendment sampling.  Soil amendment (acetic acid and
EDTA) formulation, mixing, and application were done in cooperation with Lynn Sinness,
Manager, ConAgra, Inc., 7632 Highway 101, Shakopee, Minnesota 55379, (612) 445-6570.

Soil amendment additions were as follows:

Acetic acid was applied to acidify the soil to a pH of 5.5 and a depth of two feet.  The amount of
acetic acid needed was calculated from buffer curves determined on bulk soil collected from the
sites.  The application rate of acetic acid at both Site C and at Site 129-3 was 4,018 pounds per
plot.  The acetic acid was hand-applied over a three-hour period at each site using a hose
applicator connected to a 5,000-gallon tanker truck.

The EDTA was added to optimize the solubilization of lead in the first two feet of soil (root
zone) with the application rate designed to provide an EDTA:lead molar ratio of 1:1, based on
the lead soil concentrations found in the bulk soil samples (Table 5-3).  The EDTA application
rate at Site C was 6,750 pounds; the application rate at Site 129-3 was 850 pounds.  The lower
rate at 129-3 resulted from the lower average soil lead concentration at that site.  Application
was made with the equipment used for application of acetic acid.  Application time was 5 hours
at Site C and 3 hours at Site 129-3.

These loading rates were not considered excessive and were applied in a controlled manner.  Far
higher amounts of EDTA are released to the environment through essentially uncontrolled
industrial processes every year.  For example, one report documents the release of 60 tons of
EDTA into the Ruhr River annually, while 1,080 tons or more of EDTA were released into the
Rhine River over a 3-year period.Ref. 33  Concentrations of EDTA in German rivers thus range up
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to 60 µg/L.  Concentrations in American rivers and tributaries are somewhat lower, averaging
about 30 µg/L.Ref. 34  Nonetheless, this represents significant input of EDTA, thus making EDTA
one of the most abundant organic contaminants in natural waters of the U.S.

By July 27, 1998, the treated corn was bleached and dead.  Stalks were collapsed and touching
the ground at both sites.  Untreated areas of the plots (a border row on each side of the plot)
appeared to be in a normal growth state for corn plants and were upright and green.  Appropriate
care was used to obtain clean, soil-free plant samples from collapsed stalks.

To obtain post-amendment soil samples, the soil samples were taken three to four days after soil
amendment application.  These samples were obtained to determine the concentrations of EDTA
and COCs in the soil and the effect of the application on soil pH.

After the addition of EDTA, the soil pH increased slightly at both sites (Tables 5-6 and 5-7).  The
initial drop in pH caused by the acetic acid was only temporary, as determined in the SFAAP
greenhouse studies.  The pH of the EDTA solution was approximately 7.5.  The increase over
indigenous soil pH may be due to solubilization, complexation, and concentration of calcium into
the soil liquid phase by addition of EDTA to the soil.

Soil samples from half of the grids (every other grid) were analyzed for EDTA concentration.
Concentrations were quite variable, but tended to be higher in the top 12 inches of soil
(Tables 5-6 and 5-7).  EDTA did not appear to move with the applied solution.  Factors which
may have influenced and reduced initial EDTA movement were:  (1)  a highly varied infiltration
rate at both sites with reduced infiltration at the actual sampling point; (2) a wide range of soil
types within the plot resulted in inaccurate estimation of soil field capacity, and additional
solution would have been required for adequate wetting of the root zone; (3)  adsorption of
EDTA as a water-insoluble form on soil iron hydroxides and oxides and on the silt, clay, and
organic matter fractions of the soil, as occurred in the SFAAP study.  The silt and clay occurred
as irregular, isolated pockets or “lenses” over the entire plot and this may have reduced EDTA
mobility in some areas more than others.  At Site C, particularly, the presence of a pan layer in
part of the plot very close to the soil surface, within 6 inches in some areas, may have influenced
depth of infiltration.  As shown below in Tables 5-10 and 5-11 (see Section 5.2.3), a significant
amount of EDTA was also removed from the soil by the plants.

Concentrations of water-soluble lead at Site C greatly increased after amendment application,
averaging 455 mg/kg and 148 mg/kg for the 0- to 12-inch and 12- to 24-inch depths, respectively
(Table 5-6).  The large increase in water-soluble lead compared to the concentrations in the
unamended soil provides an indication of treatment effectiveness in solubilizing lead in the soil.
These concentrations were lower in the 12- to 24-inch depth, which coincided with the lower
EDTA concentrations.  The corresponding average concentrations of EDTA were 982 mg/kg and
323 mg/kg.
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The variability in water-soluble lead concentrations among grids across the field was quite high
at both depths, as indicated by the large standard deviations.  The molar ratio of EDTA to water-
soluble lead was approximately 1:1, which is similar to the ratio found for EDTA and lead in soil
after amendment additions during the SFAAP greenhouse treatability study.Ref. 2 The soils at
Site C consist of an extreme range in texture (sand to clay), but encompass the soil types in the
SFAAP study soils (i.e., silty clay, silt loam).   Since the ratio of EDTA:Pb is fairly constant
across these soil types, this finding may prove useful as a tool to predict the impact of chelate
and acidifier additions on dissimilar soils.  Average total lead concentrations across the field at
Site C were very similar both before (Table 5-4) and after (Table 5-6) amendment addition, but
levels within the same grid varied quite widely between the before and after samplings.  Also, a
change in total lead concentration did not always reflect a concomitant change in the
concentrations of water-soluble lead.

A paired comparison t-test was used to test whether total soil lead had decreased after soil
amendment addition and corn harvest for Site C (Model 2, Section 4.3.2.3.2).  The same grids
sampled before soil additions (Table 5-4) were used after corn harvest for the paired
comparisons.  Lead concentration differences before and after corn harvest were not significant
at both the 0- to 12-inch depth (probability>T of 0.9320) and the 12- to 24-inch depth
(probability>T of 0.3973),  indicating that a decrease in lead concentration at Site C could not be
detected.  However, the large variability in lead concentrations observed in different samplings,
as discussed in Section 5.2.2.1, precludes detecting differences in lead concentrations after one
harvest.

At Site 129-3, average EDTA concentrations were 262 and 103 mg/kg for the 0- to 12-inch and
12- to 24-inch depths, respectively, and the corresponding water-soluble lead concentrations
were 47 mg/kg and 20 mg/kg (Table 5-7).  These concentrations represent a molar ratio of EDTA
to lead of 3:1, as compared with the 1:1 ratio found at Site C.  The reasons for this are unclear,
but may be due to differences in the mineralogy at Site C.  The presence of aluminum
hydroxides at Site 129-3 would result in less adsorption of EDTA, with more in  soluble form, as
is observed here.

Results of a paired t-test (Model 2, Section 4.3.2.3.2) for Site 129-3 indicate that soil lead
concentrations were not significantly changed by lead uptake in the corn at the 0- to 12-inch
depth (probability>T of 0.3375) and the 12- to 24-inch depth (probability>T of 0.5350).

Arsenic concentrations at Site C were somewhat higher than the pre-amendment concentrations,
but were within the statistical limits of the standard deviations of the pre- and post-amendment
sampling (Tables 5-4 and 5-6).  As with lead, there were isolated instances in localized areas
where arsenic concentrations greatly exceeded the mean concentration.  However, unlike lead
which exists principally as the divalent cation (although a shift to the Pb4+ state may occur at
higher pH, usually >10), arsenic may be present in several valence states, ranging from -3 to +5.
This influences arsenic behavior in soil and availability to plants.  The +3 and the +5 states exist
under higher redox and pH conditions such as those at TCAAP.  The highest oxidation state
limits bioavailability.  Thus, when assessing potential environmental effects, the total arsenic
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Table 5-6

Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern at Site C After Soil
Amendment Additions to 1998 Corn

Grid
No.

pH1
EDTA

as Na2EDTA1,
mg/kg

EDTA as
EDTA1,
mg/kg

Water-Soluble Pb,
mg/kg

Pb2,3,
mg/kg

Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

1 NS4 NS4 NS4 NS4 NS4 NS4 268 90 15,000 8,950
2 8.3 8.0 251 130  218  113 150 97 2,870 2,210
3 NS NS NS NS  NS  NS 293 114 4,550 11,800
4 8.4 8.2 363 1,540  316  1,340 185 700 5,000 3,820
5 NS NS NS NS  NS  NS 780 429 2,780 3,360
6 8.2 8.5 1,834 172  1,590  150 656 122 5,800 11,300
7 NS NS NS NS  NS  NS 451 33 627 1,500
8 8.3 8.5 655 61  569  53 295 74 4,870 8,240
9 NS NS NS NS  NS  NS 138 64 2,660 2,940
10 8.3 8.4 27 380  23  330 36 207 732 1,810
11 NS NS NS NS  NS  NS 306 13 2,100 1,290
12 8.3 8.5 5,740 198  4,990  172 1,270 116 2,670 2,080
13 NS NS NS NS  NS  NS 92 56 5,450 1,710
14 8.3 8.1 543 469  472  408 256 209 3,060 2,240
15 NS NS NS NS  NS  NS 449 208 5,090 6,550
16 8.2 8.4 743 1,020  646  887 359 506 4,680 4,880
17 NS NS NS NS  NS  NS 811 137 2,370 5,470
18 8.2 8.5 2,380 551  2,070  479 761 100 2,340 1,100
19 NS NS NS NS  NS  NS 54 51 3,490 4,860
20 8.4 8.5 1,280 517  1,110  449 563 179 2,870 5,570
21 NS NS NS NS  NS  NS 496 58 3,390 3,620
22 8.3 8.3 235 19  204  17 129 44 3,980 3,130
23 NS NS NS NS  NS  NS 1,280 196 3,320 3,730
24 8.1 8.4 1,180 42  1,030  37 448 25 2,370 1,480
25 NS NS NS NS  NS  NS 371 538 6,270 2,550
26 8.3 8.3 1,660 37  1,440  32 652 64 9,180 6,460
27 NS NS NS NS  NS  NS 259 73 3,870 3,880
28 8.3 8.3 314 265  273  230 127 108 4,570 4,940
29 NS NS NS NS  NS  NS 1,900 92 3,710 3,860
30 8.0 8.5 867 296  754  257 400 127 1,740 2,870
31 NS NS NS NS NS NS 670 44 4,660 6,380
32 8.4 8.5 1,170 602  1,020  523 477 199 5,970 7,700
33 NS NS NS NS  NS  NS 181 49 2,750 3,440
34 8.4 8.7 809 380  703  330 277 121 5,020 5,630
35 NS NS NS NS  NS  NS 416 35 2,870 1,750
36 8.1 8.7 305 24  265  21 136 41 2,100 1,650

Mean 8.3 8.4 1,130 372  982  323 455 148 4,020 4,300
Std. Dev. 0.1 0.2 1,310 392  1,140  341 388 156 2,520 2,730
NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.
Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data
calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-6 (Continued)

Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern at Site C After Soil
Amendment Additions to 1998 Corn

Grid
As2,3,
mg/kg

Be2,3,
mg/kg

Mn2,3,
mg/kg

Sb2,3,
mg/kg

Tl2,3,
mg/kg

No. Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

1 6.2 3.2 1.2 1.2 249 275 <405 <405 92 74
2 3.2 2.6 1.2 1.2 281 210 <40 <40 99 74
3 2.3 2.9 1.2 1.2 288 204 63 <40 <505 89
4 2.7 2.3 1.2 1.1 240 186 <40 <40 <50 <505

5 5.1 3.7 1.3 1.4 324 357 <40 20 123 106
6 3.9 3.8 1.3 1.2 283 287 <40 <40 106 94
7 2.2 1.9 1.2 1.2 231 202 <40 <40 <50 64
8 2.8 3.2 1.2 1.2 225 216 <40 <40 <50 71
9 2.4 9.9 1.1 1.1 187 209 <40 <40 63 74
10 1.9 2.0 1.1 1.1 174 194 <40 <40 56 61
11 11.8 16.3 1.5 1.6 550 826 <40 <40 241 470
12 3.7 3.3 1.2 1.3 361 278 <40 <40 115 102
13 2.4 2.6 1.1 1.2 198 251 <40 <40 <50 71
14 2.8 2.7 1.2 1.2 218 445 <40 <40 96 66
15 2.6 2.7 <0.55 <0.55 211 299 <40 <40 64 62
16 2.5 2.9 <0.5 <0.5 214 170 <40 <40 66 80
17 9.4 9.6 <0.5 <0.5 517 528 <40 <40 188 196
18 4.6 3.8 <0.5 <0.5 267 307 <40 <40 107 107
19 2.4 2.5 <0.5 <0.5 179 379 <40 <40 <50 53
20 2.2 3.3 <0.5 <0.5 182 215 <40 <40 <50 64
21 2.6 4.1 <0.5 <0.5 210 319 <40 <40 58 64
22 3.5 2.5 <0.5 <0.5 421 241 <40 <40 71 60
23 3.3 3.0 <0.5 <0.5 252 276 <40 <40 67 83
24 3.2 3.1 <0.5 <0.5 209 212 <40 <40 62 75
25 1.9 2.4 <0.5 <0.5 181 208 <40 <40 57 71
26 3.0 2.9 <0.5 <0.5 230 189 107 <40 64 61
27 2.3 2.4 <0.5 <0.5 238 513 <40 <40 51 57
28 2.6 2.2 <0.5 <0.5 337 151 <40 <40 58 <50
29 3.7 3.2 <0.5 <0.5 264 311 139 <40 64 <50
30 1.9 2.0 <0.5 <0.5 242 164 <40 <40 <50 <50
31 2.4 3.0 <0.5 <0.5 192 179 <40 <40 <50 <50
32 2.3 2.3 <0.5 <0.5 205 172   3.2 <40 <50 <50
33 2.1 1.8 <0.5 <0.5 233 196 <40 <40 <50 <50
34 2.2 2.6 <0.5 <0.5 181 206 <40 19.6 <50 <50
35 7.3 3.2 <0.5 <0.5 640 339 <40 <40 159 92
36 1.9 2.0 <0.5 <0.5 191 192 <40 <40 <50 <50

Mean 3.4 3.6 0.5 0.5 267 275 8.6 1.1 59 59
Std. Dev. 2.2 2.8 0.6 0.6 108 132 30.2 4.6 59 85
(1) Half (18) of the grids were sampled for pH and EDTA analysis.
(2) Concentrations were determined by acid digestion.
(3) Contaminant of Concern for this site.
(4) NS = Not sampled.
(5) Method Detection Limit.
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Table 5-7

Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern at
Site 129-3 After Soil Amendment Additions to 1998 Corn

Grid
No.

pH1
EDTA

as Na2EDTA1,
mg/kg

EDTA
as EDTA1,

 mg/kg

Water-Soluble
Pb, mg/kg Pb2,3,

mg/kg
Mn2,3,
mg/kg

Sb2,3,
mg/kg

Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

1 NS4 NS4 NS4 NS4 NS4 NS4 29 44 233 265 222 258 <405 <405

2 8.5 8.6 237 89  206  77 96 44 301 258 229 223 <40 <40
3 NS NS NS NS  NS  NS 121 61 305 230 281 216 <40 <40
4 8.6 8.4 296 62  257  54 132 39 363 403 227 191 <40 <40
5 NS NS NS NS  NS  NS 43 11 161 123 281 324 <40 <40
6 8.2 8.6 296 38  257  33 23 4 114 57 244 208 <40 <40
7 NS NS NS NS  NS  NS 15 11 49 57 209 196 <40 <40
8 8.5 8.9 341 319  296  277 38 17 88 78 257 689 <40 <40
9 NS NS NS NS  NS  NS 45 14 99 65 262 217 <40 <40

10 8.7 8.7 73 18  63  16 3 <1.05 30 23 245 274 <40 <40
11 NS NS NS NS  NS  NS 3 <1.0 32 26 276 241 <40 <40
12 8.4 8.6 69 36  60  31 2 <1.0 25 17 226 204 <40 <40
13 NS NS NS NS  NS  NS 3 6 29 32 224 220 <40 <40
14 8.4 8.7 346 246  301  214 30 21 89 140 236 330 <40 <40
15 NS NS NS NS  NS  NS 49 25 361 140 272 285 <40 <40
16 8.5 8.3 966 69  840  60 35 2 83 36 297 307 <40 <40
17 NS NS NS NS  NS  NS 6 3 36 104 286 279 <40 <40
18 8.1 8.2 451 282  392  245 47 12 105 52 278 244 <40 <40
19 NS NS NS NS  NS  NS 63 54 376 447 228 225 <40 <40
20 8.6 8.6 70 31  61  27 34 14 226 143 183 277 <40 <40
21 NS NS NS NS  NS  NS 38 2 74 32 230 304 <40 <40
22 8.2 8.7 16 5  14  4 2 <1.0 37 42 255 322 <40 <40
23 NS NS NS NS  NS  NS 11 9 45 42 238 244 <40 <40
24 8.4 8.6 321 130  279  113 15 11 54 46 229 268 <40 <40
25 NS NS NS NS  NS  NS 210 116 795 600 317 265 <40   73
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Table 5-7 (Continued)

Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern at Site 129-3
After Soil Amendment Additions to 1998 Corn

Grid
No.

pH1
EDTA

as Na2EDTA1,
mg/kg

EDTA
as EDTA1,

 mg/kg

Water-Soluble
Pb, mg/kg Pb2,3,

mg/kg
Mn2,3,
mg/kg

Sb2,3,
mg/kg

Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

26 8.6 8.7 672 166  584  144 227 65 563 246 231 265 <40 <40
27 NS NS NS NS  NS  NS 102 44 540 235 189 249 <40 <40
28 8.5 8.4 116 100  101  87 12 11 35 46 209 210 <40 <40
29 NS NS NS NS  NS  NS 22 7 84 40 228 215 <40 <40
30 8.4 8.5 125 182  109  158 5 14 33 49 272 280 <40 <40
31 NS NS NS NS  NS  NS 23 18 41 48 189 209 <40 <40
32 8.8 8.7 561 200  488  174 32 19 83 62 240 212 <40 <40
33 NS NS NS NS  NS  NS 31 5 117 49 279 231 <40 <40
34 8.4 8.6 43 8  37  7 25 15 171 211 216 221 <40 <40
35 NS NS NS NS  NS  NS 106 12 2,130 144 269 216 <40 <40
36 8.4 8.7 429 139  373  121 25 8 135 40 255 215 <40 <40

Mean 8.5 8.6 302 118  262  103 47 20 223 128 245 259 <40 <40
Std.
Dev.

0.2 0.2 250 97  217  84 54 24 372 134 32 83 NA6 NA6

(1) Half (18) of the grids were sampled for pH and EDTA analysis.
(2) Concentrations were determined by acid digestion.
(3) Contaminant of Concern for this site.
(4) NS = Not Sampled.
(5) Method Detection Limit.
(6) NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA
results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.



Lead Phytoremediation Demonstration                                                               Twin Cities AAP5-18

content of the soil, as well as the chemical form of arsenic, should be considered.  However, a
determination of arsenic speciation was beyond the scope of this study and, in any event, arsenic
concentrations were so low as not to generate concern.  Arsenic was not a Contaminant of
Concern at Site 129-3.

Antimony concentrations at both Sites C and 129-3 were below the analytical Method Detection
Limit (MDL) (Tables 5-6 and 5-7).  This may indicate a very limited occurrence of antimony in
these areas, which may diminish the importance of antimony as a primary COCs.

Thallium was detected in two-thirds of the soil samples collected after amendment addition at
Site C (Table 5-6).  The distribution was fairly uniform over the entire demonstration area, both
at the 0- to 12-inch depth and the 12- to 24-inch depth.  In only two instances were thallium not
found at the 12- to 24-inch depth, which reflects the propensity for thallium leaching in sandy
soils.  Thallium concentrations averaged 59 mg/kg and ranged from <50 to 241 mg/kg in the top
12 inches of soil.  Concentrations in the 12- to 24-inch depth also averaged 59 mg/kg, but the
range of concentrations was higher at <50 to 470 mg/kg.  These concentrations are considerably
higher than found in the pre-amendment sampling (Table 5-4), but this is likely a function of the
greater number of samples collected during the post-amendment sampling period.  Since 2.1-
8.5 mg/kg of thallium in soil can adversely affect plants,Ref. 30 thallium present at Site C may be a
significant factor in any remediation effort at this site.

5.2.3  Plant Sampling - 1998 Corn Crop

5.2.3.1  Plant Growth - 1998 Corn Crop

The marginal levels of soil phosphorus at Site C (see Section 5.2.1) resulted in the development
of a P deficiency, evidenced by stunted plants with a purple coloration of stems and leaves, early
in the growing corn.  The high lead concentrations at the site may have additionally reduced
available P to the crop.  In this situation, large amounts of P would have been needed to prevent
the problem.  However, over-applications of P could have caused complexion of lead as
insoluble Pb-phosphates which would have hindered chelate efficiency.  Only a small amount of
additional P fertilizer had been added at Site C.  To correct the deficiency, two foliar applications
of a 0.5% P solution were made to the affected plants.  This treatment resulted in the
disappearance of visual deficiency symptoms.  The initial inadequate P nutrition nonetheless
resulted in less vigorous plants.  A nutritional imbalance and deficiency of iron (Fe) and nitrogen
subsequently developed.  The affected plants were treated with a foliar application of a 2%
solution of ferrous ammonium sulfate, which appeared to correct the Fe and N deficiency.
However, the plants did not achieve maximum growth and yields were reduced.  Corn at
Site 129-3 appeared to grow normally during the season.

5.2.3.2  Pre-Amendment Plant Sampling - 1998 Corn Crop
Lead concentrations in corn plants grown on Site C averaged 30 mg/kg before soil amendment
addition (Table 5-8).  Of the other COCs, only manganese accumulated in appreciable amounts
in the tissue, averaging 34 mg/kg.  Concentrations of arsenic, beryllium, and antimony were
originally low in the soil.  Consequently, little uptake of these elements occurred.  Normal plant
tissue concentrations are 1 to 1.7 for arsenic, <1 to 7 for beryllium, 7 to 50 for antimony, and
<1 mg/kg for thallium.Ref. 32 Arsenic, antimony, and thallium were present in corn tissue at
concentrations below the lower limit of these ranges or at the detection limit of the analytical
method; beryllium was found at slightly higher concentrations in plants from several of the grids.
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Although soil concentrations of thallium were quite high, little thallium was found in the plant.
Apparently, thallium was present in a form which had only limited availability to plants.  The
manganese concentrations observed in corn at Site C were within the commonly reported
sufficiency level of 20 to 300 mg/kg for most plants, and well below the most commonly
reported toxicity level of 500 mg/kg.Ref. 32

Lead concentrations in corn plants at Site 129-3 were much lower than at Site C, primarily due
to the much lower lead content of the soil at this location (Table 5-9).  Manganese levels in corn
from Site 129-3 were comparable to levels found in plants at Site C.

Overall, there was nothing remarkable about the concentrations of COCs found in corn at both
sites before soil amendment application.  Arsenic and antimony (and beryllium except in a small
area at Site C) were present in the tissue below toxic levels to the plant or were present in such
low concentrations as to likely preclude contamination of the food chain if the plant tissues were
consumed.  Since thallium was found to be below the Method Detection Limit, there is
uncertainty as to the potential impact of this element.

Table 5-8

Contaminants of Concern in 1998 Corn from
Site C Prior to Adding Soil Amendments

Grid
No.

Pb,
 mg/kg

As1,
 mg/kg

Be1,
 mg/kg

Mn1,
mg/kg

Sb1,
 mg/kg

Tl1,
 mg/kg

4 34 <0.22 <0.62 37 <402 <502

8 33 <0.2 2.2 41 <40 <50
12 14 <0.2 <0.6 25 <40 <50
16 44 <0.2 3.5 39 3 <50
20 36 <0.2 <0.6 35 <40 <50
24 30 <0.2 2.2 34 <40 <50
28 35 <0.2 <0.6 37 <40 <50
32 17 <0.2 <0.6 29 <40 <50
36 31 <0.2 <0.6 32 <40 <50

Mean 30 <0.2 0.9 34 <40 <50
Std. Dev. 10 NA3 1.4 5 NA NA

(1) Contaminant of Concern for this site.
(2) Method Detection Limit.
(3) NA = Not Applicable.
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5.2.3.3  Post-Amendment Plant Sampling - 1998 Corn Crop
The total yield of corn plant material at Site C (dry weight basis) was 850 pounds for the 0.2-
acre area.  On a per-acre basis, this was 4,250 lb/acre.  The average lead concentration in plants
was 6,460 mg/kg (0.65%) [see Table 5-10].  The amount of lead removed from the soil was
calculated by the following:

4,250 lb/acre x 0.0065 = 27.6 lb lead/acre removed

The total yield of corn plant material at Site 129-3 (dry weight basis) was 1,431 pounds for the
0.2-acre area.  On a per-acre basis, this was 7,155 lb/acre.  The average lead concentration in
plants was 1,300 mg/kg (0.13%) [see Table 5-11].  The amount of lead removed from the soil
was calculated by the following:

7,155 lb/acre x 0.0013 = 9.3 lb lead/acre removed

These biomass yields were lower than those reported in the literature.  The values in the
literature were likely for reproductively mature plants, i.e., full-grown plants with mature ears,
which would explain the discrepancy.

The EDTA content of post-amendment corn samples at Site C (Table 5-10) averaged 4.3%
(43,000 mg/kg) and ranged from 2.3% (23,000 mg/kg) up to 7.2% (72,000 mg/kg).  Values
attained with corn in the previous greenhouse studyRef. 2 were approximately 11%, but the corn
plants were confined in pots and root exploration of the soil was at a maximum.  However, the
concentrations found in corn in the TCAAP demonstration are sufficiently high as to be
considered significant as a removal mechanism of EDTA from the soil.  The EDTA was present
in corn tissue at an average ratio of EDTA to lead of 3.6 at Site C and 2.9 at Site 129-3.

Lead concentrations in corn at Site C averaged 6,460 mg/kg (0.65%) after amendment additions
and ranged from 3,300 mg/kg (0.33%) up to 11,300 mg/kg (1.1%) [see Table 5-10].  These lead
concentrations were very similar to concentrations attained in corn in the SFAAP greenhouse pot
study.Ref. 2 Soils in that study differed in chemical and physical properties from soils at TCAAP,
but had a similar lead content as the soil at Site C.  These results indicates that the technology is
applicable across differing soil types if the soil types being treated are fairly homogeneous.
There was considerable variation in plant tissue lead content because of the variability across the
field, but generally, uptake of lead increased with increasing amounts of lead in the soil.  Lead
concentrations in corn across the plots were analyzed statistically using Model 1 in
Section 4.3.2.3.1.  Variability across rows was not significant (Appendix E, Table E-2).
Variability across columns was significant at the 0.1 level of probability, indicating variable
uptake of lead by corn across the field.  The variable concentrations of soil lead across the plot
was expected to affect the amount of uptake by the plants and this is indicated by these
statistics.  The comparisons of column means using the Least Significant Difference t-test is
given in Appendix E, Table E-2A.
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Table 5-9

Contaminants of Concern in 1998 Corn from Site 129-3
Prior to Adding Soil Amendments

Grid
No.

Pb,
mg/kg

Mn1,
mg/kg

Sb1,
mg/kg

4 <12 27 <402

8 4 29 <40
12 9 28 <40
16 8 31 <40
20 9 33 <40
24 7 34 <40
28 13 36 <40
32 7 36 <40
36 27 36 <40

Mean 9 32 <40
Std. Dev. 7 4 NA3

(1) Contaminant of Concern for this site.
(2) Method Detection Limit.
(3) NA = Not Applicable.
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Table 5-10
EDTA and Contaminants of Concern in 1998 Corn from Site C

After Soil Amendment Additions

Grid
No.

EDTA as
Na2EDTA1,

mg/kg

EDTA as
EDTA1,
mg/kg

Pb2,
mg/kg

As2,3,
mg/kg

Be2,3

mg/kg
Mn2,3,
mg/kg

Sb2,3,
mg/kg

Tl2,3,
mg/kg

1 NS4 NS4 4,510 0.2 2.5 802 <405 <505

2 NS  NS 7,170 0.3 3.1 589 <40 <50
3 NS  NS 7,800 0.2 <0.65 580 <40 <50
4 26,000  23,000 6,240 0.2 <0.6 420 <40 <50
5 NS  NS 4,940 0.2 <0.6 358 <40 <50
6 NS  NS 5,680 <0.165 <0.6 392 <40 <50
7 NS  NS 5,740 0.2 <0.6 851 <40 <50
8 43,000  37,000 6,330 0.2 <0.6 560 <40 <50
9 NS  NS 7,380 0.2 8.0 669 <40 <50

10 NS  NS 5,090 0.4 <0.6 530 <40 <50
11 NS  NS 4,730 <0.16 2.9 414 <40 <50
12 43,000  37,000 4,020 <0.16 <0.6 433 <40 <50
13 NS  NS 7,520 <016 <0.6 764 <40 <50
14 NS  NS 8,300 <0.16 <0.6 661 <40 <50
15 NS  NS 5,590 <0.16 <0.6 593 <40 <50
16 49,000  43,000 9,700 <0.16 <0.6 446 <40 <50
17 NS  NS 3,970 0.2 1.6 385 <40 <50
18 NS  NS 5,630 <0.16 <0.6 520 <40 <50
19 NS  NS 8,390 0.2 <0.6 641 <40 <50
20 75,000  65,000 9,040 0.2 <0.6 576 <40 <50
21 NS  NS 5,130 0.2 <0.6 601 <40 <50
22 NS  NS 11,300 0.2 0.7 504 <40 <50
23 NS  NS 5,090 <0.16 <0.6 407 <40 <50
24 39,000  34,000 6,290 <0.16 <0.6 431 <40 <50
25 NS  NS 6,590 <016 <0.6 576 <40 <50
26 NS  NS 8,970 0.3 <0.6 563 <40 <50
27 NS  NS 3,300 <0.16 <0.6 634 <40 <50
28 40,000  35,000 8,270 <0.16 <0.6 456 <40 <50
29 NS  NS 6,910 <016 <0.6 335 <40 <50
30 NS  NS 7,600 <0.16 <0.6 593 <40 <50
31 NS  NS 5,870 <016 1.0 642 <40 <50
32 83,000  72,000 5,630 0.2 <0.6 591 <40 <50
33 NS  NS 3,720 <0.16 <0.6 562 <40 <50
34 NS  NS 6,200 <016 <0.6 453 <40 <50
35 NS  NS 8,620 <0.16 <0.6 424 <40 <50
36 52,000  45,000 5,440 <016 0.9 507 <40 <50

 -
Mean 50,000  43,000 6,460 <0.16 <0.6 541 <40 <50

Std. Dev. 18,000  16,000 1,830 NA6 NA6 123 NA6 NA6

(1) Nine of 36 grids sampled for EDTA analysis. (4) NS = Not sampled.
(2) Concentrations were determined by acid digestion (5) Method Detection Limit.
(3) Contaminant of Concern for this site.                    (6) NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.
Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data
calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-11
EDTA and Contaminants of Concern in 1998 Corn from

Site 129-3 After Soil Amendment Additions

Grid
No.

EDTA as
Na2EDTA1,

mg/kg

EDTA as
EDTA1,
mg/kg

Pb2,
mg/kg

Mn2,3,
mg/kg

Sb2,3,
mg/kg

1 NS4 NS4 1,110 521 <405

2 NS  NS 2,090 799 <40
3 NS  NS 1,700 838 <40
4 4,000  3,000 1,440 773 <40
5 NS  NS 1,140 739 <40
6 NS  NS 106 61 <40
7 NS  NS 608 877 <40
8 5,000  4,000 1,000 971 <40
9 NS  NS 1,190 865 <40
10 NS  NS 901 771 <40
11 NS  NS 391 565 <40
12 1,000 900 9 27 6
13 NS  NS 822 783 <40
14 NS  NS 984 607 <40
15 NS  NS 2,230 531 <40
16 8,000  7,000 643 659 <40
17 NS  NS 147 642 <40
18 NS  NS 153 321 <40
19 NS  NS 3,220 449 26
20 10,000  9,000 4,380 486 16
21 NS  NS 859 520 <40
22 NS  NS 425 647 <40
23 NS  NS 465 812 <40
24 13,000  11,000 381 504 <40
25 NS  NS 3,200 396 8
26 NS  NS 2,990 546 <40
27 NS  NS 4,130 725 <40
28 13,000  11,000 1,230 504 <40
29 NS  NS 1,670 799 <40
30 NS  NS 372 516 4
31 NS  NS 1,590 614 <40
32 11,000  10,000 972 612 <40
33 NS  NS 1,270 723 <40
34 NS  NS 1,180 653 <40
35 NS  NS 1,550 763 <40
36 8,000  7,000 308 295 <40

Mean 8,000  7,000 1,300 609 1.7
Std. Dev. 4,000  3,000 1,100 211 5.2

(1) Nine of 36 grids sampled for EDTA analysis. (4) NS = Not Sampled.
(2) Concentrations were determined by acid digestion. (5) Method Detection Limit.
(3) Contaminant of Concern for this site.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier
reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as
Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Lead concentrations in corn at Site 129-3 were much lower than at Site C (Table 5-11) and
reflect the much lower soil lead content at Site 129-3 (Table 5-4).  Lead concentrations in the
corn averaged 1,300 mg/kg (0.13%) at Site 129-3 and ranged from a low of 9 mg/kg (<0.001%)
to a high of 4,380 mg/kg (0.44%).

Variability analysis for grid rows and columns using Model 1 in Section 4.3.2.3.1 indicated
variable uptake of lead by the corn across the plots (Appendix E, Table E-3), as shown by
significance at the 0.05 level of probability for both rows and columns.  No discernible pattern is
apparent for the row means (Appendix E, Table E-3A);  however, the lowest means are found
for columns 4, 5, and 6  (Appendix E, Table E-3B).  Soil lead concentrations were also lowest
for these columns, although variability analysis was not significant for columns (Section 5.2.1
and Appendix E, Table E-1).  These results indicate a lower level of lead contamination in the
eastern side of the plot.

Given that the objective of the demonstration at Site 129-3 was to determine the effect of low
soil lead concentrations on treatment effectiveness, a level of 0.44% in the plants may be
significant for removing lead from a low-level contaminated site.  What is notable is that similar
EDTA-to-lead ratios in tissue were observed at both sites, as discussed in the section above,
indicating that a similar uptake mechanism may occur at either low or high soil lead
concentrations.  However, phytoremediation may be more applicable to sites with low soil lead
concentrations, since remediation time would be far less than for sites with higher
concentrations.

Concentrations of arsenic in plants growing on uncontaminated soils normally range from 1 to
1.7 mg/kg and may be found at levels of 20 mg/kg under contaminated conditions.  As such, the
low levels reported for corn after amendment addition at Site C (<0.16 to 0.4 mg/kg, Table 5-10)
are likely insignificant from an environmental standpoint.

Beryllium concentrations in the corn at Site C were generally below the detection limit of
0.6 mg/kg for the analytical method employed, with the highest concentration being 8.0 mg/kg
(Table 5-10).  The higher values occurred at isolated areas within the plot.  These values are
below the reported toxicity level of 10 to 50 mg/kg manifested in mature leaves.

The average manganese concentrations in corn were 541 mg/kg for Site C and 609 at Site 129-3
(Tables 5-10 and 5-11), which were 15- to 20-fold greater than in corn sampled before
amendment application (Tables 5-8 and 5-9).  This indicated solubilization of manganese and
subsequent uptake by the plants.  However, the lower concentrations of manganese in the plants
relative to lead are most likely due to EDTA specificity for lead rather than manganese.  The low
concentrations of manganese in the soil relative to lead may have also been a factor in the lower
uptake of manganese, as the amount of metals uptake induced by EDTA application to the soil is
usually a function of the metal concentration in the soil.

Antimony concentrations in corn from Site C and at Site 129-3 were below the detection limit of
the analytical method employed (Tables 5-10 and 5-11).
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Thallium concentrations in corn from Site C also were below Method Detection Limits.  This
indicates that either the chemical form of thallium in the soil was unchanged by amendment
application or that the corn did not accumulate appreciable amounts of thallium.

Overall, lead and manganese were the only COCs that accumulated in significant concentrations
in the corn at either site.  Other COCs were, for the most part, present at very low
concentrations in the soil and, consequently, little or no plant uptake occurred.

Regression analyses were conducted to discern whether the level of a measured parameter, such
as soil lead concentration, could be used to predict the level of another parameter, such as
uptake of lead by the crop (Appendix E, Table E-4).  For Site C, only the regression of corn lead
concentration on the initial total soil lead concentration was significant.  The regression of corn
lead concentrations on total soil lead concentrations at 0-12 inches and 12-24 inches, and
concentrations averaged using the values at 0-12 inches and 12-24 inches, were not significant.
The regressions of corn lead concentrations on water-soluble lead concentrations were not
significant, and the regressions of water-soluble lead on total soil lead also were not significant.
This is evident from the data in Table 5-6 which, for any given sample, shows wide variability
between the total lead content of the soil and the water-soluble lead and no consistent ratio
between the two.

Regressions for Site 129-3 were all significant.  These results indicate that plant lead uptake
increased with an increase in the lead concentration of the soil.  As would be expected, plant
lead uptake also increases with an increase in water-soluble lead in the soil.  However, the R-
square values for these regressions are low, which indicates that while soil lead concentrations
affect plant lead uptake, the ability to predict plant lead uptake from soil lead concentrations is
low.

5.2.3.4  Ancillary Plant Sampling
Browning and loss of foliage from cottonwood trees located adjacent to the demonstration plots
was observed shortly after amendment addition at Site C.  Inspection at Site C revealed more
extensive browning and loss of leaves in trees adjacent to the downhill side (extreme
northwestern corner) of the demonstration plot after amendment addition for corn.  In addition,
a trail of dead grass following an old, compacted gravel roadbed led away from the plot
exclusion fence into a nearby field.  One small cottonwood located about 90 feet from the fence,
but only 20 feet from the trail, was also affected.  A willow tree about the same distance from
the trail as the small cottonwood was not affected, nor was a wetlands area in the vicinity.

Leaf samples were taken from affected branches from the trees adjacent to the exclusion fence,
from the small tree 90 feet from the fence, and from an unaffected tree some distance from the
plot on the uphill (southern) side of the demonstration plot.  Samples were placed in separate
plastic bags and labeled.  These samples were delivered to ATK staff for further packaging and
transport to an overnight delivery service and, from there, to the TVA Analytical Laboratory in
Muscle Shoals, Alabama.  Analysis of the leaf tissue showed a concentration of 1,300 ppm lead
in the impacted trees and 10 ppm in non-impacted trees.  The leaves of apparently unaffected
trees immediately adjacent to the affected trees were not analyzed.
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It was determined that runoff of acetic acid had occurred from a limited portion of Site C, which
resulted in vegetation kill and may have enhanced lead uptake by these plants.  It was also
determined that only a small quantity of EDTA, if any, was in the runoff since the problem was
detected immediately after acetic acid addition.  Although this runoff affected adjacent
vegetation and trees, roots of the impacted plants were found growing well into the plot area,
which exposed the plants to lead in a plant-available form.  Thus, these plants would have been
impacted regardless of contact with the runoff.

To prevent dispersion of lead in wind-blown leaves outside the immediate area at both sites, and
to prevent a recurrence of this event, trees within 100 feet of the plot fences were removed,
regardless of whether or not they had been affected by runoff.  To formulate disposal options of
the cut trees, tree trunk sections were analyzed for lead content.  Results showed an average
lead content of 99 mg/kg in both affected and unaffected trees.  The slope of the land was so
slight that a runoff was not anticipated.  However, this slope, in conjunction with restricted
infiltration in some areas of the plot due to the varying soil texture, and the hardpan road bed
which channeled the solution, did result in some runoff.  Therefore, pro-active construction of
dikes and berms around potential runoff areas at both Site C and at Site 129-3 was undertaken
and completed to prevent future occurrences.  After harvest of the corn, deeper tillage was
conducted within the plot in areas of preferential flow before planting of the white mustard crop
to improve infiltration of amendment solutions.

Samples of bark, trunk, and branches from cottonwood trees growing on Site A were also
collected by ATK personnel and analyzed by the TVA Analytical Laboratory for total lead
content.  Site A (Figure 3-2) is another of the source area sites at TCAAP that has shallow soil
lead contamination and is being excavated as part of the Superfund cleanup.  The results were
compared with lead concentrations in cottonwood trees from Site C affected by runoff during
amendment application for corn.  Lead concentrations in trees from Site A (average -
 276 mg/kg) were two to three times higher than lead concentrations in trees from Site C
(average - 99 mg/kg).  The higher concentrations may have been due to the spatial variability of
the soil lead within each contaminated area, natural variations within the soil body, the type of
waste at each site, or the proximity of trees to the contamination source.  Thus, while exposure
to runoff at Site C may have resulted in elevated lead concentrations in the trees, it is also
possible that random variation in lead could have accounted for a significant amount of the
increase in tissue lead.

5.2.4  Soil Sampling - 1998 White Mustard Crop

5.2.4.1  Pre-Amendment Soil Sampling - 1998 White Mustard Crop
Prior to planting the white mustard crop (August 17, 1998), a drip delivery system was installed
on Site C and on Site 129-3.  The system at Site C consisted of a 90-foot-long main header
across the south end of the field with 90-foot-long strips of drip tubing attached every two feet
along the length of the header.  These strips extended northerly across the entire field and
provided the means for chelate delivery for the white mustard.  The system was the same at
Site 129-3, except that the header was placed on the north end of the field and drip tubing
extended from it across the demonstration area in a southerly direction.
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Sampling and amendment addition activities for the white mustard crop commenced on
October 7, 1998.  Pre-amendment plant and soil sampling for Site C was completed on
October 7, 1998, and for Site 129-3 on October 8, 1998.  At this time, at Site C, essentially all of
the white mustard had bolted and was in full bloom.  About 10%-15% of the plants had shed
blooms and had initiated seed pod formation.  At Site 129-3, the plants were in various stages of
bloom and bolt.  The full blossom stage had not been reached in about 25% of the plants.
Blooming was about 75% complete in these plants.  About 15% of the plants had not bolted.

The average pH at Site C changed very little for white mustard (Table 5-12) from the post-
amendment soil sampling after corn harvest (Table 5-6).  At Site 129-3, soil pH decreased
slightly from 8.5 to 8.1 for the 0- to 12-inch depth and from 8.6 to 8.1 for the 12- to 24-inch
depth.  In this case, the tendency of EDTA to increase soil pH was negated to an extent by the
tillage/irrigation cycle conducted before the white mustard was planted.  As discussed in
Section 5.2.2.1, tilling of soil tends to cause a decrease in soil pH.  Thus, the increase in soil pH
caused by release of ammonia during degradation of EDTA was offset somewhat by tillage.
However, degradation of ferric-EDTA (and possibly other cation-EDTA complexes such as Ca-
or Mg-EDTA) has been shown to be inhibited above pH 8.0, and this may have resulted in
essentially no net change in pH.Ref. 35  Less EDTA was added at Site 129-3 than at Site C, so the
effect on pH would not be as large.

At Site C, the average EDTA concentration in the 0- to 12-inch depth decreased from 982 mg/kg
after adding the soil amendments to corn  (Table 5-6)  to  360 mg/kg  (Table 5-12) ten weeks
later at pre-amendment sampling for white mustard.  The decrease in EDTA most likely was due
to a combination of (1) adsorption onto soil minerals, e.g., iron oxides and hydroxides; (2) some
degradation of EDTA due to tillage/irrigation discussed above, and (3) downward movement of
EDTA.  Downward movement in the rooting zone of EDTA apparently did occur since
concentrations in the 12- to 24-inch depth increased from 323 mg/kg in the post-amendment soil
samples for corn (Table 5-6) to 887 mg/kg in the pre-amendment samples for white mustard
(Table 5-12).

At Site C, higher concentrations of water-soluble Pb were generally found at the 12- to 24-inch
level (Table 5-12); whereas, with post-amendment soil samples for corn, the higher
concentrations were observed in the 0- to 12-inch level (Table 5-6).  This indicated that water-
soluble lead may have moved downward in the soil, similar to EDTA.  Some of the reduction
might be attributed to removal by the crop, although biomass production was insufficient to
account for a significant portion of this lead.  The inherent variability in soil lead concentration
and the difficulties in sampling also made an accounting difficult.

A decrease in water-soluble Pb, particularly in the 0- to 12-inch level, may also have been due to
some degradation of EDTA from the tillage/irrigation cycles, or displacement of Pb from the
EDTA complex by other cations.   This would release complexed lead, which then would react
with soil to revert to an insoluble form.  This might readily occur if EDTA was complexed with
iron or other nutrient cations such as Ca, Mg, and Mn.  Lauff et al Ref. 35  found high degradation
rates of ferric-EDTA (up to 24mM/day), which was an order of magnitude greater than
previously reported rates of EDTA and its metal chelates.  Nortemann Ref. 33 reported rapid and
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complete biodegradation of Ca, Mg, and Mn complexes of EDTA by a mixed microbial
population.  These metals are of low toxicity and are essential micronutrients which serve as a
food source to microbes, which would result in an enhanced microbial population capable of
degrading EDTA.  The resulting degradation products would have lower affinity for lead than the
parent EDTA compound, and lead released from the complex would remain bound as insoluble
forms in the soil.   Also, sorption could simply remove the lead-EDTA complex from solution.

The average concentration for water-soluble lead in the top 24 inches of soil at Site C after
amendment additions to corn was 301 mg/kg and for pre-amendment samples for white mustard,
the average concentration was 255 mg/kg (where the 24-inch average is the average of the
concentrations of 0-12 inches and 12-24 inches).  Therefore, ten weeks after adding EDTA to
the soil, the majority of water-soluble lead (84.7%) remained in the top two feet, which is
considered the rooting zone of the plant.

At Site 129-3, very little EDTA remained in the 0- to 12-inch or the 12- to 24-inch soil levels
(6 and 16 mg/kg, respectively, Table 5-13), as compared to levels found in post-amendment soil
samples for corn of 262 and 103 mg/kg (Table 5-7).  Similarly, very little water-soluble lead
remained in the top 24 inches (Tables 5-7 and  5-13).  EDTA appears to have also moved
downward at this site, as concentrations at the 12- to 24-inch level were higher than at the 0- to
12-inch depth.  Apparently, a large portion of the water-soluble lead and EDTA moved
downward in the top 24 inches within the ten weeks between the corn harvest and pre-
amendment soil sampling for white mustard.  A high concentration of EDTA in the soil solution
three weeks after soil amendments were applied for corn on August 6, 1998 (Section 5.2.6,
Table 5-22) may have been indicative of downward movement of EDTA.  However, sorption of
EDTA in the top 12 inches by iron oxides in the top 12 inches would also have reduced the
concentrations of extractable EDTA.

At Site C, the average total lead concentration was 5,430 mg/kg at the 0- to 12-inch depth
(Table 5-12), which was higher than the level measured in post-amendment soil samples taken
for the corn crop; however, if the concentration of 50,900 mg/kg for grid 20 was discounted,
then the average total lead concentration would be 2,760 mg/kg, which is very similar to the
average total lead concentration of 2,730 mg/kg found in the initial soil characterization
(Table 5-1).  The average total lead concentration of 2,930 mg/kg for the 12- to 24-inch depth at
Site C is much lower than the post-amendment concentration for corn of 4,300 mg/kg (compare
Tables 5-12 and  5-6).  Again, this variation in average lead concentration for both soil levels
was due to the non-uniform distribution of lead across the plot.

There appeared to be some reductions in total lead concentrations at Site 129-3 (Table 5-13),
compared to total lead concentrations for post-amendment samples for the corn crop (Table 5-7),
but the variation at this site also was too large to distinguish whether an actual reduction
occurred.
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Table 5-12

Soil pH, EDTA, Water-Soluble Pb, and Other Contaminants of
Concern in Soil at Site C Prior to Adding Soil Amendments to 1998

White Mustard

Grid
No.

pH
EDTA as

Na2EDTA,
mg/kg

EDTA as
EDTA,
mg/kg

Water-Soluble
Pb

mg/kg
Pb1,2

mg/kg

Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

1 8.5 8.6 4 11  3  10 70 56 2,739 4,170
3 8.6 8.6 <0.33 8  <0.33  7 4 79 131 2,710
5 8.8 8.3 3 7  3  6 5 1 661 752
8 8.5 8.1 6 98  5  85 33 66 13,500 4,020

10 9.1 8.7 <0.3 53  <0.3  46 12 23 346 222
12 8.4 8.0 <0.3 20  <0.3  17 3 6 381 348
13 7.9 8.2 297 1,660  258  1,440 137 693 2,460 1,380
15 NS4 NS4 NS4 NS4  NS4  NS4 13 860 263 4,463
17 8.1 7.9 2,090 3,440 1,817  2,990 592 305 4,696 2,340
20 9.0 8.8 21 165  18  143 102 28 50,900 6,040
22 NS NS NS NS  NS  NS 80 939 4,590 2,080
24 9.1 7.9 43 1,540  37  1,340 33 691 8,930 3,280
25 8.6 8.2 397 2,880  345  2,500 110 1,100 3,860 1,360
27 NS NS NS NS  NS  NS 96 1,730 524 4,190
29 8.3 8.1 1,280 3,180  1,113  2,760 252 464 2,000 3,740
32 NS NS NS NS  NS  NS 49 77 850 9,820
34 NS NS NS NS  NS  NS 88 293 762 1,320
36 8.2 8.0 3 210  3  183 4 98 162 466

 -  -
Mean 8.5 8.3 414 1,020  360  887 93 417 5,430 2,930

Std. Dev. 0.4 0.3 710 1,350  617  1,170 140 490 11,880 2,400
(1) Concentrations were determined by acid digestion. (4) NS = Not sampled.
(2) Contaminant of Concern for this site. (5) NA = Not Applicable.
(3) Method Detection Limit.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results
Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.



Lead Phytoremediation Demonstration                                                           Twin Cities AAP5-30

Table 5-12 (Continued)

Soil pH, EDTA, Water-Soluble Pb, and Other Contaminants of
Concern in Soil at Site C Prior to Adding Soil Amendments to

1998 White Mustard

Grid
No.

As1,2

mg/kg
Be1,2

mg/kg
Mn1,2

mg/kg
Sb1,2

mg/kg
Tl1,2

mg/kg
Depth, inches

0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24
1 <53 <53 <0.43 <0.43 183 201 <403 <403 <503 <503

3 <5 <5 <0.4 <0.4 81 143 <40 <40 <50 <50
5 9 5 <0.4 <0.4 329 272 <40 <40 150 111
8 <5 <5 <0.4 <0.4 173 348 <40 <40 63 57

10 <5 <5 <0.4 <0.4 91 120 <40 <40 86 70
12 <5 <5 <0.4 <0.4 169 134 <40 <40 <50 <50
13 <5 <5 <0.4 <0.4 223 352 <40 <40 <50 <50
15 <5 <5 <0.4 <0.4 88 169 <40 <40 92 <50
17 8 12 <0.4 <0.4 976 649 <40 <40 163 263
20 <5 <5 <0.4 <0.4 166 200 <40 <40 103 62
22 <5 <5 <0.4 <0.4 147 178 <40 <40 60 <50
24 <5 <5 <0.4 <0.4 161 246 <40 <40 77 60
25 <5 <5 <0.4 <0.4 226 260 <40 <40 68 64
27 <5 <5 <0.4 <0.4 95 362 <40 <40 72 <50
29 6 18 <0.4 <0.4 405 727 <40 <40 92 286
32 <5 <5 <0.4 <0.4 125 206 <40 <40 89 65
34 <5 <5 <0.4 <0.4 227 599 <40 <40 51 <50
36 <5 <5 <0.4 <0.4 73 174 <40 <40 <50 <50

Mean 1.3 1.9 <0.4 <0.4 219 297 <40 <40 55 50
Std. Dev. 4.7 4.9 NA5 NA5 208 183 NA5 NA5 53 88
(1) Concentrations were determined by acid digestion. (4) NS = Not sampled.
(2) Contaminant of Concern for this site. (5) NA = Not Applicable.
(3) Method Detection Limit.
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Concentrations of the other COCs at either site, with the exception of thallium at Site C, were
only slightly affected by treatments (Tables 5-12 and 5-13).  Arsenic was found in isolated,
localized areas within the plot.  There did not appear to be a significant decrease in manganese
concentrations from those found in post-amendment soil samples for corn.  Beryllium and
antimony were below the analytical Method Detection Limit.  Thallium was present in several
areas of Site C at concentrations which would be toxic to plants (Table 5-12).  These
concentrations were similar to those found in the previous soil samplings.  In almost all cases,
where thallium was present in the soil, plant growth was severely inhibited (Section 5.2.5.1,
Table 5-16).

5.2.4.2  Post-Amendment Soil Sampling - 1998 White Mustard
Soil amendment additions (EDTA only) were made to the white mustard crop at Site C on
October 9, 1998, and to white mustard at Site 129-3 on October 10, 1998.  EDTA formulation,
mixing, and application was done in cooperation with Lynn Sinness, Manager, ConAgra,
Shakopee, Minnesota.  The EDTA was applied through the drip delivery system.  Application
time for Site C was approximately 7 hours and for Site 129-3 about 4 hours.

The EDTA was added to optimize the solubilization of lead in the first two feet of soil (root
zone).  Since only half the plot area at Site C was populated with plants, the EDTA application
rate there was reduced from the originally planned 6,750 pounds to 3,375 pounds of EDTA.
Only the grids with growing plants received the chelate application.  The reduced application
was achieved by selectively blocking the sections of the drip tubing which extended across bare
areas in the plot.  The application rate at Site 129-3 was 850 pounds, the same amount as applied
for the 1998 corn crop.  The lower rate at 129-3 was selected due to the lower average soil lead
concentration at that site.  Adjustments were made in the sampling activities at Site C due to the
reduced plant stand and, as such, a reduced number of both plant and soil samples was collected.

There was  little  change  in  soil pH at Site C after EDTA application for white mustard
(Table 5-14).

EDTA concentrations in the soil at Site C were much higher in the 0- to 12-inch depth than in the
12- to 24-inch depth for most grids (Table 5-14).  Also, EDTA concentrations were
approximately five times higher in post-amendment soil samples for white mustard than in post-
amendment soil samples for corn.  Soil sampling was not done directly beneath the drip lines in
order to avoid sampling in a zone of high EDTA concentration.  A drip delivery system was used
to apply EDTA to the soil over a 7-hour period.  The slower application rate allowed the EDTA
to infiltrate into the soil slowly, thus minimizing runoff, compared to the hose application method
used for corn, which applied the solution rapidly so that amendments ran down the slight slope.
The corn crop removed 42.5 pounds of EDTA at Site C and 11.5 pounds at Site 129-3.  White
mustard removed 70.6 pounds of EDTA at Site C and 39.3 pounds at Site 129-3.  These amounts
alone cannot account for the difference in EDTA concentrations in soil for Site C for the post-
amendment soil samples for corn and white mustard.  However, sampling was done seven days
after application for corn, but two days afterward for white mustard.  The EDTA,
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Table 5-13

Soil pH, EDTA, Water-Soluble Pb, and Other Contaminants of Concern in Soil at Site 129-3 Prior to Adding
Soil Amendments to 1998 White Mustard

Grid
No.

pH
EDTA as
Na2EDTA

mg/kg

EDTA as
EDTA
mg/kg

Water-Soluble Pb
mg/kg

Pb1,2

mg/kg
Mn1,2

mg/kg
Sb1,2

 mg/kg

0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24
1 8.1 8.0 <0.33 2  <0.33  2 2 2 114 130 225 178 <403 <403

3 7.8 7.7 <0.3 4  <0.3  3 <0.33 <0.33 52 63 153 161 <40 <40
5 8.3 8.1 7 3  6  3 <0.3 1 71 146 176 262 <40 <40
8 8.4 8.5 <0.3 3  <0.3  3 <0.3 <0.3 28 23 120 199 <40 <40

10 7.1 7.9 <0.3  <0.33  <0.3  <0.33 <0.3 <0.3 64 56 186 241 <40 <40
12 7.8 8.1 <0.3 <0.3  <0.3  <0.3 <0.3 <0.3 25 20 295 263 <40 <40
13 8.0 7.9 <0.3 87  <0.3  76 <0.3 <0.3 54 27 357 289 <40 <40
15 8.0 8.2 3 16  3  14 6 13 352 255 186 230 <40 <40
17 8.3 8.3 3 4  3  3 <0.3 <0.3 24 22 155 326 <40 <40
20 7.9 8.0 13 28  11  24 47 26 1,336 353 227 167 <40 <40
22 8.2 8.2 4 4  3  3 <0.3 <0.3 49 80 175 193 <40 <40
24 8.4 8.3 3 <0.3  3  <0.3 <0.3 <0.3 20 42 244 261 <40 <40
25 8.2 8.0 2 3  2  3 12 3 440 207 188 225 <40 <40
27 8.2 8.3 16 94  14  82 25 57 423 215 218 247 <40 <40
29 8.1 8.0 2 3  2  3 1 <0.3 74 112 146 345 <40 <40
32 8.2 8.4 3 4  3  3 <0.3 <0.3 31 14 262 222 <40 <40
34 8.3 7.8 19 <0.3  17  <0.3 1 <0.3 93 44 177 208 <40 <40
36 8.0 8.4 <0.3 1  <0.3  1 <0.3 <0.3 63 46 183 288 <40 <40

Mean 8.1 8.1 7 18  6  16 5.2 5.6 184 96 204 239 <40 <40
Std. Dev. 0.3 0.2 6 31  5  27 12.2 14.4 318 96 58 52 NA4 NA4

(1) Concentrations were determined by acid digestion.
(2) Contaminant of Concern for this site.
(3) Method Detection Limit.
(4) NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA
results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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thus, may have moved downward to a greater extent with the corn crop.  Adsorption of EDTA
onto various soil fractions could not be measured, but this mechanism likely played a major role
in the decrease of EDTA.  The time difference between sampling events after chelate application
would have allowed more adsorption to occur for the corn crop soils.

Water-soluble lead in the soil at Site C increased significantly after chelate addition to white
mustard (Table 5-14).  The concentrations were higher with white mustard than with the corn
(Table 5-6), but, again, the soil for corn was sampled after a longer time interval.

At Site 129-3, there was a slight increase in pH associated with the application of EDTA
(Table 5-15).  Most grids showed very low concentrations of EDTA, apparently due to the slow
rate of delivery by the drip delivery system and consequent limited lateral movement away from
the drip lines.  Soil sampling was not done directly beneath the drip lines in order to avoid
sampling in a zone of high EDTA concentration.  The average concentration for the 0- to 12-inch
depth was 311 mg/kg, but the high concentrations in grids 30 and 32 skewed this value upwards.
Water-soluble lead concentrations were also low, likely due to the low concentrations of EDTA
in the areas sampled.  In a number of the grids, concentrations of water-soluble lead were non-
detectable.  However, the low concentration of lead and the amount of variability confounded
the interpretation of these results.

At Site C, the average total lead concentration of 2,320 mg/kg at the 0- to 12-inch depth was
slightly lower than values found in the previous soil samplings for both corn and white mustard
(Tables 5-1, 5-4, 5-6, and 5-12);  the value of 2,320 mg/kg was within the standard deviation of
the means of all previous samplings.  This could mean either that a decrease in soil lead occurred
due to uptake by plants, that lead moved out of the top 12 inches of soil due to EDTA
complexation, or simply that the variability in soil lead concentration was too great to determine
if the change was real.  At the 12- to 24-inch depth, the average lead concentration was within
the range of values found in previous samplings (Tables 5-4, 5-6, and  5-12).

For Site 129-3, average lead concentrations were also within ranges found in previous sampling
for both 0- to 12-inch and 12- to 24-inch soil levels (Tables 5-2, 5-5, 5-7, and  5-13).

At Site C, there was very little change in the average manganese concentration as a result of
chelate application (Tables 5-12 and  5-14).  At Site 129-3, the average manganese concentration
did not change at the 0- to 12-inch depth (Tables 5-13 and 5-15); there appeared to be an
increase at the 12-to 24-inch depth, but this is probably due to variation across the
demonstration plot and is within the standard deviation of the means.

Arsenic was found at detectable concentrations in soil at Site C in only three grids (Table 5-14).
Antimony concentrations were all below the Method Detection Limit.  Thallium was again found
in significant concentrations across the field area at Site C.  Although thallium concentrations in
the post-amendment soil samples varied somewhat from the concentrations in samples taken
before amendment application, the areas where thallium was found essentially corresponded to
areas of poor plant growth.
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Table 5-14

Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern
in Soil at Site C After Soil Amendment Additions to 1998 White

Mustard

Grid
No.

pH
EDTA as

Na2EDTA,
mg/kg

EDTA as
EDTA, mg/kg

Water-Soluble Pb
mg/kg

Pb1,2

mg/kg

Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

1 8.0 8.2 3,650 1,620  3,170  1,410 773 488 759 3,470
2 8.4 7.9 3,500 1,050  3,040  910 1,700 434 1,440 2,280
5 8.3 7.9 11,800 2,840  10,300  2,470 918 488 1,610 1,710
6 8.6 8.5 4,360 2,080  3,790  1,810 907 941 10,300 9,490
7 8.2 8.2 6,070 431  5,280  370 633 146 702 479
8 8.1 8.6 5,380 963  4,680  840 865 430 895 3,190

12 8.4 8.1 8,900 1,450  7,740  1,260 1,320 764 1,620 2,780
13 8.0 8.3 9,240 502  8,030  440 821 205 1,720 469
14 8.3 8.5 760 1,520  660  1,320 274 463 745 5,910
15 NS3 NS3 NS3 NS3 NS3 NS3 172 1,140 2,210 10,300
18 8.4 7.9 2,770 2,090  2,410  1,820 1,200 1,000 1,800 2,300
19 8.9 8.6 4,820 811  4,190  700 1,650 419 4,440 1,310
20 9.0 8.5 1,130 1,770  980  1,540 609 969 2,860 5,400
21 NS NS NS NS  NS  NS 517 2,120 659 4,210
24 8.8 8.4 3,970 1,050  3,450  910 1,370 502 1,860 3,910
25 8.8 8.4 2,740 1,470  2,380  1,280 1,240 748 4,800 4,140
26 8.8 8.1 1,000 2,510  870  2,180 444 885 5,850 9,600
27 NS NS NS NS  NS  NS 346 1,290 1,110 6,790
29 8.6 8.3 7,960 8,190  6,920  7,120 671 1,130 867 2,180
30 8.6 8.0 2,390 1,220  2,080  1,060 532 254 2,900 428
35 8.4 8.0 7,210 1,530  6,270  1,330 928 432 1,140 3,280
36 8.7 8.5 12,600 1,650  11,000  1,430 672 803 691 1,330

Mean 8.5 8.2 5,280 1,830  4,590  1,590 844 730 2,320 3,860
Std. Dev. 0.3 0.2 3,510 1,660  3,050  1,440 422 449 2,290 2,960
(1) Concentrations were determined by acid digestion.
(2) Contaminant of Concern for this site.
(3) Method Detection Limited.
(4) NS = Not sampled.
(5) NA = Not applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.
Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data
calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-14 (Continued)

Soil pH, EDTA, Water-Soluble Pb, and
Contaminants of Concern in Soil at Site C After Soil Amendment

Additions to 1998 White Mustard

Grid
As1,2

mg/kg
Be1,2

mg/kg
Mn1,2

mg/kg
Sb1,2

mg/kg
Tl1,2

mg/kg
No. Depth, inches

0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24
1 <53 <53 11 <0.43 172 246 <403 <403 <503 <503

2 <5 <5 4 <0.4 232 259 <40 <40 250 265
5 5.2 6 <0.43 <0.4 278 407 <40 <40 305 368
6 <5 <5 <0.4 <0.4 268 482 <40 <40 293 244
7 <5 <5 26 <0.4 125 231 <40 <40 79 53
8 <5 <5 <0.4 <0.4 149 248 <40 <40 <50 <50

12 <5 <5 <0.4 <0.4 172 185 <40 <40 <50 <50
13 <5 <5 <0.4 <0.4 152 182 <40 <40 <50 <50
14 <5 <5 <0.4 <0.4 132 232 <40 <40 <50 <50
15 <5 <5 <0.4 <0.4 98.3 284 <40 <40 70 77
18 <5 <5 <0.4 <0.4 144 246 <40 <40 <50 <50
19 <5 <5 <0.4 <0.4 1,140 140 <40 <40 <50 <50
20 <5 <5 <0.4 <0.4 159 198 <40 <40 84 56
21 17.3 <5 <0.4 <0.4 166 326 <40 <40 55 58
24 <5 <5 <0.4 <0.4 246 153 <40 <40 64 53
25 <5 <5 <0.4 <0.4 155 250 <40 <40 51 62
26 <5 <5 <0.4 <0.4 187 318 <40 <40 62 54
27 <5 <5 <0.4 <0.4 164 250 <40 <40 <50 <50
29 <5 6 <0.4 <0.4 152 486 <40 <40 68 161
30 <5 <5 <0.4 <0.4 134 179 <40 <40 52 <50
35 <5 <5 <0.4 <0.4 219 327 <40 <40 89 89
36 <5 <5 <0.4 <0.4 146 241 <40 <40 75 63

Mean 1.2 0.8 2.7 <0.4 218 267 <40 <40 76 73
Std. Dev. 4.2 2.0 6.5 NA5 211 94 NA5 NA5 93 100
(1) Concentrations were determined by acid digestion.
(2) Contaminant of Concern for this site.
(3) Method Detection Limit.
(4) NS = Not sampled.
(5) NA = Not Applicable.
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Table 5-15

Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern in Soil at Site 129-3 After Soil
Amendment Additions to 1998 White Mustard

Grid
No.

pH
EDTA as

Na2EDTA,
mg/kg

EDTA as
EDTA,
mg/kg

Water-Soluble
Pb, mg/kg Pb1,2

mg/kg
Mn1,2

mg/kg

Sb1,2

mg/kg

Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24

1 NS3 NS3 NS3 NS3 NS3 NS3 <0.34 <0.34 314 330 212 267 <404 <404

2 8.2 8.0 3 2  3  2 <0.3 2 266 305 192 221 <40 <40
3 NS NS NS NS  NS  NS 3 <0.3 288 274 198 231 <40 <40
4 8.2 8.1 3 3  3  3 <0.3 <0.3 219 248 208 219 <40 <40
5 NS NS NS NS  NS  NS 6 6 97 130 218 242 <40 <40
6 8.3 8.6 <0.34 <0.34 <0.34 <0.34 2 2 73 71 476 300 <40 <40
7 NS NS NS NS  NS  NS <0.3 <0.3 27 18 276 211 <40 <40
8 8.5 8.5 <0.3 <0.3  <0.3  <0.3 <0.3 <0.3 28 27 223 259 <40 <40
9 NS NS NS NS  NS  NS 5 9 123 91 168 276 <40 <40
10 8.3 8.7 3 2  3  2 7 4 55 35 168 233 <40 <40
11 NS NS NS NS  NS  NS 4 2 37 35 206 606 <40 <40
12 8.3 8.6 <0.3 <0.3  <0.3  <0.3 3 3 23 25 268 314 <40 <40
13 NS NS NS NS  NS  NS 160 4 314 37 208 266 <40 <40
14 8.3 8.5 209 57  182  50 119 14 351 76 217 311 <40 <40
15 NS NS NS NS  NS  NS 10 2 259 74 175 458 <40 <40
16 8.2 8.4 <0.3 3  <0.3  3 <0.3 <0.3 68 40 197 350 <40 <40
17 NS NS NS NS  NS  NS <0.3 <0.3 21 27 208 491 <40 <40
18 8.3 8.2 <0.3 5  <0.3  4 <0.3 <0.3 26 39 190 274 <40 <40
19 NS NS NS NS  NS  NS 348 104 1240 669 241 196 <40 <40
20 8.3 8.5 128 78  111  68 100 19 1380 80 185 178 <40 <40
21 NS NS NS NS  NS  NS <0.3 <0.3 43 26 165 236 <40 <40
22 8.3 8.4 5 2  4  2 2 <0.3 62 60 188 231 <40 <40
23 NS NS NS NS  NS  NS 8 1 24 73 188 190 <40 <40
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Table 5-15 (Continued)

Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern in Soil at Site 129-3 After Soil
Amendment Additions to 1998 White Mustard

Grid
No.

pH
EDTA as

Na2EDTA,
mg/kg

EDTA as
EDTA,
 mg/kg

Water-Soluble
Pb, mg/kg Pb1,2

mg/kg
Mn1,2

mg/kg
Sb1,2

mg/kg
Depth, inches

0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24
24 8.4 8.7 <0.3 2  <0.3  2 <0.3 <0.3 18 142 213 302 <40 <40
25 NS NS NS NS  NS  NS 15 23 499 187 209 212 <40 <40
26 8.5 8.4 2 32  2  28 4 74 234 471 226 250 <40 <40
27 NS NS NS NS  NS  NS 260 116 797 374 225 238 <40 <40
28 8.4 8.5 12 4  10  3 5 3 145 64 226 266 <40 <40
29 NS NS NS NS  NS  NS <0.3 <0.3 81 9 191 196 <40 <40
30 8.3 8.3 985 3  856  3 14 <0.3 10 12 176 314 <40 <40
31 NS NS NS NS  NS  NS <0.3 <0.3 11 9 198 207 <40 <40
32 7.7 8.2 2940 187  2,560  163 34 7 12 9 130 1560 <40 <40
33 NS NS NS NS  NS  NS <0.3 1 11 8 230 321 <40 <40
34 8.3 8.3 2 2  2  2 1 1 14 9 193 232 <40 <40
35 NS NS NS NS  NS  NS 1 2 11 3 187 254 <40 <40
36 8.4 8.5 3 3  3  3 1 <0.3 12 7 146 230 <40 <40

Mean 8.3 8.4 358 21  311  18 31 11 200 114 209 309 <40 <40
Std.
Dev.

0.2 0.2 713 47  620  41 77 28 321 152 54 231 NA5 NA5

(1) Concentrations were determined by acid digestion.
(2) Contaminant of Concern for this site.
(3) NS = Not Sampled.
(4) Method Detection Limit.
(5) NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported
EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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5.2.5  Plant Sampling - 1998 White Mustard Crop

5.2.5.1  Plant Growth - 1998 White Mustard Crop
The white mustard crop was broadcast seeded on August 20, 1998.  However, poor stand
establishment (approximately 50% at Site C and 70% at Site 129-3) necessitated replanting after
two weeks.  This was done by broadcast seeding over the existing crop.  A final stand
establishment of about 50% at Site C and 90% at Site 129-3 was achieved.  Many of the plants
at Site C were stunted and coverage within individual plots varied considerably (Table 5-16).
Coverage and plant size at Site 129-3 was more uniform and consistent (Table 5-17).  However,
examination of plants excavated from the soil at both sites revealed a very shallow and sparse
root system, approximately 6 inches in spread, which penetrated the soil for only about 3 to
4 inches deep.  A more typical spread would be 1 foot, with penetration down to 2 to 3 feet.

5.2.5.2  Pre-Amendment Plant Sampling - 1998 White Mustard Crop
At Site C, the average lead concentration of white mustard plants before soil amendment
addition was 47 mg/kg (Table 5-18).  This is slightly more than the value of 30 mg/kg observed in
corn before soil amendment additions (Table 5-8).  Manganese was the only other COCs that
accumulated to detectable levels and this was in the same range as observed with corn before
soil amendment application.  The low concentrations of lead and manganese in the white
mustard plants indicate that the EDTA remaining in the soil from the application to the corn
crop, which was measured immediately before soil amendment application to white mustard
(Table 5-12), did not significantly enhance uptake of lead and manganese during the growth of
the white mustard crop over that expected from a contaminated soil without soil amendments.
However, no analysis was conducted for EDTA in plant tissue before soil amendments to white
mustard.  Possibly the effect on mustard during the growing season of residual EDTA from the
previous application to corn could have caused reduced lead uptake (discussed in Section
5.2.5.3) when EDTA was applied to mustard.  In addition, factors such as other contaminants in
the soil, the poor agronomic conditions at the site, and excess rainfall likely contributed to
diminished plant function and lead uptake was reduced as a result.

For Site 129-3 also, lead accumulated only in low concentrations in the white mustard during the
growing season (Table 5-19).  There was less lead accumulation in these plants than at Site C due
to the lower concentration of lead in the soil at Site 129-3.  Lead concentrations in white
mustard were only slightly higher than concentrations seen in corn (Table 5-9) before EDTA
application (18 and 9 mg/kg for white mustard and corn, respectively).  Manganese accumulated
in low amounts in concentrations similar to those observed in corn (Table 5-9) before chelate
application.  The low lead and manganese concentrations in white mustard were not unexpected,
since at Site 129-3, very little EDTA and water-soluble lead remained in the soil from the
previous amendment application to corn (Table 5-13).
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Table 5-16
1998 White Mustard Crop Characteristics at Site C

Before Soil Amendment Application

Site Grid
No.

Percent of Grid
Covered by Plants

Relative Plant Size1

C 1 100 L
2 75 S, L
3 20 S
4 50 S
5 50 S, M
6 90 L
7 100 L
8 60 L
9 0 NA
10 10 VS
11 30 M
12 90 L
13 100 M, L
14 75 M, L
15 0 NA
16 0 NA
17 10 S, M
18 85 M, L
19 100 M, L
20 50 S, M
21 0 NA
22 0 NA
23 5 VS
24 90 S, M, L
25 45 L
26 50 M, L
27 0 NA
28 0 NA
29 35 S, M
30 100 L
31 5 S
32 5 S
33 0 NA
34 10 VS
35 50 S, M
36 90 L

(1) VS - Very small plants, <6 inches tall.
      S - Small plants, 6-12 inches tall.
      M - Medium plants, 12-24 inches tall.
      L - Large plants, 24-36 inches.
      NA - Not Applicable.
      Note:  More than one designation indicates equal distribution of
                 plants among categories.
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Table 5-17
1998 White Mustard Crop Characteristics at Site 129-3

Before Soil Amendment Application

Site Grid
No.

Percent of Grid
Covered by Plants

Relative Plant Size1

129-3 1 100 M, L

2 75 M, L
3 70 S, M
4 80 S, M, L
5 100 VL
6 100 VL
7 50 S, M
8 50 S, M
9 80 S, M, L

10 80 S, M
11 95 VL
12 90 VL
13 85 S (10%), M, L
14 95 VL
15 95 M, VL
16 90 M, L, VL
17 95 VL
18 100 VL
19 95 M, L
20 100 VL
21 100 VL
22 90 S(10%), M(30%), VL
23 95 VL
24 80 S(10%), VL
25 95 VL
26 100 VL
27 90 S, M
28 90 S, M, VL
29 100 VL
30 75 L
31 100 VL
32 100 VL
33 100 VL
34 90 M,VL
35 100 VL
36 70 L

 (1)  VS - Very small plants, <6 inches tall.
      S - Small plants, 6-12 inches tall.
      M - Medium plants, 12-24 inches tall.
      L - Large plants, 24-36 inches.
      VL - Very large plants, >36 inches tall.
      Note:  Unless otherwise noted, more than one designation indicates equal

      distribution of plants among categories.  Numbers in parentheses
      indicate percent of plants populated by the given plant size.
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Table 5-18

Contaminants of Concern in 1998 White Mustard from
Site C Prior to Adding Soil Amendments

Grid
No.

Pb,
 mg/kg

As1,
 mg/kg

Be1,
 mg/kg

Mn1,
mg/kg

Sb1,
 mg/kg

Tl1,
 mg/kg

1 27 <4.42 <0.342 21 <402 <502

3 62 <4.4 <0.34 18 <40 <50
5 27 <4.4 <0.34 20 <40 <50
8 20 <4.4 <0.34 65 <40 <50
10 94 <4.4 <0.34 23 <40 <50
12 21 <4.4 <0.34 36 <40 <50
13 40 <4.4 <0.34 13 <40 <50
17 21 <4.4 <0.34 24 <40 <50
20 124 <4.4 <0.34 38 <40 <50
24 95 <4.4 <0.34 44 <40 <50
25 47 <4.4 <0.34 19 <40 <50
29 20 <4.4 <0.34 19 <40 <50
36 14 <4.4 <0.34 25 <40 <50

Mean 47 <4.4 <0.34 28 <40 <50
Std. Dev. 36 NA3 NA 14 NA NA

(1) Contaminant of Concern for this site.
(2) Method Detection Limit.
(3) NA = Not Applicable.
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5.2.5.3  Post-Amendment Plant Sampling - 1998 White Mustard Crop
 Post-harvest soil and plant sampling was done at Site C on October 11, 1998, and at Site 129-3

on October 12, 1998.  Plant sampling at both sites was performed at or shortly after the
prescribed 48-hour period determined to be optimal during the SFAAP Treatability Study
conducted at TVA.Ref. 2 At this time, the treated white mustard was observed to be mostly green,
but wilted, although some bleaching of leaves had occurred with drooping flower heads and
leaves.  The plants had not dried out.  Stalks were upright with leaves still attached.  Plants
directly adjacent to the drip delivery lines were wilted to a greater extent than plants in between
the lines.  The plants between the lines were wilting, but at a slower rate.  As the plants were
wilted, but were not desiccated and brittle, this facilitated the subsequent harvest.  This
operation was performed with no shattering and wind dispersal of plant tissue and the material
was easily bundled for removal from the field and transport to the smelter.  At a small untreated
area at each site, the plants appeared to be in a normal growth state for white mustard plants,
i.e., upright and green.  However, the root system for the plants appeared to be diminutive and
shallow.  Appropriate care was used to obtain clean, soil-free plant samples from sampled stalks.

 
Harvesting of the crop was completed on October 13, 1998, and the crop was transported to the
smelter on October 28, 1998, after appropriate samples were taken to determine final moisture
content for yields.  Yields of white mustard at both sites were determined by delineating several
2.8-square-foot areas within each plot, then harvesting plants within that area by cutting the
stem 1 inch above the soil surface and extrapolating the plant biomass in the areas to obtain the
biomass of the whole plot.

The total yield of white mustard at Site C (dry weight basis) was 377 pounds for the 0.2-acre
area at 44% plant coverage.  However, assuming 100% coverage, this was 4,280 lb/acre on a
per-acre basis.  The total yield of white mustard at Site 129-3 (dry weight basis) was 700 pounds
for the 0.2-acre area at 89% plant coverage.  Assuming 100% coverage, this was 3,890 lb/acre.

Lead uptake by white mustard after soil amendment application was lower than expected at both
Site C and Site 129-3 (Tables 5-20 and 5-21).  The average lead concentration in white mustard
for Site C was 829 mg/kg and for Site 129-3, 338 mg/kg.  This compares to average
concentrations of 6,460 mg/kg and 1,300 mg/kg for corn (Tables 5-10 and 5-11).  The average
lead concentrations found for white mustard in the SFAAP greenhouse studies were
15,000 mg/kg.Ref. 2 The average EDTA concentrations in white mustard at Site C and Site 129-3
of 77,200 mg/kg and 47,300 mg/kg, respectively, were higher than concentrations of
40,000 mg/kg observed in white mustard in the SFAAP greenhouse study.

Several factors may have contributed to the low uptake of lead by white mustard.  The rooting
system of the white mustard on the demonstration plots was shallow and limited, whereas corn
roots were deep and extensive.  The limited rooting pattern of the white mustard may have been
due to carry-over EDTA and water-soluble lead from the amendment application to corn, or may
have resulted from the poor soil conditions and excess rainfall. The greenhouse studies of white



Lead Phytoremediation Demonstration                                                       Twin Cities AAP5-43

Table 5-19
Contaminants of Concern in 1998 White Mustard from

Site 129-3 Prior to Adding Soil Amendments

Grid
No.

Pb,
mg/kg

Mn1,
mg/kg

Sb1,
mg/kg

1 7 25 <402

3 17 39 <40
5 7 33 <40
8 16 38 <40

10 9 38 <40
12 3 35 <40
13 10 55 <40
15 54 34 <40
17 6 40 <40
20 25 30 <40
22 13 34 <40
24 <1.52 27 <40
25 35 31 <40
27 61 61 <40
29 15 38 <40
32 6 41 <40
34 20 37 <40
36 10 25 <40

Mean 18 37 <40
Std. Dev. 17 9 NA3

(1) Contaminant of Concern for this site.
(2) Method Detection Limit.
(3) NA = Not Applicable.
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mustard grown in pots did not indicate the type of rooting that occurred at TCAAP.  Lead may
have moved downward to varying extents in the soil, after the corn crop was harvested, due to
solubilization by EDTA and subsequent tillage/irrigation cycles before white mustard was
planted.  A large portion of the lead could have moved below the shallow rooting zone of the
white mustard, but still be present in significant concentrations in the top 24 inches of soil, as
shown in Tables 5-12 and 5-13.

The drip delivery system used for application of EDTA to the white mustard crop did not rapidly
saturate the soil and required an extensive time for application, up to seven hours at Site C.  The
plant could take up lead in the vicinity of its roots as it was solubilized by EDTA, but as the soil
was not quickly saturated, an aqueous medium did not exist for the constant movement of water-
soluble lead to the plant roots.  However, the plants were continuously exposed to EDTA by the
slow application of the drip delivery system, which would allow the plants to take up large
amounts of EDTA without concomitant accumulation of lead (Tables 5-20 and 5-21).  Prolonged
exposure of white mustard to EDTA may have killed the plants before they could take up
significant amounts of lead.

5.2.6  1998 Soil Solution Data for Sites C and 129-3
Soil solution sample collection was attempted three weeks prior to amendment application in
accordance with the procedures outlined in the Technology Demonstration Plan.  The first
sample that could be collected was on July 20, 1998, immediately following soil amendment
applications to corn and ceased on October 19, 1998, two weeks after chelate application to
white mustard.  Lead and manganese were the only COCs present in detectable concentrations
in soil solution samples collected from Site C and from Site 129-3 (Table 5-22).  The sample
solutions were also analyzed for EDTA to monitor movement of the chelate down through the
soil (Table 5-22).  Samples could not be obtained during corn growth apparently because the soil
was too dry from water use by the dense rooting system of corn which prevented water from
moving below the rooting zone.

Lead, EDTA, and manganese were detected in the soil solution at Site C beginning on August 1,
1998, about two weeks after amendment addition and harvest of the corn.  The concentration of
EDTA and lead at Site C reached a maximum of 2,170 mg/L and 900 mg/L, respectively, on
October 2, 1998.  However, these concentrations represented the contribution from only one
lysimeter (#4) of the twelve that were installed, and these values radically skewed the averaged
results (Table 5-23).  When this lysimeter was collecting soil moisture, the average
concentrations of lead and EDTA in the composite samples of soil solution increased.  When this
lysimeter did not collect solution, the average concentration of lead and EDTA in the composite
sample decreased dramatically.

The lysimeter was installed correctly according to the manufacturer’s instructions, and was
effective in collecting the soil solution, although the amounts collected from week to week were
somewhat erratic (Table 5-23).  However, the lysimeter was installed in the area of the 1962 Pit,
an area of the plot where extensive alteration to the native soil occurred due to dumping,
burning, and soil excavation and replacement.  Quite likely, the decomposing debris in the pit left
channels and voids in the soil through which water from the surface could channel and collect.
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Table 5-20
EDTA and Contaminants of Concern in 1998 White Mustard from Site C After Soil

Amendment Additions

Grid
No.

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Pb,
mg/kg

As1,
mg/kg

Be1,
mg/kg

Mn1,
mg/kg

Sb1,
mg/kg

Tl1,
mg/kg

1 NS2 NS2 629 <4.53 0.4 152 <403 <503

2 80,000  69,500 627 <4.5 0.7 121 <40 <50
5 NS  NS 651 <4.5 <0.352 127 <40 <50
6 100,000  86,900 811 <4.5 <0.35 93 <40 <50
7 NS  NS 356 <4.5 <0.35 88 <40 <50
8 80,800  70,200 934 <4.5 <0.35 131 <40 <50
12 NS  NS 602 <4.5 <0.35 99 <40 <50
13 105,000  91,300 582 <4.5 <0.35 87 <40 <50
14 NS  NS 1,030 <4.5 <0.35 82 <40 <50
18 78,900  68,600 937 <4.5 <0.35 129 <40 <50
19 98,200  85,400 824 <4.5 <0.35 85 <40 <50
20 NS  NS 1,960 <4.5 <0.35 110 <40 <50
24 NS  NS 1,240 <4.5 <0.35 148 <40 <50
25 NS  NS 636 <4.5 <0.35 85 <40 <50
26 84,800  73,700 1,440 <4.5 <0.35 131 <40 <50
29 82,800  72,000 597 <4.5 <0.35 78 <40 <50
30 NS  NS 589 <4.5 <0.35 81 <40 <50
35 NS  NS 787 <4.5 <0.35 94 <40 <50
36 89,100  77,400 514 <4.5 <0.35 93 <40 <50

 -
Mean 88,800  77,200 829 <4.5 <0.35 106 <40 <50

Std. Dev. 9,800  8,500 379 NA4 0.2 24 NA NA
(1) Contaminant of Concern for this site.
(2) NS = Not sampled.
(3) Method Detection Limit.
(4) NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported
EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-21
EDTA and Contaminants of Concern in 1998 White Mustard

from Site 129-3 After Soil Amendment Additions

Grid
No.

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Pb,
mg/kg

Mn1,
mg/kg

Sb1,
mg/kg

1 NS2 NS2 108 143 <403

2 NS  NS 76 133 <40
3 NS  NS 128 197 <40
4 40,200  34,900 95 231 <40
5 NS  NS 159 301 <40
6 NS  NS 216 481 <40
7 NS  NS 59 145 <40
8 31,500  27,400 129 201 <40
9 NS  NS 238 254 <40

10 NS  NS 105 348 <40
11 NS  NS 76 324 <40
12 57,900  50,300 47 613 <40
13 NS  NS 238 850 <40
14 NS  NS 236 220 <40
15 NS  NS 1,530 419 <40
16 67,900  59,000 101 335 <40
17 NS  NS 90 432 <40
18 NS  NS 108 478 <40
19 NS  NS 1,530 124 <40
20 36,300  31,600 719 274 <40
21 NS  NS 239 189 <40
22 NS  NS 88 261 <40
23 NS  NS 87 222 <40
24 53,700  46,700 44 368 <40
25 NS  NS 1,080 377 <40
26 NS  NS 532 347 <40
27 NS  NS 1,730 331 <40
28 73,100  63,500 261 359 <40
29 NS  NS 226 301 <40
30 NS  NS 83 275 <40
31 NS  NS 274 247 <40
32 64,700  56,200 308 309 <40
33 NS  NS 411 331 <40
34 NS  NS 439 322 <40
35 NS  NS 151 362 <40
36 64,200  55,800 232 343 <40

 -
Mean 54,400  47,300 338 318 <40

Std. Dev. 15,000  13,000 437 139 NA4

(1) Contaminant of Concern for this site. (3) Method Detection Limit.
(2) NS = Not sampled. (4) Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results
Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Table 5-22
EDTA and Contaminants of Concern in Soil Solution from Lysimeters (1998)

Date Site Sample Event
EDTA as

Na2EDTA,
mg/L

EDTA as
EDTA,
mg/L

Pb,
 mg/L

As1,
 mg/L

Be1,
 mg/L

Mn1,
 mg/L

Sb1,
mg/L

Tl1,
mg/L

07/20/98 C Pre-Amendment Corn <0.12  <0.12 <0.12 <0.32 <0.012 1 <0.62 <1.02

08/01/98 C Post-Amendment Corn 40  35 10 <0.3 <0.01 2 <0.6 <1.0

08/06/98 C Post-Amendment Corn 54  47 7 <0.3 <0.01 2 <0.6 <1.0

08/11/98 C Post-Amendment Corn 40  35 10 <0.3 <0.01 2 <0.6 <1.0

08/25/98 C Growing-Season Mustard 516  449 131 <0.3 <0.01 16 <0.6 <1.0

09/04/98 C Growing-Season Mustard 488  424 260 <0.3 <0.01 21 <0.6 <1.0

09/11/98 C Growing-Season Mustard 1,890  1,640 270 <0.3 <0.01 19 <0.6 <1.0

09/18/98 C Growing-Season Mustard 73  63 17 <0.3 <0.01 1 <0.6 <1.0

09/25/98 C Growing-Season Mustard 2,170  1,890 644 <0.3 <0.01 24 <0.6 <1.0

10/02/98 C Growing-Season Mustard 2,500  2,170 900 <0.3 <0.01 32 <0.6 <1.0

10/19/98 C Post-Amendment Mustard 1,946  1,690 783 <0.3 <0.01 34 <0.6 <1.0

08/06/98 129-3 Post-Amendment Corn 1,430  1,240 14 <0.3 <0.01 10 <0.6 NA

09/04/98 129-3 Growing-Season Mustard 380  330 155 NA3 NA 16 <0.6 NA

09/18/98 129-3 Growing-Season Mustard 5  4 2 NA NA <0.01 <0.6 NA

(1) Contaminant of Concern for this site.
(2) Method Detection Limit.
(3) NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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The porous cup may have been inserted into a void, and lead and EDTA-contaminated water
from the treated upper soil layer may have pooled around the cup, thus accounting for the
elevated concentrations of lead and EDTA in the solution.  Alternately, a leakage could have
occurred in the bentonite clay seal around the neck of the lysimeter at the soil surface, and
leakage would have allowed channeling from the surface.  Such a break would not have been
obvious to an observer, since tilling operations normally covered the clay cap.

This lysimeter was located in the southeast corner of Site C, which was part of the 1962 Pit, a
large area (60 ft x 20 ft x 30 ft) where equipment was decontaminated by drenching with fuel oil
and burning.  The equipment was removed, but a considerable amount of metal scrap, wood, and
concrete debris was subsequently disposed of in the pit, and soil of diverse type was used as fill
and cover.  The soil of Unit 1 was shallow in this part of the field and the underlying clay of
Unit 2 may have created an impermeable “bowl” which trapped a pool of contaminated water
which bathed the porous cup of the lysimeter.  Samples could not be obtained from lysimeters at
Site 129-3 until August 6, 1998 (Table 5-24).  EDTA and lead were also detected in lysimeter
samples at Site 129-3 beginning on August 6, 1998.

Table 5-23
Summary of Soil Solution Collection in Lysimeters at Site C in 1998

(Milliliters)

Lys.
No.

8/01 8/06 8/11 8/25 9/04 9/11 9/18 9/25 10/02 10/19

1 ---- 776 64 434 149 ---- ---- ---- ---- ----
2 ---- 927 10 290 94 ---- ---- ---- ---- ----
3 ---- 508 64 206 72 ---- ---- ---- ---- ----
4 ---- 1017 100 120 728 531 ---- 528 360 500
5 ---- 684 96 526 230 40 ---- ---- ---- 210
6 ---- 1060 376 714 410 185 54 82 4 ----
7 ---- --- ---- 24 ---- ---- ---- ---- ---- ----
8 ---- 898 ---- ---- ---- ---- ---- ---- ---- ----
9 125 80 130 317 268 150 24 ---- ---- ----
10 ---- 798 ---- 214 ---- ---- ---- ---- ---- ----
11 ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
12 ---- 418 ---- ---- ---- ---- ---- ---- ---- ----
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Table 5-24
Summary of Soil Solution Collection in Lysimeters at Site 129-3 in 1998

(Milliliters)

Lys.
No.

8/01 8/06 8/11 8/25 9/04 9/11 9/18 9/25 10/02 10/19

1 ---- 1086 ---- ---- 1071 ---- ---- ---- ---- ----
2 ---- ---- ---- ---- ---- ---- ---- ---- ---- ----
3 ---- ---- ---- ---- 965 ---- ---- ---- ---- ----
4 ---- 547 ---- ---- 606 ---- ---- ---- ---- ----
5 ---- 213 ---- ---- 536 ---- ---- ---- ---- ----
6 ---- 937 ---- ---- 1156 ---- ---- ---- ---- ----
7 ---- 204 ---- ---- 614 ---- ---- ---- ---- ----
8 ---- 468 ---- ---- 775 ---- ---- ---- ---- ----
9 125 123 ---- ---- 610 ---- 270 ---- ---- ----
10 ---- 485 ---- ---- 380 ---- ---- ---- ---- ----
11 ---- ---- ---- ---- 168 ---- ---- ---- ---- ----
12 ---- ---- ---- ---- 900 ---- ---- ---- ---- ----

A sample collected from the lysimeter in the northwest corner of Site C (lysimeter #9) on
August 25, 1998, exhibited a blue color.  This blue color prompted an analysis for cobalt and
copper, since these elements may form complexes which, in solution, are blue in color, e.g.,
sulfates, amines, etc.

Blue-colored soil solution samples showed copper concentrations ranging from 3 ppm up to
267 ppm over the 8-week period in which they were collected (Table 5-25).  A soil solution
sample taken immediately prior to amendment addition showed a copper concentration of
<0.004 ppm.  The presence of copper in the solutions likely was the result of a reaction between
acetic acid and EDTA with copper particulate (copper-jacketed projectiles, copper scrap metal,
wire, etc.) which have been observed in the soil.  It is likely there was a localized copper source
in the soil in the immediate vicinity of the lysimeter collecting the solution.  This episode seemed
to be an isolated event from a single source and the reduction in concentration at subsequent
sampling events (Table 5-25) indicated that copper persistence in the soil solution would
probably diminish with time.
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Table 5-25
Results of Copper Analysis on Water Collected

from Lysimeter at Site C (1998)

Sample Date Copper, mg/L
1 7/20/981 <0.0042

2 8/6/98 8
3 8/11/98 3
4 8/25/98 12
5 9/4/98 57
6 9/11/98 253
7 9/18/98 11
8 9/25/98 267
9 10/2/98 190
10 10/19/98 77

(1) Pre-amendment addition sample; however, a single sample
       may not be indicative of true baseline copper concentrations.
(2)   Method Detection Limit.

5.2.7  Soil Sampling - 1999 Corn Crop

5.2.7.1  Pre-Amendment Soil Sampling - 1999 Corn Crop
At Site C, the EDTA in the soil was present at very low concentrations in samples taken
immediately before soil amendment application for the 1999 corn crop (Table 5-26).  The most
recent application of EDTA before this sampling was in October 1998 for the white mustard crop
(Table 5-14).  At that time soil samples taken 2 to 3 days after EDTA was added to the mustard
showed EDTA concentrations of 4,590 mg/kg at the 0- to 12-inch depth and 1,590 at the 12 to
24-inch depth (Table 5-14).  Over the winter and during the following spring and summer
growing season, EDTA concentrations decreased to those shown in Table 5-26.  This could be
due to degradation of EDTA, adsorption of EDTA onto organic matter and soil minerals (e.g.,
iron oxides and hydroxides), or movement of EDTA to soil depths below the sampling zone of
2 feet, but is likely a combination of all these factors.

Water-soluble lead concentrations, as shown in Table 5-26, were also low, compared to 1998
values following the EDTA application to the white mustard crop (Table 5-14).   This would be
expected from the low concentrations of EDTA.  Adsorption of EDTA onto hydrous oxide
fractions, or degradation of EDTA and re-precipitation of lead into less soluble forms in the soil,
could account for the large decrease in soluble lead concentrations in the top 24 inches of soil.

Downward movement of lead could also have occurred.  As with EDTA, this would likely have
been promoted by the heterogeneous physical nature of the site.

Overall, total lead concentrations were lower at both sampling depths (Table 5-26) than observed
in the 1998 growing season after amendment application to white mustard (Table 5-14).  Since
there was lead uptake by the corn crop in 1998, this decrease in soil lead concentration was
partly attributed to phytoextraction by the crop.  The mean for total lead at the 12- to 24-inch
depth (1,281 mg/kg) was slightly lower than in the upper layer.  However, the variability in lead
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concentrations from grid to grid and at different sampling periods prevents a conclusive
determination of the dynamics of lead in the soil.  There was one outlier value in the data
(54,300 mg/kg in grid 36) which may be artificially high due to contamination of the sample by
particulate lead.

Of the other COCs in pre-amendment soil samples, manganese concentrations were similar to
values found in the 1998 demonstration.  Concentrations of antimony, arsenic, and beryllium
were essentially below the method detection limit at both soil depths.  Thallium was found at
high levels only in grid 11.

At Site 129-3, inadequate plant growth throughout the plot area precluded sampling any grids
except grids 1 and 2.  However, total lead concentrations in these grids (Table 5-27) were similar
to values obtained for soil samples taken throughout the 1998 growing season (Tables 5-5, 5-7,
5-13, 5-15).  Both EDTA and water-soluble lead were found at very low concentrations.  The
concentrations of manganese and antimony found in 1999 in one of the two grids was similar to
1998 values.

5.2.7.2  Post-Amendment Soil Sampling - 1999 Corn Crop
For Site C, EDTA concentrations in soil (Table 5-28) tended to be quite variable and localized
primarily in the top 12 inches of soil.  Although a sufficient volume of EDTA solution was
applied to wet the top 24 inches of soil, the concentration of EDTA this year was reduced by
one-third from the concentration applied in 1998 to reflect an application based on the
frequency of occurrence of a given lead concentration within the grids across the field.
Adsorption of the majority of EDTA on the organic matter and hydrous oxides in the soil likely
occurred in the top 12 inches at the time of application.  Therefore less of the EDTA was found
at the lower depth.  Higher concentrations of water-soluble lead were found at the 0- to12-inch
than at 12- to 24-inch depth, corresponding to the higher concentration of EDTA in the upper
layer.  Total lead concentrations were highly variable, and no discernible patterns of lead
distribution in the soil were observed.

None of the other COCs showed significantly altered concentrations in the soil after amendment
application (Table 5-26 vs Table 5-28).

At Site 129-3, EDTA concentrations in soil at the 0- to 12-inch depth in the two grids sampled
(Table 5-29) averaged about the same as the average concentration found after amendment
additions for corn in the 1998 demonstration (Table 5-7).  Very little EDTA was found at the 12-
to 24-inch depth.

Water-soluble lead concentrations were a reflection of the amount of EDTA found in the soil.
Detectable levels of water-soluble lead were found only in grid 1 at the 0- to 12-inch depth,
which corresponds to a high concentration of EDTA in the soil (Table 5-29).

Total lead concentrations were quite variable (Table 5-29), but were generally somewhat lower
in grid 1 than found in the 1998 demonstration.  Grid 2 values varied widely from values found
after amendment application to mustard (Table 5-15), most likely due to the high variability of
lead in the soil.
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Antimony concentrations were below detection limits; manganese concentrations were relatively
unchanged from the 1998 values.

In order to determine if lateral movement of amendments occurred, samples (designated as A, B,
C, and D in Table 5-30) were taken from locations in grids 4, 10, 16, and 22 at Site C that were
immediately adjacent to the treated areas.  There was a possibility that some lateral movement of
EDTA occurred, but this was minimal, since EDTA concentrations observed in the treated areas
(Table 5-28) were higher than concentrations observed in the adjacent areas.  Similarly,
concentrations of water-soluble lead in the treated areas were much higher than in the non-
treated areas.  The limited data collected for Site 129-3  from grids 3 and 7 (samples A and B in
Table 5-30) adjacent to the sampled grids 1 and 2 did not indicate lateral movement of EDTA at
this site.

Table 5-26
Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern

at Site C in 1999 Prior to Soil Amendment Additions to Corn

Grid
pH

EDTA as
Na2EDTA,

mg/kg

EDTA
as EDTA,

 mg/kg

Water-Soluble
Pb,

mg/kg
Pb,

mg/kg
No. Depth, inches

0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24
5 8.8 8.7 7.9 9.1 6.9 7.9 29.8 13.3 956 1,740
6 8.6 8.7 3.2 5.7 2.8 5.0 48.9 93.6 3,220 3,410
11 8.7 8.5 13.1 7.0 11.4 6.1 14.3 2.6 686 813
12 8.6 8.8 3.3 2.3 2.9 2.0 27.6 5.9 826 382
17 8.5 8.6 4.1 13.6 3.6 11.8 2.9 1.4 382 861
18 8.5 8.7 4.1 4.7 3.6 4.1 54.0 2.5 3,540 595
23 8.0 8.2 7.6 14.2 6.6 12.3 6.6 <0.962 774 1,660
24 8.5 8.5 4.6 6.1 4.0 5.3 41.4 29.5 1,500 1,110
29 8.6 8.4 5.6 7.5 4.9 6.5 31.3 24.5 755 1,340
30 8.6 8.7 <0.32 3.4 <0.32 3.0 16.4 3.8 903 315
35 8.6 8.7 2.6 4.1 2.3 3.6 20.8 40.6 3,200 1,870
36 8.4 8.7 <0.32 <0.32 <0.32 <0.32  <0.872 14.8 1,260 (54,300)3

Mean 8.5 8.6 4.7 6.5 4.1 5.6 24.5 19.4 1,500 1,280
Std.
Dev.

0.2 0.2 3.6 4.2 3.1 3.7 17.6 26.7 1,135 887

(1) Contaminant of Concern for this site.
(2) Values preceded by a less than sign "<" indicate that the results were less than the Method Detection Limit (MDL).

The MDL varied for these results because the sample weights and/or the dilution factors used in the analyses 
varied.
For calculating the mean and standard deviation for a set of values, where data was equal to or less than the MDL,
one-half the value of the MDL was used.

(3) 54,300 is an outlier, probably caused by particulate lead.  This result was excluded from the statistical analysis.
(4) Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results
Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Table 5-26 (Continued)
Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern at

Site C in 1999 Prior to Soil Amendment Additions to Corn

Grid
As1,

mg/kg
Be1,

mg/kg
Mn1,

mg/kg
Sb1,

mg/kg
Tl1,

mg/kg
No. Depth, inches

0-12 12-24 0-12 12-24 0-12 12-24 0-12  12-24 0-12 12-24

5   <1.023  <1.143 <0.053 <0.063 355 652   <1.533   <1.713 <2.543 <2.863

6   <0.92   <0.76 <0.05 <0.04 171 193   <1.38   <1.15 <2.30 <1.91
11   <1.11   <1.23 0.4 0.1 539 684   <1.67   <1.85 96.9 32.8
12   <1.08   <0.97 0.1 0.3 198 276   <1.62   <1.45 <2.71 <2.42
17   <0.95   <0.94 0.3 0.3 445 736   <1.42   <1.41 <2.37 10.6
18   <0.84   <1.01 0.1 0.1 265 254   <1.26   <1.51 4.03 <2.51
23   <0.91   <0.77 0.1 3.9 235 274   <1.37   <1.15 <2.28 4.67
24   <0.80   <0.75 0.5 0.2 190 237   <1.20   <1.13 <2.01 <1.88
29   <0.95   <0.99 0.5 5.4 259 295   <1.43   <1.49 <2.38 <2.48
30   <0.95   <1.10 0.7 0.3 170 169   <1.42   <1.65 <2.37 <2.75
35   <1.01   <0.88 0.1 0.0 196 274   <1.52   <1.32 <2.53 <2.21
36   <1.07   <0.67 0.1 0.1 221 212   <1.61 852  <2.68 <1.68

Mean <MDL3 <MDL3 0.2 0.9 270 355 <MDL3 71.0 9.4 4.9
Std.
Dev.

NA4 NA4 0.2 1.8 117 207 NA4 NA4 27.6 9.2

(1)  Contaminant of Concern for this site.
(2)  Values preceded by a less than sign "<" indicate that the results were less than the Method Detection Limit (MDL).
       The MDL varied for these results because the sample weights and/or the dilution factors used in the analyses varied.
       For calculating the mean and standard deviation for a set of values, where data was equal to or less than the MDL,
       one-half the value of the MDL was used.
(3)  54,300 is an outlier, probably caused by particulate lead.  This result was excluded from the statistical analysis.
(4)  Not Applicable.
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Table 5-27
Soil pH, EDTA, Water-Soluble Pb, and Contaminants of

Concern at Site 129-3 in 1999 Prior to Soil Amendment Additions to Corn

Grid
pH

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Water-Soluble
Pb, mg/kg

Pb,
mg/kg

Mn1,
mg/kg

Sb1,
mg/kg

No. Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12  12-24

1 7.8 8.1 1.9 1.6 1.7 1.4 6.0 2.8 27 117 262 315 <1.352  <1.442

2 7.5 8.1 <0.32 1.3 <0.32 1.1 <0.872 4.1 60 216 1,230 206 <1.18  <1.61

Mean 7.7 8.1 1.0 1.4 0.9 1.2 3.2 3.4 44 167 746 261 <MDL2 <MDL2

Std. Dev. 0.3 0.1 NA3 0.2 NA3 0.2 NA3 0.9 23 70 684 77 NA3 NA3

(1)  Contaminant of Concern for this site.
(2)  Method Detection Limit.  Where one datum point was equal to or less than the MDL, one-half the value of the
      MDL was substituted for this number when calculating the mean and standard deviation.
(3)  Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier
reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as
Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-28
Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern at Site C in

1999 after Soil Amendment Additions to Corn

Grid
pH

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Water-Soluble
Pb,

mg/kg
Pb,

mg/kg
No. Depth, inches

0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24
5 8.9 8.8 26 6 23 5 13 2 553 1,510
6 9.3 9.5 238 47 207 41 200 80 3,120 12,900
11 8.7 8.8 3,760 13 3,270 11 182 <1.052 953 2,320
12 9.3 9.4 794 158 690 137 314 162 2,100 2,840
17 8.8 8.6 6,290 15 5,470 13 192 3 551 732
18 8.7 9.1 377 135 328 117 190 121 1,310 2,030
23 8.9 8.5 2,390 21 2,080 18 138 <1.08 469 1,240
24 8.6 9.3 1,390 569 1,210 495 747 340 4,030 3,900
29 9.1 8.7 12 38 10 33 15 31 991 4,200
30 9.1 9.4 2,740 5 2,380 4 469 34 542 256
35 9.2 8.9 1,210 135 1,050 117 217 83 1,070 1,660
36 9.4 9.3 1,020 396 887 344 492 258 797 5,160

Mean 9.0 9.0 1,660 179 1,440 156 264 93 1,370 3,230
Std. Dev. 0.3 0.3 943 199 820 173 212 111 1,138 3,378

(1)  Contaminant of Concern for this Site.
(2)  Values preceded by a less than sign "<" indicate that the results were less than the Method Detection Limit (MDL).
       The MDL varied for these results because the sample weights and/or the dilution factors used in the analyses varied.
       For calculating the mean and standard deviation for a set of values, where data was equal to or less than the MDL,
       one-half the value of the MDL was used.
(3)  Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or
mg/L Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.
This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is
(292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-28 (Continued)
Soil pH, EDTA, Water-Soluble Pb, and Contaminants of Concern at

Site C in 1999 after Soil Amendment Additions to Corn

Grid
As1,

mg/kg
Be1,

mg/kg
Mn1,

mg/kg
Sb1,

mg/kg
Tl1,

mg/kg
No. Depth, inches

0-12 12-24 0-12 12-24 0-12 12-24 0-12  12-24 0-12 12-24
5   <0.952   <0.822   <0.052   <0.042 1100 305   <1.432   <1.232    <2.392    <2.042

6   <0.78   <0.96   <0.04   <0.05 258 166   <1.17  <1.27    <1.95    <2.39
11   <0.97   <1.03   <0.05   <0.05 232 766   <1.46   <1.55    <2.43     47.3
12   <0.68   <1.03    1.69    0.23 240 217   <1.02   <1.55    <1.70    <2.58
17   <0.83   <1.01   <0.04   <0.05 371 564   <1.24   <1.52    <2.07    <2.53
18   <0.99   <0.74   <0.05   <0.04 187 294   <1.49   <1.10    <2.48    <1.84
23   <0.70   <1.18   <0.04   <0.06 222 438   <1.06   <1.77    <1.76    <2.95
24   <0.79   <0.73   <0.04    2.68 190 341   <1.18   <1.10    <1.97    <1.83
29   <1.00   <0.70   <0.05   <0.04 235 313   <1.50   <1.05    <2.49    <1.75
30   <0.73   <0.66    4.06    0.39 223 200   <1.09   <1.00    <1.82    <1.66
35   <0.91   <0.98    0.09   <0.05 234 354   <1.36   <1.47    <2.27    <2.45
36   <0.88   <0.80   <0.04    3.15 147 169   <1.32   <1.21    <2.20    <2.01

Mean <MDL2 <MDL2 0.5 0.4 303 344 <MDL2 <MDL2 <MDL2 11.0
Std. Dev. NA3 NA3 NA3 NA3 257 176 NA3 NA3 NA3 NA3

(1)  Contaminant of Concern for this Site.
(2)  Values preceded by a less than sign "<" indicate that the results were less than the Method Detection Limit (MDL).
      The MDL varied for these results because the sample weights and/or the dilution factors used in the analyses varied.
      For calculating the mean and standard deviation for a set of values, where data was equal to or less than the MDL,
      one-half the value of the MDL was used.
(3)  Not Applicable.
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Table 5-29
Soil pH, EDTA, Water-Soluble Pb, and Contaminants of

 Concern at Site 129-3 in 1999 After Soil Amendment Additions to Corn

Grid
No.

pH
EDTA as

Na2EDTA,
mg/kg

EDTA as
EDTA,
mg/kg

Water-Soluble Pb,
mg/kg

Pb,
mg/kg

Mn1,
mg/kg

Sb1,
mg/kg

Depth, inches
0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12  12-24

1 8.2 8.6 665 2.6 578 2.3 19.6 <0.962 63 105 212 187 <1.192 <1.162

2 8.4 8.3 6 2.8 5 2.4 <0.972 <0.92 556 69 234 214 <1.48 <1.22

Mean 8.3 8.4 336 2.7 292 2.3 9.8 <MDL2 310 87 223 201 <MDL <MDL
Std. Dev. 0.1 0.1 466 0.1 405 0.1 13.9 NA3 349 25 16 19 NA NA

(1)  Contaminant of Concern for this site.
(2)  Values preceded by a less than sign "<" indicate that the results were less than the Method Detection Limit (MDL).
       The MDL varied for these results because the sample weights and/or the dilution factors used in the analyses varied.
       For calculating the mean and standard deviation for a set of values, where data was equal to or less than the MDL,
       one-half the value of the MDL was used.
(3)  Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier
reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as
Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-30
Analyses of Soil Samples Taken in 1999 from

Grids Adjacent to Areas Receiving Soil Amendments

Sample
pH

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Water-Soluble
Pb1,

mg/kg
Pb1,

mg/kg

0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24 0-12 12-24
Site C

A 8.7 9.0 28 44 24 38 129 74.1 4,940 14,200
B 8.8 8.7 <0.32 11 <0.32 10 40 61 1,350 1,720
C 8.7 8.6 75 33 65 29 92 147 1,340 4,390
D 8.8 8.5 14 66 12 57 116 153 3,800 8,630

Mean 8.8 8.6 29 39 25 34 94 109 2,858 7,235
Std. Dev. 0.1 0.1 33 23 29 20 39 48 1,807 5,446

Site 129-3
A 8.5 8.6 <0.3 3.4 <0.3 3.0 <0.932  <0.962 127 11
B 8.2 8.4 <0.3 <0.32 <0.3 <0.32 48.9 13.4 2,280 356

Mean 8.4 8.5 <MDL2 1.8 <MDL2 1.6 25 7 1,203 184
Std. Dev. 0.2 0.1 NA3 NA3 NA3 NA3 NA3 NA3 1,522 244

(1) Contaminant of Concern for this site.
(2) Values preceded by a less than sign "<" indicate that the results were less than the Method
      Detection Limit (MDL).  The MDL varied for these results because the sample weights
      and/or the dilution factors used in the analyses varied.  For calculating the mean and
      standard deviation for a set of values, where data was equal to or less than the MDL,
      one-half the value of the MDL was used.
(3) Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results
Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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5.2.8  Plant Sampling - 1999 Corn Crop

5.2.8.1  Plant Growth

Three changes in the corn crop were implemented in the 1999 season:  (1) use of a silage variety
of corn planted at twice the density of the 1998 crop; (2) a higher rate of nitrogen fertilizer than
used in 1998 was applied during the growing season to meet N requirements of the silage corn;
and (3) additional phosphate was applied at planting.

The silage variety of corn rather than a seed variety was chosen for use in 1999 based on
recommendations from plant breeders and growers in the Minnesota/North Dakota region for a
deeper rooting, higher yielding strain.  The additional N fertilizer was required for the additional
biomass production by the silage corn variety.  Additional P was band-applied along the seed
row to prevent a recurrence of P deficiency in the corn that was observed in 1998.  Although
there is the potential for binding of some soil lead by phosphate into insoluble forms, application
of additional P was deemed acceptable since not all of the soil lead will be complexed with
phosphate.  There are several Pb-PO4 compounds which can exist in soil, depending on pH and
halogen (Br-, Cl-, F-) content.  The most soluble and most plant-available of these (i.e.,
Pb(H2PO4)2, PbHPO4, and to a much lesser extent, Pb4O(PO4)2) form soon after fertilizer
addition.  EDTA is a sufficiently strong chelate to break the Pb-PO4 complex and form the
EDTA-Pb complex that is taken up into the plant.  The most recent P addition doesn’t react to
fully complex Pb into the most insoluble PO4 complex (chloropyromorphite).  Cerrusite (PbCO3)
is the compound which will most strongly control lead solubility in this type soil, regardless of
the amount of P added.  Therefore, the supplemental P would have minimal effect on lead
solubility.  For Site C, cooler temperatures and continued rainfall after planting and seedling
emergence resulted in stunted growth and symptoms of nitrogen deficiency (yellowing of leaves
from the leaf tip in a “V” shape back toward the stalk).  Extensive bird damage to the emerging
seedlings necessitated several replantings over many areas of the plot, which resulted in various
stages of plant development across the plot.  On many areas within the plot, the plant population
was very sparse or barren altogether.  Coverage on individual grids ranged from 8% - 42% of the
potential maximum population of 180 plants/grid (Table 4-4).  In the eastern third of the plot,
where sampling and amendment application activities were conducted, the maximum plant
height was 6 ft, the average height was 5 ft, and the range was 3 to 6 ft (Table 4-4).  Plants
appeared generally healthy, except for sporadic necrotic spots on the leaves.  Ear development
was at the brown silk stage; kernels were at the milk stage, and very small.  The average ear
diameter was 1.5 inches.

The rooting depth for the Norvartis/Mycogen silage corn variety, according to plant breeders in
the North Dakota/Minnesota region, was purported to be 6-8 ft in a sandy soil.  However,
excavated plants across the plot showed a fibrous root system of  only  about 8 inches across and
6 inches in length.  The limited root development for plants throughout the plot shows the effect
of excess rainfall, where roots stay close to the surface in the saturated zone and do not develop
deeper into the soil.  In addition, in the western part of the plot, a hard pan layer in the soil
(visible underneath the plants) likely inhibited deeper root growth.  Since the pan layer is not
present in the eastern part of the plot, toxicity from one or more other contaminants in the soil
could also have been a cause of root stunting in that area.  Most of the debris that was deposited
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at Site C (railroad ties, metal scrap, burned material, and broken concrete) is found in this
eastern part of the plot, and this could be a source of some toxic components.

At Site 129-3, extensive bird damage and several replantings resulted in plants ranging in size
from 2 to 7 ft (Table 4-5).  The plant coverage on individual grids ranged from 2% to 42%.  Fully
mature plants were 7 ft tall and usually had two ears.  Many of the ears showed abnormal
development in that the shuck development was incomplete  and  bare kernels were showing for
1-3 inches from the tip of the ears.  Ears were at the brown silk stage and had an average
diameter in most mature plants of 2 inches.  Kernels were at the milk stage.  The bird damage
affected the plant population to the extent that only grids 1 and 2 had a sufficient number of
mature plants to justify amendment additions, in spite of several replantings.  Other grids had 3
to 4 rows of mature plants, while some had almost a full complement of immature plants.  None
of these grids, however, had sufficiently uniform and mature growth to provide representative
lead uptake.  Excavated plants showed a root system of about 10 inches across and 15-18 inches
in length which, as with Site C, was much less than the expected root length of 6 ft.

5.2.8.2  Pre-Amendment Plant Sampling - 1999 Corn Crop
Lead concentrations in plants at Site C before adding soil amendments (Table 5-31) were as low
or lower than observed for corn before soil amendment additions in 1998 (Table 5-8).  EDTA
concentrations in the 1999 plants were below the method detection limit.  This indicates that
there was no carry-over lead or EDTA from the previous year taken up into the plant.
Concentrations of the other COCs, except for manganese, were low or below detection limit
(Table 5-31).

Results at Site 129-3 were similar to those found at Site C and at Site 129-3 in 1998  (Table 5-9),
i.e., lead concentrations were very low, and EDTA and antimony were below detection limits
(Table 5-32).  Concentrations of manganese were similar to that found in corn at Site C
(Table 5-31).

5.2.8.3  Post-Amendment Plant Sampling - 1999 Corn Crop
At Site C, the lead concentration in corn plants averaged 854 mg/kg, and ranged from 343 to
1,380 mg/kg (Table 5-33).  These values were tenfold less than obtained in corn treated in 1998
(Table 5-10).  Conditions in 1999 were not optimal for lead uptake, as the corn crop at this site
exhibited several different growth stages, ranging from immature to mature plants with ears.  In
addition, corn plants exhibited a shallow rooting system at site C, with the majority of roots in
the top 6 inches of soil.  This top soil layer would be most susceptible to movement of lead down
to lower layers due to EDTA applications in the previous year.  The average for total lead in the
top 0-12 inches was lower for measurements taken before soil amendments in 1999 (Table 5-26)
than for measurements taken before and after amendment additions for white mustard at the end
of the previous year (Tables 5-12 and 5-14).  This suggests that the 6-inch rooting zone for corn
most likely had lower lead concentrations than the previous year, so that efficient scavenging for
lead by corn roots could not be achieved.  However, as noted above in Section 3.2, the high
degree of variability in lead concentrations from grid to grid makes a conclusive determination of
soil lead dynamics difficult.  EDTA concentrations in the corn averaged approximately 40%
lower than found in the corn crop in 1998 (Table 5-9), but still averaged 26,200 mg/kg in 1999



Lead Phytoremediation Demonstration                                                               Twin Cities AAP   5-61

(Table 5-33).  This lower average concentration was probably a function of the overall poor
growth of the corn and the application of less EDTA in 1999.

Arsenic, beryllium, and antimony were below concentration detection limits in plant tissue.  The
average manganese concentration was approximately fourfold higher than pre-amendment
concentrations (Table 5-31), indicating that the soil amendments enhanced manganese uptake,
similar to results in the 1998 corn crop (Table 5-9).  Thallium, at low but detectable
concentrations, was found in plants from 8 of the 12 grids sampled, whereas plant samples from
just two grids contained detectable levels of thallium in the pre-amendment sampling.  This
indicated that, as with manganese, EDTA application enhanced thallium uptake.

Table 5-31
Concentrations of EDTA and Contaminants of Concern in 1999

Demonstration Year Corn from Site C Prior to Adding Soil Amendments

Grid
No.

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Pb,1

 mg/kg
As1,

 mg/kg
Be1,

 mg/kg
Mn1,

mg/kg
Sb1,

 mg/kg
Tl1,

 mg/kg

5 <3.72 <3.22 12.3 <0.492 <0.022 32.8 <0.742 <1.24 2

6 <3.7 <3.2 6.6 <0.50 <0.03 25.8 <0.75 <1.25
11 <3.7 <3.2 12.9 <0.49 <0.02 35.0 <0.74 <1.23
12 <3.7 <3.2 6.2 <0.50   0.18 30.7 <0.75 <1.24
17 <3.7 <3.2 10.1 <0.49 <0.02 25.0 <0.74 <1.24
18 <3.7 <3.2 8.9 <0.49 <0.02 32.1 <0.74 <1.24
23 <3.7 <3.2 7.8   1.59   1.83 34.9   1.88   1.71
24 <3.7 <3.2 18.3 <0.49 <0.02 30.1 <0.75 <1.24
29 <3.7 <3.2 10.6   1.51   1.44 18.7   1.94 1.59
30 <3.7 <3.2 6.3 <0.49 <0.02 28.6 <0.74 <1.23
35 <3.7 <3.2 9.7 <0.51 <0.03 29.8 <0.76 <1.27
36 <3.7 <3.2 9.4 <0.49 <0.02 23.4 <0.74 <1.23

Mean <MDL2 <MDL2 9.9 0.5 0.3 28.9 0.6 0.8
Std. Dev. NA3 NA3 3.4 0.5 0.6 4.9 0.6 0.4

(1)  Contaminant of Concern for this Site.
(2)  Values preceded by a less than sign "<" indicate that the results were less than the Method Detection Limit (MDL).
       The MDL varied for these results because the sample weights and/or the dilution factors used in the analyses varied.
       For calculating the mean and standard deviation for a set of values, where data was equal to or less than the MDL,
       one-half the value of the MDL was used.
(3)  NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier
reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as
Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-32
Concentrations of EDTA and Contaminants of Concern

in 1999 Demonstration Year Corn from
Site 129-3 Prior to Adding Soil Amendments

Grid
No.

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Pb1,
mg/kg

Mn1,
 mg/kg

Sb1,
 mg/kg

1 <3.72 <3.22 6.2 29.2 <0.652

2 <3.7 <3.2 5.8 53.8 <0.73

Mean <MDL2 <MDL2 6.0 41.5 <MDL2

Std. Dev. NA3 NA3 0.3 17.4 NA3

(1) Contaminant of Concern for this Site.
(2) Values preceded by a less than sign "<" indicate that the results were
      less than the Method Detection Limit (MDL).  The MDL varied
      for these results because the sample weights and/or the dilution
      factors used in the analyses varied.  For calculating the mean and
      deviation for a set of values, where data was standard equal to or
      less than the MDL, one-half the value of the MDL was used.
(3)  NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or
mg/L Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.
This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is
(292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-33
Concentrations of EDTA and Contaminants of Concern in 1999

Demonstration Year Corn from Site C After Adding Soil Amendments

Grid
No.

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Pb1,
 mg/kg

As1,
 mg/kg

Be1,
 mg/kg

Mn1,
mg/kg

Sb1,
 mg/kg

Tl1,
 mg/kg

5 19,900 17,300 496  <0.482  <0.022 122 <0.722  <1.202

6 25,600 22,300 714  <0.49  <0.02 113 <0.73 1.98
11 25,600 22,300 439  <0.50  <0.02 113 <0.75  <1.25
12 37,600 32,700 1,120  <0.51  <0.03 152 <0.77 2.16
17 26,400 22,900 343  <0.49  <0.02 101 <0.74  <1.23
18 39,000 33,900 1,320  <0.50  <0.02 203 <0.75 2.03
23 27,900 24,300 660  <0.50  <0.02 105 <0.75 1.3
24 42,400 36,900 1,380  <0.50  <0.02 197 <0.75 1.93
29 20,800 18,100 885  <0.48  <0.02 107 <0.72 1.64
30 27,200 23,600 875  <0.50  <0.02 139 <0.75 1.4
35 30,400 26,400 1,000  <0.48  <0.02 124 <0.72 1.98
36 39,700 34,500 1,010  <0.46  <0.02 160 <0.69 2.31

Mean 30,200 26,200 854 <MDL2 <MDL2 136 <MDL2 1.55
Std. Dev. 7,610 6,610 334 NA3 NA3 35 NA3 0.63

(1)  Contaminant of Concern for this site.
(2)  Values preceded by a less than sign "<" indicate that the results were less than the Method Detection Limit

(MDL).  The MDL varied for these results because the sample weights and/or the dilution factors used in the
analyses varied.  For calculating the mean and standard deviation for a set of values, where data was equal to
or less than the MDL, one-half the value of the MDL was used.

(3)  NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This
Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Very little lead  uptake  occurred  in  the plants from the two grids sampled at Site 129-3
(Table 5-34), most likely due to the limited root system of the plants and low lead concentrations
in the root zone.  Concentrations of lead in the plants were ten-fold higher in the previous year.
EDTA concentrations in the corn were similar to concentrations observed in the 1998 crop
(Table 5-11).  EDTA again enhanced uptake of manganese by sixfold for this site.  Antimony
concentrations in the corn tissue were below the method detection limit.

           Table 5-34
Concentration of EDTA and Contaminants of Concern in 1999

Demonstration Year Corn from Site 129-3 After Adding Soil Amendments

Grid
No.

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

Pb1,
mg/kg

Mn1,
mg/kg

Sb1,
mg/kg

1 6,970 6,060 93.6 262 <0.742

2 14,100 12,300 115.0 304 <0.74

Mean 10,500 9,130 104 283 <MDL2

Std. Dev. 5,040 4,380 15 30 NA3

(1)  Contaminant of Concern for this site.
(2)  Values preceded by a less than sign "<" indicate that the results were less than the
      Method Detection Limit (MDL).  The MDL varied for these results because the
      sample weights and/or the dilution factors used in the analyses varied.  For calculating
      the mean and standard deviation for a set of values, where data was equal to or less than
      the MDL, one-half the value of the MDL was used.
(3)  NA = Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or
mg/L Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.
This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is
(292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.

5.2.9  Soil Sequential Extraction Analysis
Basing EDTA applications on the total soil lead concentrations may result in excess amounts of
EDTA being applied, since the metal is partitioned in soil in fractions of varying solubility and
plant-availability.  A sequential extraction analysis procedure uses progressively stronger
extractants to differentiate and quantify that fraction of the total amount of a metal in soil that is
available or potentially available to plants.  The purpose for using the sequential extraction
technique is to determine the percentage of total lead that is most plant-available.  The molar
ratio of EDTA-to-soil lead then can be equalized to match the plant-available fraction of soil
lead, which will reduce the amount of chelate required to solubilize lead for plant uptake.

The results of the sequential extraction analyses are shown in Tables 5-35 through 5-38.  It
should be noted that the sum of the values for lead concentration in the individual fractions does
not necessarily equal the value for the total lead concentration.  This is because:  (1) analyses for
total and water-soluble lead and the sequential extraction were performed on soil from the same
bulk field sample, but on two separate samples (i.e., the sequential analysis was done later on a
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separate sample from the same batch of soil); and (2) the soil was not analyzed for two
additional fractions, the lead that is bound to organic matter, and the “residual” fraction, or lead
that is bound up in the soil mineral crystalline matrix, since lead in these two components is in a
form that is not immediately plant-available.  However, it should also be noted that, although
lead in the Fe and Mn oxide fraction is considered a plant-available form, lead in this fraction is
more tightly bound, and thus is more slowly available.

The amount of EDTA to be added could be determined from the plant-available lead
concentration that is equal to or greater than the plant-available lead concentration in 75% of the
grids, as determined by the frequency distribution for the grids (Figure 5-3).  The bars in this
figure indicate the frequency or number of grids that fall within each lead concentration range.
The cumulative percentage line plot indicates the percentage of grids that have lead
concentrations equal to or less than the concentration range at a given point on the line.  From
the cumulative percentage plot, 75% of the grids contain plant-available lead concentrations of
1000 mg/kg or less. This concentration of lead would be used to determine the molar amount of
EDTA to be added.

Combining the 0- to 12-inch and the 12- to 24-inch results, the amount of plant-available lead at
Site C before EDTA application was about 55% of the total lead concentration (Table 5-35).
The sequential extraction method provides a better basis for calculating the amount of EDTA
needed to solubilize a sufficient amount of lead for plant uptake.  This practice would further
reduce the amount of EDTA added to soil, thus reducing potential adverse environmental
effects.

The effect of EDTA on increasing the pool of plant-available lead is clearly shown in Table 5-36,
wherein the total plant-available lead pool increased at both soil depths.  In the 0- to 12-inch soil
layer, the water-soluble and exchangeable lead pool increased while the carbonate-bound pool
showed an insignificant decrease.  In the 12- to 24-inch depth, the water-soluble, exchangeable,
and carbonate pools all increased, with the largest apparent increase being in the carbonate pool.

The lead concentration in the carbonate pool at the 12- to 24-inch depth was nearly threefold
higher in the post-amendment samples than in pre-amendment soils.  However, the percentages
of lead in the plant-available pools at the 12- to 24-inch depth was the same for the pre- and
post-amendment samples.

The increase in the carbonate pool at the 12- to 24-inch depth after EDTA application and the
higher soil pH (9.0) were consistent with degradation of EDTA and production of CO2 and
ammonia.  The CO2 would have been converted to carbonate and the ammonia would have
caused the rise in soil pH.  Carbonate dissolution is dependent upon particle size and the type
and percentage of the various carbonate minerals in the soil.  Differential solubilization of the
various carbonate minerals by acetic acid may have resulted in varying release of lead that was
bound to carbonates.  No conclusions could be drawn from the limited data obtained for Site
129-3 (Tables 5-37 and 5-38).
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Table 5-35
Sequential Fractionation Analysis of Soil from Site C Prior to

Adding Soil Amendments in 1999

Sequential Fraction- Pb, mg/kg

Grid
No.

Depth,
inches

Total
(A)

Water-
soluble

(B)
Exchange-

able

(C)
Carbonate

Fe+Mn
Oxide

Total Plant-
Available
(A+B+C)

5 0-12 956 30 2 223 367 255

6 0-12 3,220 49 13 1,940 721 2,002

11 0-12 686 14 1 73 275 88

12 0-12 826 28 1 291 392 320

17 0-12 382 3 0 26 152 29

18 0-12 3,540 54 16 2,660 920 2,730

23 0-12 774 7 1 113 303 121

24 0-12 1,500 41 13 1,400 800 1,454

29 0-12 755 31 2 355 319 388

30 0-12 903 16 3 289 180 308

35 0-12 3,200 21 6 563 456 590

36 0-12 1,260 1 1 212 208 214

Mean 0-12 1,500 25 5 679 424 708
Std. Dev 0-12 1,135 17 6 853 254 873

5 12-24 1,740 13 2 271 538 286

6 12-24 3,410 94 16 3,080 683 3,190

11 12-24 813 3 1 103 371 107

12 12-24 382 6 1 858 349 865

17 12-24 861 1 1 105 252 107

18 12-24 595 3 5 412 224 420

23 12-24 1,660 1 2 184 565 187

24 12-24 1,110 30 6 637 273 673

29 12-24 1,340 25 5 612 595 642

30 12-24 315 4 2 1,370 394 1,376

35 12-24 1,870 41 15 1,590 623 1,646

36 12-24 1,200 15 3 293 192           1,703

Mean 12-24 1,274 20 5 793 422 934
Std. Dev. 12-24 846 27 5 866 172 912
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Table 5-36
Sequential Fractionation Analysis of Soil from Site C After Adding Soil

Amendments in 1999

Sequential Fraction - Pb, mg/kg

Grid
No.

Depth,
inches

Total
(A)

Water-
soluble

(B)
Exchange-

able

(C)
Carbonate Fe+Mn

Oxide

Total Plant-
Available
(A+B+C)

5 0-12 553 13 4 502 549 519

6 0-12 3,120 200 111 2,380 781 2,691

11 0-12 953 182 168 39 139 389

12 0-12 2,100 314 340 410 272 1,064

17 0-12 551 192 176 23 157 391

18 0-12 1,310 190 174 841 366 1,205

23 0-12 469 138 81 112 229 331

24 0-12 4,030 747 618 1,580 507 2,945

29 0-12 991 15 3 339 345 357

30 0-12 542 469 344 130 175 943

35 0-12 1,070 217 226 339 434 782

36 0-12 797 492 400 627 305 1,519

Mean 0-12 1,374 264 220 610 355 1,095
Std. Dev. 0-12 1,138 212 179 705 189 891

5 12-24 1,510 2 2 343 416 347

6 12-24 12,900 80 33 10,400 1,010 10,513

11 12-24 2,320 1 1 162 423 164

12 12-24 2,840 162 88 2,430 439 2,680

17 12-24 732 3 1 217 400 221

18 12-24 2,030 121 38 1,340 431 1,499

23 12-24 1,240 1 2 288 461 291

24 12-24 3,900 340 247 3,230 643 3,817

29 12-24 4,200 31 5 842 678 878

30 12-24 256 34 2 124 88 160

35 12-24 1,660 83 15 1,250 723 1,348

36 12-24 5,160 258 129 3,570 619 3,957

Mean 12-24 3,229 93 47 2,016 528 2,156
Std. Dev. 12-24 3,378 111 75 2,905 228 2,974
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Table 5-37
Sequential Fractionation Analysis of Soil from Site 129-3

Prior to Adding Soil Amendments in 1999

Sequential Fraction- Pb, mg/kg

Grid
No.

Depth,
inches Total

(A)
Water-
soluble

(B)
Exchange-

able

(C)
Carbonate Fe+Mn

Oxide

Total Plant-
Available
(A+B+C)

1 0-12 27 6 1 18 39 25

2 0-12 60 1 1 30 39 32

Mean 0-12 43.5 3.5 1 24 39 29
Std. Dev. 0-12 23 4 0 8 0 5

1 12-24 117 3 1 57 72 61

2 12-24 216 4 1 26 54 31

Mean 12-24 167 4 1 42 63 46
Std. Dev. 12-24 70 1 0 22 13 21

Table 5-38
Sequential Fractionation Analysis of Soil from Site 129-3 After

Adding Soil Amendments in 1999

Sequential Fraction- Pb, mg/kg

Grid
No.

Depth,
inches Total

(A)
Water-
soluble

(B)
Exchange-

able

(C)
Carbonate Fe+Mn

Oxide

Total Plant-
Available
(A+B+C)

1 0-12 63 20 16 12 34 48

2 0-12 556 1 1 15 54 17

Mean 0-12 310 11 9 14 44 33
Std. Dev. 0-12 349 13 11 2 14 22

1 12-24 105 1 1 26 73 28

2 12-24 69 1 1 38 32 40

Mean 12-24 87 1 1 32 53 34
Std. Dev. 12-24 25 0 0 8 29 8
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Plant-Available Lead at
Site C Pre-Amendment

Frequency distribution of grids for plant-available lead concentration ranges, and
cumulative percentage of grids at each plant-available lead concentration range.
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5.2.10  2000 Field Sampling Results

5.2.10.1  Mechanisms Controlling Lead Solubility and EDTA Degradation at Site C and
               Site 129-3
A discussion of the primary mechanisms involved in the overall outcome of the demonstration is
essential to understanding the final results of the 2000 field activities.

5.2.10.1.1  Lead Solubility
In a phytoextraction scheme, lead may undergo several reactions (or pathways) in a soil
following treatment with acetic acid and EDTA.  These reactions involve both the dissolution of
lead from the non-water-soluble solid phases into soluble forms which are available to plants and
may be subject to leaching, as well as the subsequent re-precipitation of lead into insoluble
forms which are unavailable to plants and which are less conducive to movement.

A summary of the three general processes lead will undergo in soil during a phytoextraction
scheme is presented in Figure 5-4.  These reactions are:

1. Dissolution of lead solid phases and complexation by EDTA, followed by uptake into plants.
2. Inactivation of EDTA through degradation or sorption on soil components with subsequent

release and re-precipitation of lead in soil.
3. Displacement of lead from the EDTA complex by competing cations and subsequent

reprecipitation of lead in soil.

An understanding of the first reaction of lead in the soil must be preceded by a discussion of the
basic components of the system.  The water-soluble and exchangeable forms are considered to
be the most readily complexed by EDTA, while the carbonate form is less so.  The availability
to plants follows the same order.  These forms of lead in soil may be grouped as follows:

1.  Water-soluble
2.  Exchangeable
3.  Carbonate-bound
4.  Iron and manganese oxide-bound
5.  Organic-bound
6.  Crystalline matrix-bound

The first three forms are considered to be the most potentially available to plants in the
phytoextraction process.  The water-soluble and exchangeable forms are considered to be most
available to plants, while the carbonate form is less so.  The ease of complexation by EDTA
follows the same order.  Harsh dissolution processes would be required to make lead in the
oxide, organic, and crystalline matrix forms available to plants. In the TCAAP soils, the amount
of lead that is potentially plant available (sum of the first three forms) is 55% of the total lead
concentration in soil.  This was determined by the sequential extraction procedure in
Section 5.2.9.

Therefore, in the first reaction (i.e., dissolution and complexation) (Fig. 5-4) reduction of soil
pH to 5.5 by acetic acid helps release lead from the most soluble solid phase forms into the soil
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solution as the free lead ion (Pb2+).  The lead ion is then complexed by EDTA and maintained in
a water-soluble form that is available to plants.  The soil returns to its indigenous pH after a
short time, but for a time, lead remains in a water-soluble form.   Lead in this form may react
with the soil to again become unavailable, it may be taken up into the plant, or it may remain in
solution.

In the second reaction, several individual processes are at work simultaneously.  Other cations
in the soil, which are typically found at far greater concentrations in the soil than lead, compete
with lead for complexation by EDTA.  Also, as EDTA undergoes microbial degradation, (see
Section 5.2.10.1.2, below, for a more detailed discussion of EDTA degradation in soil) lead may
be released and re-precipitated in the soil as progressive degradation of EDTA produces
compounds that are more selective for cations other than lead.  If there is a sufficient amount of
iron oxide present in the soil, EDTA may be sorbed onto these compounds, and the lead in the
EDTA complex may be subject to reaction with soil.  This usually involves the formation of a
weak bond between EDTA and the oxide, so the oxide must be present at fairly high
concentration for this reaction to be significant.

In the third reaction, other cations such as Ca, Mg, Fe, etc., compete with lead in soil micro-
sites for complexation by EDTA.  Lead is displaced from the complex by simple mass action
(i.e., the abundance of other cations relative to lead “swamps” the system). The cation that will
replace lead (1) will be determined by the system pH; (2) will follow metal-chelate selectivity
coefficients (i.e., displacement series); and (3) is dependent on the cation concentration in the
soil.  The Ca-EDTA complex will ultimately predominate in alkaline soil, and Fe-EDTA will be
the predominate form in acid to neutral soil.  Once lead is displaced, the processes of ion
exchange, adsorption, and precipitation on soil minerals and organic matter will eventually
convert lead into insoluble forms, such as carbonates, phosphates, sulfates, and organic
complexes. At higher soil pH, the solubility of lead in these complexes is low.  The pH-
dependent sorption of lead on hydrous oxides of aluminum, iron, and manganese will also
occur, which will limit the activity of the lead ion in solution.  Thus plant availability and the
potential for leaching of lead is also low.  This reversion process will take several decades
before lead is as insoluble as it was before the phytoextraction process.Ref. 9

5.2.10.1.2  EDTA Fate and Degradation in Soil
The aminopolycarboxylic acid chelate EDTA is produced in large quantities for a variety of
uses ranging from cleaning solutions and detergents to food preservatives to decontamination of
nuclear power plant equipment.  EDTA sales in Europe in 1997 were 32,550 tons.Ref. 36  No
instances of EDTA toxicity to mammals have been reported at the concentrations found in
aquatic environments, although annual loading rates in surface waters have in the past been
quite high.  For example, annual amounts of EDTA released into the Ruhr River, Germany, in
1984 were about 60 tons, and over 1,080 tons were released annually into the Rhine River,
Germany, from 1985 to 1987.Ref. 33  EDTA is persistent in the environment, and for many years
was thought to be resistant to degradation.Ref. 37,38  However, biodegradation of EDTA has been
investigated from the perspective of many different researchers and EDTA is now recognized to
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biodegrade through several various mechanisms.Ref. 39  EDTA may react in soil systems to persist
or to disappear entirely depending on the unique set of conditions that occur in different soils.
Overall, in a typical soil, the fate of EDTA is governed by five mechanisms:

1. Reaction and complexation with soil cations
2. Microbial degradation
3. Adsorption onto iron hydrous oxide surfaces and soil organic matter
4. Binding to clay fractions
5. Leaching
 
The affinity of EDTA for metal cations varies with system pH and the displacement series for
EDTA and metals.  The displacement series is based on formation constants of EDTA-metal
complexes (i.e., bonding energies) derived either experimentally or empirically.  So, the
displacement series is a measure of the strength of bonding of a given cation-EDTA complex.
The series may be a function of the concentration of a given cation that can potentially bond
with EDTA.  Thus, a primary cation with a strong binding affinity for EDTA may be replaced by
a secondary cation which has less affinity for EDTA, but which is present in far greater
concentration.  For example the primary cation, lead, may be replaced by secondary cations
such as calcium, iron, or magnesium in an EDTA complex.

Direct degradation of EDTA is obviously an important mechanism for controlling the activity of
EDTA in a soil.  The rate and extent of EDTA microbial degradation is highly variable. Ref. 40

Factors controlling and influencing degradation include:

• Aeration
• pH
• Temperature
• Appropriate microbial population in soil
• Organic matter content and fertility level of soil
• Resistance of EDTA to degradation
• EDTA concentration
• Metals that EDTA is complexed with

Overall, annual degradation rates of EDTA may range from <5% after 10 weeks in acidic soil to
50% - 75% after one year in alkaline soil. Ref. 41  EDTA will normally be degraded by the
indigenous soil microbial population.  Ironically, EDTA may be degraded more rapidly in cold
(i.e., freezing) temperatures than during warmer periods. Ref. 41  An alkaline pH is more conducive
to degradation, since the primary cation complexes of EDTA at higher pH are those with the
nutrient cations, which tend to sustain the microbial population.  The rate will vary depending on
the cation with which the EDTA is complexed.  Heavy metal complexes of EDTA, such as Cu-,
Ni-, or Cd- which may be toxic to soil microbes, will degrade at a slower rate than EDTA
complexes of low toxicity nutrient cations, such as Ca-, Fe-, or Mg-EDTA. Ref. 42  Ferric iron
complexes of EDTA potentially will degrade at higher rates than EDTA complexes with other
nutrient cations.Ref. 36  As EDTA degrades, heavy metals such as lead may be released into
solution, where adsorption reactions may render the metal insoluble.  Incorporation of an
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inorganic complexing agent, such as phosphate, to scavenge the released metal by precipitation
may help avoid metal toxicity to the microbial population, thus hastening or at least prolonging
degradation of EDTA. Ref. 42

A higher iron oxide and organic matter content will also increase EDTA retention by soil,
although the bond between iron hydrous oxides and EDTA is a relatively weak one.  The binding
capacity is dependent instead on the oxide content of the soil, and binding and disappearance of
EDTA in soils characterized by a high iron oxide content can be significant.  This phenomena
was recognized as early as 1955 by Wallace et al. Ref. 43  The following year, Lunt et al Ref. 44

reported rapid losses of 26% and 20% EDTA from soil-applied iron-EDTA in calcareous and
noncalcareous soils.  EDTA disappeared at a 1:1 ratio with Fe loss in the noncalcareous soils,
which suggested that the complex was adsorbed intact.  Such a substitution and adsorption
mechanism may thus be important in controlling the fate of potentially environmentally harmful
metal complexes of EDTA, such as lead.

Although EDTA is an anion, it will rarely exist in soil solely as EDTA, and these amounts will be
neglible.  It will almost always be complexed with a cation.  The charge on the cation-EDTA
complex is cation- and pH-dependent, with the Zero Point of Charge (ZPC) for cation-EDTA
complexes occurring between pH 7.0 and 9.0 depending on the associated cation.  Thus, EDTA
may be adsorbed onto negatively charged clay micelles as a positively charged moiety at pH
values higher than the ZPC.  This may reduce movement of EDTA through the soil.

Normally, heavier-textured clay soils will retain EDTA more strongly than will sandy soils.
Leaching is thus quite likely in sandy soils.  However, the heavier textured soil constitutes only a
temporary physical barrier to vertical movement of EDTA, and eventual breakthrough of EDTA
can occur.

Obviously, reactions involving metal complexation and metal-chelate interactions in soil are not
straightforward, and many variables in the heterogeneous system of a soil will influence the
ultimate fate of EDTA and lead in soil.  These same reactions can equally be applied to
interactions within groundwater systems and their aquifers, and to surface waters as well.

5.2.10.2  Groundwater Sampling - 2000
Groundwater and surface water sampling was conducted only at Site C.  Figure 5-5 is an
overview drawing showing the pertinent features and the groundwater and surface water
sampling locations at Site C.  The overall summary of results for the groundwater and surface
samplings at Site C is shown in Table 5-39.  Individual results for each of the samplings are
shown in subsequent tables.  All groundwater samples were muddy in appearance upon
sampling.  The pH of all water samples was about 7.5, which favors reactions of the EDTA with
basic cations such as Ca and Mg.  An important criteria to be remembered in considering the
results of the groundwater samples is that EDTA complexes with lead on a 1:1 ratio.  An EDTA
to lead ratio greater than 1:1 indicates that lead has been displaced through some mechanism
from the EDTA complex and is thus no longer in appreciably water-soluble form.



Lead Phytoremediation Demonstration                                                               Twin Cities AAP   5-75

5.2.10.2.1  April 11, 2000 - First Groundwater Sampling
The analytical results of the April 11, 2000 samples for lead, EDTA, and pH, and the calculated
molar ratios of EDTA to lead, are shown in Table 5-40.

The sampling locations for this set of groundwater samples is shown in Figure 5-5 and
Figure 5-6.  Lead and EDTA concentrations in groundwater samples were consistent with
movement through the surface soil in the plot to the groundwater within the plot (Samples GW-5
and GW-6).  This was likely due to movement of the soluble lead-EDTA complex caused in part
by the physical condition of the site and the shallow and fluctuating groundwater flow through
the plot.  Realistically, all movement of the EDTA-lead complex did not occur down through the
soil, but rather may have occurred in part due to preferential flow through channels caused by
debris in the soil or through sand and around clay lenses in the soil.  The influence of soil

physical properties is discussed in more detail in Section 5.2.10.3, Deep Core Soil Sampling,
below.  Also, as the level of groundwater fluctuated, the soil in the upper layers may have been
in essence “washed” and EDTA and lead removed to lower depths.

One area (GW6) showed a high concentration of lead (988 mg/L) and of EDTA (4,910 mg/L) in
groundwater within the plot.  This area was in the poorly drained northwestern quadrant of the
plot.  This area is also the lowest part of the plot.  The high concentrations may have resulted
from collection and stagnation of EDTA and solubilized lead from other parts of the plot.

Lead and EDTA concentrations from the other sampling point within the plot (GW5) were much
lower, averaging 228 mg/L and 2,265 mg/L for lead and EDTA, respectively.  This point was
more upgradient of the slope within the plot.

There were four sampling locations outside the plot area, one upgradient (GW1) and three
down-gradient (GW2, GW3, and GW4).  Neither lead nor EDTA was found in the upgradient
sample (GW1) located outside the southeastern corner of the plot according to the TVA analysis.
However, a concentration of 71 mg/L was determined by the MDH laboratory.  The disparity in
the data between MDH and TVA warrants the need for additional measurements, such as
samples and monitoring.

Lead and EDTA were present in sample GW2 at concentrations of 274 and 1,210 mg/L
respectively.  This sample point is located 30 feet to the north of the northeastern corner of the
plot.  Lead and EDTA were present in the sample from GW4 at concentrations of 573 and
2,310 mg/L, respectively.  This sample point is located 30 feet to the northwest of the
northwestern corner of the plot.  Neither lead nor EDTA were found in down gradient sample
GW3.  This sample point is located 27 feet due west outside of the plot, 46 feet to the south of
GW4.

Lead and EDTA moved outside of the plot boundaries in the groundwater at a slow rate.  The
rate of groundwater movement at Site C according to the original RI/FS is 0.017 - 55 ft per year.
However, there was no indication of lead and only a trace amount (0.5 mg/L) of EDTA
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Figure 5-5
Overview of Site C Showing

Groundwater and Surface Water Sampling Locations



Lead Phytoremediation Demonstration                                                                                                         Twin Cities AAP5-77

Table 5-39
Overall Results and Sampling Schedule for Groundwater

and Surface Water Samples at Site C

Sampling
Phase Sample ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft) Laboratory1
Pb,

mg/L

EDTA
(as Na2EDTA)

mg/L

EDTA
(as EDTA)

mg/L

GW -1 FB1 Field Blank 11-Apr-00 TVA <0.02 <0.03 <0.03
1 RB1 Rinse Blank 11-Apr-00 TVA <0.02 0.3 0.3
1 RB2 Rinse Blank 11-Apr-00 TVA 0.02 0.3 0.3
1 GW1 Groundwater Sample 11-Apr-00 7 - 7.5 TVA (MDH) <0.02 (71) 0.2 0.2
1 GW2 Groundwater Sample 11-Apr-00 5 - 5.5 TVA (MDH) 274 (280) 1,390 1,210
1 GW3 Groundwater Sample 11-Apr-00 5 TVA (MDH) <0.02 (1.1) 0.3 0.3
1 GW4 Groundwater Sample 11-Apr-00 4 TVA (MDH) 573 (580) 2,660 2,310
1 GW5 Groundwater Sample 11-Apr-00 6 TVA (MDH) 228 (270) 2,590 2,250
1 GW5 dup Groundwater Sample 11-Apr-00 6 TVA (MDH) 227 (270) 2,620 2,280
1 GW6 Groundwater Sample 11-Apr-00 5.5 TVA (MDH) 988 (1100) 5,650 4,910

SW-1 SW1 Surface Water Sample 11-Apr-00 TVA (MDH) <0.02 (4.2) 0.5 0.5

SW-2 PRB2-1-U Pre-Rinse Blank 4-May-00 <0.03 <0.03
2 PRB2-1-F Pre-Rinse Blank Filtered 4-May-00 CompuChem 0.0011
2 FB2-1-U Field Blank Unfiltered 4-May-00 <0.03 <0.03
2 FB2-1-F Field Blank Filtered 4-May-00 CompuChem 0.0011
2 RB2-1-U Rinse Blank Unfiltered 4-May-00 <0.03 <0.03
2 RB2-1-F Rinse Blank Filtered 4-May-00 CompuChem 0.0011
2 SW2-1-U Surface Water Sample -

Unfiltered
4-May-00 0.1 0.1

2 SW2-1-F Surface Water Sample -
Filtered

4-May-00 CompuChem 0.0012

2 SW2-2-U Surface Water Sample -
Unfiltered

4-May-00 0.2 0.2
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Table 5-39 (Continued)
Overall Results and Sampling Schedule for Groundwater

and Surface Water Samples at Site C

Sampling
Phase Sample ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft) Laboratory1
Pb,

mg/L

EDTA
(as Na2EDTA)

mg/L

EDTA
(as EDTA)

mg/L

2 SW2-2-F Surface Water Sample -
Filtered

4-May-00 CompuChem 0.0019

2 SW2-3-U Surface Water Sample -
Unfiltered

4-May-00 <0.03 <0.03

2 SW2-3-F Surface Water Sample -
Filtered

4-May-00 CompuChem 0.0011

2 SW2-4-U Surface Water Sample -
Unfiltered

4-May-00 1.2 1.1

2 SW2-4-F Surface Water Sample -
Filtered

4-May-00 CompuChem 0.0118

2 SW2-4-UD Surface Water Sample -
Unfiltered Duplicate

4-May-00 1.2 1.0

SW-2 SW2-4-FD Surface Water Sample -
Filtered Duplicate

4-May-00 CompuChem 0.0119

GW-2 PRB 2-1U Pre-Rinse Blank 17-May-00 <0.03 <0.03
2 PRB 2-1F Pre-Rinse Blank Filtered 17-May-00 CompuChem 0.0017
2 FB2-1U Field Blank Unfiltered 17-May-00 <0.03 <0.03
2 FB2-1F Field Blank Filtered 17-May-00 CompuChem 0.0018
2 RB2-1U Rinse Blank Unfiltered 17-May-00 <0.03 <0.03
2 RB2-1F Rinse Blank Filtered 17-May-00 CompuChem 0.0141
2 GW2-1U Groundwater Sample -

Unfiltered
17-May-00 9.5 - 10 6.7 5.8

2 GW2-1F Groundwater Sample -
Filtered

17-May-00 9.5 - 10 CompuChem 0.228
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Table 5-39 (Continued)
Overall Results and Sampling Schedule for Groundwater

and Surface Water Samples at Site C

Sampling
Phase Sample ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft) Laboratory1
Pb,

mg/L

EDTA
(as Na2EDTA)

mg/L

EDTA
(as EDTA)

mg/L

GW-2 GW2-2 DID NOT SAMPLE 17-May-00 DID NOT
SAMPLE

2 GW2-3 DID NOT SAMPLE 17-May-00 DID NOT
SAMPLE

2 GW2-4U Groundwater Sample -
Unfiltered

17-May-00 9 - 9.5 788 685

2 GW2-4F Groundwater Sample -
Filtered

17-May-00 9 - 9.5 CompuChem 208

2 GW2-5U Groundwater Sample -
Unfiltered

17-May-00 5 701 609

2 GW2-5F Groundwater Sample -
Filtered

17-May-00 5 CompuChem 20

2 GW2-6U Groundwater Sample -
Unfiltered

17-May-00 8 <0.03 <0.03

2 GW2-6F Groundwater Sample -
Filtered

17-May-00 8 CompuChem 0.17

2 GW2-7 DRY 17-May-00 DRY

2 GW2-8U Groundwater Sample -
Unfiltered

17-May-00 7.5 192 167

2 GW2-8F Groundwater Sample -
Filtered

17-May-00 7.5 CompuChem 54.4

2 GW2-9 DRY 17-May-00 DRY

GW-3 FB3-1U Field Blank Unfiltered 30-May-00 <0.03 <0.03
3 FB3-1F Field Blank Filtered 30-May-00 CompuChem 0.0011
3 PRB3-1U Pre-Rinse Blank 30-May-00 <0.03 <0.03
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Table 5-39 (Continued)
Overall Results and Sampling Schedule for Groundwater

and Surface Water Samples at Site C

Sampling
Phase Sample ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft) Laboratory1
Pb,

mg/L

EDTA
(as Na2EDTA)

mg/L

EDTA
(as EDTA)

mg/L

3 PRB3-1F Pre-Rinse Blank Filtered 30-May-00 CompuChem 0.0011
3 GW3-1U Groundwater Sample -

Unfiltered
30-May-00 8  0.26 0.23

3 GW3-1F Groundwater Sample -
Filtered

30-May-00 8 CompuChem 0.0015

3 GW3-2U Groundwater Sample -
Unfiltered

30-May-00 6 850 739

3 GW3-2F Groundwater Sample -
Filtered

30-May-00 6 CompuChem 1.56

3 GW3-3U Groundwater Sample -
Unfiltered

30-May-00 8 570 495

3 GW3-3F Groundwater Sample -
Filtered

30-May-00 8 CompuChem 10.8

3 GW3-4U Groundwater Sample -
Unfiltered

30-May-00 8 0.38 0.33

3 GW3-4F Groundwater Sample -
Filtered

30-May-00 8 CompuChem 0.0256

3 GW3-4U-
DUP

Groundwater Sample -
Unfiltered

30-May-00 8 0.37 0.32

3 GW3-4F-
DUP

Groundwater Sample -
Filtered

30-May-00 8 CompuChem 0.0208

3 GW3-5U Groundwater Sample -
Unfiltered

30-May-00 3 410 356

3 GW3-5F Groundwater Sample -
Filtered

30-May-00 3 CompuChem 27.3
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Table 5-39 (Continued)
Overall Results and Sampling Schedule for Groundwater

and Surface Water Samples at Site C

Sampling
Phase Sample ID Description

Sampling
Date

Approximate
Groundwater

Depth (ft) Laboratory1
Pb,

mg/L

EDTA
(as Na2EDTA)

mg/L

EDTA
(as EDTA)

mg/L

GW-3 GW3-6U Groundwater Sample -
Unfiltered

30-May-00 6 7 6

3 GW3-6F Groundwater Sample -
Filtered

30-May-00 6 CompuChem 1.45

(1)  Laboratory: TVA - Tennessee Valley Authority Specialty Laboratory.
MDH - Minnesota Department of Health.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported
EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-40
Analysis and Molar Ratios of EDTA:Pb in Groundwater and Surface Water

Samples Taken at Site C on April 11, 2000 (First Phase Sampling)

Sample pH
EDTA as
Na2EDTA

EDTA as
EDTA EDTA1 Pb Pb2 EDTA:Pb

mg/L mg/L µµmoles/L mg/L µµmoles/L  Molar Ratio3

GW 1 7.8 0.2 0.2 0.6 <0.02 -- --
GW 2 7.0 1,390 1,210 4,130 274 1,320 3.1
GW 3 7.1 0.3 0.3 0.9 <0.02 -- --
GW 4 7.5 2,660 2,310 7,910 573 2,770 2.9
GW 5 7.2 2,590 2,250 7,700 228 1,100 7.0
GW 5

(Duplicate)
7.2 2,620 2,280 7,790 227 1,100 7.1

GW 6 7.2 5,650 4,910 16,800 988 4,770 3.5
SW 1 7.7 0.6 0.5 2 <0.02 -- --

Field Blank 8.3 <0.03 <0.03 -- <0.02 -- --
Rinse Blank 8.6 0.3 0.3 0.8 <0.02 -- --
Rinse Blank 8.6 0.3 0.3 0.8 0.02 0.1 --
(1)  Obtained by dividing mg/L of EDTA by the molecular weight of EDTA (292.24 g/mol) and multiplying by 1000.
       NOTE:  1 mol EDTA = 1 mol NA2EDTA.
(2)  Obtained by dividing mg/L of Pb by the molecular weight of Pb (207.2 g/mol) and multiplying by 1000.
(3)  Obtained by dividing µmoles/L of Na2EDTA by µmoles/L of Pb.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or
mg/L Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.
This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is
(292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Figure 5-6
Groundwater and Surface Water Sampling Locations

Site C - April 2000
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contamination in a surface water sample (SW1) taken from a drainage ditch located 125 feet to
the northwest of the plot.  The charge mechanism for water in the ditch is unknown, i.e.,
whether water present in the ditch results from water flow into the ditch across the soil surface
or from groundwater flow up into the ditch.  However, since the groundwater flow is suspected
to be from southeast to northwest, some water present in the ditch could originate from
groundwater flow.

EDTA concentrations in the equipment rinse blanks were 0.3 mg/L, or half the EDTA
concentration found in the surface water sample.  EDTA was not found in the field blank.  Lead
was not detectable in the rinse blanks or in the field blank.

The change in the 1:1 molar ratio of EDTA to lead indicated that the lead had been displaced by
other ions.   EDTA was applied twice in 1998 at a molar ratio of 1:1 EDTA to total lead in the
soil.  EDTA was applied once in 1999 at a molar ratio of 1:1 plant-available lead (55% of total
soil lead).  The molar ratios of EDTA to lead at sample points GW2, GW4, GW5, and GW6
were considerably greater than the 1:1 ratio originally applied in 1998 and in 1999.  This
indicated that lead had been displaced from the EDTA complex.  The lead re-precipitated in the
soil.

Accordingly, the samples were analyzed for a suite of other cations which could potentially
complex with EDTA (Table 5-41).   These analyses are given in mg/L and in µmoles/L so that
molar quantities of each element may be directly compared with molar quantities of EDTA and
lead.  Of these cations, calcium (Ca) and magnesium (Mg) were present at the greatest
concentration, with iron (Fe) and manganese (Mn) also being present at lower concentrations
(Figure 5-7).  Although EDTA has greater affinity for lead, the considerably higher
concentration of Ca and Mg would, by simple mass action, result in these ions “swamping” the
system and displacing the lead from the EDTA complex (refer to Section 5.2.10.1.1).

5.2.10.2.2  May 17, 2000 - Second Groundwater Sampling
When splits from the first groundwater samples collected on April 11, 2000, were analyzed by
TVA and MDH, the results were consistently a little higher on the samples analyzed by MDH
(Table 5-39).  A review was made of sample collection practices for the two laboratories.  One
difference was noted.  The Minnesota laboratory utilized 0.45-µ Millipore filters while the TVA
laboratory utilized 0.2-µ Millipore filters to filter samples prior to digestion and analysis.  The
0.45-µ filters utilized by MDH may have allowed silt particles and colloidal material to be
collected with the water samples.  Insoluble lead tends to be adsorbed on the surface of these
particles which have an extremely high surface area.  This insoluble lead would then be
solubilized during sample digestion and would show up as higher lead concentrations in analysis.

By agreement with MPCA, for the second groundwater sampling, an outside laboratory
(CompuChem) was officially responsible for lead analyses.  TVA was responsible for EDTA
analysis.  In addition, the groundwater samples at this sampling were processed in two ways:
(1) filtered in the field through a 0.45 micron filter and acidified, then shipped to CompuChem
for lead analysis; (2) shipped to TVA unfiltered and unacidified for EDTA analyses.  Upon
receipt at TVA, the samples were filtered through a 0.45 micron Millipore® syringe filter and
analyzed for EDTA.  The nine groundwater sample locations for the second sampling are
designated by GW2-1 through GW2-9 on Figure 5-6.  However, only five water samples were
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Table 5-41
Analysis for Potential Competing Cations in Groundwater and Surface Water Samples

Taken at Site C on April 11, 2000 (First Phase Sampling)

Sample pH
EDTA

as
Na2EDTA

EDTA
as

EDTA

Pb Ca Fe Mg K Mn Na Zn Sr

mg/L
GW 1 7.8 0.2 0.2 <0.021 78 <0.0021 15 1 2 4 0.03 0.3
GW 2 7.0 1,390 1,210 274 328 136 62 4 23 11 24 6
GW 3 7.1 0.3 0.3 <0.02 162 1 43 3 3 12 0.04 2
GW 4 7.5 2,660 2,310 573 321 257 145 7 4 18 10 17
GW 5 7.2 2,590 2,250 228 603 321 118 91 39 21 43 3
GW 5

(Duplicate)
7.2 2,620 2,280 227 604 308 119 92 39 21 43 3

GW 6 7.2 5,650 4,910 988 761 537 141 15 79 40 28 32
SW 1 7.7 0.6 0.5 <0.02 135 0.06 67 4 0.2 38 0.5 2
FB 1

Field Blank
8.3 <0.031 <0.031 <0.02 23 <0.002 5 3 0.006 6 0.04 0.05

RB 1 Rinse
Blank

8.6 0.3 0.3 <0.02 7 <0.002 1 0.5 0.007 2 0.03 0.02

RB 2 Rinse
Blank

8.6 0.3 0.3 0.02 6 <0.002 1 0.8 0.009 2 0.05 0.02

MDL1 --2 0.03 0.03 0.02 0.01 0.002 0.002 0.2 0.005 0.02 0.004 0.003

µµmoles/L3

GW 1 -- 0.7 0.6 <MDL1 1,940 <MDL1 617 36 36 177 0.5 4

GW 2 -- 4,130 4,130 1,320 8,180 2,440 2,560 89 417 470 370 64

GW 3 -- 0.9 0.8 <MDL1 4,040 23 1,770 73 53 526 0.7 21

GW 4 -- 7,910 7,910 2,770 8,010 4,600 5,970 189 79 783 148 199

GW 5 -- 7,700 7,700 1,100 15,000 5,750 4,860 2,320 703 905 650 39

GW 5
(Duplicate)

-- 7,790 7,790 1,100 15,100 5,520 4,900 2,350 712 918 658 39

GW 6 -- 16,800 16,800 4,770 19,000 9,620 5,800 394 1,430 1,749 422 360

SW 1 -- 2 2 <MDL1 3,370 1 2,770 97 3 1,650 8 21

FB 1
Field Blank

-- <MDL1 <MDL1 <MDL1 569 <MDL1 192 67 0.1 272 0.6 0.6

RB 1 Rinse
Blank

-- 0.8 0.7 <MDL1 163 <MDL1 44 14 0.1 92 0.5 0.2

RB 2 Rinse
Blank

-- 0.8 0.7 0.1 153 <MDL1 39 21 0.2 94 0.8 0.2

MDL -- 0.09 0.08 0.1 0.3 0.04 0.08 5 0.09 0.9 0.06 0.03

(1)  Method Detection Limit.
(2)  -- Not Applicable.
(3) Obtained µmoles/L by dividing mg/L by the respective molecular weight (g/mol) of each compound or element and
      multiplying by 1,000.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier
reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as
Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-41 (Continued)
Analysis for Potential Competing Cations in Groundwater and Surface Water Samples

Taken at Site C on April 11, 2000 (First Phase Sampling)

Sample Al As Ba Be Co Cu Ni Sb Ti Tl V
mg/L

GW 1 <0.041 0.4 0.1 <0.0021 0.02 <0.0041 <0.011 <0.061 0.007 <0.11 0.02
GW 2 <0.07 1 3 <0.003 0.9 0.07 2 0.3 0.02 0.4 0.2
GW 3 <0.04 0.9 0.7 <0.002 0.02 <0.004 <0.01 0.06 0.01 <0.1 0.03
GW 4 <0.04 2 22 <0.002 0.5 0.4 0.5 0.2 0.02 0.9 0.1
GW 5 <0.04 3 0.9 0.002 1 0.08 2 0.3 0.03 0.8 0.2
GW 5

(Duplicate)
<0.04 3 0.8 <0.002 1 0.9 2 0.3 0.03 0.8 0.2

GW 6 <0.04 5 4 0.003 2 <0.004 2 0.4 0.03 1 0.6
SW 1 <0.04 0.6 0.2 <0.002 0.02 0.03 0.02 0.07 0.02 <0.1 0.03
FB 1

Field Blank
<0.04 0.1 0.02 <0.002 0.02 0.01 <0.01 <0.06 0.02 <0.1 0.02

RB 1 Rinse
Blank

<0.04 <0.041 0.06 <0.002 0.007 <0.004 <0.01 <0.06 0.02 <0.1 0.009

RB 2 Rinse
Blank

<0.04 <0.04 0.05 <0.002 0.01 0.005 <0.01 <0.06 <0.0041 <0.1 0.01

MDL1 0.04 0.04 0.012 0.002 0.01 0.004 0.01 0.06 0.004 0.1 0.004

µµmoles/L3

GW 1 --2 5 0.9 --2 0.4 --2 --2 --2 0.2 --2 0.4

GW 2 -- 16 22 -- 14 1 30 2 0.4 2 3

GW 3 -- 12 5 -- 0.4 -- -- 0.5 0.2 -- 0.6

GW 4 -- 33 160 -- 8 6 8 1 0.4 4 2

GW 5 -- 44 6 0.2 21 1 30 2 0.6 4 4

GW 5
(Duplicate)

-- 46 6 -- 22 15 30 2 0.6 4 4

GW 6 -- 61 28 0.3 26 -- 35 3 0.6 7 12

SW 1 -- 9 1 -- 0.3 0.5 0.3 0.6 0.4 -- 0.6

FB 1
Field Blank

-- 1 0.1 -- 0.3 0.2 -- -- 0.4 -- 0.4

RB 1 Rinse
Blank

-- -- 0.4 -- 0.1 -- -- -- 0.4 -- 0.2

RB 2 Rinse
Blank

-- -- 0.4 -- 0.2 0.08 -- -- -- -- 0.2

MDL 1.5 0.5 0.09 0.2 0.17 0.06 0.2 0.5 0.08 0.5 0.08

(1)  Method Detection Limit.
(2)  -- Not Applicable.
(3) Obtained µmoles/L by dividing mg/L by the respective molecular weight (g/mol) of each compound or element and
      multiplying by 1,000.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier
reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the data calculated as
Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-42
Analysis and Molar Ratios of EDTA:Pb in Groundwater

Samples Taken at Site C on May 17, 2000 (Second Phase Sampling)

Sample
EDTA as

Na2EDTA1
EDTA as
EDTA1 EDTA2 Pb Pb3 EDTA:Pb

mg/L mg/L µµmoles/L mg/L µµmoles/L Molar Ratio4

GW2-1U5 6.7 5.8 20 -- -- --
GW2-1F6 -- -- -- 0.228 1.1 18

GW2-2 no sample7 no sample7 --8 -- -- --
GW2-3 no sample no sample -- -- -- --

GW2-4U 788 685 2,345 -- -- --
GW2-4F -- -- -- 208 1,004 2.3

GW2-5U 701 609 2,086 -- -- --
GW2-5F -- -- -- 20 97 21.5

GW2-6U <0.039 <0.039 -- -- -- --
GW2-6F -- -- -- 0.17 1 --
GW2-7 dry dry -- -- -- --

GW2-8U 192 167 571 -- -- --
GW2-8F -- -- -- 54.4 263 2.2

GW2-9 dry dry -- -- -- --
Pre-rinse Blank,

unfiltered <0.03 <0.03 -- -- -- --
Pre-rinse Blank,

filtered -- -- -- 0.0017 0.01 --
Field Blank,

unfiltered <0.03 <0.03 -- -- -- --
Field Blank,

filtered -- -- -- 0.0018 0.01 --
Rinse Blank,

unfiltered <0.03 <0.03 -- -- -- --
Rinse Blank,

filtered -- -- -- 0.0141 0.1 --

(1) EDTA was determined on samples that were not filtered in the field..
(2) Obtained by dividing mg/L of EDTA by the molecular weight of EDTA (292.24 g/mol) and multiplying 

by 1000.
NOTE:  1 mol EDTA = 1 mol NA2EDTA.

(3) Obtained by dividing mg/L of Pb by the molecular weight of Pb (207.2 g/mol) and multiplying by 1000.
(4) Obtained by dividing µmoles/L of Na2EDTA by µmoles/L of Pb.
(5) U = Unfiltered, unacidified in the field, filtered and acidified on receipt by TVA.
(6) F = Filtered and acidified in the field.
(7) Time constraints and bad weather prevented taking a sample at this location.
(8) -- Not Applicable.
(9) Method Detection Limit (MDL).

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results
Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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taken.  Time constraints prevented sampling at GW2-2 and GW2-3 (the two upgradient
locations), and the bore holes were dry at GW2-7 and GW2-9.  Lead and EDTA concentrations
in groundwater for the sampling on May 17 are shown in Table 5-42.

As with the first set of groundwater samples (Section 5.2.10.1.1), the EDTA:lead ratio was
consistently greater than 1:1, which indicated that EDTA was associated with elements other than
lead and that lead had been displaced from the EDTA complex.  Concentrations of EDTA and
lead decreased significantly with increasing down-gradient distance north and northwest from the
plot.

5.2.10.2.3  May 30, 2000 - Third Groundwater Sampling
EDTA had continued to migrate with the groundwater in a northwesterly direction down-gradient
of  the  demonstration plot  to  the  locations where these samples were taken  (Figure 5-6,
Table 5-43, sample locations GW3-3 and GW3-5), but lead concentrations tended to decrease
with distance from the plot.  As a consequence, the EDTA to lead ratio remained high in these
samples, which indicated that lead was dissociating from EDTA.  Concentrations of EDTA and
lead decreased as the groundwater moved northward and down-gradient away from the plot
(sample locations GW3-2, GW3-4, and GW3-6).  The samples were analyzed only for EDTA and
lead.

5.2.10.3 May 4, 2000 - Surface Water Sampling
Four additional samples were taken from various locations in the ditch (Figure 5.5, Figure 5-6,
Table 5-44) to determine if contamination of surface water had occurred.  A trace amount of
EDTA (0.1 ppm) was found in the upgradient sample (SW2-1) taken 171 feet from the southwest
corner of the demonstration plot.  A slightly higher concentration of EDTA (0.2 ppm) was found
at the original sampling site (SW-1) about 100 feet to the northwest of the plot when this site was
re-sampled.  However, the concentration had decreased from the 0.5 ppm originally present in the
water at that location.  This could have been due to dilution by additional influx of water into the
ditch, or to movement of EDTA away from the sample point or degradation of the small amount
of EDTA.  EDTA was not detected in water from the third sampling point (SW2-3) located
approximately 475 feet northwest of the plot (Figure 5-5).  Notably, lead was not detected in any
of the surface water samples, which indicated that EDTA had not mobilized lead into the surface
water.

EDTA was present in the water sample from the fourth location (SW2-4, Figure 5-6) at a
concentration of 1.1 ppm.  This location was 500 feet from the demonstration plot. No lead was
associated with the EDTA.

As with the first phase groundwater samples, these surface water samples were analyzed for 19
other cations (Table 5-45).  The only cations present in quantities sufficient to compete with lead
for complexation by EDTA were Ca and Mg.  Potassium and sodium were present at average
concentrations of 2 and 41 ppm, respectively, but these cations are not typically complexed by
EDTA.  The relationship between the competing cations and EDTA for the surface water samples
is shown in Figure 5-8.
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The concentrations of Ca and Mg in Figure 5-8 are expressed in µmoles/L.  The corresponding
average concentrations for Ca expressed in mg/L across the four locations  (SW2-1, SW2-2,
SW2-3, and SW2-4) are 118, 148, 86, and 117 mg/L.  For Mg, the corresponding values for the
four locations are 21, 58, 23, and 28 mg/L.  Since lead was not present in the samples, the small
quantity of EDTA present would have been complexed with Ca and Mg.

5.2.10.4  April 11, 2000 - Deep Core Soil Sampling
Site C, and to a lesser extent at Site 129-3, were difficult sites to work.  The large amount of
debris and the observed different soil types at Site C directly contributed to and greatly
exacerbated these problems.  Deep core soil sampling was conducted to “dissect” the site and
specifically determine and describe some of the factors responsible for the adverse conditions at
the site.

The sample locations for deep core samples taken at Site C are shown in Figure 5-9, and for
Site 129-3 in Figure 5-10.  At Site C, nine samples were taken within the plot and five were taken
outside the plot.  Two of the samples within the plot at Site C were in the poorly drained
northwest quadrant which would tend towards high concentrations of EDTA and lead. Of the five
samples taken outside the plot, three were upgradient of the plot and two were down-gradient.  At
Site 129-3, the plot was divided into quadrants and a sample was taken from each quadrant within
the plot.  No samples were taken outside the demonstration plot at Site 129-3.

A description of the soil core samples at Site C and Site 129-3 by depth with the concentrations
of EDTA and lead in the soil down to 4 feet is given in Table 5-46.   The core samples represent 4
feet of soil.  The 4-ft sections were cut into two 2-ft sections for shipment to the TVA Analytical
Laboratory.  Compression occurred during sampling so the length of each core was in many cases
less than two feet.  However, the amount of soil in each core is representative of two feet of field
soil.

Examination of the soil cores revealed the following:

• The dominant soil type identified by the RI/FS for the area at Site C is sandy loam.  However,
the soil at Site C is extremely heterogeneous, which suggested dumping of soil from other
areas when disposal activities occurred.

• Seven soil textures, ranging from sand to clay, were identified during the examination of the
cores.  The soil varied markedly in texture within each 4-foot core.  Frequently, a deposit of
each soil type was present in each core sample.

• Clay and sand lenses (i.e., a stratified layer) ranging in thickness from 1 inch to 5 inches, were
commonly found in the samples at soil depths of 0.5 to 3.5 ft.
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Figure 5-8
Major Competing Cations in Surface Water Samples at Site C
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Table 5-43
Analysis and Molar Ratios of EDTA:Pb in Groundwater

Samples Taken at Site C on May 30, 2000 (Third Phase Sampling)

Sample
EDTA as

Na2EDTA1
EDTA as
EDTA1 EDTA2 Pb Pb3 EDTA:Pb

mg/L mg/L µµmoles/L mg/L µµmoles/L  Molar Ratio4

GW3-1U5 0.26 0.23 0.8 --7 -- --
GW3-1F6 -- -- 0.0015 0.01 80.0

GW3-2U 850 739 2,530 -- -- --
GW3-2F -- -- -- 1.56 8 316.0

GW3-3U 570 495 1,696 -- -- --
GW3-3F -- -- -- 10.8 52 32.6

GW3-4U 0.38 0.33 1 -- -- --
GW3-4F -- -- -- 0.0256 0.1 10.0

GW3-4U
duplicate

0.37 0.32 1 -- -- --

GW3-4F
duplicate

-- -- -- 0.0208 0.1 10.0

GW3-5U 410 356 1,220 -- -- --
GW3-5F -- -- 27.3 132 9.2

GW3-6U 7 6 21 -- -- --
GW3-6F -- -- -- 1.45 7 3.0

Pre-rinse
Blank,

unfiltered

<0.038 <0.038 -- -- -- --

Pre-rinse
Blank,
filtered

-- -- -- 0.0011 0.01 --

Field
Blank,

unfiltered
<0.03 <0.03 -- -- -- --

Field
Blank,
filtered

-- -- -- 0.0011 0.01 --

(1) EDTA was determined on samples that were not filtered in the field..
(2) Obtained by dividing mg/L of EDTA by the molecular weight of EDTA (292.24 g/mol) and multiplying by 1000.

NOTE:  1 mol EDTA = 1 mol NA2EDTA.
(3) Obtained by dividing mg/L of Pb by the molecular weight of Pb (207.2 g/mol) and multiplying by 1000.
(4) Obtained by dividing µmoles/L of Na2EDTA by µmoles/L of Pb.
(5) U = Unfiltered, unacidified in the field, filtered and acidified on receipt by TVA.
(6) F = Filtered and acidified in the field.
(7) Time constraints and bad weather prevented taking a sample at this location.
(8) -- Not Applicable.
(9) Method Detection Limit (MDL).

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L
Na2EDTA.  Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This
Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-44
Analysis of Pb and EDTA in Surface Water Samples
Taken from Drainage Ditch at Site C on May 4, 2000

(Second Phase Sampling)

Sample1 pH
EDTA as

Na2EDTA2
EDTA as
EDTA2 EDTA3 Pb Pb4

mg/L mg/L µmoles/L mg/L µmoles/L

SW-2-1U-A 7.4 0.10 0.09 0.3  <0.02 5 <0.15

SW-2-1U-B 0.11 0.10 0.3 <0.02 <0.1

SW-2-1F NA6 NA6 -- <0.02 <0.1

SW-2-2U-A 7.7 0.20 0.17 0.6 <0.02 <0.1

SW-2-2U-B 0.19 0.17 0.6 <0.02 <0.1

SW-2-2F NA NA -- <0.02 <0.1

SW-2-3U-A 7.6 <0.035 <0.035 <0.095 0.02 0.1

SW-2-3U-B <0.03 <0.03 <0.09 <0.02 <0.1

SW-2-3F NA NA -- <0.02 <0.1

SW-2-4U-A 7.3 1.21 1.05 3.6 <0.02 <0.1

SW-2-4U-B 1.21 1.05 3.6 <0.02 <0.1

SW-2-4F NA NA -- <0.02 <0.1

SW-2-4U-A (dup.)7 7.3 1.20 1.04 3.6 <0.02 <0.1

SW-2-4U-B (dup.) 1.20 1.04 3.6 <0.02 <0.1

SW-2-4F (dup.) NA NA -- <0.02 <0.1

Pre-Rinse Blank-U-A 5.5 <0.03 <0.03 <0.09 <0.02 <0.1

Pre-Rinse Blank-U-B <0.03 <0.03 <0.09 <0.02 <0.1

Pre-Rinse Blank-F NA NA -- <0.02 <0.1

Rinse Blank-U-A 6.0 <0.03 <0.03 <0.09 <0.02 <0.1

Rinse Blank-U-B <0.03 <0.03 <0.09 <0.02 <0.1

Rinse Blank-F NA NA -- <0.02 <0.1

Field Blank-U-A 6.2 <0.03 <0.03 <0.09 <0.02 <0.1

Field Blank-U-B <0.03 <0.03 <0.09 <0.02 <0.1

Field Blank-F NA NA -- <0.02 <0.1

(1)  “A” fractions of surface water samples were (3)  Obtained by dividing mg/L of EDTA by  the molecular
       not filtered or acidified in the field.        weight of EDTA (292.2224 g/mol) and multiplying by 1000.
      The samples were filtered through 0.45 micron        NOTE:  1 mol EDTA = 1 mol NA2EDTA.
      Millipore® syringe filters upon (4)  Obtained by dividing mg/L of Pb by the molecular
      arrival at the TVA Analytical Lab, then acidified               weight of Pb (207.2 g/L) and multiplying by 1000.
      after a subsample taken for EDTA analysis. (5)  Method Detection Limit.
      “B” fractions were filtered at TVA through 0.2 (6)  NA = Not Applicable.
      Millipore® syringe filters, subsampled (7)  Dup. = duplicate samples collected in field.
       for EDTA analysis,  and acidified.
      “F” fractions were filtered and acidified in the field.
(2) EDTA was determined on samples that were not
     filtered in the field..

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.
Earlier reports on this project reported EDTA results calculated as Na2EDTA without note.  This Results Report shows the
data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol Na2EDTA) =
0.8692.
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• A major deposit (6-inch thickness) of dense, brittle, consolidated hardpan material was found
at the one foot depth in samples from the western-most third of the plot.  The color indicated
that the pan material is likely iron-rich.  The pan sloped toward the low northwestern corner
of the field (site of GW-6 sample, Figure 5-6).

 
• Iron oxide deposition was common throughout the soil.
 
• Manganese concretions (nodules of manganese sulfide) were found in several samples.  Such

deposits are indicative of a fluctuating water table level, which results in alternating aerobic
and anaerobic zones in the soil and periodic low redox status.  Such concretions are caused
when Mn is solubilized under low redox and then is re-precipitated as the water recedes and
the soil returns to an aerobic, high redox state.

 
• Several samples (primarily clay) were grey in color at the 3- to 4-ft depth, which indicated

poor drainage or periodic water logging.
 
• Some of the cores were extremely wet, particularly at the 3- to 4 ft-depth, and moisture

could be freely expressed from the soil.
 
• A considerable amount of char as well as unburned wood and what appeared to be rail tie

was found.  Layers of consolidated and unconsolidated char were found at various depths,
ranging from 6 inches to almost 4 feet.  Other debris consisted of diverse glass, wood, sheet
metal, wire, concrete, copper-clad lead bullets, and brass shell casings.

 
• Numerous cobbles ranging in size from small pebbles to 12-inch stones were present.

The dominant soil type at Site 129-3 is fine sand.  However, the soil at this site also varied in
texture from fine sand to clay.  No debris was noted in the Site 129-3 soil.  The soil in all cores
was well drained.

Analysis of deep core samples at Site C showed total lead concentrations in the soil ranging
from less than 1 ppm to greater than 44,000 ppm.  Water-soluble lead concentrations ranged
from less than 1 ppm up to 549 ppm.  Concentrations of EDTA in the soil ranged from less than
0.3 ppm to 1,570 ppm.  Concentrations of water-soluble lead and EDTA at Site 129-3 were
lower due to the lower total lead content of the soil and the correspondingly lower amount of
EDTA added to the soil.

The amount of EDTA remaining in the soil at Site C was less than anticipated.  Apparently, the
heterogeneous soil texture and the many discontinuities within the soil body may have promoted
downward movement of EDTA and reduced the contact time of EDTA with the soil and thus
expected reactions of EDTA in the soil did not occur.  However, degradation of EDTA was not
as great as anticipated.  Normally the primary mechanisms are aerobic microbial degradation and
photo-degradation.  Possibly the general microbial population in this soil is low due to the
presence of toxic contaminants in the soil.
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Table 5-45
Analysis for Potential Competing Cations in Surface Water Samples

Taken at Site C on May 4, 2000 (Second Phase Sampling)

Site pH
EDTA as
Na2EDTA

EDTA as
EDTA Pb Ca Fe Mg K Mn Na Zn Sr

mg/L

SW-2-1-U 7.38 0.10 0.09 <0.021 117   <0.0011 21 1.8 0.084 10.1 0.029 0.2

SW-2-1-U NA2 0.11 0.10 <0.02 119   <0.001 21.2 1.8 0.066 10 0.031 0.2

SW-2-1-F 1.91 NA NA <0.02 118   <0.001 21.2 1.7 1.2 9.25 0.009 0.21

SW-2-2-U 7.66 0.20 0.17 <0.02 146 0.061 58.3 2.7 0.111 24.5 0.111 1.75

SW-2-2-U NA 0.19 0.17 <0.02 146 0.06 58 2.7 0.103 23.8 0.124 1.7

SW-2-2-F 2 NA NA <0.02 152 0.191 56.1 2.4 0.541 22.4 0.208 1.68

SW-2-3-U 7.55 <0.031 <0.031  <0.02 88   <0.001 23.8 1.1 0.005 45 0.021 0.21

SW-2-3-U NA <0.03 <0.03 <0.02 88   <0.001 23.5 1 0.005 43 0.024 0.21

SW-2-3-F 1.35 NA NA <0.02 82 0.068 21.7 0.9 0.111 40   <0.004 1 0.2

SW-2-4-U 7.33 1.21 1.05 <0.02 121 0.162 28.9 2.3 0.348 69.2 0.04 0.41

SW-2-4-U NA 1.21 1.05 <0.02 120 0.162 28.5 2.33 0.342 66.4 0.044 0.39

SW-2-4-F 1.35 NA NA <0.02 111 1.16 25.9 2.2 0.351 61.1 0.02 0.38

SW-2-4-U-D 7.32 1.20 1.04 <0.02 121 0.162 28.7 2.4 0.351 68.7 0.038 0.41

SW-2-4-U-D NA 1.20 1.04 <0.02 119 0.166 28.3 2.4 0.344 66.2 0.043 0.41

SW-2-4-F-D 1.33 -- -- <0.02 112 1.21 26.1 2.2 0.356 61.6 0.015 0.38

Note: A fractions were filtered at TVA through 0.45 µ syringe filters and acidified.
B fractions were filtered at TVA through 0.2 µ syringe filters and acidified.
F fractions were filtered and acidified in the field.

(1) Method Detection Limit (MDL).
(2) NA - Not Applicable.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA
results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-45 (Continued)
Analysis for Potential Competing Cations in Surface Water Samples

Taken at Site C on May 4, 2000 (Second Phase Sampling)

Site pH
EDTA as
Na2EDTA

EDTA as
EDTA Pb Ca Fe Mg K Mn Na Zn Sr

µµmoles/L3

SW-2-1-U -- 0.30 0.26 <0.09651 2920 <0.0181 864 46.0 1.53 439 0.44 2.28

SW-2-1-U -- 0.33 0.28 <0.0965 2970 <0.018 872 46.0 1.20 435 0.47 2.28

SW-2-1-F -- NA2 NA2 <0.0965 2940 <0.018 872 43.5 21.84 402 0.14 2.40

SW-2-2-U -- 0.60 0.52 <0.0965 3640 1.09 2400 69.1 2.02 1070 1.70 20.0

SW-2-2-U -- 0.57 0.49 <0.0965 3640 1.07 2390 69.1 1.87 1030 1.90 19.4

SW-2-2-F -- NA NA <0.0965 3790 3.42 2310 61.4 9.85 974 3.18 19.2

SW-2-3-U -- <0.091 <0.091 <0.0965 2200 <0.018 979 28.1 0.09 1960 0.32 2.40

SW-2-3-U -- <0.09 <0.09 <0.0965 2190 <0.018 967 25.6 0.09 1870 0.37 2.40

SW-2-3-F -- NA NA <0.0965 2030 1.22 893 23.0 2.02 1740 <0.061 2.28

SW-2-4-U -- 3.6 3.1 <0.0965 3020 2.90 1190 58.8 6.33 3010 0.61 4.68

SW-2-4-U -- 3.6 3.1 <0.0965 2990 2.90 1170 59.6 6.22 2890 0.67 4.45

SW-2-4-F -- NA NA <0.0965 2770 20.8 1070 56.3 6.39 2660 0.31 4.34

SW-2-4-U-D -- 3.6 3.1 <0.0965 3020 2.90 1180 61.4 6.39 2990 0.58 4.68

SW-2-4-U-D -- 3.6 3.1 <0.0965 2970 2.97 1160 61.4 6.26 2880 0.66 4.68

SW-2-4-F-D -- NA NA <0.0965 2790 21.7 1070 56.3 6.48 2680 0.23 4.34

Note: A fractions were filtered at TVA through 0.45 µ  syringe filters and acidified.
B fractions were filtered at TVA through 0.2 µ  syringe filters and acidified.
F fractions were filtered and acidified in the field.

(1) Method Detection Limit (MDL).
(2) NA - Not Applicable.
(3) Obtained µmoles/L by dividing mg/L by the respective molecular weight (g/mol) of each compound or element and
     multiplying by 1,000.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA
results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-45 (Continued)
Analysis for Potential Competing Cations in Surface Water Samples

Taken at Site C on May 4, 2000 (Second Phase Sampling)

Site Al Ba Be Co Cu Ni Sb Ti Tl V

mg/L

SW-2-1-U 0.05 0.054   <0.0011   <0.0051   <0.0021   <0.0061 <0.031   <0.0021 <0.05 1 0.009

SW-2-1-U 0.06 0.057   <0.001   <0.005     0.003   <0.006 <0.03     0.006 <0.05 0.009

SW-2-1-F <0.021                      0.04   <0.001   <0.005   <0.002   <0.006 <0.03      0.005 <0.05 0.008

SW-2-2-U 0.03 0.195   <0.001   <0.005     0.016     0.006 <0.03   <0.002 <0.05 0.009

SW-2-2-U 0.05 0.199   <0.001   <0.005     0.018     0.007 <0.03   <0.002 <0.05 0.014

SW-2-2-F 0.02 0.202   <0.001     0.007     0.016     0.013 <0.03      0.013 <0.05 0.016

SW-2-3-U 0.05 0.088   <0.001   <0.005  <0.002   <0.006 <0.03   <0.002 <0.05 0.005

SW-2-3-U 0.05 0.106   <0.001   <0.005    0.003   <0.006 <0.03     0.005 <0.05 0.008

SW-2-3-F <0.02 0.054   <0.001   <0.005  <0.002   <0.006 <0.03     0.012 <0.05 0.01

SW-2-4-U 0.04 0.191   <0.001   <0.005    0.002   <0.006 <0.03   <0.002 <0.05 0.008

SW-2-4-U 0.06 0.212   <0.001   <0.005    0.003   <0.006 <0.03     0.003 <0.05 0.009

SW-2-4-F <0.02 0.152   <0.001   <0.005    0.003 0.008 <0.03     0.012 <0.05 0.011

SW-2-4-U-D 0.04 0.193   <0.001   <0.005  <0.002   <0.006 <0.03   <0.002 <0.05 0.008

SW-2-4-U-D 0.06 0.203   <0.001   <0.005  <0.002   <0.006 <0.03     0.005 <0.05 0.008

SW-2-4-F-D 0.03 0.155   <0.001   <0.005     0.002     0.007 <0.03   <0.002 <0.05 0.012

Note: A fractions were filtered at TVA through 0.45 µ syringe filters and acidified.
B fractions were filtered at TVA through 0.2 µ syringe filters and acidified.
F fractions were filtered and acidified in the field.

(1) Method Detection Limit (MDL).
(2) NA - Not Applicable.
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Table 5-45 (Continued)
Analysis for Potential Competing Cations in Surface Water Samples

Taken at Site C on May 4, 2000 (Second Phase Sampling)

Site Al Ba Be Co Cu Ni Sb Ti Tl V

µµmoles/L3

SW-2-1-U 1.85 0.393 <0.1111 <0.1191 <0.0311 <0.1021 <0.2461 <0.0421 <0.2451 0.177

SW-2-1-U 2.22 0.415 <0.111 <0.119 0.0472 <0.102 <0.246 0.125 <0.245 0.177

SW-2-1-F <0.7411 0.291 <0.111 <0.119 <0.031 <0.102 <0.246 0.104 <0.245 0.157

SW-2-2-U 1.11 1.420 <0.111 <0.119 0.252 0.102 <0.246 <0.042 <0.245 0.177

SW-2-2-U 1.85 1.449 <0.111 <0.119 0.283 0.119 <0.246 <0.042 <0.245 0.275

SW-2-2-F 0.74 1.471 <0.111 0.119 0.252 0.221 <0.246 0.271 <0.245 0.314

SW-2-3-U 1.85 0.641 <0.111 <0.119 <0.031 <0.102 <0.246 <0.042 <0.245 0.098

SW-2-3-U 1.85 0.772 <0.111 <0.119 0.0472 <0.102 <0.246 0.104 <0.245 0.157

SW-2-3-F <0.741 0.393 <0.111 <0.119 <0.031 <0.102 <0.246 0.251 <0.245 0.196

SW-2-4-U 1.48 1.391 <0.111 <0.119 0.03148 <0.102 <0.246 <0.042 <0.245 0.157

SW-2-4-U 2.22 1.544 <0.111 <0.119 0.04721 <0.102 <0.246 0.063 <0.245 0.177

SW-2-4-F <0.741 1.107 <0.111 <0.119 0.04721 0.136 <0.246 0.251 <0.245 0.216

SW-2-4-U-D 1.48 1.405 <0.111 <0.119 <0.031 <0.102 <0.246 <0.042 <0.245 0.157

SW-2-4-U-D 2.22 1.478 <0.111 <0.119 <0.031 <0.102 <0.246 0.104 <0.245 0.157

SW-2-4-F-D 1.11 1.129 <0.111 <0.119 0.0315 0.119 <0.246 <0.042 <0.245 0.236

Note: A fractions were filtered at TVA through 0.45 µ syringe filters and acidified.
B fractions were filtered at TVA through 0.2 µ syringe filters and acidified.
F fractions were filtered and acidified in the field.

(1) Method Detection Limit (MDL).
(2) NA - Not Applicable.
(3) Obtained µmoles/L by dividing mg/L by the respective molecular weight (g/mol) of each compound or element and
     multiplying by 1,000.
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Figure 5-9
Location for Deep Core Soil Samples Taken at Site C

April 11, 2000
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Figure 5-10
Locations for Deep Core Soil Samples Taken at Site 129-3

April 11, 2000
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Table 5-46
Visual Characterization and Description of Soil Cores taken to Four Foot Depth at Site C and Site 129-3

DESCRIPTION1 ANALYSIS

Sample
No.

Nominal
Depth

(ft)

Column
Length2

(in.)
Depth3

(ft)

Total Pb,
mg/kg

H20-sol.
Pb,

mg/kg

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

-----------------------------------Site C----------------------------------------

SB-1 0-2 20.5 10 ” - dark brown sandy clay, char material throughout, iron oxide
accumulations;

5.5” - a layer of consolidated, extremely dense, red pan material;

5” - medium brown, fine sandy loam

1
2

32
<1

<1
<1

<0.3
<0.3

<0.3
<0.3

SB-1 2-4 15.75 11” - light brown fine loamy sand;

4” - heavy, dark brown clay, albic mottling

3
4

<1
<1

<1
<1

<0.3
<0.3

<0.3
<0.3

SB-2 0-2 14.0 13.5” mixed, mottled, sandy clay throughout;
pronounced char material mixed throughout;
clay lenses present;
Fe2O3 inclusions and splotching throughout
top 2.5 ” darker layer

1
2

888
7,440

16
116

<0.3
5

<0.3
4

SB-2 2-4 13.5 3” dark brown sandy clay;

4” char mixed with gray-brown clay;
5.5” unburned wood

3
4

1,860
325

49
49

15
340

13
296

SB-2
(offset)4

0-2 15.0 2” dark brown organic layer;
2” medium brown sand;
2.5” clay with char;
3” medium brown fine loamy sand;
3” dark brown coarse sandy loam, char material

1
2

1,440
3,100

45
66

5
4

4
3

SB-2
(offset)

2-4 12.75 1” medium brown coarse sand
10” char and unburned wood; a clay lens at 8”

3
4

1,610
212

31
21

82
116

71
101

(1)  Soil is described incrementally from the top to the bottom of each column.

(2)  Length as taken from field which represents a two-foot depth increment in the soil.  Compaction during sampling reduced the
      length of the sample to less than two feet.

(3)  Depth is in 1-foot increments.  Compaction during sampling reduced the incremental length of the soil sample to less than one foot.
(4)  Sample location offset 3 feet to the east of the original designated location due to obstruction.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Table 5-46 (Continued)
Visual Characterization and Description of Soil Cores taken to Four Foot Depth at Site C and Site 129-3

DESCRIPTION1 ANALYSIS

Sample
No.

Nominal
Depth

(ft)

Column
Length2

(in.)
Depth3

(ft)

Total
Pb,

mg/kg

H20-sol.
Pb,

mg/kg

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

--------------------------------------------------------Site C-----------------------------------------------------------
SB-3 0-2 14.0 3.5” dark brown fine loamy sand;

3” medium brown fine loamy sand;
2” sandy clay
3” char
1” clay

1
2

432
23,200

6
245

<0.3
7

<0.3
6

SB-3 2-4 12.25 sample was very wet;
2” mixture of dark brown coarse loamy sand mixed with dark clay;
9.5 ”coarse loamy sand mixed with medium brown smooth gravel

3
4

152
127

43
50

94
192

82
167

SB-4 0-2 19.0 6” dark brown sandy clay;
12.5” light brown, fine loamy sand;
numerous Fe2O3 inclusions

1
2

149
44,100

2
12

<0.3
25

<0.3
22

SB-4 2-4 18.5 18” medium brown loamy sand;
very wet in the last 6”;
numerous Fe2O3 inclusions and Mn concretions

3
4

33,700
15,200

36
16

80
220

70
191

SB-5 0-2 19.0 2” dark organic layer;
3” medium brown sandy loam;
5.5” char/unburned wood layer;
8”medium brown fine loamy sand

1
2

3,720
30

46
8

<0.3
52

<0.3
45

SB-5 2-4 19.5 16” medium brown uniform coarse loamy sand;

3” heavy yellow-orange clay;
1” gravel

3
4

<1
<1

<1
<1

<0.3
<0.3

<0.3
<0.3

(1)  Soil is described incrementally from the top to the bottom of each column.

(2)  Length as taken from field which represents a two-foot depth increment in the soil.  Compaction during sampling reduced the
      length of the sample to less than two feet.

(3)  Depth is in 1-foot increments.  Compaction during sampling reduced the incremental length of the soil sample to less than one foot.
(4)  Sample location offset 3 feet to the east of the original designated location due to obstruction.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.



Lead Phytoremediation Demonstration                                                                                                                     Twin Cities AAP5-103

Table 5-46 (Continued)
Visual Characterization and Description of Soil Cores taken to Four Foot Depth at Site C and Site 129-3

DESCRIPTION1 ANALYSIS

Sample
No.

Nominal
Depth

(ft)

Column
Length2

(in.)
Depth3

(ft)

Total
Pb,

mg/kg

H20-sol.
Pb,

mg/kg

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

------------------------------Site C----------------------------------
SB-6 0-2 16.5 6.5” dark brown fine sandy clay;

6” light brown fine sandy loam w/ Fe2O3 inclusions;
3.5” dark brown sandy clay w/ Fe2O3 inclusions and char material

1
2

13,500
3,440

42
56

7
66

6
57

SB-6 2-4 24.0 5” dark sandy clay w/ char material;
19” medium brown loamy sand w/ Fe2O3 inclusions and Mn
concretions

3
4

203
68

34
27

52
79

45
69

SB-7 0-2 18.5 6” dark brown fine loamy sand;
9.5” medium brown fine loamy sand, Mn concretions;

3” medium yellow-brown clay

1
2

4,820
270

53
13

7
4

6
3

SB-7 2-4 11.5 11.5” medium brown coarse loamy sand, Mn concretions, very wet 3
4

1,090
5,850

32
7

15
7

13
6

SB-8 0-2 19.0 6” dark brown sandy loam, with clay lens at 5”;
13” light brown fine loamy sand with clay lens at 12”;
Several Fe2O3 inclusions and Mn concretions throughout

1
2

100
13,600

92
117

1,800
363

1,570
316

SB-8 2-4 15.5 15.5” medium brownish-gray coarse loamy sand w/ Fe2O3 inclusions
and Mn concretions throughout, numerous pebbles

3
4

24,200
830

84
48

377
815

328
708

(1)  Soil is described incrementally from the top to the bottom of each column.

(2)  Length as taken from field which represents a two-foot depth increment in the soil.  Compaction during sampling reduced the
      length of the sample to less than two feet.

(3)  Depth is in 1-foot increments.  Compaction during sampling reduced the incremental length of the soil sample to less than one foot.
(4)  Sample location offset 3 feet to the east of the original designated location due to obstruction.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Table 5-46 (Continued)
Visual Characterization and Description of Soil Cores taken to Four Foot Depth at Site C and Site 129-3

DESCRIPTION 1 ANALYSIS

Sample
No.

Nominal
Depth

(ft)

Column
Length2

(in.)

Depth3

(ft)
Total Pb,

mg/kg

H20-sol.
Pb,

mg/kg

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

------------------------------Site C----------------------------------
SB-9 0-2 19.5 19.5” full depth medium brown loamy sand, Mn concretions 1

2
7,000
126

81
2

<0.3
<0.3

<0.3
<0.3

SB-9 2-4 20.0 4” medium brown sandy clay;
16” medium brown fine loamy sand

3
4

<1
<1

<1
<1

<0.3
<0.3

<0.3
<0.3

SB-10 0-2 19.0 7.5” dark brown loamy sand w/ char material;
2” light brown sand;
2” char material;
8” medium brown loamy sand, Fe2O3 inclusions

1
2

427
10,400

42
73

81
37

70
32

SB-10 2-4 19.5 2”char, sandy clay;
10” light brown fine sand, Fe2O3 inclusions;
6.5” mottled brown sandy loam mixed with char, several Mn
concretions

3
4

161
171

56
70

180
205

156
178

SB-11 0-2 22.0 8.5” dark brown loamy sand mixed with char, w/ Fe2O3 inclusions;
7”medium brown fine loamy sand w/ Fe2O3 inclusions;
7” medium brown sandy clay

1
2

1,980
313

253
136

500
736

435
640

SB-11 2-4 14.0 2” dark brown fine loamy sand;
4” mottled clay w/ Mn concretions;
8” dark brown coarse loamy sand and gravel

3
4

355
87

178
14

570
65

495
56

SB-12 0-2 13.5 5.5” medium brown loamy sand w/ Fe2O3 inclusions;
3” brown clay mixed with char material;
6” medium brown loamy sand Fe2O3 inclusions

1
2

525
17,800

96
549

293
350

255
304

(1)  Soil is described incrementally from the top to the bottom of each column.

(2)  Length as taken from field which represents a two-foot depth increment in the soil.  Compaction during sampling reduced the
      length of the sample to less than two feet.

(3)  Depth is in 1-foot increments.  Compaction during sampling reduced the incremental length of the soil sample to less than one foot.
(4)  Sample location offset 3 feet to the east of the original designated location due to obstruction.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Table 5-46 (Continued)
Visual Characterization and Description of Soil Cores taken to Four Foot Depth at Site C and Site 129-3

DESCRIPTION 1 ANALYSIS

Sample
No.

Nominal
Depth

(ft)

Column
Length2

(in.)
Depth3

(ft)

Total Pb,
mg/kg

H20-sol.
Pb,

mg/kg

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

-------------------------------Site C--------------------------------------
SB-12 2-4 13.5 5” medium brown fine loamy sand;

2” medium brown clay;
4” medium brown fine loamy sand;
1” dark black clay;
1” fine sand, cobbles

3
4

729
890

281
296

1,370
1,390

1,191
1,208

SB-13 0-2 15.5 8” dark brown loamy sand, high O.M. content;
1” limestone gravel;
2” dark brown loamy sand, high O.M. content;
4.5” light brown fine sand

1
2

2,100
6

25
<1

<0.3
<0.3

<0.3
<0.3

SB-13 2-4 17.0 1.5” light brown fine sand;
1” dark organic fine sand;
6” light brown fine sand;
9” medium brown fine sand w/ numerous cobbles

3
4

<1
<1

<1
<1

<0.3
<0.3

<0.3
<0.3

SB-14 0-2 11.0 4” dark brown organic loamy sand;
8” light brown fine sand mixed with char material

1
2

4,820
<1

156
<1

199
<0.3

173
<0.3

SB-14 2-4 17.5 2” light brown fine sand;
2” char material;
13” light brown fine sand

3
4

<1
<1

<1
<1

<0.3
10

<0.3
9

SB-15 0-2 15.0 4” dark organic loamy sand and char;
11” medium brown sandy loam, clay slicks and char material throughout

1
2

3,870
1,160

42
13

<0.3
5

<0.3
4

SB-15 2-4 17.75 2” dark woody fragments;
16” medium brown sandy clay Fe2O3 inclusions, Mn concretions

3
4

969
8,880

3
19

16
73

14
63

(1)  Soil is described incrementally from the top to the bottom of each column.

(2)  Length as taken from field which represents a two-foot depth increment in the soil.  Compaction during sampling reduced the
      length of the sample to less than two feet.

(3)  Depth is in 1-foot increments.  Compaction during sampling reduced the incremental length of the soil sample to less than one foot.
(4)  Sample location offset 3 feet to the east of the original designated location due to obstruction.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Table 5-46 (Continued)
Visual Characterization and Description of Soil Cores taken to Four Foot Depth at Site C and Site 129-3

DESCRIPTION1 ANALYSIS

Sample
No.

Depth
(ft)

Column
length2

(in.)
Depth3

(ft)

Total
Pb,

mg/kg

H20-sol.
Pb,

mg/kg

EDTA as
Na2EDTA,

mg/kg

EDTA as
EDTA,
mg/kg

--------------------------------Site 129-3------------------------------
129-3/SB-1 0-2 21.0 21” light brown fine sand 1

2
<1
<1

<1
<1

4
<0.3

3
<0.3

129-3/SB-1 2-4 20.5 16” medium brown fine sandy loam with sandy clay lenses;
4” medium brown fine sandy loam

3
4

<1
<1

<1
<1

<0.3
2

<0.3
2

129-3/SB-2 0-2 16.25 16.5” medium brown fine sandy loam 1
2

30
18

<1
<1

7
<0.3

6
<0.3

129-3/SB-2 2-4 18.0 14” medium brown fine sandy loam;
4” medium brown fine sandy clay

3
4

14
6

<1
<1

1
<0.3

1
<0.3

129-3/SB-3 0-2 19.0 7” light brown fine sand, organic material;
5” dark brown clay lense w/ woody particles;
2” light brown fine sand;
5” medium brown sandy clay

1
2

49
16

2
<1

3
<0.3

3
<0.3

129-3/SB-3 2-4 19.0 13” medium brown fine sandy loam;
5.5” medium brown fine sandy clay

3
4

162
33

17
2

44
11

38
10

129-3/SB-4 0-2 16.25 2” organic fine sand;
12.5” medium brown fine sand;
3” dark brown sandy clay

1
2

<1
5

<1
<1

8
1

7
1

129-3/SB-4 2-4
21.0

10” medium brown fine loamy sand;
6 “ albic clay layer;
4” medium brown loam

3
4

<1
<1

1
1

10
<0.3

9
<0.3

(1)  Soil is described incrementally from the top to the bottom of each column.

(2)  Length as taken from field which represents a two-foot depth increment in the soil.  Compaction during sampling reduced the
      length of the sample to less than two feet.

(3)  Depth is in 1-foot increments.  Compaction during sampling reduced the incremental length of the soil sample to less than one foot.
(4)  Sample location offset 3 feet to the east of the original designated location due to obstruction.

NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Also, EDTA is not amenable to degradation by all microorganisms, and the particular population
required for maximum removal may be lacking or low in this soil.  The top two feet of this soil
generally appeared to be in an aerobic state.  The carbonate content in the top two feet and the
higher pH was an indication that degradation had occurred in this zone.  The greater than 1:1
molar ratio of EDTA to lead in all groundwater samples indicates that dissolution of the EDTA
complex did likely occur, with subsequent release and re-precipitation of lead in the soil.
However, the lower soil layers showed signs of waterlogging which most likely resulted in a
reduced population of the appropriate aerobic microorganisms.  Movement to groundwater
depths obviously precluded photodegradation.

A full appreciation for the generally coarse-textured nature of the soil at Site C and the amount
and variety of debris present was not gained until the deep core soil samples were taken and
dissected at the end of the demonstration.  At that time the true diversity of the soils, and of the
waste materials and the potential effect on the outcome of the demonstration became apparent.
It is likely that some leaching of EDTA (and lead) occurred from the upper layers due to these
factors.  Periodic water saturation of the upper soil layers due to a fluctuating water table of
unknown height may have resulted in “washing” of the soil, and EDTA that was bound in the
soil may have been re-solubilized and carried into the lower depths.  Preferential flow and
channeling caused by debris may have promoted movement in to the groundwater stream.

The data in Table 5-47 for the analysis of other cations in the soil at Site C clearly shows the
potential for other cations to compete with lead for complexation by EDTA.  The predominance
of the basic cations Ca and Mg, as well as high concentrations of Fe, radically change the molar
balance between EDTA and lead.  There was an average of about 20 moles of lead in the soil
over the 4-ft depth range; for Ca, Fe, and Mg, the averages were 276, 222, and 202.  From these
results, it is not surprising to see the increased EDTA:lead ratio in water samples due to
displacement of lead in the EDTA complex by these cations.

5.2.10.5  Overview of 2000 Groundwater, Surface Water, and Deep Core Soil Sampling
Activities and Results at Site C

5.2.10.5.1  Sample Collection
On April 11, 2000, the Army (AEC, TCAAP) and the MPCA collected splits of six groundwater
hydro-punch samples and one drainage ditch surface water sample.  On May 4, 2000, four
surface water samples were collected at Site C:

• Upgradient to the previous sampled location.
• At the previous location.
• Down-gradient to the previous location.
• Exiting Site C further down-gradient to the previous location.

Additional groundwater samples were taken on May 17 and May 30, 2000, to identify the extent
of the impacted area.  A total of 12 groundwater samples and a combined total of 5 field and
rinse blanks were collected using the hydro-punch technique.
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Soil borings, to a depth of four feet, were collected on April 11, 2000 (Figures 5-9, 5-10), by
TCAAP and sent to TVA for EDTA and lead analyses.  Sampling locations were internal to the
plot with several taken outside the plot perimeter.

5.2.10.5.2  Analysis and Results
 Based on the analytical results from the four surface water samples in the drainage ditch (SW2-

1, SW2-2, SW2-3, and SW2-4), and the discontinuous surface water in the drainage ditch, lead
does not appear to be migrating from the phytoremediation plot due to solubilization by EDTA.
Site C-1 is located just north of the drainage ditch flowing east to west.  The proximity of this
site to the drainage ditch, the slope toward the ditch, combined with the past burning and
disposal operations at this site are strong indicators that Site C-1 is the probable cause of the lead
detection at the last sampling point.  It should be cautioned, however, that the detection of lead
for a single sampling event is not indicative of contamination.  Historical soil borings from Site
C-1 do indicate the presence of lead in quantities sufficient enough to produce the levels of lead
in the drainage ditch running east to west.  The data also proves out that surface water
contamination has not occurred and there is no immediate risk to the environment.

The analytical results indicated that the lead concentration in the groundwater was dropping
rapidly moving away from the plot, basically dropping from 1100 ppm to 1 ppm in
approximately 100 feet.  Most likely lead levels would continue to decrease rapidly.
Considering that the impacted groundwater is in Unit 1, an alluvium, extreme variations are
probable within short distances in the aquifer.  Based on the two periods of sampling, depths to
groundwater are highly variable.  During the April sampling event, groundwater was found at
approximately 5 feet below the surface; during the May sampling at approximately 10 feet
below the surface.  The higher the groundwater the more likely the transport of EDTA due to
“washing” of the soil by the fluctuating water table.  This question could be answered by the
placement of monitoring wells and monitoring over several seasons to understand water level
changes as well as contaminant flow rates.  Also, the ratios of EDTA:lead rise as distance away
from the plot increases.  This supports a basic conceptual model that the longer the EDTA exists
in the groundwater the more likely it is for other cations to outcompete the lead in solution,
leading to a general reduction of lead in solution over time and as distance from the plot
increases.
 
EDTA and lead were found throughout the plot, with the concentration of total lead being
greater than the concentration of lead which had complexed with EDTA.  EDTA values were
less than those of total lead within the plot and tended to be below the detection limit outside of
the plot.  The soil analytical results indicated that while EDTA and lead were found in the
shallow soils (less than 4 feet), these levels were lower than were observed in the April round of
groundwater sampling.  Soil concentrations for EDTA ranged from less than 0.3 ppm to 1,570
ppm.  Concentrations of EDTA in the April groundwater samples were from less than 0.03 ppm
up to 4,910 ppm.  Only three of the soil samples were higher than the highest values seen in the
May groundwater sampling of 739 ppm.  Water soluble lead concentrations in the soil ranged
from less than 1 ppm to 549 ppm;  lead concentrations in the April groundwater samples ranged
from less than 0.02 ppm to 988 ppm.  It would appear from this data that the overall
concentrations of EDTA are decreasing in the soil column and that the EDTA is degrading at the
site as was originally expected.



Lead Phytoremediation Demonstration                                                                                                                  Twin Cities AAP5-109

Table 5-47
Analysis of Other Cations in Deep Soil Cores Taken from Site C

Soil
Boring

Location
Depth

(ft) pH
Pb

(Total)

Pb
(Water

Soluble)
EDTA as
Na2EDTA

EDTA
as

EDTA Al Sb As Ba Be Ca Co Cu Fe
mg/kg

1 1 8.68 32 <1.041 <0.31 <0.31 7,400 <21 <11 85 0.58 14,000 6.0 19 11,300
1 2 8.68 <11 <1.04 <0.3 <0.3 6,350 <2 <1 71 0.54 6,260 6.6 16 12,300
1 3 8.61 <1 <1.07 <0.3 <0.3 5,140 <2 <1 38 0.50 5,590 4.4 11 9,700
1 4 8.65 <1 <1.11 <0.3 <0.3 7,170 <2 <1 47 0.54 9,390 4.5 14 9,660
2 1 8.17 888 16 <0.3 <0.3 5,310 <2 <1 183 0.51 14,800 4.9 192 11,000
2 2 9.55 7,440 116 5 4 5,780 <2 <1 2,470 0.48 11,500 5.9 665 20,200
2 3 9.04 1,860 49 15 13 6,500 <2 <1 334 0.52 16,300 4.6 238 10,900
2 4 8.03 325 49 340 296 2,940 <3 <2 77 0.63 20,400 3.2 109 12,600

2 Dup.2 1 9.33 1,440 45 5 4 4,960 <11 <1 131 0.25 21,700 5.4 348 13,700
2 Dup.2 2 9.46 3,100 66 4 3 5,520 <1 <0.91 747 0.26 12,000 5.5 289 10,100
2 Dup.2 3 8.48 1,610 31 82 71 4,800 <2 <1 471 0.24 13,500 3.7 608 8,630
2 Dup.2 4 7.97 212 21 116 101 1,760 <1 <1 31 0.11 9,770 2.5 44 5,680

3 1 9.14 432 6 <0.3 <0.3 4,700 <2 <1 134 0.19 10,000 4.4 209 14,500
3 2 9.61 23,200 245 7 6 5,390 206 <1 843 0.18 16,500 4.6 1,500 10,600
3 3 9.51 152 43 94 82 5,650 <2 <1 42 0.25 13,100 4.3 56 11,700
3 4 9.42 127 50 192 167 5,030 <2 <1 44 0.24 6,570 4.8 84 8,850
4 1 7.76 149 2 <0.3 <0.3 8,960 <1 <1 37 0.24 6,230 11.6 72 17,400
4 2 9.74 44,100 12 25 22 3,980 232 <1 386 0.13 18,000 4.2 6,750 11,400
4 3 9.75 33,700 36 80 70 4,900 349 <1 209 0.23 12,600 5.2 3,920 12,800
4 4 9.09 15,200 16 220 191 5,010 2 <1 411 0.22 18,100 5.0 1,530 12,000
5 1 8.58 3,720 46 <0.3 <0.3 5,680 <2 <1 190 0.25 15,000 4.8 460 10,600
5 2 8.49 30 8 52 45 4,220 <1 <1 38 0.22 3,370 4.5 17 9,070
5 3 8.91 <1 <1.101 <0.3 <0.3 3,950 <2 <1 24 0.19 4,190 4.3 14 8,670
5 4 8.94 <1 <1.071 <0.3 <0.3 6,110 <2 <1 33 0.32 6,230 5.7 12 12,400
6 1 9.27 13,500 42 7 6 5,300 <2 <1 172 0.47 21,400 5.2 9,080 19,300
6 2 8.92 3,440 56 66 57 7,020 <2 <1 669 0.55 9,260 6.0 745 10,300

(1) MDL - Method Detection Limit.
(2) Dup. - Duplicate Sample.
(3) Moisture (%) refers to the moisture content of the soil as received from the field.  All analyses are reported on an oven
      dry weight basis.
NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA results
calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol EDTA)/(336.21g/mol
Na2EDTA) = 0.8692.
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Table 5-47 (Continued)
Analysis of Other Cations in Deep Soil Cores Taken from Site C

Soil
Boring

Location
Depth

(ft) pH
Pb

(Total)

Pb
(Water

Soluble)
EDTA as
Na2EDTA

EDTA
as

EDTA Al Sb As Ba Be Ca Co Cu Fe
mg/kg

6 3 8.86 203 34 52 45 5,370 <1 <11 39 0.25 15,500 4.3 9 11,300
6 4 8.74 68 27 79 69 7,450 <2 <1 47 0.29 7,340 5.6 11 12,900
7 1 9.24 4,820 53 7 6 5,910 <1 <0.9 302 0.22 20,300 4.7 672 11,100
7 2 8.60 270 13 4 3 18,600 <2 <1 83 0.71 3,570 6.7 46 30,200
7 3 9.02 1,090 32 15 13 6,550 <2 <1 127 0.27 7,060 5.6 164 15,300
7 4 8.99 5,850 7 7 6 4,500 <1 <1 296 0.19 12,200 4.4 426 16,500
8 1 9.68 100 92 1,800 1,565 6,080 <2 <1 65 0.27 8,680 3.6 62 9,650
8 2 9.04 13,600 117 363 316 6,000 <1 <0.9 337 0.21 19,400 5.6 1,470 12,300
8 3 9.06 24,200 84 377 328 6,000 92 <1 229 0.20 34,800 5.3 1,100 12,800
8 4 8.95 830 48 815 708 4,190 <2 <1 66 0.20 4,920 4.0 545 8,200
9 1 8.76 7,000 81 <0.31 <0.31 8,250 <1 <0.9 316 0.20 21,200 5.6 1,070 11,000
9 2 8.78 126 2 <0.3 <0.3 6,210 <1 <1 127 0.33 6,220 7.5 22 13,300
9 3 8.25 <11 <1.001 <0.3 <0.3 3,980 <1 <1 24 0.18 2,140 4.0 9 8,620
9 4 8.35 <1 <1.02 <0.3 <0.3 5,070 <2 <1 27 0.23 2,530 4.7 11 10,100

10 1 9.53 427 42 81 70 4,820 <1 <0.9 84 0.49 4,000 5.0 117 10,300
10 2 9.71 10,400 73 37 32 5,650 <1 <1 562 0.43 15,200 5.2 742 12,000
10 3 9.55 161 56 180 156 3,960 <2 <1 57 0.43 1,580 3.5 52 9,050
10 4 9.43 171 70 205 178 4,880 <1 <1 43 0.52 5,020 3.5 46 9,230
11 1 9.69 1,980 253 500 435 7,660 <2 <1 264 0.37 25,200 4.4 268 15,700
11 2 9.10 313 136 736 640 7,180 <2 <1 76 0.31 7,290 5.6 77 12,200
11 3 8.45 355 178 570 495 6,580 <2 <1 54 0.30 8,700 7.5 115 13,300
11 4 8.51 87 14 65 56 5,040 <2 <1 37 0.22 6,430 4.9 32 11,000
12 1 7.93 525 96 293 255 8,030 <2 <1 108 0.28 7,240 6.3 4,880 15,200
12 2 9.27 17,800 549 350 304 4,970 <1 <1 426 0.15 15,700 5.1 8,860 27,300

(1) MDL - Method Detection Limit.
(2) Dup. - Duplicate Sample.
(3) Moisture (%) refers to the moisture content of the soil as received from the field.  All analyses are reported on an oven
      dry weight basis.
NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA
results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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Table 5-47 (Continued)
Analysis of Other Cations in Deep Soil Cores Taken from Site C

Soil
Boring

Location
Depth

(ft) pH
Pb

(Total)

Pb
(Water

Soluble)
EDTA as
Na2EDTA

EDTA as
EDTA Al Sb As Ba Be Ca Co Cu Fe

mg/kg
12 3 9.21 729 281 1,370 1,191 6,000 <1 <0.9 56 0.29 9,620 4.0 191 11,200
12 4 8.80 890 296 1,390 1,208 7,630 <2 <1 75 0.33 12,700 7.7 274 15,300
13 1 8.44 2,100 25 <0.3 <0.3 7,000 <2 <1 149 0.59 9,640 6.8 517 15,900
13 2 8.38 6 <1.00 <0.3 <0.3 3,170 <1 <1 19 0.15 2,100 3.6 10 7,160
13 3 8.20 <1 <0.99 <0.3 <0.3 2,780 <1 <1 13 0.13 1,620 3.1 7 6,480
13 4 8.39 <1 <1.01 <0.3 <0.3 5,780 <1 <1 37 0.28 3,980 7.5 11 12,500
14 1 9.77 4,820 156 199 173 5,370 <1 <1 319 0.22 20,400 4.5 460 10,000
14 2 8.63 <11 <1.011 <0.31 <0.31 4,270 <11 <11 21 0.18 4,150 4.1 10 8,610
14 3 8.36 <1 <1.01 <0.3 <0.3 4,530 <2 <1 26 0.21 2,020 4.5 9 9,210
14 4 8.55 <1 <1.01 10 9 4,990 <1 <1 29 0.29 4,710 5.0 11 12,400
15 1 8.52 3,870 42 <0.3 <0.3 6,250 <2 <1 227 0.25 12,100 5.6 539 11,800
15 2 8.65 1,160 13 5 4 5,600 <1 <1 184 0.23 13,800 5.3 918 14,900
15 3 8.86 969 3 16 14 6,000 <2 <1 201 0.27 21,200 6.0 1,020 14,700
15 4 8.73 8,880 19 73 63 4,050 <2 <1 506 0.09 11,300 47.1 2,010 19,300

(1) MDL - Method Detection Limit.
(2) Dup. - Duplicate Sample.
(3) Moisture (%) refers to the moisture content of the soil as received from the field.  All analyses are reported on an oven
      dry weight basis.
NOTE:  Analytical results are based on comparison with Na2EDTA standards and are calculated as mg/kg or mg/L Na2EDTA.  Earlier reports on this project reported EDTA
results calculated as Na2EDTA without note.  This Results Report shows the data calculated as Na2EDTA and as EDTA.  The conversion factor is (292.24g/mol
EDTA)/(336.21g/mol Na2EDTA) = 0.8692.
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        Table 5-47 (Continued)
Analysis of Other Cations in Deep Soil Cores Taken from Site C

Soil
Boring

Location
Depth

(ft) Mg Mn Ni K Na Sr Tl Ti V Zn
Moisture

(%) 3

mg/kg
1 1 7,200 342 14.9 1,260 145 37 <33 463 33 32 6.34
1 2 3,980 482 16.3 771 215 31 <3 490 31 26 6.10
1 3 3,500 193 11.7 758 146 25 <3 426 22 23 8.79
1 4 5,180 200 12.3 840 156 34 <3 374 27 26 11.69
2 1 5,110 179 12.7 1,940 159 89 <3 378 26 75 12.96
2 2 5,800 241 14.1 1,240 288 1,180 <3 432 25 146 6.24
2 3 5,210 212 11.8 1,860 288 278 <3 449 24 65 16.70
2 4 3,280 620 20.1 1,790 207 65 <5 232 12 69 57.07

2 Dup.2 1 8,400 296 11.8 1,210 221 69 <2 435 26 71 4.56
2 Dup.2 2 6,530 216 12.2 981 256 461 <2 442 19 70 4.46
2 Dup.2 3 3,810 186 8.7 1,530 163 334 <3 264 18 59 26.52
2 Dup.2 4 1,810 267 8.1 395 117 31 <2 177 8 30 7.40

3 1 6,440 144 11.1 1,570 166 41 <3 358 18 88 10.55
3 2 6,900 509 11.4 1,120 293 554 <2 365 19 207 7.55
3 3 5,750 181 11.9 1,300 252 32 <3 439 26 35 10.42
3 4 3,740 209 9.3 1,340 184 23 <3 696 21 31 10.75
4 1 6,750 277 25.4 876 449 30 <2 718 33 66 3.95
4 2 6,920 251 10.3 974 225 485 <3 407 17 614 8.94
4 3 7,070 248 15.0 1,150 198 217 <3 489 24 385 13.09
4 4 7,530 263 11.1 723 296 421 <2 413 24 189 8.21
5 1 4,660 225 11.0 722 264 138 <3 366 25 90 13.05
5 2 2,300 204 9.4 502 167 28 <2 457 27 18 6.52
5 3 2,490 172 9.6 478 174 21 <3 403 24 17 11.86
5 4 3,440 156 12.7 925 291 43 <3 629 35 21 11.82
6 1 6,600 215 15.3 1,450 166 110 <3 391 25 809 8.28
6 2 5,130 217 14.6 1,350 197 397 <3 554 30 91 11.59
6 3 9,120 365 9.8 794 126 62 <2 404 24 28 6.90
6 4 4,370 164 11.8 1,150 201 102 <3 576 36 25 7.66
7 1 4,930 185 10.6 1,130 269 205 <2 549 25 116 4.65
7 2 3,530 102 15.1 2,860 71 112 10.10 442 72 45 16.94
7 3 4,400 206 12.2 1,290 170 84 <3 598 31 68 10.74
7 4 4,990 333 9.5 664 166 211 <21 410 21 100 7.87

(1) MDL - Method Detection Limit.
(2) Dup. - Duplicate Sample.
(3) Moisture (%) refers to the moisture content of the soil as received from the field.  All analyses are reported on an oven
      dry weight basis.



Lead Phytoremediation Demonstration                                                                                                                Twin Cities AAP5-113

Table 5-47 (Continued)
Analysis of Other Cations in Deep Soil Cores Taken from Site C

Soil
Boring

Location
Depth

(ft) Mg Mn Ni K Na Sr Tl Ti V Zn
Moisture

(%)3

mg/kg
8 1 4,380 128 8.4 3,080 137 25 <3 371 27 31 6.77
8 2 8,570 313 13.4 1,210 323 304 <2 497 25 223 6.80
8 3 8,860 274 12.1 1,330 169 339 <3 448 22 171 12.24
8 4 2,590 182 8.4 1,090 102 52 <3 404 22 75 10.77
9 1 7,610 205 16.3 690 528 730 <2 401 24 170 4.66
9 2 4,410 268 11.6 699 109 54 <2 550 24 32 6.07
9 3 1,780 215 9.2 586 127 49 <2 372 19 13 3.53
9 4 2,040 158 9.9 695 132 45 <3 458 28 15 6.77
10 1 3,050 205 13.6 1,350 171 23 <2 385 23 94 4.08
10 2 6,580 197 12.6 1,420 313 391 <2 500 22 167 5.04
10 3 1,770 182 10.7 1,250 105 15 <3 353 21 29 5.42
10 4 3,140 178 8.7 1,990 97 45 <2 353 25 36 8.04
11 1 10,400 292 9.7 3,920 176 133 <3 336 38 112 8.76
11 2 4,150 404 11.8 2,490 242 22 <3 568 37 67 7.94
11 3 5,640 299 17.5 1,540 244 31 <3 693 32 79 10.16
11 4 4,100 355 11.4 732 206 29 <3 490 24 27 7.12
12 1 4,710 209 13.8 1,840 274 30 <3 675 34 666 8.21
12 2 5,050 251 28.0 1,300 340 257 12.60 366 19 908 4.28
12 3 4,340 292 9.6 2,040 128 25 <2 393 26 124 4.55
12 4 5,900 439 22.7 2,270 280 112 <3 576 33 123 24.98
13 1 5,340 447 17.2 887 161 61 <3 369 26 486 7.09
13 2 1,550 207 7.6 402 117 16 <2 303 16 13 2.87
13 3 1,300 197 7.3 356 94 13 <2 278 14 11 2.98
13 4 3,500 409 14.4 575 177 16 <2 687 31 23 3.81
14 1 6,090 178 10.7 1,580 240 192 <2 466 22 121 6.69
14 2 2,180 187 9.3 455 187 12 <2 342 19 16 2.83
14 3 1,590 267 8.6 559 122 11 <3 435 25 14 4.37
14 4 2,470 252 9.3 734 162 16 <2 513 25 19 5.17
15 1 5,230 262 12.2 786 154 179 <3 467 27 104 7.44
15 2 6,520 385 11.8 841 255 145 <2 451 27 129 6.05
15 3 9,070 363 13.8 683 304 73 <3 627 27 162 8.60
15 4 4,130 2,870 102.0 287 202 190 619 342 28 211 10.22

(1) MDL - Method Detection Limit.
(2) Dup. - Duplicate Sample.
(3) Moisture (%) refers to the moisture content of the soil as received from the field.  All analyses are reported on an oven
      dry weight basis.
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The soils at Site C were found to be much more heterogeneous than was originally anticipated.
Seven soil types ranging from sand to clay were identified in the cores from the latest sampling
events.  This is contrary to the single soil type identified in the RI/FS.  Clay and sand lenses were
common throughout the soil, and a considerable amount of burned as well as unburned wood
was found.  Debris consisting of glass, metal, wire, concrete, bullets, and brass shell casings was
found throughout the plot.  Iron oxide deposition was common in the cores as were manganese
sulfide concretions (usually a representation of alternating aerobic and anaerobic zones in the
soil profile, likely caused by a fluctuating water table).  In soils the major mechanisms
determining the fate of EDTA and therefore its ability to continue to solubilize lead are:
 
• Adsorption to iron oxide and soil organic matter
• Binding to clay particles
• Reactions with soil cations
• Microbial degradation
• Rates of movement through soil

Most likely the extreme heterogeneous nature of these shallow soils accelerated movement of
EDTA through the soil column and reduced the contact time of EDTA in the soils, which
affected the rate at which the reductive fate processes were taking place.  It is also possible that
the microbial population in the shallow soils was (is) low, due to other toxic contaminants and
debris in the soils and perhaps the slow draining of the soils, which would lead to waterlogging
during significant periods of the year.  In addition, of interest is the relatively high pH of the
shallow soils, which  averages from 8.5 to 9.5.  This may be partly attributed to degradation of
EDTA and release of ammonia from the amine groups and the formation of carbonate
compounds from the CO2 that is also released.  As lead is more soluble at lower pH, the amount
of soluble lead available for movement will continue to decline.  A natural drop in soil pH to a
level that would re-solubilize lead is highly unlikely.

 
In conclusion, results of the soil, groundwater, and surface water sampling suggested that,
although the EDTA has lasted longer in the soil and in groundwater than originally expected, the
concentrations of soluble lead within and outside the demonstration plot are falling through time
and will continue to fall.  These conclusions can be verified through monitoring over time of the
soils, groundwaters, and surface waters.

5.2.10.6  Summary and Conclusions
This project was funded by ESTCP from January 1998 through May 2000 as reported here.  A
summary showing the lead concentrations in plants, crop yields, and the amount of lead removed
in the plant biomass for the two year demonstration in 1998 and 1999 is shown in Table 5-48.  A
detailed discussion of these results is presented immediately following this table.  Selection of
the demonstration sites by TCAAP and ATK based on information in the RI/FS was done in
October 1997.  The sites chosen were a 0.2-acre area on Site C (total area - 16.4  acres)  and a
0.2-acre area on Site 129-3 (total area - 1.5 acres) at TCAAP.  Due to time constraints for
beginning the project, soil samples for preliminary site characterization were collected under
snow cover in November 1997, and a complete visual and physical assessment of the sites was
not possible.  For Site C, the preliminary assessment did not reveal how heterogeneous the soil
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was and the nature and quantity of debris that had been dumped at the site.  Site 129-3 was
composed of a variety of glacial till debris which also was problematic to the demonstration.

The preliminary soil samples were analyzed to map lead concentrations within each area.  Site C
contained moderate to high levels of lead, whereas Site 129-3 had levels approaching or below
the cleanup standard.  The demonstration at Site 129-3 was intended to illustrate the
effectiveness of phytoextraction methods near the conclusion of a remediation program, or for
situations in which the level of contamination is low and the use of a “polishing treatment" is
desirable.  A high degree of spatial variability in lead concentrations, particularly at Site C,
(standard deviations were equal to means) indicated the presence of particulate lead in addition
to ionic lead forms.

Upon completion of preliminary analyses, the draft Technology Demonstration Plan was
developed and submitted to ESTCP, AEC, TCAAP, USEPA, and MPCA.  The draft Technology
Demonstration Plan was thoroughly reviewed and comments were provided by each
organization.  The Technology Demonstration Plan was revised based on the comments, and
written responses to comments were provided to the originating organization.  The
demonstration was conducted in accordance with the revised Technology Demonstration Plan.

The demonstration was initiated in 1998 with the planting of a grain corn crop.  At Site C, large
quantities of diverse scrap and debris (concrete, glass, wire, scrap metal, rail ties, burned and
unburned wood, large cobbles, etc.) were unearthed during field preparation and had to be
removed before the crop could be planted.  In addition, an old hardpan and gravel road bed,
from 6 to 12 inches beneath the soil surface, ran through the western half of the plot.  Visually
variously dark and light areas throughout the plot indicated burn areas and differing soil types.
Apparently soil of different types was deposited at the site when scrap from other areas on the
installation was brought in for disposal on the site.  About one-third of the 1962 Pit (a burn and
burial area for decontamination of large equipment that was backfilled with diverse soil)
intruded on the southeastern quadrant of the plot.  The topography of Site C was a depression
consisting of a three-way concave slope east to west and south to north.  Large boulders and
cobbles deterred proper tillage at Site 129-3.  The plot at Site 129-3 consisted of a three-way
convex slope, with a north to south downhill slope.

Problems with growth and nutrition developed early on at Site C in the form of phosphorus and
iron deficiencies in the plants.  The deficiencies were treated by foliar applications of Fe and P
which corrected visual symptoms, but the plants remained stunted and did not realize full yield
potential, particularly in the western half of the plot underlain by the hardpan.  The plants grew
more normally in the eastern half of Site C, but the considerable debris and likely presence of
other toxic soil contaminants limited full growth potential of the crop.  Plant growth was much
better at the more agronomically-suitable Site 129-3.
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Table 5-48
Summary of Phytoextraction Results for 1998 Corn and White Mustard and

1999 Corn at Site C and Site 129-3

Crop
Average Pb

Concentration
in Crop, % 1

Yield, lb/acre
Pb Removed in

Crop, lb

Site C, 1998
Grain corn 0.65 4,250 27.6
White mustard 0.083 4,280 3.6

Site 129-3, 1998
Grain corn 0.13 7,155 9.3
White mustard 0.034 3,890 1.3

Site C, 1999 2

Silage corn 0.854 2,076 17.7

Site 129-3, 1999 3

Silage corn 0.010 NA4 NA

(1)  Range in lead concentration in crop:
       1998 grain corn -  Site C:  0.330% - 1.130%;
                                            Site 129-3:  0.0009% - 0.438%
       1998 white mustard - Site C:  0.036% - 0.196%
                                        Site 129-3:  0.044% - 0.173%
       1999 silage corn -Site C:  0.034% - 0.138%
                                      Site 129-3:
(2)  Only 12 grids were sampled and harvested in 1999.
(3)  Only 2 grids were sampled and harvested in 1999.
(4)  NA = Not Applicable due to limited data.
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Soil amendments (acetic acid to reduce soil pH to 5.5 and EDTA equimolar to the average total
soil lead content) were applied in July 1998 to solubilize soil lead in order to facilitate uptake of
lead into the plants.  The amendments were applied based on results obtained in previous
greenhouse studies and the average total lead content of the soil.  However, the amount of
EDTA was reduced by one-third from the maximum effective rate demonstrated in the
greenhouse studies to partially offset any environmental effects of large chelate additions.  The
amendments were added in an amount of solution intended to saturate only the top two feet of
soil (i.e., the rooting zone).  The varying infiltration rates of the soil due to diverse soil textures
and the three-way slope at Site C caused some run-off of amendments (primarily acetic acid,
with a small amount of EDTA) from the plot area, and nearby cottonwood trees were affected.
Although these trees are considered a “nuisance” tree, they were left in place at the beginning of
the project at the request of AEC to minimize the environmental impact of the demonstration.
Although not recognized initially, the roots from these trees extended into and throughout the
plot.  The runoff was only partially responsible for the damage to the trees which would have
been affected regardless.

Lead uptake by the 1998 corn crop was promising, averaging 0.65% at Site C and 0.13% at
Site 129-3.  The range in concentration at Site C was from 0.33% to 1.13%, and at Site 129-3,
lead concentrations in the crop ranged from less than 0.001% up to 0.44%.  The biomass
produced was less than anticipated, and consequently the amount of lead removed from the soil
was not as great as anticipated.  However, the extreme variability in soil lead concentrations,
quite likely due to the presence of particulate lead, precluded a direct assessment of the amount
of lead removed from the soil.  Modern statistical procedures (i.e., parametric statistics,
geostatistics, kriging analysis) were employed to distinguish differences in before and after lead
concentrations in soil, but the variability in soil lead was simply too great to detect differences.

Uptake of EDTA by the 1998 corn constituted a viable mechanism for reducing the amount of
EDTA remaining in the soil.  Concentrations up to 72,000 mg EDTA/kg plant tissue were
measured in plants from Site C and up to 11,000 mg/kg in plants at Site 129-3.  This may have
indicated uptake of the intact EDTA-lead complex by the plant, and thus a significant
mechanism for removal of EDTA from the soil.  Also possible was passive influx of EDTA into
the plant due to root damage by EDTA, ion imbalance due to excessive influx of ions complexed
by EDTA, or by solubilized lead.

Lysimeters were installed in the plots to monitor potential movement of lead or EDTA below the
rooting zone.  Intensive tillage and irrigation was performed during the month between harvest
of the corn crop and planting of a white mustard crop to stimulate degradation of EDTA.  Lead
and EDTA were detected in the soil solution at Site C about two weeks after amendment
addition and harvest of the corn.  The concentration of EDTA and lead at Site C reached a
maximum the first week in October 1998.  However, these concentrations represented the
contribution from only one lysimeter of the twelve that were installed, and the values from this
lysimeter radically skewed the averaged results.  When soil solution was not collected in this
lysimeter, the average concentration of lead and EDTA in the solution decreased dramatically.
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The lysimeter was installed correctly according to the manufacturer’s instructions, and was
effective in collecting the soil solution, although the amounts collected from week to week were
somewhat erratic (Table 5-23).  However, the lysimeter was installed in the area of the 1962 Pit,
an area of the plot where extensive alteration to the native soil occurred due to dumping,
burning, and soil excavation and replacement.  Quite likely, the decomposing debris in the pit left
channels and voids in the soil through which water from the surface could channel and collect.
The porous cup may have been inserted into a void, and lead and EDTA-contaminated water
from the treated upper soil layer may have pooled around the cup, thus accounting for the
elevated concentrations of lead and EDTA in the solution.  Alternately, a leakage could have
occurred in the bentonite clay seal around the neck of the lysimeter at the soil surface, and
leakage would have allowed channeling from the surface.  Such a break would not have been
obvious to an observer, since tilling operations normally covered the clay cap.

A white mustard crop was planted in August 1998 as the second crop in the demonstration year.
The poor conditions at Site C, possibly some carryover EDTA, and toxic contaminants in the
soil, likely thallium, combined to reduce viable stands at Site C by half.  The final stand at
Site 129-3 was about 90%.  However, plants at both sites had a shallow rooting system caused
by the excess rainfall.  The white mustard crop at Site C had very woody, solid stems; the plants
growing at Site 129-3 had hollow stems.  Typically, mustard plants exhibit  woody, solid stems.

A drip delivery system was used to supply EDTA to the 1998 white mustard crop over a 7-8
hour period.  However, the slow rate of EDTA delivery through the system resulted in damage to
the mustard before a desired level of lead uptake was achieved.  The shallow root system was
inefficient in scavenging lead much below 6 inches in the soil.  The average EDTA concentration
in white mustard at Site C was almost 8% and at Site 129-3 was almost 5%.  EDTA is toxic to
plants, and the high levels in these plants may have been a combination of prolonged exposure to
EDTA and damage to root membranes which allowed passive influx of EDTA into the plant, and
actual plant uptake of EDTA.

Overall, at both sites, there was no change in the total lead content in the top two feet of soil
after the 1998 corn crop.  Water-soluble lead had greatly increased since that was the reason for
adding soil amendments in the first place, but higher concentrations of water-soluble lead were
found in the top foot than in the lower layer.  There was no change in soil pH after the corn crop.
About three times as much EDTA was present in the top foot of soil as was found in the two foot
depth.  EDTA complexes with lead on a one-to-one molar basis.  If the EDTA:lead ratio is
greater than 1:1, this means that lead has been displaced from the EDTA by another cation.  The
equimolar EDTA:lead ratio originally imposed in the soil when the amendments were applied
had increased from 1:1, which indicated that EDTA had complexed with elements other than
lead.  Lead had been displaced, quite likely by the abundance of calcium and magnesium ions,
which at the soil pH of 8.0-8.3 would “swamp” the system, and lead would re-precipitate into
insoluble form in the soil.

Immediately prior to adding amendments to 1998 white mustard, concentrations of water-soluble
lead and EDTA were significantly higher in the two-foot soil depth.  This may have been a result
of downward movement due to multiple irrigation events.  Again the EDTA:lead ratio had
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shifted from 1:1, which indicated that lead had been displaced from the EDTA complex and had
likely been re-precipitated in the soil.

1999 Season
A higher yielding, deeper rooting silage corn instead of grain corn was used in 1999 in an
attempt to maximize lead uptake by the crop.  Planting of corn was delayed by excessive rainfall
until late May 1999.  Heavy rainfall and cool temperatures shortly after planting caused poor
stand establishment, and extensive bird damage necessitated several replantings, resulting in a
plant stand of various growth stages.  Due to insufficient growth of the corn that resulted in bare
areas in the plots, only selected areas were designated to receive soil amendments of acetic acid
and EDTA.  Only these areas were used for pre-amendment plant and soil sampling.  Only
12 grids at Site C and two grids at Site 129-3 received soil amendments in 1999.

Soil total lead concentrations in the 12 grids sampled before amendment application to 1999
corn were lower overall than observed in the 1998 growing season after amendment application
to white mustard.  Both EDTA and water-soluble lead in the soil were present at very low
concentrations in samples taken immediately before soil amendment application in 1999.  This
may have been due to degradation of EDTA, adsorption of EDTA onto organic matter and soil
minerals (e.g., iron oxides and hydroxides), with re-precipitation of lead in the soil, movement of
EDTA and lead to soil depths below the sampling zone of 2 feet, or a combination of these
factors.

Plant lead concentrations in 1999 plants before adding soil amendments were as low or lower
than observed for corn and mustard prior to amendment additions in 1998.  EDTA
concentrations in the 1999 plants prior to amendment additions were below the method
detection limit.  This indicated that there was no carry-over lead or EDTA from the previous
year taken up into the plant.

For the amendment application at Site C, a drip delivery system was used that contrasted with
the 1998 system by having triple the number of delivery tubes which provided a much faster rate
of amendment application.  Amendments were applied by hand at Site 129-3 using a hose, since
only two grids were selected for amendment application.  On August 11, 1999, acetic acid and
EDTA solutions were applied to the designated grids at Site C and at Site 129-3.  Two to three
days after amendment application, the treated areas were sampled for soil and plant lead, EDTA,
and other COCs.  Additionally, four locations at Site C immediately adjacent to the treated area
were sampled for soil lead, EDTA, and other COCs to determine if lateral movement of
amendments occurred.  Attempts to collect soil solution samples before and after amendment
application were unsuccessful.

The lysimeters did not collect soil solution in 1999.  Random lysimeters pulled from the field did
not show evidence of clogging due to algal growth or other obvious cause.  A complicating
factor in addition to the poor soil conditions and the variety of debris in the soil which affected
performance may have been that the lysimeters were left in place in the soil during the winter of
1998, in accordance with the manufacturer’s instructions (SoilMoisture Equipment Corp., P.O.
Box 30025, Santa Barbara, CA 93105).  However, freezing and thawing of the soil during the
winter and the following spring likely led to shrinking of the soil away from the porous cup.  This
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would have prevented proper contact with the soil and a poor suction vacuum in the lysimeter
during sampling attempts, although this was not obvious until attempts were made to collect soil
solution in 1999.  When contacted in regards to this problem, the manufacturer supported the
position that loss of contact of the porous cup with the surrounding soil due to freezing and
thawing could have been a cause for the lack of water infiltration into the lysimeters.

The concentration of EDTA applied in 1999 was reduced by one-third from the concentration
applied in 1998.   Although a sufficient volume of EDTA solution was applied to wet the top
24 inches of soil, EDTA was localized primarily in the top 12 inches of soil.  Higher
concentrations of water-soluble lead were found at the 0- to 12-inch depth, corresponding to the
higher concentrations of EDTA in the upper soil layer.  Total lead concentrations were highly
variable, and no discernible patterns of lead distribution in the soil were observed.  Soil sampling
adjacent to the treated areas at Site C indicated that lateral movement of EDTA did not occur.

A sequential fractionation analysis procedure performed on pre-amendment soil samples showed
that potentially plant-available lead concentrations overall were about 55% of the total lead
concentrations in the soil.  If the concentration of potentially plant-available lead were to be
used as the criterion for calculating the amount of EDTA to be added to the soil rather than total
lead concentrations, the amount of EDTA required could be reduced accordingly.

The lead concentration in corn plants at Site C averaged 854 mg/kg.  These values were tenfold
less than obtained in corn treated in 1998.  Conditions in 1999 were not optimal for lead uptake,
as the corn crop at this site exhibited several different growth stages, ranging from immature,
non-tasseled plants to mature plants with ears.  Root development was limited to the top 6-8 inch
soil layer.  EDTA concentrations in the 1999 corn averaged approximately 40% lower than
found in the corn crop in 1998, but still averaged 26,200 mg/kg in 1999.  Lead uptake by corn in
the two grids sampled at Site 129-3 averaged 104 mg/kg.

The overall results of the phytoremediation technology during the 1998-1999 demonstration
were less than hoped for with respect to crop growth, plant lead uptake, and removal of lead
from the soil.  In order for this technology to be effective, greater uptake of lead by plants from
the soil will have to be realized.  This may be difficult to achieve in the site conditions such as
those at TCAAP, particularly at Site C.  The poor chemical and physical condition of the soil,
and the extreme heterogeneity of both the concentration and the form of lead in the soil were
factors that were not known prior to undertaking the demonstration at this site.

2000 Season
There were plans to demonstration phytoextraction at Site 129-3.  After observation of lead and
EDTA in groundwater, no phytoextraction activities were conducted in 2000.  Instead, three
groundwater sampling events and two surface water sampling events were carried out by
TCAAP and MPCA personnel during April and May 2000.  Groundwater samples were taken
upgradient from the demonstration plot, from within the plot, and down-gradient of the plot.
Surface water samples were taken upgradient and down-gradient of the plot from a drainage
ditch near the plot.  These samples were taken to determine how much of the 16-acre area of
Site C proper had been impacted by demonstration activities.  In addition, deep core soil samples
were taken by TVA to “dissect” and more fully characterize the demonstration area.
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It is important to note that the demonstration plot at Site C constituted only a 0.2 acre portion of
a highly contaminated 16.5 acre area, and that the soil in the entire 16.5-acre area was scheduled
to be excavated and treated in 2000 to chemically stabilize lead in the soil before disposal in a
landfill.
 
Based on analysis of four surface water samples, lead did not appear to be migrating to surface
waters from the phytoremediation plot due to solubilization by EDTA.  Site C-1, an area within
Site C proper, is located just north of the drainage ditch flowing east to west.  The proximity of
this site to the drainage ditch, the slope toward the ditch, combined with the past burning and
disposal operations at this site indicate that Site C-1 may have been the probable cause of the
lead detection (1 ppm) at the sampling point most distant from the plot.  Historical data in the
RI/FS indicated the presence of lead at Site C-1 in quantities that would produce the levels of
lead in the drainage ditch running east to west.  The data also proved that surface water
contamination had not occurred and there was no immediate risk to the environment.
 
For groundwater samples, results indicated that the lead concentration in the groundwater had
decreased rapidly with distance away from the plot.  Lead concentrations decreased from
1,100 ppm to 1 ppm in approximately 100 feet.  This rapid decline indicated that lead levels
would continue to decrease.  Considering that the impacted groundwater is in Unit 1, an
alluvium, extreme variations would likely be observed within short distances in the aquifer.  The
depths to groundwater in the area were highly variable.  A higher level of the water table could
have resulted in “washing” of the soil and transport of EDTA.  The fluctuation could have been
due to demonstration irrigation activities as well as rainfall.

The ratios of EDTA:lead in the groundwater increased as the distance from the plot increased.
This supported a basic conceptual model that the longer the EDTA exists in the groundwater the
more likely it is for other cations to out-compete lead for complexation by EDTA, which will
reduce lead in solution over time and as distance from the plot increases.  Degradation of EDTA
also played a role in lead re-deposition.
 
EDTA and lead were found throughout the plot, with the concentration of total lead being
greater than the concentration of lead which had complexed with EDTA.  EDTA values were
less than those of total lead within the plot and tended to be below the detection limit outside of
the plot.  The soil analytical results indicated that while EDTA and lead were found in the
shallow soils (less than 4 feet), the concentrations of these were lower than were observed in the
April round of groundwater sampling.  Soil concentrations for EDTA ranged from less than 0.3
to 1,570 ppm.

Concentrations of EDTA in the April groundwater samples were from less than 0.03 up to
4,910 ppm EDTA.  Only three of the soil samples were higher than the highest values seen in the
May groundwater sampling of 739 ppm.  Water-soluble lead concentrations in the soil ranged
from less than 1 to 549 ppm; lead concentrations in the April groundwater samples ranged from
less than 0.02 ppm to 988 ppm.  This data suggested that the overall concentrations of EDTA
were decreasing in the soil and that the EDTA is degrading at the site as was originally expected.
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The soils at Site C were found to be much more heterogeneous than was originally anticipated.
Seven soil types, ranging from sand to clay, were identified in deep soil cores which is contrary
to the single soil type identified in the RI/FS.  Clay and sand lenses were common throughout the
soil, and a considerable amount of burned and unburned wood was found.  Debris consisting of
glass, metal, wire, concrete, bullets, and brass shell casings was found throughout the plot.  Iron
oxide deposition was common in the cores as were manganese sulfide concretions (usually a
representation of alternating aerobic and anaerobic zones in the soil profile, likely caused by a
fluctuating water table).

EDTA did not degrade as rapidly as expected, based on current information in the literature.
However, degradation did occur, as evidenced by the relatively high pH of the shallow soils (8.5
to 9.5) which may be attributed to degradation of EDTA and release of ammonia from the amine
groups, and to the formation of carbonate compounds from the CO2 that is also released.  In soils
the major mechanisms which determine the fate of EDTA and therefore its ability to solubilize
lead are:

 
• Adsorption to iron oxide and soil organic matter.
• Binding to clay particles.
• Reactions with soil cations.
• Microbial degradation.
• Rates of leaching.

 
In addition, lead solubility in soil during a phytoextraction scheme is controlled by reactions of:

• Dissolution of inorganic lead compounds.
• Complexation of lead by EDTA.
• Displacement of lead from EDTA by competing cations and re-precipitation of lead in soil.
• Degradation of EDTA and reaction of lead in soil to form insoluble compounds.

The competing cation effect was significant in this soil.  A departure from a 1:1 EDTA to lead
ratio in both soil and groundwater was a result of lead displacement in EDTA by another
cation(s).  The data showed these cations to be calcium and magnesium.  As lead was displaced,
reprecipitation in the soil occurred and lead was not subject to leaching or was it otherwise
bioavailable. As lead is more soluble at lower pH, the amount of soluble lead will continue to
decline.  Given the mineralogy of this soil a natural drop in soil pH to a level that would re-
solubilize lead is highly unlikely.

Most likely the extreme heterogeneous nature of these shallow soils accelerated movement of
EDTA through the soil column and reduced the contact time of EDTA in the soils, which
affected the rate at which the reductive fate processes were taking place.  It is also possible that
the microbial population in the shallow soils was (is) low, due to other toxic contaminants and
debris in the soils and perhaps the slow draining of the soils, which would lead to waterlogging
during significant periods of the year.
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The results of the soil, groundwater, and surface water sampling suggested that, although the
EDTA persisted in the soil and in groundwater longer than originally expected, the
concentrations of soluble lead within and outside the demonstration plot are decreasing with
time and will continue to decrease.

5.3  Technology Comparison
Several procedures for remediating metals-contaminated soil sites are currently available.  These
include traditional and proven ex situ methods, as well as emerging, state-of-the-art in situ
technologies.  Conventional ex situ methodologies include:

• Landfilling of contaminated soil.
 
• Soil washing (separation) - excavation of soil followed by soil washing, return of clean soil to

the site, and landfilling of soil which is still contaminated.

• Incineration - excavation and incineration, with the remaining mineral fraction returned to
the original site or landfilling if decontamination is not complete.

• Solidification - excavation and ex situ solidification with pozzolanic agents and landfilling of
the stabilized material.

These methods are effective; however, they usually involve long-term monitoring and permanent
and sometimes drastic alterations to the original site.

In contrast, the following in situ methods, except containment and flushing, provide a clean site
and normally avoid future liability and restrictions to site use:

• In situ soil flushing - in-place washing of soil using acid or chelate solutions followed by
pumping of contaminated soil solution to the surface for treatment.

• Solidification/Stabilization - similar to ex situ, but involves proprietary reagent delivery and
mixing systems and may be less costly for large soil volumes and depths greater than 10 feet.

 
• Containment - placing an impermeable cap on the contaminated site to eliminate water

infiltration into the contaminated soil.
 
• Electrokinetics - use of low intensity direct current fields between electrodes in soil to

mobilize and capture contaminants at the electrodes for removal.

• Phytoremediation - a broad term for the use of plants to remediate contaminated soil and
water.  (The phytoextraction technique is a category of phytoremediation methods, whereby
metal-accumulating plant species are used to extract lead from the soil and are then
harvested.)
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If applicable to the site, phytoextraction may be among the lowest cost options, but it also
requires the longest amount of time.  If remediation can be accomplished on areas of moderate-
level contamination within one to five years, phytoextraction may be an attractive alternative to
existing methods.

From the results of this project, the scope of application for the technology appears to be very
limited, the remediation time would be unrealistically long, and sites that would be suitable
candidates for phytoextraction appear to be scarce.  In addition, some of the operating
parameters are still in need of refinement.  These include growing practices, plant species
selection, chelate selection, amendment application methods, and amendment application rates.
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Section 6.0
Cost Assessment

6.1  Cost Performance
Phytoextraction can be broken into three tasks: crop production, extraction amendment addition,
and harvesting.  The costs shown below are based on treating an area equal to one acre using a
corn crop.  The quantities of amendment are based on laboratory studies and knowledge gained
from the field demonstration at TCAAP.  The costs associated with producing and harvesting the
corn crop are shown in Table 6-1.  The costs for purchasing, mixing, transporting, and applying the
extraction amendments are shown in Table 6-2.  The costs for the irrigation system used to water
the crop and apply extraction amendments are shown in Table 6-3.

Total cost for using phytoextraction to remediate one acre is $42,145 per crop (Table 6-4).  This
includes a managing contractor fee of 20% of the direct costs.  Assuming that the process treats
the top 12 inches of soil, the cost for remediation is equivalent to $26.13 per cubic yard per crop
based on an initial soil lead concentration of 1500 mg/kg and a remediation target of 1000 mg/kg.
The remediation would require 27 crops over a period of 14 years for a total cost of $706 per
cubic yard.  To remediate from 1200 mg/kg to 1000 mg/kg would require 11 crops over a six year
period, at an approximate cost of $287 per cubic yard.

Reagent costs (EDTA, acetic acid, other soil amendments) will account for a substantial portion of
total costs.  Costs for site preparation, i.e., clearing and removal of trees, removal of buildings and
debris, etc., would be site-specific and would be in addition to the above cost.

6.1.1  Soil Remediation Time Calculator
The number of crops and time required for phytoremediation to treat a field to a desired cleanup
level can easily be estimated.  A few basic inputs are required as shown in Table 6-5.

Starting lead concentration (A) - The initial concentration of lead in the soil (400-2000 mg/kg) to
be remediated is determined during initial site assessments.  The higher the initial lead
concentration, the longer the time required to reach a set cleanup goal and the more expensive the
process becomes.  When the initial lead concentration is too high, then other remediation
techniques will be less costly.

Target lead concentration (B) - A cleanup level will be established for a site by agreement with the
regulatory agencies.  The current industrial cleanup level is 1,000 mg Pb per kg of soil.  The
current residential cleanup level is 400 mg/kg.

Plant available lead (% of total) (C) - Lead exists in the soil in various forms.  Some of the lead
compounds can be made available to plants by soil amendments used during phytoextraction, but
some of the lead will be inaccessible to the plants even after soil amendment additions.  Analysis
of the soil lead by sequential extraction with various extractants can identify the fraction of the
total lead that is available to the plant during phytoextraction.  At TCAAP, the plant available lead
was 55% of the total lead.  Plant available lead concentrations usually range from 25-75% of total.
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Table 6-1
Corn Production and Harvesting Costs1 Per Crop

Item Unit Cost Quantity Total Cost
Seed $5/lb 12 lb $60
Fertilizer2 N=$0.24/lb

P=$0.25/lb
K=$0.14/lb

180 lb N from 341 lb Urea
60 lb P from 130 lb DAP
120 lb K from 200 lb KCl

$70

Fertilizer Application $15/acre 1 acre $15
Tillage $20/acre 1 acre $20
Planting $20/acre 1 acre $20
Harvesting $20/acre 1 acre $20
Herbicide and Misc $25/acre 1 acre $25
Sampling3 - Soil
                 - Biomass

$50/sample
$50/sample

12 samples
12 samples

$600
$600

Smelting $100/ton 8 tons $800
Subtotal $2,230
(1) Costs are based on typical production agriculture with large scale equipment.
(2) Prices based on bulk quantities.  Sources are urea, diammonium phosphate, and
     potassium chloride.
(3) Unit cost includes labor for collecting samples.
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Table 6-2
Extraction Amendment Costs1 Per Crop

Item Unit Cost
Quantity at

Site C, lb

Quantity
Per

Acre, lb
Total Cost
Per Acre

KOH2 $336/ton 1,100 5,900 $990
EDTA3 $4,125/ton 1,400 7,500 $15,500
Acetic Acid4 $1,520/ton 2,000 10,750 $8,200
KOH and EDTA
Mixing

$100/ton EDTA $375

Acetic Acid Dilution $100/ton acid $550
KOH-EDTA Shipping $40/ton5 52,500 $1,050
Acetic Acid Shipping $30/ton6 75,000 $1,130
Labor for Application7 $960
Subtotal $28,755
(1)  Based on an initial soil lead concentration of 1,500 mg/kg and a clean-up goal
      of 1,000 mg/kg.
(2)  45% solution.
(3)  Cost per dry ton.
(4)  Acid requirement will vary according to site soil.
(5)  EDTA makes up about 1/7 of the total weight of the water-KOH-EDTA mixture.
(6)  Glacial acetic acid makes up about 1/7 of the diluted mixture.
(7)  Based on 16 man-hours at $60 per man-hour.
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Table 6-3
Cost Per Crop for Amendment Drip Application/Irrigation System1

Item Unit Cost Quantity Total Cost
Drip Tape $0.03/ft 53,000 ft $1,590
2-Inch Main $0.30/ft 300 ft $90
Filters $160 4 $640
Flow Regulator $106 2 $216
Barbs $0.48 250 $120
Other Plumbing Parts $200
Installation Cost2 $1,280
Subtotal $4,136
(1) Area to be treated is assumed to be square in shape.
(2)  Installation costs based on 32 man-hours at $40 per man-hour.

Table 6-4
Total Cost Per Crop for Phytoextraction of One Acre of Lead-Contaminated

Soil to Reduce Soil Lead Content from 1,500 mg/kg to 1,000 mg/kg

Item Cost
Corn Production and Harvesting Costs $2,2301

Extraction Amendment Costs $28,7552

Cost for Amendment Drip
Application/Irrigation System

$4,1363

Subtotal of Direct Costs $35,121
Managing Contractor Fee (20% of direct
costs)

$7,024

Total 42,145

(1) Subtotal for Table 6-1.
(2) Subtotal for Table 6-2.
(3) Subtotal for Table 6-3.
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Table 6-5
Input Required for Calculating the Number of Crops and Number of Years

Required to Phytoremediate a One Acre Field

Variable Units Input Range for Inputs
Starting Lead Concentration mg/kg A 400 - 2,000
Target Lead Concentration mg/kg B 400 (residential), 1,000

(industrial)
Plant Available Lead (% of
Total Lead)

% C 25 - 75

Soil Depth to Remediate in. D 1 - 12
Soil Bulk Density (Dry Basis) lb/cu ft E 60 - 150
Biomass Production tons/acre F 1 - 15
Concentration of Lead in
Biomass

% G 0 - 1  (1% = 10,000 mg/kg)

Number of Crops Per Year crops/yr H 1 - 3
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Soil depth to remediate (D) - Lead contamination exists to different depths in the soil.  The depth
of contamination is a factor in determining the total soil volume to be treated.  Phytoextraction is
more effective and economical when the contamination is shallow, 12 inches or less.

Soil bulk density (dry basis) (E) - Soil density varies substantially depending on the content of
clay, sand, and other components.  The moisture content also affects the soil density, but this
factor can be eliminated by using a dry basis for the soil density.  A reasonable value for soil bulk
density is 1,600 kg/m3

, which is approximately 100 lb/ft3.Ref. 45,46

Biomass production (F) - Each crop will produce an average weight of biomass (dry basis) per
area which normally ranges from 1 to 15 tons per acre.  The crop yield is dependent on many
factors such as soil fertility, weather conditions during the growing season, length of growing
season, number of crops planted per year, presence of toxic compounds in the soil, etc.  Crops
grown for phytoextraction have amendments applied and are harvested just prior to full maturity.
Therefore, the anticipated yields are slightly lower than the published yields.  The planting of
multiple crops in a single year may shorten the growing time and yield for each crop.  The yield
may be reduced during subsequent years of phytoremediation due to repeated applications of soil
amendments.

Concentration of lead in biomass (G) - There are many factors that affect uptake of the solubilized
lead by the crops.  The concentration of plant-available lead in the soil directly affects how much
lead will be taken up by the crops.  Other factors such as root growth, moisture in the soil, rate of
amendment application, etc., can influence the lead uptake.  Lead concentrations in the plants
may range from 0 to 1%.

Crops per year (H) - The number of crops that can be grown in a year is impacted by the climate
at the site and the fertility of the soil.  A northern U.S. climate may restrict a project to one crop, a
southern U.S. climate might allow two crops, and a tropical climate might even allow 3 three crops
per year.

The inputs discussed above can be used to calculate the number of crops required to remediate a
contaminated field.  The calculated values that can be derived are shown in Table 6-6.

Lead to be removed (J) - The requirement for removing lead can be determined by subtracting the
Target lead concentration from the Starting lead concentration.  This amount of lead has to be
removed from the site to reach the cleanup goal.

(J) lb Pb/acre = (A-B) mg
Pb

2.205 x 10-6

lb/mg
E lb
soil

43,560
ft2

D in.

kg soil 2.205 lb/kg ft3 acre 12 in./ft

Maximum possible lead removal (K) - Not all of the lead in the soil can be phytoextracted.  The
lead that can be is based on the percentage of the total lead that is in the plant-available forms.
The Maximum possible lead removal can be calculated by multiplying the Starting lead
concentration (A) by the Plant available lead (% of total) (C).  If the Lead to be removed (J) is
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greater than the Maximum possible lead removable (K), then it would be impossible to reach the
cleanup level using in situ phytoextraction alone.

(K) lb Pb/acre = A mg Pb C % 2.205 x 10-6

lb/mg
E lb
soil

43,560
ft2

D in.

kg soil 100% 2.205 lb/kg ft3 acre 12 in./ft

Table 6-6
Calculated Values for the Number of Crops and Number of Years

Required to Phytoremediate a One Acre Field

Calculated Values Units Output
Lead to be Removed lb/acre J
Maximum Possible Lead Removal lb/acre K
Lead Removal Per Crop lb/acre L
Number of Crops crops M
Number of Years yr N

Lead removal per crop (L) - The average amount of lead removed per crop will determine the
number of crops required to reach the cleanup level. The crop biomass and the lead removal per
crop may potentially decrease over time, but the lead removal per crop is assumed to be constant
for the purpose of calculation.  The Lead removal per crop is calculated by multiplying the
Biomass production (F) by the Concentration of lead in biomass (G).

(L)  lb Pb/acre
=

F tons biomass 2,000 lb G %

acre ton 100 %

Number of crops (M) - The number of crops required is calculated by dividing the Lead to be
removed (J) by the Lead removal per crop (L).  This calculations assumes that the weather will be
cooperative every growing season.  A contingency factor could be applied here depending on the
meteorological history of the site.

(M)  Crops = J lb Pb/acre
L lb Pb/acre

Number of years (N) - The number of years required to clean up a site with phytoextraction can
be calculated by dividing the Number of crops (M) by the Crops per year (H).

(N)  Yr = M crops
H crops/year
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An example calculation is shown below.  The values used in this example are based on expected
performance of phytoextraction in a southern U.S. area at a site that has fertile soil and weather
conducive to growing two crops in a year with no decrease in biomass production during
remediation.  The inputs are based on lessons learned from the TCAAP demonstration and from
information developed from greenhouse studies.  The assumed variables for input shown in Table
6-7 provide the calculated outputs shown in Table 6-8.

As shown in Table 6-8, the time required for remediation of the example site would be 14 years.  It
assumes that 27 crops would be successfully grown with consistent biomass production.  The time
and costs would be prohibitive under the assumptions shown in Table 6-7 to remediate a field from
1,500 mg/kg to 1,000 mg/kg.  Other remediation technologies are available that would be more
cost effective.  However, if the starting lead concentration was 1,200 mg/kg, then the site could be
reduced by 200 mg/kg with 11 crops in 6 years.

Table 6-7
Example Inputs for Calculating the Number of Crops and Number of Years

Required to Phytoremediate a Field

Variable Units Input Range for Inputs
Starting Lead Concentration mg/kg A=1,500 400 - 2,000
Target Lead Concentration mg/kg B=1,000 400 (residential), 1,000

(industrial)
Plant Available Lead (% of Total
Lead)

% C=55 25 - 75

Soil Depth to Remediate in. D=12 1 - 12
Soil Bulk Density (Dry Basis) lb/cu ft E=100 60 - 150
Biomass Production tons/acre F=8 1 - 15
Concentration of Lead in Biomass % G=0.50 0 - 1      (1% = 10,000 mg/kg)
Number of Crops Per Year crops/yr H=2 1 - 3
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Table 6-8
Example Calculated Values for the Number of Crops and Number of Years

Required to Phytoremediate a Field

Calculated Values Units Output
Lead to be Removed lb/acre J=2,178
Maximum Possible Lead
Removal

lb/acre K=3,594

Lead Removal Per Crop lb/acre L=80
Number of Crops crops M=27
Number of Years yr N=14

The calculated values for the example inputs shown in Table 6-7 are:

Lead to be Removed (J) = (A-B) x 106 x E x 43,560 x D/12
                                       = (1,500-1,000) x 106 x 100 x 43,560 x 12/12
                                       = 2,178 lb/acre

Maximum Possible Lead Removed (K) = A x C/100 x 106 x E x 43,560 x D/12
                                                                = 1,500 x 55/100 x 106 x 100 x 43,560 x 12/12
                                                                = 3,594 lb/acre

Lead Removal Per Crop (L) = F x 2,000 x G/100
                                              = 8 x 2,000 x 0.50/100 = 80 lb/acre

Number of Crops (M) = J/L = 2,178/80 = 27 crops

Number of Years (N) = M/H = 27/2 = 14 years

Based on the results of this demonstration, TVA estimated the cost for phytoextraction of one acre
to a depth of one foot to be $42,145 per crop, assuming:

• The starting lead concentration is 1500 mg/kg.
• The clean-up goal is 1000 mg/kg.
• Plant-available lead is 55% of the total lead.
• The biomass production is 8 tons per acre.
• The concentration of lead in the biomass is 0.5%.
• Two crops per year are grown at the site.

The cost is equivalent to $26.13 per cubic yard per crop.  This remediation would require 27 crops
over a period of 14 years, for a total cost of $706 per cubic yard.  All other assumptions remaining
constant, if the initial soil lead concentration were 1200 mg/kg, the remediation would require
11 crops over a six-year period, at an approximate cost of $287 per cubic yard.



Lead Phytoremediation Demonstration                  6-10                                        Twin Cities AAP

Based on these costs, in situ phytoextraction as a sole technology would be economical only when
the initial lead concentration is close to the clean-up goal.  Costs for site preparation, i.e., clearing
and removal of trees, removal of buildings and debris, etc., would be site-specific and would be in
addition to the above cost.  The total cost includes a managing contractor fee of 20% of the direct
costs.   Reagent costs (EDTA, acetic acid, other soil amendments) will account for a substantial
portion of total costs.
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Section 7.0
Regulatory Issues

To gain acceptance for the demonstration from the regulatory agencies, the draft Technology
Demonstration Plan was provided to both USEPA Region 5 and the MPCA for their review and
comment in February 1998.  The USAEC Program Manager scheduled a meeting in early March
1998 with representatives from USEPA Region 5 and the MPCA to discuss the demonstration
project in more detail and to answer and address any initial questions or concerns.  Shortly after
the meeting, both agencies provided written comments on the draft Technology Demonstration
Plan.  The project team then revised the Technology Demonstration Plan and prepared written
responses to all of the comments submitted by the regulatory agencies.  The team also provided
additional follow-up when necessary.  The demonstration was conducted in accordance with the
revised Technology Demonstration Plan.

To gain acceptance for the demonstration project from the public and to keep the public
informed, the USAEC Program Manager gave a presentation about the demonstration project to
the TCAAP Restoration Advisory Board (RAB) at the March 1998 RAB meeting.  The RAB
was also provided with the draft Technology Demonstration Plan and given an opportunity to
comment.  Several RAB members did review the document and submitted written comments to
the project team.  After the Technology Demonstration Plan was revised, written responses to
the RAB’s comments were prepared by the project team; no additional comments or concerns
were presented by the RAB to the USAEC Program Manager.  In addition, an Environmental
Assessment (EA) was prepared for the project and a public notice asking for review and
comment of the EA was placed in a high circulation area newspaper.  No public comments were
received.

This technology was not well accepted by regulators and the public because of the observation
of lead and EDTA in the groundwater.  It is likely that regulators would require controls such as
liners and leachate collection prior to approval of future phytoextraction at sites such as this.
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Section 8.0
Technology Implementation

8.1  DoD Need
The Department of Defense established the DERP in 1984 to promote and coordinate efforts for
evaluation and remediation of contamination at DoD facilities.  Congress established the DERA
in 1986 as a part of the SARA.  The Army uses the Defense Site Environmental Restoration
Tracking System (DSERTS) to manage and track environmental restoration processes at
installations.  The DSERTS database is the principal source of information for the Environmental
Restoration Annual Report to Congress.

DSERTS was used to identify sites that have had lead contamination in soils.  The database was
screened to eliminate sites where the maximum reported concentrations of lead were less than
the USEPA established cleanup levels.  Sites that have already been remediated were also
screened out.  There were a total of 458 sites that have at some time in the past shown lead
contamination levels above the residential cleanup levels (400 mg/kg).  Of these sites, 319 sites
had lead contamination above the industrial cleanup levels (1,000 mg/kg).

Navy and Air Force sites are not included in DSERTS, but the majority of lead contamination
should be within Army installations because of the large number of firing ranges and the number
of ammunition plants on Army sites.  The number for the Army sites will be high since there are
some sites that will not be remediated because risk analyses have shown that some of these sites
do not pose a risk to human health or to the environment.  However, the DSERTS data are an
indication of the magnitude of the problem.  In the 1999 DSERTS data, there were 889 sites with
metals contamination that exceeded the risk-based levels.

Of the 889 sites, there were 450 sites that were scheduled to be cleaned up because of metals
contamination.  According to a query of the DSERTS database, these 450 sites had
approximately 2,285,000 cubic yards of soil that required remediation at an estimated cost of
$1,038 million.  In addition, there were 2,861 acres that were to be capped or isolated within a
fence.

8.2  Transition
Phytoextraction technology does not appear to be practical or economical for implementation in
situ under the conditions at sites such as TCAAP, and a discussion of some of the problems
encountered in the application of the field demonstration is in order before a decision can be
made on a proper transition process. The major obstacles to phytoremediation at TCAAP were:
 
• Variability of soil types
• High precipitation area
• • Toxic contaminants
• • History of open burn/open detonation - large pieces of debris that induced channeling;

compounds toxic to crops.
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• • Shallow hardpan at Site C which prevented deep rooting and caused water-logging.
• • Shallow groundwater

Some of these obstacles are inherent to phytoremediation and some were site-specific to
TCAAP.  Many of these factors were interrelated and produced problems with plant growth and
nutrition from the outset of the demonstration  The symptoms were treated but plants did not
realize full yield potential and lead uptake capacity.  These obstacles have been addressed in the
Implementation Plan, Section 8.3.

After the first year demonstration, TVA recognized that it would be difficult to evaluate lead
removal from the soil due to the extreme variability in soil lead concentrations across the plot
areas.  Soil lead variability was complicated by the fact that large quantities of solid debris
(burned and unburned wood, rail ties, concrete, scrap metal, etc.) and particulate lead
contaminants were found at the site during the initial soil cultivation and planting that was not
anticipated from review of the RI/FS and discussions with on-site personnel.  Therefore, lead
removal in the crop biomass was the only suitable means to evaluate removal of lead from the
soil.  TVA did not expect to be able to detect a change in soil lead concentration after one year,
or possibly even after two years because of the high variability.  For phytoextraction to work at
such sites, screening of debris and particulates and homogenizing of the soil would be a required
step.  However, the nature of the debris and particulates would require complete excavation of
the contaminated areas, in which case one of the ex situ remediation methods would probably be
more economical and efficient to use.

In this demonstration, lysimeters were installed to monitor potential EDTA or lead movement
through the soil.  However, due to the nature of the soil these did not perform consistently.  For
future studies, a better approach would be a water balance simulation which includes
meteorological data and hydraulic conductivity of the soils.  Weekly precipitation data collected
at the test plots could be used as well as local meteorological data (temperature, wind speed,
humidity, etc.) obtained from resources in the vicinity (e.g., NOAA, airports, etc.).  Hydraulic
conductivity of site soils should be another facet of this technology to enable more accurate
estimation of the amounts and the rate of application of soil amendments applied.  Because of
the heterogeneous texture of the soil at TCAAP, sampling to adequately determine the overall
hydraulic conductivity of the sites to perform a mass water balance was impractical and
prohibitively expensive.  An accurate assessment of the hydraulic conductivity of this site would
have required samples to have been taken in close proximity (sample to sample) to account for
the varying texture and varying soil infiltration rates.

Unfavorable weather and other environmental factors prevented valid assessment of crop
removal of lead during the latter two crops of the demonstration.  In the short growing season in
the TCAAP area, the cropping scheme and plant species were changed after the 1998
demonstration in order to increase the remediation effectiveness in 1999.  Plant density was
increased by planting on 15-inch rows in 1999, while corn in 1998 was planted on 30-inch rows.
The corn used in 1998 was a field corn variety; in 1999 a silage variety was used to increase
biomass yield.  However, the variability of soil types and lead concentrations within the sites
(more particularly, Site C), the relatively short growing season, and the high concentrations of
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lead in the soil would likely require many more years than originally anticipated for successful
remediation by crops.  A complete discussion of the factors involved in calculating the times
required for remediation is shown in Section 6.0  The time requirements should be carefully
considered before initiating a phytoextraction scheme in under less than ideal conditions.

8.3  Draft Implementation Guidance Document
This document is intended to provide overall guidance for conducting a phytoextraction project
in situations where constraints to implementation are minimal and contamination levels are not
much above the desired cleanup level.  This document does not endorse implementation under
conditions of extreme heterogeneity, such as military disposal sites in general, and Site C at
TCAAP in particular.

The procedures outlined in this document are based on the results of a two-year demonstration.
Some practices, such as crop selection, cultural practices, types of soil amendments, and
methods of application, changed after the first year of the demonstration.  Therefore, this
document is not complete and can only serve as a general guide.  Some of the recommendations
may still need to be modified for maximum treatment effectiveness.  However, the experience of
the researchers working under extremely difficult and heterogeneous conditions has resulted in
some definite guidelines that, without doubt, should be carefully considered before implementing
a phytoextraction project at any given site.  Experience has shown that this phytoextraction
technology likely will not work in situ to maximum effectiveness for removal of lead at sites
where open burn/open detonation practices have been followed, such as at Site C at TCAAP.
Such sites will usually be poor candidates for growing plants because the soil is likely heavily
contaminated with a variety of solid debris, other toxic contaminants and, oftentimes, particulate
lead.  The solid debris essentially destroys soil structure and proper hydraulic properties.  Unless
the soil is first excavated, the debris screened out, and the soil made uniform, channeling and
preferential flow will render the soil entirely unsuitable for application of chelates which
solubilize and thus possibly promote leaching of lead.  In addition, unless particulate lead is first
removed, it will be impossible to measure any realistic reductions in soil lead through plant
uptake.

Even under conditions where lead is present in the ionic form (e.g., battery disposal operations,
lead smelters, lead styphnate production facilities), the circumstances may still be less than ideal
for the culture of growing plants, and some adjustments to procedure will likely be necessary
even after the process has begun.  Each contaminated site will be unique with its own set of
challenges which may limit or reduce the effectiveness of the technology.  The main focus of this
technology is to maximize lead concentration in the plants and to maximize biomass production
in order to achieve the greatest lead uptake by the crops under the existing conditions.  Thus, the
flexibility to change and adapt as required is an integral part of the remediation plan.  Plant
sampling after each harvest will monitor the progress of the remediation and provide a feedback
loop to allow for procedural adjustments, as needed.

The general guidelines for implementation of a phytoextraction project are shown below.
Definitive recommendations and procedures will, by necessity, be site-specific.  These steps
must be implemented under the oversight of a professional agronomist or other qualified
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personnel with a background in soil chemistry, soil fertility, soil taxonomy, and plant science.  It
is most strongly advised that someone with an agronomic or farm background be responsible for
day-to-day field operations and maintenance of the growing crops.  This individual would
guidance on a regular basis, but should also be able to independently distinguish any
abnormalities that might arise during the project and, after discussion with the professional, act
to counter such problems.

Under a very specific and narrow range of conditions, phytoextraction may offer the potential as
a relatively inexpensive remediation method compared to other technologies.  Factors which will
directly control the success of the technology may be:

• Soil type
• Soil fertility levels
• Type of lead present in soil
• Potential plant availability of lead in the soil
• Soil lead concentration
• The presence of other contaminants

In addition, there are very few known plant species that may be suitable for this technology.
Thus, field demonstrations with a variety of plant species have yet to be implemented.  The
focus of this project was not to determine or screen plant species for maximum lead uptake.  At
the time of this writing, the following are being used in field demonstrations for remediation of
lead:

• Indian mustard
• White mustard
• Corn
• Sunflower

Crops that may be used to remediate other heavy metals include:

• Amaranthus (radioactive cesium and strontium)
• Sunflower (radionuclides)
• Oat and barley (zinc)
• Alpine pennycress (cadmium)
• Indian mustard (copper and selenium)
• Alyssum species (nickel)

There are certainly other plant species that have the potential to accumulate lead and other
metals in their aboveground tissues; these may eventually be categorized by identifying certain
basic biochemical pathways for metal metabolism.  For now, however, the technology is still in
stages of development and refinement, and a comprehensive listing of such plants is not
available.
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The following list is a detailed, but not necessarily all inclusive, guide to use when undertaking a
phytoextraction effort:

1. Planning for utilizing phytoextraction at a specific site will start by obtaining detailed site
information from the remedial investigation/feasibility study (RI/FS).  The information
needed would be the general nature of the site, specific COCs, type and concentration of
COCs, climate, geology, hydrogeology, etc.

 
2. Determine the extent of past site characterization and the extent of future characterization

that may be required.  Do not rely on the RI/FS to be comprehensive or totally accurate
since it may not focus on the site characteristics pertinent to phytoremediation.

 
3. Obtain a soil characterization for other contaminants present that would inhibit plant growth

and prevent the use of phytoextraction methods altogether, e.g., beryllium and thallium.
 
4. Obtain a soil characterization for chemical and physical properties that affect agronomic

suitability for growing plants, e.g., pH, indigenous nutrient levels, cation exchange capacity,
organic matter, soil texture, water holding capacity, shallow hardpan, and infiltration rates,
etc.

 
5. Determine the depth to groundwater, direction of flow, rate of flow, and hydraulic properties

of the soil.
 
6. Determine if phytoextraction is suitable based on:
 

• Type and concentration of COCs, i.e., contaminant in ionic form and present at a
concentration that can be remediated within a reasonable timeframe

 
• Depth and extent of COCs, i.e., accessibility of COCs to plant rooting system
 
• Other contaminants present, e.g., beryllium or thallium, that might inhibit plant growth

and prevent the use of phytoextraction methods altogether
 
• Logistics of site, i.e., accessibility to irrigation water, equipment, and personnel
 
• Climate suitable for proposed remediation crops, multiple crops/year
 
• Geology and hydrogeology, i.e., difficulty in sampling, field preparation, and depth to

groundwater
 
• Site terrain, i.e., slope, wooded verses open field, presence of rocks/obstructions, etc.
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7. Based on the above information, determine if the process can be implemented in situ, or if
the soil should be excavated, screened, and homogenized, and a liner installed to control
movement of solubilized lead.

 
8. Consult with appropriate regulatory agencies (state, federal, and local if required) as to

permitting and legal requirements and obtain clearance to proceed.
 
9. Conduct intensive soil sampling and comprehensive analyses.  Soil sampling should be

performed with power sampling equipment to conserve labor and maximize cost-
effectiveness.  The analyses are conducted to:

 
• Determine soil pH.  This factor is the single most important soil parameter measured.

Soil pH governs both efficiency of nutrient utilization and potential toxicities from
elements such as aluminum and manganese.  The optimum pH range for most agricultural
crops is 6.0-7.0, although crops can tolerate a somewhat lower or higher range.  If soil pH
is on either side of this range, proper nutrient utilization is greatly reduced and chances of
toxicities may be increased.  Soil pH also serves as the starting point from which buffer
curves are determined in order to calculate the proper application rate of acetic acid.

 
• Determine soil texture, i.e., sand, silt, and clay content, which affects cultural practices

such as tillage and irrigation; potential leaching, as well as runoff of nutrients and soil
amendments; plant rooting depth; and the aeration status of soils.  Sandy soils will
require supplemental irrigation and nutrients for best crop production.  However, the
potential for movement from the rooting zone of both of nutrients and EDTA, is greatly
increased and shallow root systems may develop from over watering.  Sampling difficulty
may be greatly increased in rocky, sandy soils.  A high clay soil may exhibit poor/reduced
infiltration, anaerobic areas after heavy rains, restricted rooting depth, and significant
sorption capacity for EDTA which may reduce chelate effectiveness.  This, in turn, will
increase the amount of chelate required and add to project costs.

 
• Determine the nutrient status of the soil for the macronutrients nitrogen, phosphorus,

potassium, calcium, magnesium, and sulfur if the soil is sandy and the mineralogy
indicates a lack of sulfur-containing minerals.  Also, included in these analyses may be
the micronutrients copper, iron, manganese, and zinc.  These elements are just as
essential for proper growth, although required by agronomic crops in very small amounts
and at a fraction of the amounts needed for macronutrients.

 
• Determine the cation exchange capacity (CEC) and the organic matter content of the

soil.  The CEC is a measure of the soil attraction, or the strength of attraction, for various
cations, whether these be nutrients such as K or a metal such as lead.  This parameter
may be useful in determining fertilizer recommendations and may influence decisions
regarding the amount of EDTA to apply to a given soil.  A soil with high CEC will have a
strong affinity for metal contaminants.  The exchange capacity is also directly related to
the buffering capacity (resistance to change in pH) of a soil.  Organic matter influences
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other important chemical and physical properties of the soil, such as fertility, CEC, and
moisture-holding capacity.  It also affects reactions of inorganic contaminants such as
metals and oxyanions, e.g., arsenic and selenium, both before and after amendment
additions to soil.
 

• Map the concentration and distribution of COCs within the proposed remediation area.
These analyses are also necessary to (1) establish baseline concentrations of COCs;
(2) map concentrations and locations of potentially phytotoxic elements such as Be or Tl;
and (3) calculate the amounts of soil amendments needed to remediate the primary COCs
(Pb).  However, a point for consideration is that there may be significant variability, or
heterogeneity, in COCs concentrations across the area, which will result in “hot” and
“cold” spots.  These areas of higher- or lower-than-average concentration may be
anomalies, or may persist throughout the course of the project, and interpretations of
data should be made with this factor in mind.  Multiple tillings may somewhat even out
the concentrations across the field.

 
10. Perform acetic acid buffer curves on a bulk soil sample, which is a composite of all samples

collected across the remediation area.  This is done to determine the amount of acetic acid
required to reduce the soil pH to 5.5 in order to maximize lead solubilization before adding
EDTA.  The determination produces a curve which shows in stepwise fashion the amount of
pH reduction resulting from each milliequivalent (meq) of acetic acid added per gram (g) of
soil.  The total amount of acetic acid required to reduce the soil pH to 5.5 is read from this
curve.

 
11. Calculate the amount of acetic acid needed.  This is done by converting the proper value of

acetic acid obtained from the buffer curve to a pound per acre basis.  This amount of acetic
acid will be diluted approximately 1:6 with water for application to the field.

 
12. Determine potentially plant-available forms of lead using a sequential extraction procedure.

This method uses progressively stronger extractants to determine various forms of lead in
soil, which range from easily extractable (likely to be plant-available) to very resistant (non-
available) forms.  The procedure fractionates soil lead into water-soluble, exchangeable,
carbonate-bound, oxide-bound, organic-bound, and crystalline matrix bound forms of lead.
Typically, the first three forms are the most amenable to extraction by a chelate and are thus
considered the most plant available.  The concentration of lead in these forms will be less
than the total soil lead concentration.

 
13. Calculate the amount of EDTA to add to the soil.  This is based on the results of the

sequential extraction procedure.  The amount of EDTA should be adequate to solubilize
sufficient lead across the remediation area for plant uptake while minimizing chelate
movement out of the root zone.  The ideal amount is a 1:1 molar ratio of EDTA to plant-
available lead in the soil.  However, since Pb concentrations tend to be quite variable in the
soil, a 1:1 ratio cannot be consistently achieved across an entire remediation area.
Therefore, a practical application rate may be achieved by examining the mean, the median,
and the frequency distribution of plant-available lead across the field, then basing the EDTA
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application on a rate that provides a 1:1 ratio for 75% of the field.  This is a conservative
approach which will mean in some areas the chelate is under-applied, while in other areas it
will be over-applied, but this minimizes the risk for movement of the lead-EDTA complex
out of the rooting zone.

 
14. Determine suitable warm and cool season crops (within a group previously selected for

maximum contaminant uptake) for the area.  Professional guidance is essential to this step
and selection should be done in consultation with the project technical manager and
knowledgeable local or university extension service personnel.  Recommendations are made
based on the climate, length of growing season, and potential for maximum yield of selected
crops.  The order of planting will depend on the season when operations commence.

 
15. Determine fertilizer requirements for the crop.  Recommendations of N-P-K will be based on

the normal agronomic rate adjusted for the amount of nutrient already present in soil and the
crop removal rates for each nutrient.  The fertilizer rate then will be adjusted upward in order
to maximize vegetative biomass yield.  This is done to obtain the greatest removal of
contaminants in the plant biomass.  Fertilizers typically employed if a corn crop is planted
are ammonium nitrate to supply N, triple superphosphate for P, and potassium sulfate
(K2SO4) or potassium chloride (KCl) for K.  For a mustard crop, urea is the preferred N
source, but the P and K sources are the same.  Sufficient P should be applied to maintain
adequate levels in soil for the entire growing season.  This is particularly important since a
deficiency in this element in early growth stages of the crop is difficult to overcome and the
strong precipitation and adsorption of P in fertilizers with soil into non-plant-available forms
typically mandates application at rates considerably in excess of predicted plant
requirements.  Also, lead will react with phosphate fertilizers to precipitate P into non-plant-
available forms and over-application of the P fertilizers will likely be required to
compensate.  However, these reactions preclude the surface application method normally
employed for split applications of a fertilizer.  A split application will supply part  of the
needed fertilizer at planting and the rest  a third or midway through the growing season.  This
technique is usually recommended for easily leached elements like N and K to optimize
fertilizer use by the crop and to prevent leaching of unused fertilizer.

 
16. Install protective fencing around the area, if required, and establish work and

decontamination zones.
 
17. Eradicate existing vegetation and remove trees as needed.  Tree removal is especially critical

not only to eliminate shading, but because roots may extend for considerable distances from
the main trunk.  If such roots extend into the remediation zone, they not only will use soil
moisture at the expense of the crop, but they may also be affected by soil amendments and
solubilized lead to the point where damage or death of the tree occurs.

 
18. To facilitate farming operations, visible obstructions, such as large rocks and metal scrap,

should be removed from the area.
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19. If necessary, excavate the soil, dry screen to remove debris, and wet sieve to remove
particulate lead.  Based on the soil texture and hydraulics, install a liner and leachate
collection system and replace the soil.

 
20. Till the area with the appropriate equipment.  For proper seed bed preparation, it is

recommended that tillage be to a depth of at least a foot, if possible.  Tillage should be done
in at least two passes at right angles to each other.  This may be done with a tractor-mounted,
power takeoff-driven Rototiller.

 
21. Apply and incorporate fertilizer using the appropriate application equipment.  This step may

also be performed simultaneously with planting.
 
22. Install irrigation systems for the remediation area.  These may be either overhead sprinkler,

center pivot, or drip systems, depending on the crop and the logistics and physical layout of
the remediation area.  A drip delivery system, either surface or subterranean, may also serve
as the soil amendment delivery system.  However, the system should supply amendments at a
delivery rate that will rapidly saturate the soil without causing runoff.  Rapid saturation is
required to maximize the amount of soil lead solubilized for plant uptake while minimizing
potential damage to the plant by the soil amendments.

 
23. Apply necessary pre-emergent herbicides as recommended by extension service.  The

herbicides prevent weed establishment by killing the weed as it germinates in the soil.  The
herbicides are crop and site-specific.

 
24. Plant the crop with commercial tractor-mounted farming equipment.  If a row crop such as

corn is the first crop planted, a conventional seed drill may be used.  If a broadcast-seeded
crop is used as the first crop, a tractor-mounted hurricane seeder/spreader will be used.
Plant seed at recommended agronomic rates to promote optimum stand establishment,
growth, and biomass yields.

 
25. Tend the crops by cultivation to destroy weeds, or alternately, apply post-emergent

herbicides recommended by extension service.  These herbicides are specific for location
and general class (broadleaf or grass) of weed.  Apply recommended fungicides as needed
during periods of excess rainfall when crops are susceptible to fungus infestation.  Apply
recommended insecticides specific for the insect pest, as needed.

 
26. Routinely inspect crops (especially early in the growing season) to evaluate any unusual

coloration or other symptoms which might indicate a fertilizer or mineral deficiency and use
a foliar application of chemicals to correct the deficiency before the crop growth is
significantly stunted.  Some common and most obvious symptoms to look for include purple
stems and leaves, which may indicate P deficiency; the yellow leaves, which may indicate N
deficiency; and the light-colored striping on leaves, which may indicate Fe or Zn deficiency.
Other symptoms include:  stunting, curled leaves, dead spots on leaves, or lacking other
obvious visual signs, a general difference in appearance from the total plant population.
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27. Commence pre-amendment sampling immediately before addition of soil amendments to
solubilize lead.  This will involve obtaining a limited number (12 per acre) of soil samples at
0- to 12-inch depth across the entire remediation area.  This sampling will be done only once
at the beginning of the project to establish background concentrations of COCs in soil before
adding soil amendments.  Thereafter, this sampling will not be necessary.

 
28. Add soil amendments.  The application should saturate the soil quickly, without exceeding

the infiltration rate of the soil, in order to reduce puddling and standing of solutions on the
soil surface or surface flow of solutions across the plot area.  Complete elimination of
surface movement will be difficult if the site is on a slope, since uniform infiltration will not
occur across the entire remediation area.  This is caused by differences in soil texture.  Areas
of higher clay content will exhibit slower infiltration and may be conducive to surface flow.
As a precaution, berms should be constructed around areas where reduced infiltration may
occur, particularly on slopes, to prevent runoff of amendments outside of the plot
boundaries.  However, the rapid rate is required to minimize damage to the plants by the
amendments.  Ideally the contamination will be no more than one-foot deep, and thus the
acetic acid and EDTA should be added to acidify the soil and solubilize lead to a depth of
one foot.

 
29. Allow sufficient time for maximum lead uptake by the crop and subsequent plant

senescence.  These time periods will allow sampling and harvest before the plants become
desiccated and brittle to the point where the tissue shatters with handling.  For example, if
corn and mustard are the remediation crops, this will be about four days for corn plants and
two days for mustard plants.  The time may vary with different plant species and the plants
should be monitored accordingly.

 
30. After the appropriate senescence period, conduct post-amendment addition plant sampling in

the same fashion as the pre-amendment sampling.  This sampling will be done to confirm the
effectiveness of the amendment application in stimulating adequate lead uptake by the
plants.  The amount of lead in the plant is the direct measure of the technology effectiveness.
The amount of plant tissue may also be used to calculate crop yields if an area of known size
is sampled and the area equated to the entire field.  The plant sampling will be done after
each crop.  This will be used to evaluate results and make necessary adjustments to “fine
tune” the technology for each specific area.  Conduct soil sampling at the end of three years
to estimate the amount of lead reduction that has occurred in the soil, keeping in mind that it
may be difficult to differentiate changes due to the inherent variability of lead concentrations
in the soil.  This will also provide ongoing monitoring of treatment effectiveness.  The time
required for remediation is based on the initial lead concentration in the soil and the
predicted and calculated amount of lead removed from the soil each year.  At the end of the
proposed remediation period, for instance five years, comprehensive soil sampling will again
be performed to evaluate the overall effectiveness of the program and to determine if
continuation of the remediation effort is warranted.

 
31. Harvest the crop with commercial harvesting equipment such as combines for larger areas

of one acre or more.  The harvested crop is spread in a suitable area, usually within the
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remediation area itself, and allowed to dry for 7-10 days, depending on ambient
temperature.  This will reduce the total weight taken to a smelter or landfill.

 
32. Transport the dried plant material to a smelter or landfill.  Obtain a dry weight for the entire

crop (yield) either by weighing on scales at the destination or by obtaining subsamples (4-6
standard size paper grocery bags of material), weighing the samples, drying at 150°F for
48 hours, and then re-weighing to determine the amount of moisture lost.

 
33. Perform a post-crop evaluation after each crop to determine the effectiveness of the

treatment regime at that particular site.  This evaluation will include a determination on the
quantity of biomass generated by each crop and comparing it with known quantities of
biomass from like crops grown in that region.  If there is a noticeable deviation in biomass
generated, then a detailed evaluation must be undertaken to understand the cause of the
problem.  Areas to be concerned about are incipient nutrient deficiencies which may not
manifest visible symptoms, yet which reduce yields; similar effects of incipient toxicities;
obvious toxicities caused by other contaminants, such as Be or Tl; insect infestations,
fungus infections; soil-borne pathogens, such as nematodes; under-fertilization or leaching
of added nutrients before being fully utilized by the crop; or the crop not tolerant of
conditions at the site.  It may be possible to substitute higher yielding varieties or silage-type
crops to increase biomass yield and to use crops which are more specific for the area.

 
34. The post-crop evaluation must also include an interpretation of the quantity of lead

removed per crop.  If the quantity of lead removed is below the planned quantity, then the
determination should be made as to whether the cause is related to the crop or the soil
system or to a previous amendment application.  If a crop was planted in an area where no
previous chelate application has been made, possible corrections to the plant system
include:  (1) investigate use of alternate plant varieties or alternate crops which have equal
capacity for lead uptake, but have a longer growing season and are higher yielding, and
(2) investigate use of shorter growing season crops which may produce less biomass, but
have greater capacity for lead uptake and then plant multiple crops.  If the problem is soil
related, then possibly adjusting the amendment rate to solubilize more lead may increase
uptake by the crop.  Lead plant uptake may be increased by using a faster delivery rate of
the chelate to maintain a saturated medium in the soil for passive diffusion of lead to the
plant root and to maintain the lead in the solution phase of the soil.  If amendments were
previously applied, possible remedies include deep-tilling soil to the depth of the liner or
underlying intact soil strata to bring any lead that may have moved downward due to a
previous chelate application back closer to the surface.  This will allow more extensive root
contact with soil lead.

35. Perform geostatistical analyses on soil sample data to re-map the area for lead concentrations
and to determine the reduction in soil lead.  This data may be used in conjunction with plant
lead data to form a more complete picture of removal rates.
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Section 9.0
Lessons Learned

Procedures and methodology that could be modified to improve the technology application are
as follows:

1. Do not rely on past historical documentation for site characterization.
 
2. Thoroughly investigate the site history, soil hydraulics, and groundwater data before

beginning.  Site history would reveal if alteration of normal soil characteristics had occurred
due to activities such as excavation, dumping and burial of debris, burning of wastes, and
introduction of varying soil types as fill material.  An accurate assessment of soil hydraulic
conductivity would allow a valid mass water balance that would take into account varying
soil texture, infiltration rates, and amounts of precipitation.  Existing groundwater data will
provide information about the concentration of contaminants in the groundwater prior to
phytoextraction.

 
3. Realize that an area having a shorter growing season may preclude the use of multiple crops

in a season.
 
4. Establish a strong and empathetic working relationship with the appropriate regulatory

authorities from the outset.  Freely provide information and accede to requests for additional
information.

 
5. Do not try to implement in situ phytoextraction as a sole remediation technology on areas of

heterogeneous waste, debris, and unknown contaminants.  Instead, limit implementation of
in situ to sites where lead is known to be in ionic form and sites which are homogeneous.

 
6. If a site is non-homogeneous and particulate lead will be a problem, use screening and

separation techniques to make the soil at the site as uniform as possible and to remove
particulate lead.

 
7. Install a leachate containment and collection system if soil properties are conducive to

leaching.
 
8. Determine plant available forms of lead and use as the basis for the amount of EDTA that

will be applied.
 
9. Consider sacrificing maximum lead uptake and extending the remediation period by using

minimal quantities of EDTA.  The nature of the chelate, the effect of carry-over EDTA on
subsequent crops, and the toxicity thresholds for plants have not been established, and the
mechanism for plant damage has not been determined.  Root damage may occur directly
from exposure to the chelate, and the electrolyte balance within the plant may be upset by
increased ion uptake due to the chelate.  These problems will have to be addressed and
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resolved before the true potential of the technology is realized.  This can only be done by
further bench-scale laboratory and greenhouse research.  Quite possibly, some of the second-
generation chelates recently approved for use in land systems may overcome these problems.
Although these chelates have weaker affinity for metals (and other nutrient cations), their
half-life in soil is much less.  Possibly, these chelates can be safely added in multiple
increments that do not harm plants and thus may prove useful in establishing a “chronic”
exposure to a given element rather than the “acute” dose with EDTA.  The reduced affinity
for other ions may also prevent overload of the ion uptake mechanism.  However, only
additional research can address these questions.

 
10. Investigate the use of second generation chelates.  According to representatives of BASF

Corporation (BASF Corporation, 3000 Continental Drive - North, Mount Olive, New Jersey
07828-1234) second generation derivatives of EDTA have several properties which may
make such chelates desirable for use in phytoextraction schemes.  Depending upon specific
circumstances, these chelates 1) may degrade more quickly and easily than EDTA;  2) have
less affinity for lead, which greatly decreases the potential for lead leaching; 3) may be less
toxic to plants; and 4) are comparable in unit cost.

 
11. If EDTA is used, consider soil amendments that will adsorb and limit potential migration of

EDTA.  Such amendments are iron-enriched municipal biosolids or poultry litter.  The
addition of organic matter will also stimulate microbial population growth and encourage
more rapid degradation of EDTA.

 
12. Consider addition of innocuous basic cation sources, such as calcium sulfate, calcium nitrate,

magnesium sulfate, etc., to complex with EDTA and displace and re-precipitate lead in soil to
limit potential lead leaching through soil.

 
13. Develop an analytical method to measure residual EDTA absorbed on soil.  This would be

EDTA sorbed onto soil in non water-soluble form which is not detectable by current
analytical methods, and which affect subsequent crop plantings.

 
14. Conduct agronomic operations with mechanized agricultural equipment to save on labor

costs.
 
15. Plan on using proven high-yielding, prolific rooting crop varieties, such as silage corn, and

maximize vegetative production by high rate use of fertilizers, particularly nitrogen.
 
16. Employ deep-tilling practices to return lead that has moved out of the root zone to the plant

rooting zone.
 
17. Instigate pest repellent measures (e.g., for birds) before the problem becomes too serious to

correct.
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18. Carefully consider the time frame for remediation.  Indications are that the time required for
remediation of appreciable amounts of lead from soil using phytoextraction will be
unrealistically long.
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Appendix A
Points of Contact

Ms. Darlene F. Bader-Lohn
USAEC Program Manager
U.S. Army Environmental Center
ATTN:  SFIM-AEC-ETD (Darlene F. Bader-Lohn)
5179 Hoadley Road
Aberdeen Proving Ground, MD  21010-5401
Telephone:  410 436-6861
Fax:  410 436-6836
Email:  Darlene.Bader-Lohn@aec.apgea.army.mil

Mr. Ronald A. Westmoreland
TVA Project Manager
Tennessee Valley Authority
Reservation Rd., CEB 4C
Muscle Shoals, AL  35661
Telephone:  256 386-2038
Fax:  256 386-3799
Email:  rawestmoreland@tva.gov

Mr. A. David Behel
Principal Investigator
Tennessee Valley Authority
Reservation Rd., CTR 1K
Muscle Shoals, AL  35661
Telephone:  256 386-2439
Fax:  256 386-2189
Email:  adbehel@tva.gov

Mr. Richard A. (Rick) Almond
TVA Program Manager
Tennessee Valley Authority
Reservation Rd., CEB 4C
Muscle Shoals, AL  35661
Telephone:  256 386-3030
Fax:  256 386-3799
Email:  raalmond@tva.gov



•

Dr. James R. Persoon
ATIC Program Manager
Alliant Techsystems Inc.
Twin Cities Army Ammunition Plant
4700 Highway 10, Suite F
Arden Hills, MN 55112
Telephone: 651 633-2301, ext. 1631
Fax: 651 633-7166
Email: Jim]ersoon@atk.com

Mr. Marty Stutz
Pollution Prevention and Environmental
Technology Division

Quality Assurance Officer
U.S. Army Environmental Center
ATIN: SFlM-AEC-ETT (Marty Stutz)
5179 Hoadley Road
Aberdeen Proving Ground, MD 21010-5401
Telephone: 410436-6856
Fax: 410 436-6836
Email: mstutz@aec.apgea.army.mil

Dr. William J. Rogers
TVA Quality Assurance Officer
Tennessee Valley Authority
Reservation Rd., CTR IK
Muscle Shoals, AL 35661
Telephone: 256386-3774
Fax: 256386-2189
Email: wjrogers@tva.gov

Dr. Paul A. Pier
Plant Physiologist
Tennessee Valley Authority
Reservation Rd., CEB 1C
Muscle Shoals, AL 35661
Telephone: 256 386-2789
Fax: 256386-2191
Email: papier@tva.gov
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Ms. Kristi Maitland
Sr. Environmental Engineer
Alliant Techsystems Inc.
Twin Cities Army Ammunition Plant
4700 Highway 10, Suite F
Arden Hills, MN 55112
Telephone:  651 633-2301, ext. 1636
Fax:  651 633-7166
Email:  Kristi_Maitland@atk.com

Mr. Michael R. Fix
Commander's Representative
Twin Cities Army Ammunition Plant
4700 Highway 10, Suite A
Arden Hills, MN 55112-6928
Telephone:  651 633-2301, ext. 1661
Fax:  651 633-2308
Email:  MFIX@ria.army.mil

Mr. Martin McCleery
Remedial Project Manager IRP
Twin Cities Army Ammunition Plant
4700 Highway 10, Suite A
Arden Hills, MN 55112-3928
Telephone:  651 633-2301, ext. 1651
Fax:  651 633-3129
Email:  mmccleer@ria-emh2.army.mil

Mr. Thomas Barounis
Remedial Project Manager
U.S. Environmental Protection Agency, Region V
77 West Jackson Blvd.
Chicago, Illinois  60604
Telephone:  312 353-5577
Fax:  312 353-8426
Email:  barounis.thomas@epamail.epa.gov



•

APPENDIXB
Data Arcbiving and Demonstration Plans

Copies of the project's Technology Demonstration Plan are available through the USAEC and
may be obtained by contacting the USAEC's library, telephone (410) 436-1239, at Aberdeen
Proving Ground, Maryland, or by writing to the following address:

Commander
U.S. Army Environmental Center
AnN: SFIM-AEC-RM (TIC, Ms. Julia Tracy)
5179 Hoadley Road
Aberdeen Proving Ground, Maryland 21010-5401

The Technology Demonstration Plan is entitled "Technology Demonstration Plan for
Phytoremediation of Lead·Con/aminated Soil at the Twin Cities Army Ammunition Plant"
USAEC Report No. SFIM-AEC-ET·98008; March 1998.

The project demonstration's raw data may be obtained through the USAEC by contacting
Ms. Darlene Bader-Lohn, telephone (410) 436-{j861, at Aberdeen Proving Ground, Maryland, or
by writing to the following address:

Commander
U.S. Army Environmental Center
AnN: SFIM-AEC-EID (Ms. Darlene F. Bader-Lohn)
5179 Hoadley Road
Aberdeen Proving Ground, Maryland 21010-5401

Records of experiments and analyses shall be maintained for a period of three years after the end
of the project. This shall include machine printouts of chromatogram traces, logbooks,
notebooks, logsheets, standard material use logs, and raw data calculation sheets. Records will
be accumulated and stored in a federal agency records center with access control, retrieval, and
fire protection, as described in 36 CFR 1228 Subpart K.

Due to the limited lifetime of magnetic computer storage media, critical records shall not be
stored in that fonn. Any computer media utilized to store analytical file backups shall be stored
for the lifetime of the project plus one year.
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APPENDIX C
Quality Assurance Plan

C.1  Purpose and Scope of the Plan
The purpose of the quality assurance plan was to establish processes to ensure that:

• Demonstration conditions and operations were planned, communicated, and documented.
• Sufficient measurements were made to assess the effectiveness of the treatment methods.
• Samples taken were representative of the conditions in the demonstration.
• Samples were delivered to the laboratory for analysis without deterioration.
• Samples were processed by the laboratory without deterioration prior to analysis.
• Measurement techniques were sufficiently specific to measure the target compounds.
• Data collected or generated were 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, nutrients, and soil characteristics.  Procedures for extraction and analysis of
EDTA were developed and tested for this project.

C.2  Quality Assurance Responsibilities
The attached organizational chart (Figure C-1) shows the TVA organizations providing support to
the project.

Responsibilities of the USAEC project team were as follows:

• • The USAEC Program Manager was responsible for ensuring that the USAEC and ESTCP
project and program goals were met.

 
Responsibilities of the TCAAP project team were as follows:
 
• The ATK Project Manager was responsible for overall direction of project field operations at

TCAAP.  These responsibilities included oversight and direction of staffing levels; process
design, procurement, construction, and maintenance; field process operations; ATK-directed
laboratory work; technical reports; preparation and presentation of technical papers; and
conducting tours and briefings.  The ATK Project Manager provided direction to ATK team
members to ensure that project goals were met, reports were delivered on schedule, and that
task schedules and costs were met.  The ATK Project Manager ensured that any variances
related to ATK areas or responsibility were adequately explained and was the primary
interface with TVA.

 
• The ATK Field Operations Staff provided assistance to the ATK Project Manager to assure

that ATK responsibilities were met.
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TVATechnical Manager
(David Behel)

TVA Project Manager
(Ron Westmoreland)

Technical Support
(Paul Pier)

Field  Staff

Analytical Laboratory

Analytical Laboratory Manager
(Tony Zarate)

TVA Quality Assurance Officer
(Bill Rogers)

TVA Program Manager
(Rick Almond)

ATK Field Operations
(Kristi Maitland)

ATK Project Manager
(Jim Persoon)

USAEC Program Manager
(Darlene Bader-Lohn)

  Figure C-1

 Project Organization Chart
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Responsibilities of the TVA project team were as follows:

• The TVA Program Manager was responsible for providing guidance to the project and
ensuring that program goals were met.  The TVA Program Manager was also responsible for
resolving any inconsistencies between USAEC, TCAAP, TVA, and ATK mission objectives
and those of the project.

 
• The TVA Project Manager was responsible for overall direction of the project and was

responsible for oversight and direction of staffing levels, process design, equipment
installation, maintenance, field process operations, technical reports, preparation and
presentation of technical papers, and conducting briefings of USAEC personnel.  The TVA
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 TVA Project Manager ensured that any variances were adequately explained.
 

• TVA’s Technical Manager was responsible for planning and implementing the details of the
field studies, including experimental design, field process operations, sampling,
documentation, maintaining data integrity, data interpretation, providing technical reports to
the TVA Project Manager, and preparation and presentation of technical papers.  The TVA
Technical Manager was available to assist the TVA Project Manager in conducting briefings
to Army personnel.  The TVA Technical Manager was also the primary interface with ATK
field support staff and provided technical direction for field activities.
 

• The TVA Field Staff reported to the TVA Technical Manager and was responsible for
providing assistance in various field tasks during TVA visits to the site.
 

• The TVA Analytical Laboratory in Muscle Shoals, Alabama, was responsible for providing
analytical measurements on soil, plant, and soil solution 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.  The laboratory was managed by the Analytical Laboratory
Manager.  The Analytical Laboratory Manager reported to the TVA Technical Manager and
was responsible for providing project analytical oversight and for final analytical data
integrity.

 
• Technical Support Staff provided technical assistance to the TVA Technical Manager in

experimental design, data interpretation, troubleshooting, and report writing.
 

• The TVA QA Officer was responsible for implementing the QA program and for auditing
actions and documentation to ensure adherence to this section.  The TVA QA Officer was
responsible for providing quarterly QC data reports to the TVA Project Manager.
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C.3  Quality Program Procedures and Documents
The Analytical Laboratory activities conducted during this project were carried out in
accordance with the laboratory’s Quality Assurance Manual which 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”

Laboratory analyses were conducted in accordance with written procedures.  Modifications to
procedures found to be necessary to perform the analyses required in this test plan were noted in
equipment operation logs or research notebooks until included in revisions to procedures.  Two
procedures were developed for this project:  AP-0047 “EDTA by High Performance Liquid
Chromatography” and AP-0057 “Extraction of EDTA from Soil.”

The various quality control samples associated with each analytical run were assessed at the time
the data were produced by both analytical staff members and the quality assurance officer.
Furthermore, project data from all runs were accumulated and assessed for reasonableness and
consistency by the researchers.  Consequently,  research and quality staff members feel that the
quality assurance objectives for the analytical measurement processes associated with this
project were met.

The experimental portion of this plan was performed in accordance with the project plan.  Data,
observations, experimental conditions, and minor modifications to planned activities were
recorded in research or field notebooks in a complete enough fashion that all actions, results, and
conclusions could be reconstructed.

Sampling was conducted in accordance with written work plans, procedures, or instructions to
ensure complete samples were taken at correct times and in a manner which did not invalidate
conclusions.  All actions in sampling were recorded in research or field notebooks or on forms
designed to ensure complete documentation of all experimental parameters.  Instructions were
provided for proper preservation of samples.
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C.4  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 specified 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.

C.5  Record Control
Records of analysis, records of calibration, research notebooks, chromatograms, 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.

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.

C.6  Data Quality Parameters

C.6.1  Accuracy and Precision
Percent recovery, relative percent difference, standard deviation, and other commonly used
statistical indicators of accuracy and precision were calculated as defined in Chapter 1 of SW-
846, 3rd Edition.

C.6.2  Method Detection Limit, Method, Quantitation Limit
Method Detection Limits were calculated as defined in Title 40, Code of Federal Regulations,
Part 136, Appendix A, "Definition and Procedure for the Determination of the Method
Detection Limit" - Revision 1.11.

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.

C.7  Calibration Procedures and Quality Control Checks
The precision and accuracy of new or revised analytical procedures were investigated before the
procedures were used for analysis of samples.
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C.7.1  Initial Calibration Procedures

C.7.1.1  Laboratory Instrumentation
The calibration frequencies and quality control tests required in SW-846 for HPLC methods
were used in the HPLC method for EDTA.  The calibration frequencies and quality control tests
required in SW-846 for metals analysis were used for ICP and AA methods.  Guidelines for
calibration frequencies and tests, as specified by the manufacturer, were used for flow injection
analyzer (FIA) methods.

C.8  Analytical Laboratory Calibration and Quality Control

C.8.1  General Quality Control Requirements
The project's analytical data were calculated on vendor-supplied software for the HPLC system,
FIA system, and ICP spectrophotometer.  These systems typically integrate sample signals,
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 as pH meters,
give direct readout or printout of analytical data.

C.8.2  Batch QC
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.

C.8.3  Quality Control Requirements for HPLC
Retention time windows were determined and the device was calibrated during development of
the procedure.  Five calibration standards were used.

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.

C.8.4  Quality Control for Automated Laboratory Instrumentation
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 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% limit was reanalyzed.
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For 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.

C.8.5  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 selected 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.  Spiking occurred prior to sample preparation and analysis.
 

• 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 is
also referred to as a laboratory control sample.

C.8.6  Data Reduction, Validation, and Reporting

C.8.6.1  Data Reduction
The project's analytical data were calculated on vendor-supplied software for the HPLC system,
FIA system, and ICP spectrophotometer.  These systems typically integrate sample signals,
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 as 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.

C.8.6.2  Data Validation
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.
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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.

C.8.6.3  Data Reporting
Analytical data were reported in units of milligrams per liter for liquid samples.  Solid sample
results were reported as milligrams per kilogram dry weight unless other units such as percent
were more appropriate.

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.

C.8.6.4  Corrective Action
Corrective action in accordance with the requirements of GLP-0005 was not identified in the
course of this project.

C.9  Performance and System Audits

C.9.1  Performance Audits
Analytical Laboratory participated in USEPA Water Pollution Studies twice yearly during this
project.  The Analytical Laboratory investigated any analyte falling outside control limits and
reported its 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.

C.9.2  On-Site System Audits
The Analytical Laboratory’s 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.

C.10  Quality Assurance Reports

C.10.1  Status Reports
TVA’s Project Manager provided periodic progress reports to USAEC which contained a
summary of accomplishments and a discussion of significant problems and their resolution.

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

• Changes in this QA project plan
• Changes in analytical procedures
• Summary of QC program results
• Summary of training
• Results of audits
• Results of performance sample evaluations
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• Data quality assessment in terms of precision, accuracy, and MDLs
• Discussion of whether QA objectives were met

C.11  Data Management and Analysis

C.11.1  Analytical Data
Analytical data packages for the project included:

• Sample description or identification information
• Sample analytical results
• Quality control sample results with surrogate recoveries and percent recovery of known

compounds

Sufficient data were maintained such that experimental and analytical results could be
reconstructed.

Records of all attempts at analysis 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

<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

C.12  Contract Laboratory
A contract laboratory was used on two instances in October and November 1998 to perform
arsenic analysis by ICP when an instrument failed at TVA.  The samples were prepared at TVA
with inclusion of laboratory duplicates, matrix spikes, method blanks, and laboratory control
samples.  The total number of samples involved was 104 for the first set and 95 in the second
set.  Response on the quality control samples was satisfactory.



Lead Phytoremediation Demonstration                                                           Twin Cities AAP

APPENDIX D
Methods and Procedures
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APPENDIX D-1
Analytical Procedure for pH:  Method ASA 12-2.6



Soil 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
pl·1 units apart.

2. Where avaibble, check the calibration with a third buffcr.

3. Prepare a slurry of soil and watcr in the ratio of 10.0 g to 10,0 m!.

4. Stir the slurry vigorously with a glass rod and place thc electrode into the slurry.
Allow the electrode to come to equilibrimn and measure thc pH.

5. Record infonnation about the calibration buffers (manufacturer, cxpiration date,
known value), the check bllffer and Its measurement, and sample measuremcnts.

References:

"pH, Method 150, I (Electromctric)," MelhodsJor Chemical Analysis oJ Water and
Wastes - Revised March 1983, U. S. EnviroJUnental Protection Agency, Cincinnati, OH,
PB84-128677.

"Glass Electrode - Calomel Electrode pH Meter Mcthod," Se<:tion 12-2.6 in Method",' oj
Sail Analysis, Part 2, Chemical and MierobiologicalProperties, Second Edition, A. L.
Page Editor, American Society of Agronomy, Inc. 1982
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APPENDIX D-2
Analytical Procedure for Total Organic Carbon (TOC):

Method ASA 29.3.5.2



Total Organic Carbon - Rapid Dichromate Oxidation Technique
ASA Method 29-3.5.2

Summary of Method

Organic carbon in soil is oxidized by reacting with potassium dichromate. The heat of
dilution of sulfuric acid in water provides heat for the reaction. Excess dichromate is
titrated with ferrous ion using o-phenanthroline as the indicator. The oxidation reaction 1S

as follows:

2 Cr,O,l. + 3 C + 16 H' ~ 4 Crl- + 3 CO, + 8 H,O

Reagents

I. I N Potassium Dichromate Solution. Dissolve 49.04 g of reagent-grade K,Cr,O,
(dried at 105°C) in water, and dilllle the solution to I liter in a volumetric flask.

2. Sulfuric Acid, concentrated (not less than 96%). If chloride is present in soil, add
silver sulfate at 15g11.

3. Q·Phenanthroline-ferrous complex, 0.025M. Dissolve 14.85 g ofo-phenanthroline
monohydrate and 6.95 g of ferrous sulfate heptahydrate in water. Dilute the solution to a
volume of 1,000mL (This complex is also available under the trade name ofFerrom)

4. 0.5 N Ferrous Sulfate solution. Dissolve 140 g of reagent-grade FeSO••7H20 m water.
Add 15 ml concentrated sulfuric acid. Cool the solution and dilute it to a volume of
I,OOOml. Standardize this rcagenl daily by titrating against 10.0 ml of IN potassium
dichromate.

0.5 N Ferrous Ammonium Sulfate Solution. Dissolve 196 g ofreagent-grade
(NH.),SO••FeS04.6H20 in water. and dilute it to a volume of 1,000m!. Standardize this
reagent daily by titrating against 10.0 ml of IN potassium dichromate.

ProcedUre

I. Grind the soil to pass through a 0.5-tmn sieve, avoiding iron or stccl mortars.

2. Transfer a weighed sample, containing 10 to 25 mg of organic C, but not in excess of
109 of soil, into a 500-ml wide-mouth flask.



Rcfm:ncc!!

·'Walkley·Black Procedure" Section 29·3.5.2 in Melhotb ofSoil Al1(1lysis. ParI 1.
CMmit:al and Microbialagical ProiNrties, Second Edition,. A. L- Page Editor. American
Society ofAgronomy, Inc. 1982
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APPENDIX D-3
Analytical Procedure for Total Kjeldahl Nitrogen (TKN):

Lachat Method



Quil,Chern METHOD 13-107-06-2-0

DETERiHINATION OF TOTAL KJELDAHL NITROGEN L'l SOILS
A?\'D PLA~TS BY FLOW L',,',JECTlON A...,\'ALYSIS

(Block Digestor i'\'felhod)

Written by David Diamond

Applications Group

Revision Date;

23 December 1996

ZELLWEGER ANALYTJCS, INC.
LACHAT INSTRUi\'IENTS DIVISION

6645 WEST MILL ROAD
.\'1lLWAUKEE, WI 53218-1239 USA



• zellweger analytics

Total Nitrogen in Kjeldahl Digests of Soils and
Plants

(Block Digestor Method)

1.0 to 100 mg N/L
0.03 10 2.50%N in Plant Tissue

0.01 to 1.25%;'1 in Soil

--Principle-.

Sar:lil,e5 are digested with sulfuric acid in -5 mL rubes in a bloc\.: digesler With I copper SlJl::l:e
catlJ\SI. the samples KieidahlllllTOgel1 IS convened [0 the ammolUum calIon. PoIUSlU~ wiiate IS
also added to Tal5e [~e boiijog Ierr:peramre of the digesllon and ;~d me con\Cl"SIon :0
anunonium The digest IS diluted 10 a final ~vlume of 50 mL ""th OJ water

ApprO'(lmalcly 0.06 mL of Ihe digested loample is Injected OntO the chermslry manifold where its
pH is controlled by raising it to a known, basic pH with a concentrated buffer This in-line
neutralization converts the ammolllum calion to ammonia. and also prevents undue influence oflne
sulfuric acid malnX on the pH_senSlllve color reaclion which follows

The ammonia thus produced i~ heated wilh salicylate and hypo<:hlorite to produce blue color wnich
is proportional to the ammonia concentration. The color is imensified by addi",!! so{lium
nitroprusside. The presence of lartrale :~ the buffer prevems precipitation of calcium and
magneSium,

--Special Appar.J.1US-~

Block Digestor i5 mL tubes eLachal PJ.,'"I:-1o ISflO-.«)()

3 Vorte:<: ~li:>[er

Wrltten.M coroTlg~led (C> by D, D..molld 28 D=mber 19'92. RcI-'lscd by A, We<tph.1len on 2) [)«ember 1996 bv
Zdlwegu An.I)'lies. Inc.• 66-4~ Well Mill Ro.d.l>lih,,"ukee. WI S3218·1 IJ9 USA. P~one, 414.:>58~nOO

FAX: ~ 1~·J58-l206. Thi$ d<xulnem ,s l~e property of ZdlwcSe' An.1J)'ucs. Inc, Unauthoriud coJl)'mg of this
d<Xumcnl 'I prQnibLted,
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QuikCbcm Mctbod 13-107-06-2-D

DETERMI~ATION OF TOTAL KJELDAHL NITROGEN BY fLOW
INJECTION ANALYSIS COLOlUMETRY

1. SCOPE AND APPLICATIO:\T

1.1. This method covers the determination of nitrogen in dried, ground plant or soil samples.
Since acid consumption during digestion IS proportional to organic matter come~l. highly
organic materials may require less sample If there is a doubt about the best sample weigin,
preliminary experiments should be run

1.3 The applicable range is 1.0 to 100 mg NIL The method detectior, limit is 1 0 r'lg Nfl
The method throughput is 72 injections per hour

2. INTERFERENCES

~,I Samples mllst nOt consume more than one fifth of the sulfuric acid during the digestion
The buffer will accomodate a range of 5,6 to 7% (v/v). H2S04 in the diluted cigestion

sample with no change in signal intensity

3. SAFETY

3 1, The toxicity or carcinogenicity of each reagent used in this method has not been fully
established. Each chemical should be regarded as a potential health hazard and exposure
should be as low as reasonably achievable Cautions are included for known eXlremeiv
hazardous materials

3.2. Each laborawry is responsible for maimaining a currem awareness file of the Occupational
Health and Safery ACt (OSHA) regulations regarding the safe handling of the chemicals
specified in this method, A reference file of Material Safety Data sheets QvlSDS) should be
made available to all persormel involved in the chemical analysis The preparalion of a
formal safcty plan IS also advisable

~,~ Alwavs wear a full face sllicld, gioves. and a lab coat when working with hot digest
samples

3 4 The followlng: chemicals have the pOlemial to be highly to",ic or hazardous, for detailed
explanauon consult the MSDS

34 I Sodium Hydrox.ide

3.4.1 Sulfuric Acid

3 ... 3 SOGlUm Nitroprusside

13·107·06·2·Dlpagc 3 nDec96!AMB



3 .... Sodium salicylatc

3 .. 5 Clorox bleach (S_15~/o sodium hypo<:h1ontc)

3 .. 6, Copper sulfate

3 .. 7, AmmOnium chloride

3 .. 8 Hydrodlloric acd

4. EQUIP~IENT A:'.'D SUPPLIES

.. I Balance·· analytical. capable of accurately weighing to the [IeaTe5f 0,0001 g.

..: .2 Glassware _. Class A voluffi<'tric llas.ks and Plpette5 or plastic containers as requIred
Sample5 may be stored in plastlc or glau

4 3 Flow inj~uon analysis equipment designed to deliver and react sample ana. reagentS in the
required order and ratios

.. 3 1. Autosampler

.jJ.2 Multichannel proponioning pump

43,3, Reaction unit or manifold

4,3 .. Colorimetric detector

4 ),5, Data syStem

.. .. Special Apparatus

.. 4 1 Heatir.g unit

44: Block DigestOrI75 mL tubes (l.ach.at Part No 1800.0(0)

4 .. ) Vonex Mixer
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I 5. REAGENTS AND STANTIARDS

5.1. PREPARATION OF REAGENTS

Use deionized water (IO megolun) for all solutions.

Degassing witb belium:

To prevent bubble fonnalion. degas all solutions except the standards with helium.
Use He at l"OkPu (20 Iblin:) through a helium degassing tube (Lachal Part No.
50100.) Bt.lbble He through the solution for one minute.

Reagent 1. Buffer

By Volume: [n alL volumetric flask dissolve 65 g sodium hydroxide (NaOH), 50.0 g

sodium potassium tartrale (potassium sodium taraate. d,I-NaKC,H,O,"H,O) and 26.8 g
sodium phosphate dibasic bcptahydratc (Na,HPO':7H,O), and 950 g wuter. Dilute to
the mark and ioven [0 mix. Slir or shake until dissolved.

By Weighl: To a tared 1 L container add 65 g sodium hydroxide (NaOH), 50.0 g
sodium potassium tartrate (potassium sodium tartrate. d, l-NaKC,H,O.·H,O), 26.8 g
sodium phosphate dihasic hcptahydrate (Na,HPO,·7H,O), and 950 g DJ water. Stir or
shake until dissolved.

Reagent 2. Salicylate Nitroprusside

By Volume: To a lared 1 l volumelrie flask dissolve 150.0 g sudium salicylate
[salicylic acid sodium sall. C,H.{OH}(COO)Na]. 1.00 g sodium nilroprusside [sodium
nitroferricyanide dihydrate. Na,Fe(CN"),NO·2H,Ol and about 800 mL DJ water. Dilule 10
lhe mark and inverlto mIx. Store in a dark bottle and prepare fresh monthly

By Weighl: To a tared I L dark cuntaincr. add 150.0 g sodium 'salicylatc (salicylic
acid sodium salt C"H.(OH)(COO)Na], 1.00 g lodium nitroprussidc (sodium
nitroferrieyanide dihydrate. Na,Fe(CN),NO·2H,ol and 908 g watcr. Slir Or shake until
dissolved. Store in a dark bOllle and prepare fresh mombly.

Reagent 3. Hypuchlorile Solution (0.3% NaOel)

By Volume: In a I L volumetric flask. dilule 60.0 roL Regular C1oro:l Bleaeh (5.25%
sodium hypoehlorite. The Clorox Company, Oakland, CA) to !he mark wi!h DI water.
lnvento mix. Prepare fresh daily

By Weight: To a tarcd 1 L container. add 6-t g ufRegular Cloru) Bleach (5.25%
sodlUm hvpochlorite. The Clorox Company, Oakland. CAl and 936 g DJ water. Shake to
mix. Prepare fresh daily
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Re:lgent 4. :'o1:ltri.l Blank/DiluentIDigestion Solution

-,"OTE: Prepare three liters oithis solu\lon

By Volume: In a I L "olumeu;c nuk. add appro:limatdy 700 mL 01 wiler, then add
·0 mL concentr:lled suJruric :I<:id (H:SO.) Add 30 g pot:luium sulrate (KzSO.).
.\dd 2.5 g upper sulfate (CuSO.5H:0) and dilute to the marie: with DI Waler :\lilt

"ith a magneuc surrer and allow the solution to cool Dilute to the marie: "";lh 01 water
after the solution has cooled_ Prepare fresh monthly

By Weight: In a tucd 1 L conilliner. Idd 915 g 01 wale... Iht:ll add 128.1 g
concentrated sulfuric acid (H1SO.). Add 30 g polassium sulfate (K:50.) Add 2.5 g
copper sulf31e (Cu50,·5H,o) Mix ";Ih a magnt:lic Slirrer. or I~ven to lIIlX. and allow
the solution to cool Prepare fresh monthly

5.2. PR[PARATIO.... OF ST.·\.'iDARDS

Siandard I. Stock Standud 1000 mg NfL

By Volume In a I L volumetric 11:l.5k dissolve 4.716 g ammonium sulfate (Ni-L):SO.
pnmary standard in about 800 mL 01 wMer Dilute to Ihe mark with 01 water and
invert 10 mix.

Stand;lrd 2. Working Stock Standard 100 mg :"/L

B~' Volume In aiL volumetric nask, add 100.0 mL Standard l, 30 g potassium
sulfate (K:SO,). 2.5 g copper sulfate (Cu50..5H:O), and -0 mL sulfuric acid
(H:SO.) Dilute to the mark wllh Dl water Invert to milt

\\ orkio; Stalldanh (Prepare DaLly)

C~nlnuon mg :-':'-1.

,
'00

,
~sO

c

""
,
'", v., --

Volwne (mL}of ..ori;iog stock '" -50 "" 25,0 "otaodard 2 <htOI<d 10 lOll cl. "ub I"""" '
B W' b, ~ ,
WelJb!l&lof ..ock .uodard 2 '00 -50 "" :5.0 "dlluted 10 final M'gtu (-100!l
mulupbed~' buor below "'Uh
~gcnl ~

O"i.ioft Faclor '00 075 ,~

I
02j ,

),.-Iulllply t:..ue1 ,,<:,ght of Ih<: 5landatd
",. WI ractOr to JI'<: final "'t.ght ,
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G. SAMPLE COLLECTIO\'. PRESERVATlON AND STORAGE

6.1. Plant and soil samples "are dried overrught at a lCmperature less than 100°C. The dried soil
is then ground to pass a 20 mesh screen and plant tissue is ground to pass a ~O mesh
screen If this fineness of grind is not achieved. samples may nOI be homogenous. To verify
homogeneity. several of each sarr.ple should be digested. Digests may be covered tightly
and stored for one week

i. PROCEDURE

i.!. DIGESTION PROCEDURE

'\'OTE; Calibration is perfonned using standardSln the digesl matrix. t,e ,>lOT digested
Standards are not digested but are instead synthetic solutions of ammonium-n;trogen prepared in
the digest matrix Instructions for preparing standards in the lligest matrix are given in sec:ion 5 of
this melhod

CA CTlON: Always wear safety goggles, a complete face shield, a labcoat. and ac;e resistant
rubber gloves when carrying out the following procedure. It >5 also important to follow the safety
procedures described in the block digestor manual.

i ] 1 Slnce standards are nOt carried through the digestion procedure. a sample with
known eoncemration of lotal nitrogen should be included \\-nh eacn digeSlion sel 10
verify complete digestion

i.1.2 Start with a clean. dry set of digestion tubes To each tube, add 0 2 g of plam
tissue or 0.4 g of soil. If weighing papers are used, a blank should be earned
through the digestion and the sample results should be corrected for Ihe blank, If
the complele sel of lubes is nOI being used, remove the empty tubes prior to
digestton

i 1 3 To each lube add LSO g ofpOlassium sulfale (K,SO,) and 0,125 g of copper sulfate
Pentahydrate (CuSO, 5H,0) This can be accomplished by adding a commerciaHy
available salt catalyst mixmre in tablet fOnTI. (Available ftom SCT Sales, Inc,
Littleton, CO, (303-i30.0084, ca: no, KC-Cl)

7 14 Add 2-4 boiling SlOnes to each tube. Hengar (Alundum) granules are effective for
smooth boiling They are available from Fisher Scientific, car. no. S14 S· 500.

i I 5 To each mbe add 3 5 mL of concen:rated sulfuric acid (H,SO,) This is efficiently
accomplished using an actd reslstant reptpet device (EM SCIence, 108033-1)

7 1.6. Place tubes in block digestor wmch has been preheared to 160°C. On the block
digestor controller. set Temp I to 390°C and Time 1 to 180 mJnUles, If the block
lemperature is greater than 180°(, cool lhe block before inserting lubes. Ifusing
the bchal BD·46 or BO-26, the emire digestion can be done with cold fingers in
place

g; Imethod,',kj edah!\13 10762d.do<: I;· 107-06.2.Dlpage 7 2;Dec96IAMB



3. Add 10 ml of IN K,Cr,O, with a volumetric pipette. Swirl the flask gently to disperse
the soil in the solution,

4. Rapidly add 20 ml conccntrated sulfuric acid, directing the stream mto the suspension,
Immediately swirl the flask gently until soil and reagents are mixed. then mOre
vigorously for a total of 1 minUlc,

5, Allow the flask to stand on a heat-impervious surface for about 30 minUles.

6, Add 200 ml water to the flask, and filter the suspension if experience with the
particular soil shows that the endpoint of the titration cannot be otherwise be clearly
discerned.

7, Add three drops o-phcnanthroline indicator and tinlle the solUlion with 0.5N FeSO.
As the endpoint is approached, the solUlion takes on a greenish cast and then change~ to a
dark green. At this point, add the ferrous sulfate solution drop by drop until the color
changcs sharply to blue to red (maroon m refJe;;ted light against a white background.)

R. To standardize the dichromate, make a blan! determination without soil.

9. Repeat the determination with less soil if grcater than 75% of the dichromate is
redu~cd

10. Calculate the re~ults as follows:

Organic C % =(meq K,Cr,O, - meq FeSO,)(0.003)(100)(1.30)/(g water-free soil)

~IO.O - meq Fe SO,)(0,003)(IOO)(1.30)/(g water-free soil}

Note: 1.30 is an empirically obtained correction factor,

11. Calculate the nomJality of the ferrous sulfate solution as follows:

Normality = 10/(vol)
whcre vol is the volume of ferrous ion solution required to titrate 10.0 ml 1 N K,Cr,O,.

Note: Ferrous ammonium sulfate may be substituted for ferrous sulfate in this procedure



7 I 7, Continue to digest for three hours, During the lirst two hours the temperature will
ramp to 390°C and then during the third hour the temperature should hold at
390---f- 5°C. It IS critical that the digestion's remam at 390°C for one full hour.

7,1,8 Remove the samples from the block and allow about 10 minutes for cooling.

71.9 Add 46,5 mL of 01 Water to each tube. Carefully vortex to mix, poiming the tube
away ,n case of splashing, The iinai volume should be 50 mL.

7 I 10 If digests are not run inunediately they should be covered with Paraiilm or capped
tighrly.

7.2. SYSTEM START-UP AND CALIDR-\T10N PROCEDURE

7,2,1.

7,2.2.

-, I ,_.~

7,2...

-; 2 5

7,2,6

7,2.7

Prepare reagent and standards as described in section 5

Set up manifold as shown In section 11 1

Input peak limIng and integration wLndow parameters as specified irrsection II.

Pump Dl water through all reagent lines and check for leaks and smooth flow.
Switch to reagents and allow the svstem to equilibrare until a stable baseline is
achieved

Place standards in the aUlosampler. and fLiI the sample trav l~pU! the infor:nation
requited by data system. such as concentration, replicates and QC scheme

Calibrate the instrument bv injecting the standards, The data system will then
assOCIate the concentrations with responses for each standard

After a stable baseline has been obtained, start the sampkr and perform analvsis

g;""ethoo,\kjedahlll J l0762d,doc !J_I07-06.2_D/pJg<: 8 23Do<:%lAMB



7.3. SYSTEM NOTES

7 3.1 .-\llow at leasl I5 minutes for the healing unit lO warm up to 60°C

7,3.2 upon syslem start up it is crucial to establish good flow before the salicylate
reagent is added If the salicylale reagent merges wilh the acid sample prior 10

neutralization, il will precipitate, .-\lways add the salicylate reagent last, When in
COUbl, check thal the 110wcell waste stream is alkaline (with litmus paper) before
adding thal salicylme reagenL

7,33 If basline drifts, peaks are lOO wide, or other problems with precision arise, clean
lh~ lIlii,ufulJ by th~ fulluwilJ!j pIU~~JU'~.

Place all reagent lransmission lines in water and pump to dear reagents (2·5
minUles)

Place reagent lines and carrier in a I N hydrochloric acid (\ volu'1te ofHCl added
to II volumes of water) and pump for several minutes

Place all transmiS510n lines m water and pump for 5everal minules

Resume pumping reagents.

At the end of the run place all transmission lines excepl the buffer in water and
flush system for twO nunutes. Place buffer transmission in water, flush system, then
pump all lines dry

7.3.4 In normal operation nitroprusside gives a yellow background color which combines
with the blue indosalicylate to give an emerald green color This is the normal color
of the solution in the waste container

7 3 5 With most block digesters, about 3% of the original concentration of sulfuric acid is
lost during digestion. However, large variations in residual acid concentration will
result in poor accuracy and abnormal peak shapes.

7,3,6 Oigestion efficiency may be better wiln a mercury catalyst

7.3.7. The percent nitrogen can be calculmed by lhe fonnula'

0,,"1" [(VoAV5) x COlflO.OOO

where'
VO" TOlal digest volume (mL), Default = 50 mL

WS" Weighl of sample (g), Oefaull = 0.2 g (Plant), 0.4 g (Soil)

CO" Concentration in the digest (mg NIL)

g;\rnelhod.U<jedohI1l3 10762ddoc 1>107-{)6·2·D/page 9 23Dec%lAMB



8. DATA ANALYSIS AND C\LCULATIOi';S

S.I Calibration is done by injecting: standards, The data system will .ne prepare a calibration
curle by ploning response versus 5tandard concentrallon. Sampl~ concentration is
calculated from the r~gre551on ~quation.

8 2 Report onJy those values that fall between the low~st and highe5t calibration standards.
Samples exceeding the high~st standard should be diluted with matrix blank and
reanalyzed

8 3 Report results in % nitrogen

9. :VIETHOD PERFORMANCE

9,1 The method suPPOrt data are presented in sectton 11 This data was generated according
to Lachal Work Instruction 101002. Procedure for Generaling 1I,lelhod Support Data on
Ine QuikChem 8000

10. REFERENCES

10,1 Lachatlnstrumenls Inc., QwkChem lvlelnod 13·107-06-2-0 wrinen by David Diamond on
28 Dec 1992

102. Corre5pondence. Allen Doyle. UniverSily of Alaska, Fairbanks. Institule for luetic Biology,
4120/92.

10,3 Jones. N,M and H.D, Bradshaw. Copper. An Al!emative 10 /vlereury; more effective than
zirconium in Kjeldahl DigeSlion of Ecological material Communications in Soil and Plant
Analy5is, 20: 1513-1524, 1989

lOA Kaltra, Y.P, and D,G. :>laynard, .'vlerhods Manual for FOreSl Soil and Planl ."uJalysis.
Information Repon NOR-X-39, Foreslry Canada, Ontario Canada. 1991.
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I!. TABLE. DIAGR./\MS. FLOWCHARTS..-\ND V.--\LIDATIOi\' DATA

11.1. TOTAL KJELDAHL :'\'ITROGEN i\L-\NIFOLD DL-\GRAM

2UMP FLOW

Pea,," RJ..,S"
S;e"n

n\,?ochlonte r.ow«u
orange·ye!low

SaJievlat" - N,l:"OurusSlce N"'~~~ 60·
urange . wrule V

Duffee

~~
~

wasreu
DI Watee

orange-wh:te

T -
CARRIER 2 }

oeange-Wl1lle , JOOl.->,SAMPLS
to po:'! 6 of r.~>:l ,..aJV"W",r. 6 j or waSle

Sa:"pl" LUOF" Mlcroloop I~.:~~ie,~nc" F~t"''' 660 mn

CARRIER is Dl Water.

\lanifold tubing is 0.5 mm (0.022 in) i.d. This is 2.5 UUClll.

70 em of lUbing on a 4 5 em coil support

-\1'1'.'\ RATUS: An injection valve, a lO mm palh length flow cell, and a colorimeter detector

module are required. The~ shows 650 em oflUbing wrapped around the heater block at
the speeiJ'ied temperature.

Note 1; 200 em baek pressure loop, 0 5 mm (0.022 in) ,d. tubing

g:lmethod,IJ'J<doh111J I0762d,doo: lJ-JOi-06_1_D/page tl 23Dec961A.\-!B



11.2. DATA SYSTE:\[ PAR-\METERS FOR QUlKCllEiH 8000

The tlffiJng values listed below are approximate and will need to be optimized uSing
graphical events programming.

Sample throughput. 72 sampleS/h, 50 slsample

Pump Speed' 35

Cycle Period, SO

Analyte Data:

Concentration Units

Peak Base Width:

% Width Tolerance:

Threshold:

Inject to Peak Stan'

ChemistrY'

Calibration Data:

Level I 1

Concentration m~ NIL I 100

Cahtlrauon Fn Type.

Calibralion Rep.Handling

Weighting Method'

Concentration Scaling:

Force Throwgh Zero.

Sampler Timing:

l\'tin Probe 111 Wash Period

Probe in Sample Period'

Valve Timing:

Load Time'

Load Period:

Inject Period:

mgNIL

17.2 s
100

21,000

45 s

Direct

2 3 4
750 50.0 25,0

2nd Order PolvnoffiJaJ

Average

None

None

No

5 ;

30 s

0,05

20 s

30 s

5

000

23DWJ6IAMB



11.3. SUPPORT DATA FOR Q()IKCU£.\18000

Cahbratlon Dala for Total Kjeldahl ;"Itrogen
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Acq. D:!.'." 0) De<=ber 1996

Calibration Graph and Slatistics

L<~I - "'! ,,11 "'=-' Rophc,..~D .. mocI""j

_n~39!91 ". w, ., •.,
.

IS~69tri(, -~o ." " _I :;
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•
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•
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,-w__

~-...e- . -) ~73e-4:6A1u' • 9.1CQe.037 ArM. (2!!!e.Q3I
",. 0.9S!1
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VUlJVJ'u\J ~ •,
•

, • • • • • •• • • • , • ,• • • • •, , , , •• , • , , , , ,, , , • •, , • • ,, , , , , 0 ,• • • ,
• , , , , , , , , , I.0

- - - .• - -...-
PrecISion d:II, for tot,l kjeldahl ninogen usmg 50.0 ong Nil slandard
%II.SD·O,~6

Sto.ndotd Dc",""o" (s) -0 2Jl. Me," (x)· ;0.9 myL, Kno,," ,.,1",,· lO.O mJI'L
D.", F,I< rwno % ll0Jp2.fdl
"',q. Date: OJ Dt«mb<r \996

.. ,~ ...~_.- '~M_ .

•

1• • • • • • , • • •• • • • • • • • • •r , , · r r , , , ,•
• ; , 0

~ ! • ! i 0

• • , i ,, , , , , , , , • ,•
•• - - . - --P~$tOn d3ta!'of loW kJeld¥ll ruuogen =ng 15.0..., Nils~d

'foRSD_'.ll
Standard De>uuon (1)·0,027. Me;m (x) - ~~ 20. Known ..I""· HOlllJlL
Da.. fIle ....... 96120Jml.fdl
Acq. 0>,., 03 December 1996
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C~.r SlUd~ 100 mgIL ll~~d:"d followed by 3 blanks
(:",:"'0"" P, ...d
D.lI. Fjle lWtl< ~j 1203rl.£<11
A<q. DOl.: OJ December 1!f96
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.... PPL[ L[AYES: NalionallllStiu.Ile of Standards and Technology Certified Standard

'- ...._- ._-• .

I
1

•

11 \II I
I

•

•
0 •

• j j •j j , • j i j j • i 1 , j , • j , ", ,
• • 1 1 , • 1 1 1 1 1 1 1 , • , 1 • 1 ,, • ,
• , • • • • • • , , • • , • •• • , • • • • • • , • • • • • • •• • • • • · • • • , , • • • • • •• • • • • • · • • • • • • •• • • • • • • • • • • • • • • • •• • • • • • • • • • • • • • • • • • • •
0 • 0 • • • • • • • • • • • • • • • • •

1 • • • I • , • • I I • I I I • , • I , • "0 0 0 • , 0 , , , I I• • • • • • • • • • • • • • • • •• • • • l • • J J • • • • J • • • • • •• " • • " " " " • • " " " ", !
~ j

, , • • ! J ! • ! ,
1 • • I , •• • • ,

I
, • , • , Jl I • I , • , • • , , • • , •• • • • • • •

- ,. • •• ,. - - - - ~..-
Tm digested s.>mplcs ofl'lST o:m."ied apple 1e:..>"CS. ron on duph= Each duphca,c pair repr=us a
sepa=e ,,-e.giwlg and dtgnuon.
Oital;"n %RSO - I.;j.(j. n - 10
;"!=n)- :_09%N.Sl2Ddor<lo.-{I.'· OC:9J, """"'" Vo!:o< • :w I '" N
::.w:i<~ 96I::OSLl f<!I
Aoq. <!ate: ) Ik=bn- 1996

IMean conc. or 2 Mean conc. of 2 Recovcry
Tube Number nBS (m9 NfL) (cns (~. 1") (*/0\, '" I 2.0S ...

2 I 86.0 I l.ll I 9l.S

3 ." 2 13 92.0, sn I 208 8O.
S I ·S I S I >0. ."• SS ~ 209 I 80.
• 5S 2 2 10 80. ,

• ." :: 10 ." ,
I

, •s> :: 12 ". I
lO '" '" ." I
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CITRUS 1.['\YES: Nallonallnsmute of Standards and Technology Ce:1ilied Standard

,---- ._.-

• r

.,
• •,

I !
,

• ,,, ,,, ,
•, ,
• ••
I i• •

,.- -
One digested s:Illlple of NIST cemfied emus lelves. run 111 duplic.lte
.\le"n (~) = 2,63 %N, Known Value = 2.86 % N, SI.lIld.:ird DeVl"uon (s)· 0.0129
D.t:llil. N"",.: %120S": JU'
.~,~ do,", 'D«.",bo, I~
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four dlgeued samples of eo", lc",'c,. run In dup!<c:lte E~ch duphc1I1e p:... represents" scparil1e welghl11g
:md dlgesllon
Diges1ion "/. RSD· 3.03. n" 4
"-'1<2/1 (,) •• 48 ... 1-1. SI.>Ildor-d ~""" (I' .. D.II's.:. Known Valuoe· 2.71 ... N
0.",-,.1< Name: 9lI1l011l f~
Acq. <!olo: j 0«"- 1996

•
Mun Cont_ or ;\Iun.~~\~r Reco~ry

Tub<: "umber , (m" NIL) 2..., s "AoN I",,)
I 1I.U 233 I 177, ." 2 49 , '",

''" 2 5~ 936 I, 91 :: ~ 53 935 I

13_107.06.2_0Ip38< 18 2JOec:%JAMB



ERA SLeDGE._....,.-- ,--
-

I'
, ~• '--'•,

•
• j , " i , •• ,

1 1 •• • 1 ,
• • € , ,
" • ! • • •
0 • " • •• • • •• 8 " • •• " " • •• • • •, • • • • •• • I • • • r, ,

I
,

J• • •• • ., •< < • < < <• • • , , •• • • • • •
,- .- - - - --

rnne digested samples oi ERA' SI\ldge. run In d\lpllc31c Each dupllcatC pan represenlS J scparate
welglung and digestion,
Oi::e5lion %RSO - 1.41, n ~ J
M""" (~l - ~,n ~ N, Stan4ard 0.....'100 (_l- 0 0673. Known Vol"" _ 4, 71 ~ N.
Ac«plabl< ""'JI' • ) 0" • 6 46 % N
Dwofilc N"""" 96110!$2.f<!I
,I,<:q d.a:<': 5 Drc....brr 1996

)Ie"" e-. vll ,'\Ie"" e-c-...~ l \\'Ibia ~l:Ibl<:
Tgb<: ....U ...btT " .(. NIL) .f% 1'0 R"o fll,1, IOU n, V., 93 ~ ~,8J V.

I ; I 97.2 I ~ 77 V" I

• Environmcnl.1 Rcsoun:c Associatcs. Arnd. Color.uo. 303..H 1·8~S4. COI,log no. 5~5. 101. no. 23016
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PR~IARY STANDARDS

'-'-~-- ._-

\ I ~\\ uWJAJl '~'\JIj\jU
I I , , I I I

•r • • r 1 1 I , , I I I, ,
• , • , , • 1 1 , 1 r 1, • ,• • , , •• • • • , • , •• , , • , , • • ; •• ; • • l •

• • • • •
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,
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I I j • I
, • ! i • • • • , •J

• • • ,
J • • • • • • •• , , • • • • I 1 • , , -.• • • , • I

,, • • j l I j• • • • j , j l I • 1I I I
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i I
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• • • • •1 ,
! • ,

I I •
! I I I

, I I I • l
,

• , I I ! • i ! -! i -• , , •

- - - .--
111:« setS ofdigested p~"'.~ ron In duphc!e. E;.<;h d!.>pltc;au: pa.!r=~~ scpan:~

"e1pg;tnd. dtgeSUOn_
Doowilt~ 96120'~ f<:l
""'" ...... S Dcc=i>r< 1996

KIlo" n ~:~due ~::~~..~~) S'~ndutl I l>igeltion ".
Prim~,"" St3nd~rd "" %, Dcvialion (,I RSD.n-)

AmmonIUm loluene,ulfonate '7 ~O I ,.2; O.IH I '"NicoulUC ac,d I ." '''' 023-1 '"Glvclnc _Iolucnclulfonmc I H7 5.56 0.180 I ;12-l
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UNKNOWN SOil. SA;\IPLE
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• ••• •• •• •!
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, •• • •

• • ,
• •

0 • ••• • •• • ••• , ,
• • •• • !J •,

• •, , ,

•

Six unkno"" so,l samples. d,ge't.d uSing differem St:ll1lng ,,"eights 0 1. 0.2. and Q -./ ~. :'Un in dup],ea!"
Ea,1I duplicate pair repl"<'sents a separate we,ghlng and d,geslloo Resuhs silo,,, a dlgeS\100 pre<:llIon of
5 9l % The deterTIUned concemrat:on is mdependem ofS:lrllpk= ,,"e,ght from Q 1 to 0 -./ g
Digestion ~.RSD - 5.91, n ~ 6
,v,..,. (xl· 0 143 ~ N. SW>dard 0..,.""" (I)· 0 Ol~

n...,ilc Na:n<: 9611Ols2.i'dt
Ac<l. <!ole' S Do«:nlb<:t 1996

Sample WeiCht )leaJI (one. ~f,~ Mean (Dn('",~f2

T..btc N..m~r II (m NfL (%~

• • " ". 02~ ,
2 I 0.2 979 O.2~ Il " I IS r, I O.H

• " '" '" I, 02 ". ,,- I.,
i 6 O' I .", DB
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Ai\I:IolOXTUM SULFATE R.E:COVERY

•
•,
•

,------ ,--
f\ 1\ f\ f\

\ \

j j j I
1 1 1 1
• • I• •• • •• • •• • • •• • •• • • •• • • •, • I ,
• • •
I

,
I III 1 •

~ - ,. .---
Two dl~tcdSiUtlplcs ofpn.nwy surnbrd ;unmoruum sulfate. run 1II duphc;lIe. Each dup~au: pair
rql~lS a scpar3lC waps a:1d digcsuon
Oigution % RSD - 0.91. n-1
MtaII(1)- ZO.n%N. s' ' d~{'J· 0.199, "-" Va.""'· !U:6%N
~lcl'-= 9612OSU.fdl
Ioal- 4oIc; S{k=b<T 1996

i\1~ (~oo<. of 1 MtlJl .C{~OC. of 2 Re;:;;':ry
Tube Number .... ",NIL) rel%N), SS 7~ lO,H '", 8$41 2073 975

2lDec961AME I



DIGESTIOC'IlLANF-:S

-"'-""""'''"'=~-~'-,"''"-~'--------------------------~,,,- 4.
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• •

, , , , , , , , ,
• • • • • • • • • •• • • • • • r • ••, , , , , , , ,, , • • .. .. , • ,

• .. • • 0 •• , • • • • • , • •• • • • •• , 0 , , • , , , ,
• ~ , , , , , , ,; • ,
• • • • • • • • • •
J " " , 1 1

.. " 1 1 I"• , J, , , ,
• • • • • • • • •

.,,, ... .." .- .." .- "" '. m •,......
Five d,geS!lon blanks conl~m1ng thc ",clghmg p~pc" coppe' !ulble. pOl~",um \ulf~le. and sulfunc ~cLd

onj~. <ilsc51cd and run In duplic~te Each duplic~le pa" ,epresents :I sepa':I'e digest,on All 'CSUllS arc less
than I ms NIL
o"wile NmIc. 961205,Hd'
.0."'1 <!aI<' l Dt«rnbcr 1996
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APPENDIX D-4
Preparation Procedure for Exchangeable P:  Method ASA 24-5.2



Preparation Proetdu~ for EllChaogeable P

ASA 24-5.2

Phosphorus Soluble in Dilute Hydl'l)l;hloric Acid and Sulfuril: Aeid
M

MdlJich I (North Carolina Double Aeid) P Detcnnirwion in Soil

Reagents:

I. E:ctraetion Solution: Add 12 ml ofOOllCentrated H:S0. and 73 ml of concentrated
HellO approximately 15 liters of deionized waler. Make 10 18 lilers. This solution is
approximately 0.05 N IICland 0.025 N HzSO•. Smaller quantities may be made in
the same ratio.

Procedure:

1. Weigh 12.5 g of soil to a 125-ml Erlenmeyer flask.

2. Add 50.0 ml of extracting solution.

3. Shake on oscillating shaker at 180 oscillations per minute for exactly 5 minutes.

4. Filter through Whalrnan 42 filter paper into a SO-ml Erlenmc)'cr nask.

5. Submit the filtrates for analysis by inductively eoupled plasma (ICP), atomic
absorption, or sp:ctrometric methods.

References:

"Phospborus Soluble in Dilute H)'drochloric Aeid and Sulfuric Acid," Section 24-5.2 in
Me/hods olSoif Analysis, Pan 1, CIKmicol ond Mit:TObioiogirot Proprrtiu, Second
Edition. A. L. Page Editor, American Society ofAgmnomy, lot:. 1982



Lead Phytoremediation Demonstration                D-5                                     Twin Cities AAP

APPENDIX D-5
Preparation Procedure for Exchangeable K, Ca, and Mg:

Method ASA 9-3.1



Determillatioll of Exchangeable Cations ill Soils Without Dctennillillg Total CEC
Ammonium Acetate Extraction

ASA 9-3.1

Rcagcnt:

I. IN Ammonium Acctatc _Dissolve 231.34 g of reagent grade ammonium acetate in 2
liters of deionized water. Make to a 3 liter volume. Place beaker on a stirrer, insert
electrodes in the solution and adjust pH to 7.0 with cOllcentrated ammonium
hydroxide or glacial acetic acid. For an 18 liter volume dis>olve 1388.04 g of
ammonium acetate, (Other volumes may be made]l) the same ratio,)

Procedure:

Weigh 5 g of wiI (-2 mm, which is -9 mesh) into 125 ml Erlenmeyer flask.

2 Add 50 ml of IN ammonium acetate, shake for 30 minutes on oscillating shaker On
low setting (180/min)

3. Let stand at least 6 hours, preferably overnight, occasionally swirling the flasks.

4. Filter through \Vhatrnan 40 filter paper into 50 ml Erleruneyer flask.

5. Submit the filtrates for analysis by inductively coupled plasma (lCP) or atomic
absorption,

6. Convert soil ppm to centimols (cmol) per kg (report to a hundredth of a cmol).

Examples:

Cation
C,
Mg
K
Mo

References:

Divide soil ppm by
400
242

]91

549

"Replacement of Exchangeable Cations, Ammonium Acetate Method" Seetion 9-3.1 in
Methods ofSoil Analy.lis. Pari 2. Chemical and Microbiological
Properties, Sccond Edition, A. L. Page Editor, American Society of
Agronomy, Inc. 1982
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APPENDIX D-6
Preparation Procedure for Exchangeable Al:  Method ASA 9-4.2



Euhangcablc Aluminunl by Oue Normal Potassium Chloridc Extraclion
ASA 9-4.2

Reagents: IN KCI- Dissolve 74.0 grams pola%ium chloride in about 800 ml of
deionized \vater. Dilute 10 I liler.

Procedure:

I. Weigh 5 grams soil into a 250 ml centrifuge rube.

2. Add 50 ml IN KC!lo each sample.

3. Shake for 30 minutes at 180fmlll setting.

4, Centrifuge for 5 minutes at 1500 rpm,

5 Filter through \Vhatman 42 filter paper into a 50ml Erlenmeyer flask

6, Submilthe sample for aluminum analysis by rcp,

References:

Cau. J. Soil Sci, 70:263-275

"Exchangeable Acidity, Potassium Chloride Method," Seclion 9-4,2 in Me/hods ofSoil
Anolysis. Pori 2. Chemical and Microbiological Proper/ie,I', Second
Edition, A. L. Page Editor, American Society of Agronomy, Inc 1982
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APPENDIX D-7
Analytical Procedure for Total Metals; Exchangeable P, K, Ca, Mg, and Al;

and DTPA-Extractable Fe and Mn:  Method 6010B



METHOD6010B

INDUCTIVELY COUpLED PLASMA_ATOMIC EMISSION SPECTROMETRy

1.0 SCOPE AND APPLICATION

1.1 InductIvely coupled plasma-atomic emission spectrometry (ICP-AES) detemllrles
trace elements. including metals, in solution. The method is applicable to all of the elements listed
in Table 1. All matrices. excluding ffIlered groundwater samples but including ground water,
aqueous samples, TeL? and EP extracts, industrial and organic wastes, soils, sludges sediments,
and other solid wast,." NlQuir,. digeltlon prior 10 "n.;l~il. CfOUndwat.... !o,,"'plt!s Inat have Deen
pretiltered and aaditil!d wdlnot need acid dig.estion. Samples which are not digestl!d mUlt e.ther
use an ihtemal standard or be matrix matc:lled witn the standards Refer to Chapter Three lor the
appropnatll d'"llltllion procedures.

1.2 Table 1 lists the elements for which this method is applicable Detection limits.
sensitivity, and the optimum and linear concentratiOf'l ranges of the elements can vary with the
wavelength, spectrometer, matrix Ind operating conditions. Table 1 lists the recommended
analytical wavelengths and estimated instrumental detec::bon Iirnit$Ior the elements in dean aqueous
matnees The instrument detectlOl'l limit data may be used to eSWnate IIIstnlment and method
performance for other sample matnees. Elements and matnces other th.n those hsted In Table 1
may be analyzed by this method if performance at the concentrltlOfl levels of interest (see SectIon
8.0) is demonstrated.

1.3 Use~ of the method $hOI.lld state the data quality objeclives poor to an. lySIS and must
document and have on file the reqUIred initi.! demonsltation performance data described In the
folowin" sections prior to usil'lll the method lor analysis

1 4 Use of this method is restricted to spectroscopists who are knowledgeable in the
correction of spectral, chemicat, and physical interferences described in this method

2.0 SUMMARY OF METHOD

2.1 POor to analysis, samples must be solubilized or digested uSIrlg appropnate Simple
Preparation MethodS (e" Chapter Three). 'Nhen analyzing groundwater samples for dissolved
consl/luents. acid digestlOl'l 's not necessary if the samples are filtered and acid preserved pnor to
analy$lS.

2.2 This method describes multielemental determinations by ICp·AES using sequential or
simulI.l'leOus optical systems and .xiai or radial viewing Of the plasma. The instrument measures
characteristic emission spectra by optical spectrometry. Samples are nebulized and the resultIng
aerosol is transported to \he plasma torch. Element·spedfic en'llSsion spectra MIl produced by a
~ induelively coupled p"sma_ The spectra are dispersed by I gratmg spectrometer,
and the intensitIes of the emission lines .re monlloted by photosensitive deVICeS Background
correclion is required for trace element determination. Background must be measured adjacenl to
analyte lines on samples durin~ analysis. The position selected for tha background·intensity
measurement, on either or both sides of the analytical line, wili be determined by the compleXIty of
the spectrum adjacent to the analyte line. In one mode of analysis the position used should b-e as
free as possible from spedrll interference and should renee! the same dlange in background
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intensity as occurs at the analyle wavelength measured. Background correction is not required in
cases of line broadening where a background correction measurement would actually degrade the
analytical result. The possibility ot additional interferences named in Section 3.0 Should also be
recognized and appropriate corrections made; tests tor their presence are described in Section 8,5
Altematively, users may choose multivariate calibration methods, In this case, point selections for
background correction are superfluous since whole spectral regions are processed.

3.0 INTERFERENCES

3.1 Spectral interferences are caused by background emission from continuous or
recomrnnation phenomena, stray light from the line emission of high concentration elements, overfap
of a spectral line from another element. or unresolved overlap of molecular band spectra.

3.1.1 Background emission and stray light can usually be compensated for by
subtracting the background emission determined by measurements adjacent to the analyle
wavelength peak. Spectral scans of samples or single element solutions in the analyle
regions may indicate when altemate wavelengths are desirable because of severe speC1ral
interference. These scans will also show whether the most appropriate estimate of the
background emission is provided by an interpolation from measurements on both sides of
the wavelength peak or by measured emission on only one side. The locations selected for
the measurement 01 background intensity will be determined by the complexity of the
spectrum adjacent to Ihe wavelength peak The locations used lor routine measurement
must be free 01 oH·line spectral interference (interelement or molecular) or adequately
corrected to reflect the same change in background intensity as occurs at the wavelength
peak. For multivariate methods using whole spectral regions, background scans shOUld be
induded in the correction algorithm. Off·line spectral interferences are handled by including
spectra on interfering species in the algorithm.

3.1.2 To determine the appropriate location for ofI-line background correction, the
user must scan the area on either side adjacent to the wavelength and record the apparent
emission intensity from all other method analyles. This spectral information must be
documented and kept on file. The location selected for background correction must be either
free of oH-line interelement spectral interference or a computer routine must be used for
automatic correction on all determinations If a wavelength other than the recommended
wavelength is used, the analyst must determine and document both the overlapping and
nearby spectral interference effects from all method analyles and common elements and
provide for their automatic correction on all analyses. Tests to determine spectral
interference must be done using analyle concentrations that will adequately describe the
interference. Normally, 100 mg/L single element solutions are sufficient; however, for
analytes such as iron that may be found at high concentration, a more appropriate test would
be to use a concentration near the upper analylical range limit.

3.1,3 Spectral overlaps may be avoided by using an alternate wavelength or can be
compensated by equations that correct for in1erelement contributions. Instruments that use
equations for interelement correction require the interfering elements be analyzed at the
same time as the element of interest. When operative and uncorrected, interferences will
produce false positive determinations and be reported as analyle concentrations More
extensive information on interferant effects at various wavelengths and resolutions is
available in reference wavelength tables and books. Users may apply interelemenl
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correction equations determined on their instruments with tested concentration ranges to
compensate (off line or on line) for the effects of intorfering elements, Some potential
spectral interferences observed for \he reconvnended wavelengths are given in Table 2. For
multivariate methods uSlOll whole spectral regions, spectral interferences .re handled by
incfuding spectra of the interfering elements in the algorithm. The interferences bted are
orit those that OCXU" between method anatyles. Only ~e1ferences 01 a direct oveltap nature
are ~51ed. These overlaps were observed with a Single instrument having a wor1Ong
resolution of 0.035 nm.

3.1.4 When using inlerelement correction equations, the interference may be
exprened as an.tyte coocentration equivalents (i.e. false anatyte concentrations) arising
from 100 mglL of the interference element. For example. anume that As is to be
deteillMied (at 193.695 nmj in a sample containing appro:amately 10 mgIl of AI. Aecotding
10 Table 2, 100 mgIl 01 AI would YIeld. false SIgnal for As equivalent to approximately 1.3
mglL TherefOlll, the presence 01 10 mg/l of AI would resun in a false signal for As
equivalent to approximately 0.13 mglL The user is cautioned that other instruments may
exhibit somewhat different levels of interference than those shown in Table 2. The
interference effects must be evaluated lor each Individual instrument since the intensities will
vary.

3.1.5 lnterelement correctlOtls wiI vary for the same emis5lOll ina .mong
ilstnJments because of di1ferences in resolution. as detennined by the grahng. the entrance
and exit slit widths, and by the order of dispersion Interelement corrections will also vary
depending upon thJ choice of background correction points. Selecting a background
correction point where an interfering emission line mllY appear should be aVOided when
practical. lnterelement corrections that constitute a major portion 01 an eminlon signal may
not yield aeonte ~t.a. users 5houIcf not foove1 that some samples may contall'l uocommon
elements that could contribute spectral interferences.

3.1.6 The interierence effects must be evaluated for each indiMual instrument
Whether configured as a sequential or simultaneous Instrument. For each instrument,
Intensities will vary not only with optical resolution but also with opera ling conditions (such
as power. viewing height and argon now rate). When using Ihe recommended wavelengths,
the an.lyst is required to determine and document for each wavelength Ihe effect from
referenced inlerfetences (T.bIe 2) as wei as any other suspected Interferences that may be
specifJc to \he instrument Of malrix. The analyst is e~ged to uIiIi:le a computer routII'Il!
for automatic correction on ,n analyses.

3,1,7 Users of sequential instruments musl verify the absence of speclral
interference by scanning over a range of 0.5 1'11'11 centered on the wavelength of inlerest for
several samples. The range for lead. for example, would be from 220.6 to 220.1 1'11'11. This
procedure must be repeated whenever iii new malrix '5 10 be IiIlWIlyzed and when iii new
calibrabon ClINe uSIng different instrumental conditions is to be prepared Samples that
show an elevated background emission across the range may be blcJ<ground corrected by
.pplying a correction factor equal to the emission adjacent to the line or at two points on
either side of the line and interpolating between them. An alternate wavelength that does
not e)(hibit a background shift or spectral overlap may also be used.

6010B·3 ReviSion 2
December 1996



3.1,8 If the correclion routine is operating properly, the determined apparent
.malyle(s) concentration from ilnillysis of each interference sOlution should fall within a
specific concentriltion range ilround the calibration blank. The com;entralion range is
calculated by multiplying the concentration of the interfering element by the value of the
correction factor being tested and divided by 10. II after the subtraction of the calibration
blank the apparent analyle concentration falls outside of this range in either a positive or
negative directiOl1, a change in the correction lactor of more than 10% should be suspected,
The cause of the change should be determined and corrected and the correction lactor
updated, The interference check solutions should be analyzed more than once to confirm
a change hilS occurred. Adequate rinse time between solutions and before analysis of the
Cillibriltion blilnk will assist in the confirmilhon.

3,1.9 When inlerelement corrections are applied, their ilccurilcy should be verified,
daily, by analyzing spectral interference check SOlutions, II the correction factors or
multivariate correction matrices tested 011 a daily basis are lound to be within the 20% criteria
lor Sconsecutive days, the required verificahon lrequency of those factors in compliance may
be e>dended to a weekly basis. Also, if the nature of the samples anillyzed is such they do
not contilin concentratiOl1S of the interfering elements at % one reponing limitlrom zero, daily
verification is not required, All interelement spectral correction filctors or multivariate
correction matrices must be veril,ed and updated every six months or when an
instrumentabon change, such as in the torch, nebulizer, injector, or plasma conditions
occurs, Standard solvlion should be inspected to ensure that there is no contaminiltion that
may be perceived as a spectrill interference.

3.1.10 When interelement corrections are lll!1 used. verification 01 absence of
interferences is required.

3.1.10.1 One method is to use a computer software routine for comparing
the determinative dilta to limits files for notifying the analyst when an interfering
element is detected in the sample at a concentration thilt will produce either an
apparent false positive concentration, (i.e .. greater than) the ilnalyle instrument
detection limit, or false negative analyle concentration, (i.e" less than the lower
control limit of the calibralion blank defined for il 99% confidence interval)

3.1,10.2 Another method is to analyze iln Interference Check Solution{s)
which contains similar concentrations 01 the major components of the samples (>10
mg/L) on il continuing basis to verily the absence of effects ilt the wavelengths
selected These data must be kept on file with the sample analysis data, If the
check SOlution confirms an operative interference that is ~ 20% of the analyte
concentration, the analyle must be determined using (1) analytical and background
correction wavelengths (or spectrill regions) free of the interference, (2) by an
alternative wavelength, or (3) by another documented test procedure.

3,2 Physical interferences are effects ilssociilted with the silmple nebulization and
transport processes. Changes in viscosity and surface tension Ciln Ciluse significant inaccuracies,
especially in samples containing high dissolved solids or high acid concentrations If physical
interferences are present, they must be reduced by diluting the sample or by using a peristaltic
pump, by using an internal standard or by using a high solids nebulizer. Another problem that can
occur with high dissolved solids is salt buildup at the tip 01 the nebulizer, affecting aerosoillow rate
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and causing instrumental drift The problem can be conlrolled by welting the argon prior to
nebulization, using a lip washer, using a high solids nebulizer or diluting the sample. Also. il has
been reported that better control of the argon fiow rille, especially to the nebulIzer, improves
instrument periofmance: ttll$ may be accomplished with the use of mass I\ow controllers. The test
described in Section 8.5.1 wiI help delefllline if a physical interference is present.

3.3 Chemical Wllerfereoces i'IcbX II'IOIec>Allr c:ompoo.n1 fomlatoon, IOf'lizabOn effects, and
solvte vaporization effeets. Noonally, these effeds afe nOI significanl Wllh Ihe ICP tec:nnique, but
if observed, can be minimized by careful seleclion of oper.ting conditions (incident power,
observ.tion position, and so forth), by bUffering of the SlImple, by matrix malching, and by standard
addItion procedures. Chemical interferences are higtlly dependent on matrix type and the speCific
analyte element.

3.4 Memory interferences result when analytes in a previous sample contribute to the
signals measuntd in a new sample. MefTlOfy effects can result from sample deposioon on the uptake
lubing to lhe nebulizer arld from lhe build up of sample malerial in Ihe plasma torch and spray
chamber. The site where lhese effects occur is dependent on Ihe element and can be minimized
by flushing the system with a rinse blank betwHn samples. The possibility 01 memory interferences
should be re~ized wilhin an analytical run atld suit.bIe rinse limes should be used to reduce
!hem. The rinse times neceSSllfy for. particular element must be estimated prior to analysis This
may be achieved by aspDting a standard containing elements al a ooncentration ten hmes the usual
amount ~ at the top of the linear dynamic range. The aspiration lime for thiS sample should be the
same as a nOllTlal sample analysis period, followed by analysis of the Mse blank at designaled
interv.ls, The length 01 time required to reduce analyte signals to within a factor of two 01 the
method detection limit should be noted Until the required rinse time is established, lhis method
suggests a rinse period 01 at least 60 seconds between samples and standards If a memory
interference is suspected, the sample must be reanalyzed after a rinse penod of suff.oentlength.
Alternate rinse limes may bot eSlabiished by the analyst based upon \hei( DaOs

3.5 Users afe advised that high salt concentrallons can cause analyte Signal
suppressions and conluse interference tests. If the instrument does not display negative values,
fortify lhe interference check solution with the elements of interest .t 0.5 to 1 mall ~nd measura th"
added statldard concentration accordingly. Concentralions should be within 20% of the true spiked
concentration ot dilution of the samples will be necessary. In the absence of measurable analyte,
oYl!fC(ltTIclion could go utldetected if a negative value is reported as zeto

3.6 The dashn in Table 2 indicale thai no measurable interferences were observed even
al higher interferant concenlrations, Generally, interferences WIre discemible if they produced
peaks, or background shifts, corresponding to 2 to 5% of lhe peaks generaled by the analyle
concentrations.

4.0 APPARATUSANDMATER\ALS

4.1 ltlduetively coupled argon plasma emission spectromeler:

4,1.1 Compuler-conlrolled emission spectrometer with background correction.

4.1.2 Radio-frequency generator compliant with FCC regulations
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4.1.3 Optional mass now controller for argon nebulizer gas supply.

4.1.4 Optional peristaltic pump.

4.1.5 Optional Autosampler.

4.1.6 Argon gas supply - high purity.

4.2 Volumetric nasks of suitable precision and accuracy.

4.3 Volumetric pipets of suitable precision and accuracy.

5.0 REAGENTS

5.1 Reagent or trace metals grade chemicals shall be used in all tests. Unless otherwise
indicated, it is intended that all reagents shall conform to the specifications of the Committee on
Analytical Reagents of the American Chemical Society, where such specifications are available.
Other grades may be used, provided it is first ascertained that the reagent is of sufficiently high purity
to permit its use without lessening the accuracy of the determination. If the purity of a reagent is in
question analyze for contamination. If the concentration of the contamination is less than the MOL
then the reagent is acceptable.

5.1.1 Hydrochloric acid (cone), HCI.

5.1.2 Hydrochloric acid (1:1), HCI. Add 500 mL concentrated HCI to 400 mL water
and dilute to 1 liter in an appropriately sized beaker.

5.1.3 Nitric acid (cone), HNO,.

5.1.4 Nitric acid (1:1), HN03. Add 500 mL concentrated HNOJ to 400 mL water and
dilute to 1 liter in an appropriately sized beaker.

5.2 Reagent Water. All references to water in the method refer to reagent water unless
otherwise specified. Reagent water will be interference free. Refer to Chapter One for a definition
of reagent water.

5.3 Standard stock solutions may be purchased or prepared from ultra- high purity grade
chemicals or metals (99.99% pure or greater). All salts must be dried for 1 hour at 105°C, unless
otherwise specified.

Note: This section does not apply when analyzing samples that have been prepared by
Method 3040.

CAUTION: Many metal salts are extremely toxic if inhaled or swallowed. Wash hands
thoroughly after handling.

Typical stock. solution preparation procedures follow. Concentrations are calculated based upon the
weight of pure metal added, or with the use of the element fraction and the weight of the metal salt
added.
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For metals:

Concentration (ppm) " _ight (m¥)
vOlume {L

For melal salts:

Coneentriltion (ppm) = weight~mole lraetJoll
(Ll

5.3.1 AUnir'lm1 sc*ltion, stock, 1 ml= 1000 Io'Q AI: Ois~ 1.000 g of llumonum
metal. weighed ac:c:uately to at least four significant figures, in an aad mo:ture of "'0 mL of
(1:1) HCl and 1.0 mL of c;oncennted HNO) in a beaker. Waml beaker slolo.ty to effect
solution. 'MleIl dissolution is complete, nnsfer soMion quantitatiYel)l to a l..ijjer flask, add
an additional 10.0 mL of (1:1) HCl and dilute to volume with reagent water

HQIf: Weight of analyte is expressed to four significant figures fOf consIstency with the
weights below because rounding to two decimal places can contribute U9 to '" % error for
some of the compounds.

5.3,2 Antimony solution, stock, 1 mL = 1000 110 Sb: Dissolve 2.6673 g
K(SbO)C,HP. (element fraction Sb" 0.37"'9). weighed accurately to at least f()l,lr significant
figures, in water, add 10 mL (1:1) Hel, and dilute to volume in a 1.000 mL volumetric f1as~

with water,

5.3.3 Arsenic solution, stock, 1 mL" 1000 IIg As: Dissolve 1,3203 0 of As,O,
(element fraCUon As = 07574), weighed accurately to at least four significant figures, in 100
mL of water containing 0.4 0 NaOH. Acidify the solution with 2 mL concentrated HNOJ and
dilute to volume in a 1,000 mL VOlumetric flask with water

5.3.04 Barium solution. stoek, 1 mL = 1000 Io'Q Ba: assolve 1.5163 0 Ba~ (element
fraction Ba = 0.6595), dried al 250°C for 2 h()l,lrs, weiOhed accurately to at least f()l,lr
Jionifieant fioures, in 10 mL water with 1 mL (1:1) HCr. Add 10.0 mL (1:1) HCI and dilute to
volume in a 1,000 mL volumetric lIask with water.

5.3.5 BeryIiu'n solution, stock, 1 mL" 1000 IlO Be: Do not dry Dissolve 19.&463
g BeSO."'HP (e1emenl fr..dion Be = 0.0509). _iOhed acaJrately to at least four sigrlilieant
figures, in water, add 10.0 mL c;oncentraled HNO,. and dilute to volume in a 1.000 mL
volumetrie IIask with water.

5.3.5 Boron solution. stock. 1 mL = 1000 Io'Q B: Do not dry DIssolVe 5 716 0
anhydrous~ (B fraction" 0.17"'9). ws'ghed aa:uralely to at least lour s'9ni1ie11nt f'Oures,
WI reagent water- and dilJIe WI" H.~ lIask...mtl reageol water. Transfer itnmediately
after nUing WI a clean poIytetrafluoroethylene (PTFE) bottle to minimize any leaching of
boron from the glass volumetOe container. Use of a llOI"t-glass voIumetne IIask is
recommended 10 avoid boron contamination from glassware.

5.3.7 Cadmium solution, stock, 1 mL = 1000 10'9 Cd: Dissolve 11"'23 0 CdC
(element fraction Cd = 0.875-4), weiohed accurately to at reast f()l,lr sionificant figures, in a
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mInImum amount of (1:1) HNO.. Heat to inatlse rate of disJ.Ohtlion. Add 10.0 mL
concentrated HNO~ and dilute to volume in a 1,000 mL voIumetne nask with Wilter.

5.3.8 Caldum solution, stodl, 1 mL " 1000 ~ Ca: Suspend 2.4969 II Caco,
(element COl fraction" 0.4005), dried at 180'C for 1 hour before weighing, weighed
accurately to at least four significant ~gures, in water and dissolve cautiously with a minimum
amount of (1:1) HNO~, Add 10.0 mL concentrated HN03 and dilute to volume in a 1,000 mL
volumetric "ask with waler.

5.3.9 Chromium solution, stock, 1 mL " 1000 Ilg Ct: Dissolve 1.9231 II~
(element fraction cr " 0.5200), weighed aconttly 10 at least lour significant f'llures. in
Willer, Vv'hen solution is compIItt, acidify with 10 mL concentrated HNO, and dilute to
volume in a 1,000 mL volumetric flask with Wilter.

5.3.10 Cobah solution, stodl, 1 mL" 1000 Ilg Co: Dissolve 1.00 g of cobalt metal.
\Il"Ilighed accurately to at least four significant figures, in a minimum amount of (1: 1) HOO,.
Add 10.0 mL {1:1) HCl and dilute to volume in a 1,000 mL volumetric "ask with water.

5,3,11 Copper solution, stock, 1mL" 1000 >lg eu: Dissolve 1,2564 g CuO (element
fraction CIJ" 0.7989), weighed accurately to at least four significant figures), in a minimum
amount of {1:1)H~ Add 10.0 mL concentrated HNO, and dilute to volume in a 1,000 mL
volumetric "ask with water.

5.3.12 Iron solution, stock, 1 mL" 1000 Illl Fe: Dissolve 1,4298 II FeJ~ (element
fraction Fe " 0.6i94), ""'!lighed acontely to at least four sigrVficant figures, in a warm
rnxlln of 20 mL (1:1) HCl and 2 mL d concentrated HNO.. Cool, aOd an addillonal5.0 ml
of concentrated HNO,. and dijute to volume in a 1,000 mL volumetric "ask with water.

5.3,13 Lead solution, stock, 1 mL " 1000 I-Ig PIl: Dissolve 1.5985 g Pb{NO,),
(element fraction Pb " 0.6256), weighed aCCllralely to at least four significant flgllrlll, in a
minimum amount of (1:1) HNO~, Add 10 mL (1:1) HNO, and dilute to volume in a 1,000 mL
voillmetric flask with water.

5.3.14 Uthium solution, stock, 1 mL " 1000 Ilg U: Dissolve 5.3248 g lithium
carbonate (element fraction U " 0.1878), weighed accurately to alleast four SIllmlCant
ligures, in iI minimum iIITIOtiI1t of (1:1) HCl and dilute to volume in a 1,000 mL volumetric
nask with w.ater.

5.3.15 Magnesium solution, slocl., 1 ml" 1000 Illl Mg: Dissolve 1.6584 II MgO
(element fraction Mg " 0.6030), weighed accu,.tely to alleast four signiflCilnt fogures, in a
minimum i1ll1OlJnt of (1:1) HNQ,. Add 10.0 mL (1:1) concentrated HNo, and dilute to voillme
in a 1,000 mL voillmetric flask with water.

5.3.16 Manganese solll1ion, slock, 1 mL " 1000 Ilg Mn: Dissolve 1.00 g of
manganese metal. weighed accurately to at leasl four significant flgllres, in acid mixlllre (10
mL concentrated HCI and 1 mL concentrated HNO,) and dilllte to voillme in a 1,000 ml
volumetric "ask with Wilter.
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5.3.11 Mercury solution, stock, 1 ml = 1000 I.lg Hg: Do not dry, hIghly tOIQC element
Dissolve 1.354 g Hga, (Hg fradion '" 0.7388) in reCigent wCltef. Add 50,0 mL concentrated
HN01lnd dilute to volume in 1-L volumetric flask with reagent water.

5.3.18 Molybdenum solution, stock, 1 mL = 1000 I.lll Mo. Dlssotve 17325 g
(NH.>.~,.."H,O (element fra.dion Mo = 0.5n2), weighed aCCtJratety to at least four
signiflCanl fig..es, in waler and dilute 10 volume in • 1,000 ml volumetric nask With water

5.3.1 iii Nidl.el solution, stock. 1 mL" 1000 I.lll Ni: Dissolve 1.00 g of noeket mel-ill
weighed .eeurately 10 alleast four significanl figures. in 10.0 mL hoi concentnlted HNO".
cool, .nd dilute to volume in a 1,000 ml voIutnetric nask with water

5,3.20 Phosphate solution, stock. 1 ml = 1000 I.lll P: Dissolve" 3937 g anhydrous
KH,PO. (elemenllradion P = 0.2276), WI·;''WId accurately to at lent four "'llnificant ('!lures
In _ter. Dilute to volume in. 1,000 ml volumetric nask with water.

5.3.21 Pota$$ium soIutiol'I, stock, 1 ml = 1000 IIg K: Dissolve 1.9069 g KCI (element
fradion K =0.5244) dried ill 110·C, weighed accurately to at least four SIgnificant figures,
in wlter, Ind diMe to volume in a 1,000 mL volumetric flask with water.

5.3.22 Selenium solution, stoel<., 1 mL = 1000 I.lg Se: Do not dry. DiSSOlve 16332
g HIS.D, (el.ment Iradion Se = 0.6123), weighed acc",rately to at least lour SIgnIficant
fig",res, in water and dil",te to volume in .. 1,000 mL vol",metric flask with water.

5.3.23 Silica sol",tion, stoel(, 1 mL. 1000.,g SiO,: Do not dry. Dissolve 2,964 g
NH.SiF" weighed accurately to at least four significant figures, in 200 mL (1:20) HCI with
heating at 85·C to effed dissolution. Let solution cool and dilute 10 volume in a 1-L
volumetric flask with reagent water.

5.3.2<1 Silver solution, stock, 1 mL. 1000 I.lll Ag: Dissolve 1.5748 g AgND. (etement
fradiorl Ag = 0.6350), weighed accurately to 1\ least four significant fig",res. in waler and 10
mL concentrated HNOJ . Dilute to volume in a 1,000 mL vol",metric nask wilh water

5.3.25 SOdium sokrtion, stock, 1 mL" 1000 lJll Na: 0iss0Ive 2.5<119 iii NaCI (element
fllIclion Na = 0.39304). weighed accullliely to at 1e15110",r significant figures, in water, Add
10,0 ml eoneentrated Hf'IICl, atld diMe to volume in a 1,000 mL volvmetnc flask With _ter

5.3.26 Strontit.m sokIlion, stock, 1 ml = 1000 II!iI Sr: Dissolve 2.•15<1 g of stronlwm
nitrile (Sr(NO,h) (element fraction 51' " 0.• 1<10), weighed accurately to at least four
significant figures, in a 1-1iter flask containing 10 mL of concentrated HCI and 700 mL 01
waler. Dilute to volume in a 1,000 mL volumetric flask with water.

5,3.27 Thalliwn solution. sloCk, 1 ml" 1000 II!iI n: Dissolve 130304 g TINe,
(eIemenl hdion n" O.76n), weighed IlXUlItety to at least four significant figures, Il'l water
Add 10.0 ml concentrated HOO, and dilute to volume in a 1.000 mL voIumetnc flask WIth
watet,
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5.3.28 Tin solutIon, stock, 1 mL'" 1000 Io'g Sn: Dissolve 1,000 g Sn shot. weIghed
iIlceurately 10 iIlt least 4 sIgnificant f'llUIllS, in 200 mL (1'1) HCI with heallog to effect
dinolution. Let solution cool and dilute with (1:1) HCI in ill l-L VOlumetric fiask.

5,3.29 Vanadium lolution, stock, 1 mL = 1000 10'9 V Dinolve 2.2957 g NH.VQ,
(element fraction V = 0.4356), weighed accurately to at least four signifIcant figures. in ill
minimum amou:'ll of concentrated HNO,. Heat to increase rate of dissolution. Add 10.0 mL
concentrated H~ and dlIute to volume in a 1,000 mL voIumetne l\lIsk wittI water.

5.3.30 Zine solution, stock., 1 ml = 1000 Io'll Zn; Dissolve 1 2447 g ZnO (element
fraction Z11 ., 0 8034), weIghed aCCl.lllltefy to at leutlour sigroficant figures. In ill mInimum
iIllTIOUflI of d~ute HND,. Add 10.0 mL concentriIted HNO, and d~ute to volume In ill 1,000 mL
volumetnc flask with water.

5.4 Mixed calibration standard solutions· Prepare mi~ed calibration slandard solutions by
combining iIlppropriate volumes of the stock SOlutions in volumetric fiasks (see Table 3), Add the
approprilte types and volumes of iIlcids so thillt the standards iIlre matrix matched wilh Ihe sample
digestltes. Priot 10 ptepariog the mixed standards. each stock soiuUon should be analyze<l
separalily to detenTIine possible spectral interlerence I)( the presence 01 impurities care sl'loukl
be taken v.t1en prepanng the.med standards 10 enSlft Ihat the elements are compatible and stable
together, Transfer the mixed standard solutions to FEP Ru~/t)()n I)( preVIOUsly unused
poIyethyfene or polypropylene bonles fot storage. Fresh mlJ[ed standards should be prepared, as
needed, with the realization that concentration can change on aging. Some typIcal calibratIon
standard combinations are lisled in Table 3.

NOTE: If the iIlddition of silver to the recommended acid combination results in an inilial
precipitation.1Idd 15 mL ofwater and warm the llasl< unlillhe solution clears. Cool and dilute
to 100 mL with water. Fot this acid combmatiorl, the silver concentratIon should be limited
to 2 mgIL SiIYer undef these conditions is stable in a tap-water matriJo: for 30 dllY5 Highef
coneentratiorls of siver rlqUlfe additional HCl.

5.5 Two types of blanks are required for the analysis for samples prepared by any method
otherthan 3040. The calibration blank is used in establishing the analytical curve, alld the method
blank is used to ident,,>, possible contamination resulting from varying amounts of the acids used in
the sampie processing,

5.5.1 The calibration blank is prepared by acidifying reagent water to the same
concentrations of the aads found in the standardS and samples Prepare a suffident
quanlity to IIush lhe system belv.een standards and U1mp1es. The c.~bratl/)('l tUnk wiI also
be used for II il'Iitial and con\lfIUing calibration blank determinahons (see SeClIOl1S 7.3 and
7,4),

5.5.2 The method blank must contain all of the reagents in the same volumes as
used in the processing of the samples. The method blank must be carried through the
complete procedure and contain the same acid concentration in the final solu1ion as the
sample SOlution used ror analysis.
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5.6 The Initial c.~bration Verific.lbOn (leV) is prepared by the lnalyst by combining
compalible elements from 1 standard source different thlll that of the calibl'allon standard .nd at
concentations within the linear working range of the inSlrl,lment (see Section 8 6.' for use).

5,7 The COntinuing C.libratjon Verificalion (CCV» should be prepared in Ihe same acid
matri" using the same Standllrds used for calibration at a concentration near the mid-point of the
calibration CUNe (see Section 8.6,' for use).

5.8 The interference cheek solution is prepared \0 contain krIown concentrations of
interfering elements that will provide an adequate tes! of the correction factOB Spike the sample
with the elements of interest, patlJCularly Ihose with knowrI interferences at 0.5 to 1 mg/L In the
aMente 01" melSUtabie iINIly\I, OWIlCOlleetiol. could go \.I"Idetected beeause a negative value could
be reported IS zero. If the partieular instrument wiI display overeotreCliol'l IS a negallve number,
this spiking procedvre wiI not be necessary.

8.0 SAMPLE COLLECTION, PRESERVATION, AND HANDUNG

6.' See the introductory material In Chapter Three, Inorganic Aflalytes, Sections 3,' through
3.3,

7.0 PROCEDURE

7.' Preliminary treatmenl of most matrices is necessary because of the complelllTy and
variabiity of MfflPIe matrices. Groundwater samples which have been prefillered and Kldifled wiI
not need acid digestion. Samples \IIhidt a~ not digested must either use an internal standard or
be maw matched with the standard$. Solubilization and digesbon procedures are presented in
Sample Preparation Methods (Chapter Three, InOlOanie Analyles).

7.2 Sel up the inslrl,lment with proper operating parameters established as detailed below.
The instrl,lment must be allowed to become Ihermally stable before beginning (usually requiring at
leasl30 minutes of operation prior to calibration}. Operating conditions· The analyst should follow
the instrl,lctions provided by Ihe Instrument manufacturer,

7.2.1 Before using this procedure to analyze samples. there must be data ava~able

doeumenling miaI demonstr.llion 01" petformance. The reqo.W'ed data document the selectlOl'l
criteNI 01" backgrot.nd eorrec:tJon points; 8l'\iIIIyticaI dynamoe ranges, the applieable equatoons,
and the upper limits of those ranges, the method and instrumenl detedion limrts, and the
determination and verifICation of interelement COfl"eetton equations or other roubnes for
cOllsdi"g spectral interferences. This dala must be generated using the same instrument,
operaling conditions Ind calibration routine to be used for sample analysis These
documented data must be kepi on file and be availabie for review by the data user or ludilor.

7,2.2 Specific wavelenglhs are listed in Table'. Other wavelengths may be
substituted il they can provide the needed sensitivity and a~ corrected for spectral
interference. Because of differences among various makes and models of spectrometers,
spec:ffie instrument operating conditions cannot be provided. The IIlslrument and operallng
conditions uIiIized lor detennlnation mus! be capable 01 providing data of acceptable quality
10 Ihe program and data user. The analyst should folow the inslrucllons provided by the
'''strument manufacturer unless other conditions proVlCle sunilar or better performance for
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a task. Operating conditions lor aqueous solutions usualy vary !tom 1100 to 1200 watts
fOlWafd pcMW, 1. to 18 lIYTI .....ng height, 15 to 191i1&rS1rnin argon coolant 1Iow, 06 to 15
Umin argon nebulizer 1Iow, 1 to 1.8 mUmin sample pumping rate with a 1 rTWIUIe prenush
trne ancI meaSUlel'leut~ near 1 second per wa~Jenglh peak for nquenlial instruments
and 10 seeonds per sample for simul1aneous instruments. For an aJdaI plasma, the
conditions will usually vary from 11CJO.-15OO WillS fOfWard power, 15-19literslmtn argon
coolant now, 0.6-1.5 Umin argon nebuhzer flow, 1-1.8 mUmin sample pumpin9 rale wilh a
1 minvte preflush time and measurement lime near 1 second per waveiength peak for
sequential instruments and 10 seconds per sample for simultaneous ;nstruments.
Reproduction of lhe CulMn inlensity ralio al 324,754 nm and 257.610 nm respectively, by
adjusling the argon aerosol flow has been recommended as iI way to achieve repeatable
interference correction factors.

7.2.3 The plasma operating conditions need to be optimized prior to use of the
instrument. This routine is not required on a daily basis, but only when first setling up a new
instrument or folowing a change in operamg condition$. The following prooedure is
reeommended or folow manufacturer's reeonvnendations. The purpose of plasma
optim,zat,on is to provide a maximum signal to background rallO for some of the least
sensitive ehments in the analytical array. The use of a mass IIow controller to regulate the
nebulizer goas lIow or SOlR8 optimization software greatly faeifililtes the procedure.

7.2.3.1 Ignite the radial plasma and selea an appropriate incidenl RF ~r.
Allow the inslrumenlto become thermally stable before beginning, about 30 to 60
minutes of operation, While aspirating a 1000 ugiL SOlution of yltrium. follow the
instrument manufacturer'S instructions .nd adjust the aerosol carrier gas flow rate
through the nebulizer so a definitive blue emission region of tha plasma extends
.ppr0imately from 5 to 20 mm above the top of the load coil Record the nebulizer
goas flow rate or pressure setting for future reference. The yltrium solution can also
be used for coarse optieal aIigrvnenl of the torch by observing the overlay of the blue
light over the entrance slit to the oplieal system.

7.2.3.2 Mer estabishi'lg the nebulizer gas lIow rale, delemune the soIutlOl'l
uptake rate of the nebulizer in mUmin by .spirating a known volume of calibrallon
blank lor a period of at leall. ttwee minutes Divide the volume aspir.lted by the bme
in nVautes and record the uptake rale; set the peristallie pump to deliver the rile in
a steady even now.

7.2.3.3 Profile lhe instrument to align it optically ill il will be used during
analysis. The following procedure ean be used for both horizontal and vertical
optimization in lhe radial mode, but is wrillen for vertical. Aspirate a soiulion
containing 10 UIVL of several seJected elements, These elements ean be As. Se, TI
or Pb as the teast sensitive of the elemenls and most needing to be optimize or
others representing Inalylieal judgement N, Cr, Cu, Li lind Mn afe also used with
sueee$ll. Collect intensity data at the wavelength peak for ellch analyte at 1 mm
intervllis from 1. to 18 nvn above the load ooil (This region of the pfasma is referred
to 1$ lhe analytical zone_) Repeal the process USing the ealibration blank..
Determine the net signal to blank intensity ratio for each analyte for each ._olg
hetOhl selli'lg. Choose the ne;ghl for vie-oWlg the plasma thllt provides the besl net
intensity ratios for the elements analyzed or the highest ,"tensity ratio for the least
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$I!lnsitive element. FOf optlm~a1ion in the axial mode. follow the instrument
manufacturers instructions

7.2.3.4 The IMIrument operating COl idilioll finally selected as being optimum
should provide the lowest rehable r.strument detection lirmts and method detection
limits.

7.23.5 If either the instrument operating conditions, sud'I as inadent power
or nebulizer gas !low rate are changed, or a new torch injector tube wrth a different
orifice internal diameter is instafle4, the pIc1srna a.nd viewing height should be re
optimized.

7.2.3.6 Alter completing the initi,l optimization of operatang condibons. but
before analyzing samples, the I,boralory must establish 'nd inillally verny an
interelement spectral interference correctIOn routine to be used during Simple
analysis. A general description oonceming spectral r.terference and the analytlCllI
requirements for background correetion in particular are d;$Q,Iued III the seetJOn on
interfereroces, Criteria for determining an inlerelement spectr'l interference is an
apparent positive or negative concentration for the analyle that failS within :I: one
reporting limit from zero. The upper controllim~ is the analyle instrument detection
limit. Once established the entire routine must be periodicaliy verifl8d every six
months. onty a portion of the correction routine must be verified more frequently or
on a daily basis. Initial and periodic verification of the routine shOUld be kept on ftle
Special cases where conlinual verification is required are described elsewhere.

7.2.3.7 Before daily calibration and afterthe instrument warmup period, the
nebulizer gas flow rate mull be reset to the determined optimized flow. If a mass
flow controller is being used, it should be set to the recorded optimized flow rate, In
order to maintain valid spectral interelement correction routines the nebulizer gas
flow rate should be the same (0< 2% change) from day to day.

7.2.4 For operalion with organic solvents, use of the auxiliary argon inlet is
recommended, as are solvent·resistant tubing, increased plasma (coolant) alVOn flow,
decreased nebulizer flow, and r.creased RF power to obtain stable operatIOn and pteose
measurements.

7.2.5 Sensitivity, r.strumental detection limit. precision, linear dynamIC range, and
interference effects must be established for each Itldividual analyte line on each pal1leUlar
instrument. AI measurements must be wrtIWl the iutrument linear range where the
corre<:tion equations are "aid.

7.2.5.1 Method detection limits must be established for al wavelengths
utilized for eadl type 01 matrix commonly analyzed The matrix used for the MOL
calculation must contain analytes of known concentrallons Wlthlfl 3-5 Iltl'les the
anticipated detection limit. Refer to Chapter One for addilional gUidance on the
performance of MOL studies

7.2.5.2 Determination of limits using reagent water represent a best case
situation and do not represent possible matrix effects of Il!al world samples
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7_2.5.3 If additional confirmation is desired, reanalyze the seven re~le
a'iql1OU 00 two more non~ days and again eaIo~ate the method deteebOO
limit values fOt each day. An average of the three values lot each analyle may
~ lot a more appop.iate estimate. Successful analysis of samples with added
anatyles or usinog method of stand.rd .dditions can give confidence in the method
detection limit v.lues determined in reagent water.

7.2.5.4 The upper limil of the linear dynamic rartge must be established for
e.ch wavelertgth ulilized by determining the signal responses from a mirtimum for
three, preferably five, differertt cortcertlratiort startdards .cross the range. One of
these should be near the upper limit Of the range The ranges which may be used
for the analysis of samples should be judged by the analyst from the resulting data.
The data, calculations and ration.le lot lhe choice 01 range made should be
documented and kept on file. The upper r.nge limit should be an observed signat
no more than 1~ below the level e)(\lllpolated from lower standards. Detemuned
_lyle concenll'lltions thM are above the upper range ~mrl musl be diluted and
runalyzed. The analyst shoukl also be __ thiIIt if an intereJement OOITeclion from
In lnalyte above the linear range exists, I second analyle where the interelement
correction has been applied may be ineccurately reponed New dynalTllC langes
shoukl be deteiij.~..tJeneverthere is a SlgrlD::ant change in inslrument response
For those analyles that periodically approach the upper limd, the range should be
checked evety sill; months. FOtthose analytes that are knDWll interferences. and are
present at above the line.r range, the analyst should ensure thaI the interelement
COllection has not been inaccuralely applied.

WI£: Many of the alkali and 31kaline earth metals h3ve non-linear response curves
due to ionization and self absorption effects. These curves may be used il the
Instrument allows; however the effective range must be checked and the second
order curve lit shoukl have a corretation coef'ficienl of 0.995 ot beUM. Third order fits
are not acceptable. These non-linear response curves should be revalidated and
recalculated 8Vefy six months. These curves are much more sensitive to changes
i'I optlaliiig condiIions than the linear lines and should be checked whenever there
have been moderate equipment changes.

7.2.6 The analyst must (1) verify that the inSlrument configurallon and operatlf"lll
,~~....",•.~1S satisfy the analytical requRments~ (2) maintain quality contfOl data confirming
inslrument performance .nd analy1ical resulls.

7.3 Profile and calibrate the instrument according 10 the inslrument manUfacturer's
recommended procedures, using the typical mixed callbralion standard solutions described in
Section 5.... Flush the system with the calibration blank (Section 5.5.1) belween each standard Dr
as the manufacturer recommends. (Use the average intensity of mulliple exposures lor both
standardization and sample analysis 10 reduce random ellor.) The calibralJon ctJrve musl consist
of a minimum of a blank and a standard.

7." FOt" analyles and determinations, the labor1ltory must anatyze an lev (Section 5.6).
I calibration blank (Sedion 5.5.1), Ind a continurog CII~bfation vel'iflCalJOn (CCV) (Section 57)
nmedaIety loI:7oW1g daiy caIib aliOi L A calibration blank .nd either ill calibfation vel'iflCation (CCV)
ot an lCV must be analyzed alter every tenth sample and at the end of the sample run. Ana/ysls 01
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the Check standard and calibrallon verification must varify lhal the instrument is within :l: 10% 01
calibration with ralative standard devlalion .. 5% Irom replicate (m,nimum of two) II\tegrallons If
the calibration cannot be verffied wiltwn the speCified limits. the sample analySIs must be
cbconbnued,the cause delermined and the instrument recalibraled. AI Silmples follOWIng blelast
acceptable leV, CCV or check. slandard must be reana~ed. The ana/y$is data of the catibrallO!'l
blank. check slandard, and ICV or CCV must be kept on file with the sample analysis data

7.5 fUl$e the system with the calibfalJon blank HIluIion (SectIOn 5.5 1) beforl thl analy$ls
of ead'! umple nw. rilL"", lim<! wiI he ooe rnonute Ead'!labor.ltory may establish a ..duetlO<'l on
this linse time throI.Igh a suitable demonSl/lIlJon.

7.6 Calculations. If dilubons were perlormed. the appropriate lactors must be applied 10
sample v.lves. AI reslJlts should be reponed Wlth "'P to three slgnif,canl fig....-es

7.7 The MSA s.hoo.*:I be used if an o,terlerence IS suspected Of a new matrix is encountere.::
WMln the method of standard additions is used. standards are added at one or more levelS to
portions of. prepared sample. This technique compensates for enhancement or depression of an
an.lyte sign.1 by a matrix. 11 will not correct for additive interferences, sl,Idl as contllmlnalJOn
interelement interferences, or baseline shifts. This lechnique is valid in the linear range when lhe
interference effect is constanl over the range, the added analyte responds the same as tne
endogenous analyle, and the signal is corrected for additive inierferem:es. The simplest ve~lon of
this technique is the single additiofl method. This procedure calls for two iderltical aliquots of the
sample solution to be taken. To the first aliquot, a small volume of standard is added, while to the
second aliquot, a volume of acid blaflk is added equal to the stafldard addition. The sample
concefltration is calculated by: mu~ip~ng the intensity value for the unfortified aliquot by the volume
(Liters) arid concefltration (mg/L or mg/kg) of the standard addition to make thlt numerator; the
diflerence in intensities lor the fortified sample and unfortifLed sample is multiplied by the volume
(Liters) of the sample aliquot for the denominator. The quotient is the sample concentration

For more than one fortified portion of the prepared sample, linear regression analysis can be
applied using a computer or calCUlator program to obtain the concentration 01 the sample solution

~: Refer to Method 7000 for a more detailed discussion of the MSA.

7 8 An alternative to using the method of standard additiolls IS the Internal standatd
tech lIqlJ8. Add one or more elements nol in the $llImples and verified nol to cause an inlerelement
spectral interference 10 !he samples, standards and b/arlk$: yttrium or scandium ate often used The
concentr.tion should be sufficient fO(' optimum preasion but not $0 high as 10 alter the s..alt
CDllC8l11nItion of \he mattix. The etement IlltenSlly is used by the II'IStrumenl as an internal stanoard
to rabO the analyte intensity signals for both calibralIOn and quantitation. TNs techolque IS very
useful in 0V&l comi III matrill interfereflces especialy in high solids malness.

8.0 QUALITY CONTROL

8.1 All quality control data should be maintained and available for easy reference or
inspection. All quality control measINes described in Chapter One should be folowed

8.2 Dilule and reana~e samples that exceed the linear calibration tange or use an
altemate, less sensitive line for which quality control data is already established
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- 8.3 Employ a minimum of one method ~nk per sample batch 10 determine II conlarnonallon
or any memory elleels are occurring. A method blank is a volume of reagent wilter c.",ied Ihrough
the same preparalion process as a sample (refer 10 Chapter One),

8.4 Analyze matri~ spiked duplicate samples at a frequency of one per matrix balch A
maw duplicate sample Is 11 sample brought through the entire sample preparation and analytical
process in duplieate.

8.4.1.1 The relative percent difference between spiked matrix duplicate
determinations is 10 be calculaled as follows.

10 -0 I
RPD- ' 1 .100

!I0,'o"IYZ

wtlere:

RPD"' relative percenl difference.
D, " first sample value.
0,. second sample value (replicate).

(A conIfollimil of :I: 20% RPO or wiItWo the documented historical acceplance
limits for each matrix shaD be used for sample values greater than len limes the
Watrument deteclion limit.)

8.4.1.2 The spiked sample or spilled duplicale sample recovery IS 10 be
within:i 25% of the actual value or within the documented historicalacceptanCfl limits
lor each matrix,

8.5 It is recommended that whenever a new or unusual sample malrix is e!\COuntered, a
series of tests be pertorrned prior 10~ COIlCelltration data lor analyle elemenls These tests,
as outlined in sections 8.5.1 and 8.5.2, wiI ensure that neither positive nor negative interferences
are operating on any of the analyle elements 10 distort the acaJI'lIcy of the reponed values

8.5.1 Dilution Test: If lhe analyte concentration is sufficiently high (minimally. a
fador of 10 above the instrumental detection limit after dilution). an analysis of a 1:5 dilution
should agree within :l: 10% of the original determination. If not. a chemical or physical
interference effect should be suspected.

8.5.2 Post Digeslion Spike Addition: An analyte spike added 10 a portion of a
prepared IaInpM, or its dilution. shoukI be recovered to wiIhon 75% 10 125% of the known
value. The spike addition shouk:I prod\JCll a mimum level of 10 tlmes and a maximum of
100 times the instrumental detection ~miI. lithe spike is nol recovered wllh,n the specified
limits, a matrix effect shOuld be suspected.

CAUTION: If spectl'lll ovellap is suspected, use of COO1plJterized compensation. an allemate
wavelength. or comp.arison with an allemate method is recommended.
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8.6 Check the inslnJrnltnt standafdiUltlon by ana~inll appropriate ac umples IS follOw!

8.6.1 Verify ca6bration with the Continuing Caljbration Verrfic.1l1On (CC\') S::Jr.;Jard
immediately foBowirlO daily calibration, after eveIY ten sam~s, and a1 1M end of an
analytical run. Check ca6bratloo with an ICV foIlowinll the initlal ~6btallon (Sect>on 5 DI.
At the laborator{s discretion. an ICV may be used in ~eu of the contln~ ca!lbrat.oo
V.'i>Ica!ioolS. If used in 1hi51T1afV*", the ICY should be at a concemr.iltlon near !he mKl-poI.~:

of lhe ealibr.ltion eurve. Un a ca~bration blank (Sed.on 5.5.1) tmmedlltllyf~~":Iy

eaJibration, after eveIY 10 samples and at the end of the analybcal Nn

8.6.1.1 The (esulls oll/le ICY and CC:Vs are to allffle w!:twI1~ ollhe
expected vakJe; if not.leI'n'linale the MaIysis. ecned 1he problem, and recalibr:l1e I~

II'IslNmenl.

8.6.1.2 The results of the check standard are !o allree WIthin ',,,.. cl the
expeded value; if not, lerminale the analysis, correct the problem. and recaiibrale thr
insltumenl.

8.6.1.3 The results of the calibration blank are to lIgI"ee withll'l (nree tl~S tne
IDL. II 1'101, repeal the analysis lWQ more times and <lveralle I~ results If the
averalle is 1'101 within three standard deviations of tM bilCII';jround mean, terminJte
the analysis, correct the problem, recalibrate, and reanalyze the previous 10
samples, lithe blank is Ius than 1110 the concentralion of the action level of
interest, <lnd no sample is within ten percent of the action limit, analyses need not be
reNn and recalibralion need not be performed before contin"l!tio;,\ of the run,

8.6,2 Verily the interelament and backllround correct'o" factors althe bellinninQ
of eilch anillytical run. 00 this by analyzinll the Interference cheek Simple (Section 5 8)
Results should be within ± 20% 01 the true value.

9.0 METHOD PERFORMANCE

9.1 In an EPA rouod-tobitl Phase 1 study, seven laboratories applied the rep techn,~ue

10 acid-diSlilled water matrices that had been spiked with van<XIS metal concerlfates Tar.le .. lists
the true values. the mean reported values, and the mean percent relatwe stan:lard deVlat,ons

9.2 Perfotrnance dilta fOt aqueous soMions and solid samoles from II nuIIdbGrl:,yy
study (9) If. provided in Tilbles 5 and 6
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TABLE 1
RECOMMENDED WAVELENGTHS AND ESTIMATED INSTRUMENTAL DETECTION UMrTS

Detection
Element

Aluminum
Antimony
Arsenic
Barium
Beryllium
8<>~

cadmium
Caleium
Chromium
c....,
c.".,
I~

Lead
Lithium
Magnesium
ManganeSl
Mercury
Molybdenum
Nickel
PhosphoNS
Potanium
Selenium
Silica (SiO,)

""'"Sodium
Strontium
Tha8ium
T.
rdanium
Vanadium
Zinc

308.215
206.833
193,696
455.403
313.042
249.678x2
226.502
317.933
267.716
228.616
324.7501
259.940
220.353
670.784
279.079
257.610
194.227x2
202030
231,604x2
213.618
766.491
196.026
251.611
328.068
588.995
-407.n1
190.864
189.980x2
334.941

292.402
213856x2

Estimated IDI.!
(pgIl)

30

""0.87
0.18
3.'
2.3
'.7

""3.'

"28
2.

20
0.93
17
5.3
10
51

See note c
50
17
4.7

"0.28
27
17
5.0
'.0
1.2

aThe wavelengths listed (where x2 indicates second order) are recommended because of
their sensitivity and overall acceptance. Other wavelengths may be substituted (e,g., in the ca,e ot
en interference) if they can provide the needed sensitivity and are treated with the same corrective
techniques tOf spectral interference ('ee Section 3.1). In time. other elements may be added "
more information becomes ava~able and as required.

"The estimated inslrumental detection limits shown are provided as a guide tOf an
InSlnJm8fl~ limit. The actual melhod detection limits al1l sample dependent and may vary" the
sample m.alri:>< varies.

CHighly dependenl on operatlf"l9 tDOditlons and plasma position.
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TABLE 2
POTENTIAL INTERFERENCES

ANALYTE CONCENTRATION EaUIVALENTS ARISING FROM
INTERFERENCE AT THE lQO.mglL LEVEL

c

Interfet1lnla.b
Wavelength-",. (~) .- C< Co F• ... .... .. " V

""''''''"''' 308.215 0.21 "Antimony 206.833 0.•7 ,.• 0.08 0.25 045

"'"'" 193.696 1.3 0.•• "
Barium .55.•03
Berylium 313.0.42 0.0< 0_05

Cadmium 226.502 0.03 0.02
Calcium 317.933 0.08 0.01 0.01 00< 0.03 0,03
Chromium 267.716 0.003 - 0.0< 0.0<
Coball 228.616 0.03 0.005 - 0.03 0.15
Copper 324.754 0.003 .. 0.05 0.02

'roo 259.940 0.12
Lead 220.353 0,17
Magnesium 279.079 0,02 0.11 0,13 0.25 0.07 0.12
Manganese 257,610 0,005 - 0.01 0,002 0.002 -

Motybdenum 202.030 0.05 0.03
Nid<.el 231.604
selenium 196.026 0.23 D.DO
Sodi\lm 588.995 0.08
ThaDium 190.864 0.30
Vanadium 292.402 0.05 0.005 - 0.02

""'" 213.856 0.14 029

-
• - uhes indicate that no interference was observed even when inlerferents _,.. introduced al the

lclown; levels:.-. '000_ Mg • 1000 mgfl
C. - '000_ Mn· 200 mgfl
C<. '00_ n· 200 mgIL
Co- 200_

V- 200 mgIl
b Fe- 1000 mgf1..

The figures recoroed as analyle concentrations are not the actual observed concentrations. 10 obtain
those rl\lures. add the listed concentration to the interferant figure.

C Interferences will be affected by bacllground choice and other inlerferences may be present.
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Solulion

I

"III
IV
V
~

TABLE 3
MIXED STANDARD SOLUTIONS

Elements

Be, Cd, Mn, Pb, Se and Zn
Ba, Co, Cu, Fe, and V
As,Mo
AI, Ca., Cr, K, Na, Ni,U, and Sf
AO (see "NOTE" to Section 5 4), Mg, Sb, and n
p
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TABL.e 4, ICP PRECISION ANOACCURACY DATAl
,

Element Sam Ie No.1 Sam Ie JIlo. 2 Sam Ie No.3

T~ Mean RSO' ~racy" Tru. Mean RSO' Accuracy" T~ Mean RSO' -,ooy'
I~~; ;;~~i

(%) (%) Cooo.
I ~~;

(%)
~~i

Cooo. (%) (%);;. il; , IL I '-li Ili
8. 750 733 6.2 " 20 20 " 100 190 176 5.2 "Me 350 345 2.7 .. 16 16 6.7 100 100 99 33 99

V 750 '" 1.' '00 " 59 29 99 "0 16' U "
" 200 208 7.5 104 22 " 23 86 80 63 " 105
C, 150 149 38 " 10 10 19 100 50 50 3.3 100
C, 250 235 5.1 0< " " " 100 " 67 7.9 96

F. 800 50< 3.0 .. 20 " 16 95 180 '" 60 ..
AI 700 696 5.6 .. " 62 33 '" '" 161 13 101

Cd " .. 12 96 2.5 2.9 19 "6 " 13 16 93

Co 700 512 10 73 20 20 '.1 100 120 108 21 90

N' 250 2<5 5.' " '" 28 " 93 80 55 " 92

Pb 250 236 16 0< " 30 32 125 80 80 " 100

Ze 200 201 5.6 100 16 " " 119 80 82 'A 102

S.' " 32 21.9 80 6 '.5 " '" 10 85 '.3 85

•bNot ali elements were ana~ed by allaboratoOes.
RSO = relative stand.rd deviation,

~Results for Se ere from two laboratories,
Accuracy is e"pressed as tne mean concentrallol'l divided by tne true concel'ltr.tion t,mes 100.
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TABLE 5

ICP-AES PRECISION AND ACCURACY FOR AQUEOUS SOLUTIONS"

Mean
Cone. RSO' Accuracl

Element (mglL) (%) (%)

'" 1<, • 6.3 100
Sb 15.1 • 7.7 102., 14.1 7 SA 99
B. 3.66 7 3.1 99
B. 3.18 • 5.' 102
Cd 3.61 • 7.0 97
Cd 150 • 7.' '"C< 3.15 • '.2 '"Co 352 • 5.9 95
C, 3,58 • 5.6 97
F. 14.6 • " 100
PO 14.4 7 59 97
Mg 14.1 • 6.5 96

"" 3.70 • '.3 100
Mo 370 • 6.9 100
Ni 370 7 5.7 100
K 14.1 • 6.6 95
S. 15.3 • 7.5 "M
'9 3.69 6 9.1 100
N. 14.0 • •., 95
n 15.1 7 '.5 102
V 3.51 • 6.6 95
ZO 3.57 • '.3 96

'these performance values are independent of sample preparaOOn because the labs .....Iyl:ed
pottion$ of the same solutions

"N " Number of measurements for mean and relative standard deviation (RSD)

'Accuracy is expressed as a percentage of the nominal value for each analyte in acidified. multI
element solutions.

6010B·23 Revision 2
December 1996



TABLE 6

ICp·AES PRECISION AND BIAS FOR SOLID WASTE DIGESTS'

Spiked Coal Fly Ash Spiked Electroplating Sludge
(NIST·SRM 1633a)
Mean Mean
Cone. RSD' Bias' Conc. RSD' Bias'

Element (mgIL) " (%) (%AAS) (mg/L) " (%) ("!oMS)

" 330 a 16 10. m a " 110
Sb 3.4 6 73 96 5.3 7 24 120
A, 21 a 83 270 5.2 7 a.6 87
B, 133 B 87 10' 16 B 20 58
B, '.0 a 57 '60 0.9 7 9.9 110
C6 0.97 6 5.7 10' 2.9 7 9.9 90
C. 87 6 5.6 208 95. 7 7.0 97
Co 2.1 7 36 '06 15. 7 7.a 93
Co 12 6 21 94 1.0 7 11 a5
Co 1.9 6 9.7 118 '56 a 7.a 97
F, 602 a a.a 102 603 7 5.6 98
Pb '.6 7 22 94 25 7 5.6 98
M9 15 6 15 110 35 a 20 94
Mo " 7 " '94 59 7 96 95
Mo '" a 19 105 14 7 36 110

" 16 5 " 91 9.5 7 96 90, " a 4.2 98 51 a 5.a 82
S, 54 5 16 73 87 7 " 101
A9 14 3 17 "0 0.75 7 19 270
No 20 a " "0 1380 a 9.a 95
TI 6.7 , 22 zeo 5.0 7 20 180
V 1010 5 7.5 100 1.2 6 11 80
'0 2.2 6 7.6 93 266 7 2.5 101

'These performance values are independent or sample preparation because the labs analyzed
portions of the same digests.

'N = Number of measurements for mean and relative standard deviation (RSD),

'Bias for the ICp·AES data is expressed as a percentage of atomic absorption spectroscopy (AA)
data for the same digests.
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METHOD 60108

INDUCTIVELY COUPLED PLASMA·ATOMIC EMISSION SPECTROMETRY
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APPENDIX D-8
Preparation Procedure for DTPA-Extractable Fe and Mn:

Method ASA 17-4.3



nTPA EltraetiOD of Soils for Fe anti Mn

ASA 17-4.3

Reagent:

DTPA Extraction Solution (0.OO5M DTPA, O.OIM Calcimn Chloride, 0,1 M TEA)

I. Add 600 ml deionized water to a 1 liter volumetric flask.

2. Add 14.9 g TEA (Triethanolamine) and dissolve (add 16.5 ml if liquid form used).

3. Add 1.970 g of diethylene triamine pentaacetie acid and dissolve.

4. Add 1.470 g ofcalcium chloride and dissolve.

5. Bring volume to about 970 ml with deionized water.

6 Tmnsfer to a beaker and adjust to pH of7,3 with 6N Hel (about 13 ml required).

7, Return to volumetric flask and bnng to volume,

Procedure:

Place 10 g dry soil in 125 ml Erlenmeyer flask.

2, Add 20 ml ofDTPA extracting solution.

3. Shake for 2 hours on an oscillating shaker on low scning (180/min).

4. Filter extract through previously foldcd Whatman 42 filtcr paper into a 50 ml
Erlcnmeyer flask.

5. Submit the filtrates for analysis of iron and manganese by inductively coupled plasma
OCP), atomic absorption, or spectrometric methods.



References:

"Availability Indices," Section 17-4.3 in Me/hods ofSoil Anolysis, Part 2, Chemical
and Microbiological Properties, Second Edition, A. L. Page Editor, Amcrican Socicty of
Agronomy, Inc. 1982



Lead Phytoremediation Demonstration                D-9                                     Twin Cities AAP

APPENDIX D-9
Preparation Procedure for Total Metals in Soils and Plants:

Method 3050B



METHOD 3050B

ACID DIGESTION OF SEDIMENTS SLUDGES AND SOILS

1.0 SCOPE AND APPLICATION

1,1 This method has been wrmen 10 provide two separate digesllon procedures, one ror
lhe preparalion of sediments, sludges, and soil nmples for analysis by name atomec absotpllon
speetromellY (ELM) or inductlvely coupled plasma atomic emiSSion speetlOlTlelry (lCP-AES) and
one for Itle preparation of sedill "" Its. sludges, and soil nmples for analysiS of nmples by Graphite
FImaOt M (GFM) or lfIdudively coupled plasma mass spectrometry (lCP·MS) The extnlets from
thllse two procedures are .Il2I Wllen;hangeable and should only be used With the enalytJc:al
determinations outined rJ!hIs SIICtKIn. SIImples prepared by this method may be analyzed by ICP
AES Of GEM lor ill thII bted metats as long as thII delecion lirrvts are adequate for lhe reqUlfed
end-YSII of Itle dala. A1tematrve delllmwwlNlllechniqueS may be used if they are scienllfically vabd
and the OC criteria of the method, including those dealing with interferences, can be .chieved
Other .Ie'rnents and matrices may be anelyzed by thiS method if perfonnOince IS demonstrated for
the en.tyIl1S of interest, in the matlices of interest, OIt lhe concentration levels of interest (See
Section 8.0). The recommended determinative lechniques lor each element are ~sled below-

Aluminum
Anlimony
Barium
Beryllium
Cadmium
Calcium
Chromium
Cobalt
Copper
Iron
Lead
Vanadium

FlANICP-AES

Magnesium
Manganese
Molybdenum
Nickel
Potassium
Silver
Sodium
Thallium
Vanadium
ZinC

GfMt!Cp-MS

Arsenic
Beryllium
Cedmlum
Chromium
Cob,lI
Iron
Lead
Molybdenum
Selenium
Thallium

'.2 This method is nol a lQ1aI digestion ledmique for most samples It is a velY strong
acicI dige$liQn thaI wil dissolve almost all elements Ihal could become "environmentally available"
By de5ign, elements bcu'lcIa, siieale SIl'UCtUl'eS are not~ dissolved by lhls procedUfIl as they
are not usually mobile in the environment. "absolute total digestion is reqUlfed use Melhod 3052

2.0 SUMMARY OF METHOD

2.1 For the digestion 01 samples, a representative 1-2 gram (weI weight) or 1 gram (dl}'
welglll) sample is digested WIth repeated eddillons of nitric acid (HNO,) end hyd~n peroXJde
(H,O,).

2.2 For GEM or lCP-MS anetysls, the resultant digeslate;s reduced Il'\ volume while
healing and lhen d~uted to a flnOilI volume of 100 mL.

2.3 For ICP-AES Of FLM analyses. hydrochloric acid (HCI) is added to ttle ini\lill
digestate and the sample is renu~ed In an optional step to Increase the solubDity of some metalS
(see Seclion 7.3.1: NOTE), this digestate is fillered and the filter paper arld residues are nnsed. first
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with hot He and !hen hot tf!lJ9'l'll Wilter Fill. paper and re$ldue are retumeclto the digestion flask,
retklxed wiltt additional HCl and then filtered agaln_ The digeslate is then diMeclto a final volume
of 1QO mL

2.4 II required, a separate sample aliquot Shall be dried for a total percenl solids
determination.

3.0 INTERFERENCES

3.1 Sludge samples can eonUlitl diverse m:aolrix Iypes. each of which may present its own
anatybcal challe:nge. Spiked umples and any relevant standard reference materia! should be
procesMd itl acc:ord.-w::e with the quaily contn:ll~ gIVen in see. 8.0 to ad itl determining
whether Method 30506 is applicable to a given Wilste.

4,0 APPARATUS AND MATERIALS

4,1 Digestion Vessels - 2SD-mL.

4.2 Vapor recovery device (e.g., ribbed watch glasses. appropriate renuxing device,
appropriate soIvenl handling system).

4.3 Drying ovens - able to maintain 3O·C!. 4'C

4.4 Temperature measurement device capable of measuring to at least 12S'C with
suitable precision and accuracy (e.g,. thermometer. IR sensor. thermocouple, thermister, etc.)

4,5 Filter paper - Whatman No, 41 or equivalent.

4.6 Centrifuge and centrifuge tubes.

4.7 Analytical balance - capable of accurate ..eighiugs 10 0 DIg

4.8 HIIatirlg source - Adjustable and able to mai'ltain a temperatlH of go-9S·C. (e_g.. hot
plate, block digestor, microwave, etc.)

4.9 Funnel or equivalent.

4.10 Graduated cylinder or equivalenl volume measuring device.

4,11 Volumetric Flasks - 1()(Hn1.

5.0 REAGENTS

S.1 Reagent grade chemicats shall be used in aD lests. Unless otherwise indicated, it is
intended that all reagents shall conform to the specifications of the Committee on AnaJyticai
Reagents of the American Chemical Society, where such specifications are available, Other grades
may be use<J, provided it is first escertajned that the reagent is of sufficiently high purity to permit its
use without lessening the accuracy of the determination. If the purity of a reagent is questionable,
analyze the reagent to determine the level of impurities. The reagent blank must be less than the
MOL in order to be used.
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5.2 Reagent Water RUlient water will be interle~nce free All referencn to water in
the method refer to reagent water unless otherwise specified. Reier to Chapter One IeI'II definition
of reagent water.

5.3 Nitric acid (concenlrated), HNO~. Acid should be analyzed to determme Level of
impurities If method blank is < MOL, the .cid ea.n be used.

5.'
of impurities

Hydrochloric acid (concentrated), HCl. Acid should be analyzed to de1ef'lTllfte level
If method blank is < MOL. the Kid can be used.

5.5 Hydrogen peroXJde (~), H:0l- Oxidant should be analyzed to determine level 01
impurities. If method blank is < MOL. ttle peroXJde can be used.

6.0 $AMPLE COLLECTION, PRESERVATION, AND HANDliNG

6.1 All samples must have been coIeCled using a sampling plan Inat addresses the
considerations discussed in Chapter Nine 01 this m.nual.

6.2 AI sal'tl'le containe~ must be demonstrated to be free of contamlnallon at or below
the reponing limit Plastic and glass contalners.re both suitable. See Chapter Three, section 3 1 3
for funher information.

6.3
possible.

Nooaqueous samples should be ~Irigeraled upon recfllpl and analyzed as soon as

6.4 II can be difflcull 10 obtain a representative sample ""ith wet or damp materials. Wet
samples may be dried, crushed, and ground to reduce subsample variability as long as drying does
not affect the extraction of the analytes of Interest in the sample.

7.0 PROCEDURE

7.\ Mix the sample thoroughly to achieve homagenei!'; and sieve, if appropriate and
necessary, using a USS '10 sieve. All equipment used for homogenization shoold be cleaned
according to the guidance in Sec. 6.0 to minim~e the potential 01 Closs-contamination For each
digestion procedure, weigh to the nearest 0.01gand Iransfer a 1-2g sample (wet wllIghtj or 1 II
sample (dry_ighl) to a digestion vessel FOI"~s Mh high ~uid content, a larger sample sIZe
may be used lIS long as digesltort is completed.

NOTE: All steps requiring the use of acids shoukf be c:lOdueted under a fume hood by
property tralned personnel USlIlII applopliale Iabl:nlofy safe!)' equ;pment The use of an acid
vapor $CI'\lbboer system fOl"waste IT'IIWTllUtiQn is encouraged.

7.2 For tne digestion of samples for analysis by GFAA or ICP-MS, add 10 ml of 1 1
HNO)o mile !he slurry, and co~r with a watch glan or vapor recovery deVICe Heat the sample te
95"C:t 5"C and reflux for 10 10 15 monutes without boiling_ AlOW'the sample to cool, add 5 ml of
concentrated HNO" replace the cover, and retlwc fOl" 30 m'l'llrtes. If brown fumes are ~neraled,

indicating Oxidation of the sample by HNO)o repeat this step (addition of 5 ml of cone, HN~ over
and over until [lll brown fumes are given off by the sample irKiieilting the complete reaCllOn WIth
HNO)- Using a ribbedwatch glass or vapor reeovery system, either allow-Itle solullOn to evaporate
to approximately 5 ml without boiling or heat at 95°C :t 5°C withoul boiling for two hours Maintain
a covering of solution over the bottom of the venel at all times
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Fihration - Finer throtlgh vvtlatman No. 41 filter paper (or

.HQD;.. AhemallYely, for direct energy coupling l!eviees, such as iI mlCroYfave, digest
samples for analysis byGFAA or lCP-MS by adding 10 mL of 1:1 HNo,. mi~ing the slurry and
then covering with a vapor recovery device, Heat the sample to 9SoC t SoC and refiux for
S minutes at 9SoC ± S'C without boiiing. Allow the sample 10 cool for S minutes, add S mL
of concenlrated HNO" heat the sample to 9S'C t S'C and reflux for S minutes al 9S'C t
S'C. IfbwNn fumes are generated, indicating oxidatioo of the sample by HNO,. rlpeat this
slep (addition of S mL c:onc:entrated HNO,l until no btown fumes are given off by the S41mple
inl:ic:aiftg the compete reactioo with HNO,. Usng av~ recovery system, heal the umple
to 95'C :t S'C and reflwc for 10 rrunutes at 9S"C t S'C withoul boiling.

7.2.1 After the step in Section 72 hn been completed and lhe sample has cooled,
add 2 mL of water and 3 mL of 30% H,O,. Cover the vessll wilh a watch glass or vapor
recovery device and return the covered vassallo tha heat SOl,lrce for warming and to stan
the peroxide reaction. Care must be taken 10 ensure that losses do not occur d.... to
IJICessively vigctol.rs elferve$Cl!l'lCll. Heat lA'l1il efferve$Cel'lCl! subsides and cool the vessel.

t:lQIE: Alternatively, lor direct energy coupled devices: After lhe Sec. 7.2 "NOTE"
step has been completed.nd the sample has cooled tor S minutes, .dd slowly 10 mL
of 30% H,O,. Care muSI be taken to ensure that 10SS1'!5 do not occur due to
excessive vigorous effervesence. Go to Section 7.2.3.

7.2.2 Continue to add 30% H,o, in 1-mL aliquolS with warming unlil the
effervescence is minimal or untJ the geneflll Soilmple appearance is unctuInged.

HQIf.: Do 001 .dd more lh.n a tot.1 of 10 mL 30% Hp,

7.2.3 Cover the sample with a ribbed watch glass or vapor recovery device and
contil'lue heating the acid-pero~ide digestate until the volume has been reduced to
appl'Ollitr\:ately S mL or heal at 95°C t SoC~ boiing for two houl$. M.intairl a covering
of solu\lotI over the bottom of the vessel.l" times

tKilE: Alternatively, for direct energy coupled deWees. Heat the acid-peroxide
digestate to 9S"C ± SoC in 6 minutes and remain at 9SoC ± S'C without boiling for
10 minutes.

7.2.4 Mer cooling. dilute to 100 mL with water, Particullltes in the digestate should
then be remove<! by flllflltiol'l, by cenlrif~liOIl, or by aDowil'lg the Soilmple to seltle. The
sample is now ready fot analysis by GFAA or ICP-MS.

7.2.-4.1
equivalent).

7.2.4.2 Cenlrifugation - Cenlrifugation at 2,00G-3,OOO rpm for
10 minutes is usudy sufficient to dear the supernatant.

7.2.4.3 The ~ed (flgeslate solutioo cootains approximately S% (vlv)
HNO,. For allillysis, withdraw a1iquots of appropriate volume and add any required
reagenl or matri~ modifier.

7.3 Forthe analysis of samples for FLAA or ICP-AES, add 10 mL cone, HCI to Ille sample
digest from 7.2.3 and cover with a watch glass or vapor recovery device. Place the sample Dl'V"WI
the heating source and renux OIl 95"C t S'C for 15 rrunutes.
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NOTE; Alternatively, for direct energy coupling devices, such as I miC1owave, digest
samples f()( analysis by FLAA and ICP-AES by adding S mL HCI aod 10 mL HIO to the
sample digest fTom 7.2.3 aod heat the sample to 9S"C:i SoC, Reflwc It 9S"C:i S"C without
boiling f()( 5 minutes.

7.4 Filer !he digestate through Whatman No. 41 filter paper (Of equivalent)lnd collect
filtrllte in. 1OQ-mL volumetric flask.. Make to volume .nd .nafyze by FLAA ()( lCp.AES

NOTE; Section 7,5 may boI u..-cI to~ the solubilities and co....nes of .ntimony,
b.rium, ...d, .nd .il....r when neclsSlty. The.. steps optional .nd .... n21
RqujRd on • routine blsis.

7.5 Add 2.5 mL cone. HNO,lnd 10 mL COf"IC. Helto. 1-2 g sample (wet weight) Of 1 g
SII'l'IpIe (dryweighl) and c:overwith a watchglass or vapor recovery device. Place the sample onfll'l
the healing source and reflux fOt 15 minutes.

7.5.1 Filter the digestate ltv"ough lNhatman No. 41 filler paper (or equivalent) and
collect filtrate in • 1OQ-ml volumelric f1aslc.. Wash the filter paper, while still in the funnel,
with no more than 5 ml of hoI (-9S"C) HCI, tl'len with 20 mL of hot {_9SoCj reagent Willer.
CoIed washings in the same 1QO.mL volumetric flask..

7.5.2 Remove the IlIter and residue from lhe funnel, and place them b.ck in the
vessel. Add 5 mL of cone. HCI. pl.ce lhe vessel back on the heating source.•nd hUI It
9S"C:i S"C unm the filler paper dissolves. Removl'! the vessel from the he.tlng source and
wash lhe cover and sides with reagenl water. Filler lhe reSidue and colleCI the filtrate in lhe
ISme1QO.mL volumetric flask. Allow fillrate to cool, lhen dilule to volume.

t:lQIf: High concenlralions of metal sailS wilh lemperalure-sensitive SOlubilities can
result in the formation of precipitates upon cooling of primary and/or secondary
filtrales. If precipitation occurs in the flask upon cooling,.lIll: Il2I dilute to volume.

7.5.3 If a precipitate fonns on the bottom of a flask, add up to 10 mL of
concent.-ted HCl to dissolve the precipit.te. After precipitate is dissolved. dilute to volume
with reagent waler. Anafyze by FLAA or ICP-AES.

7.6 Calculations

7.6.1 The concenlI'alions determined are to be reported on the basis of the ae:tual
weight of the sample. ". dry wetght analysis is desired. then the percerlt solids of the
sample must also be provided.

7.6.2 If percent solids IS desired, • separale determination of percent solids must
be performed on a homogeneous .liquot of 1M sample.

8.0 QUAUTY CONTROL

8.1 AI quality control measures described in Chapter One should be followed

8.2 For e3dl batch of samples pl'OC:essed. a melhod blank should be carried throughout
the erltn sample preparalion and analytical process aeeording to the frequency described in Chapler
One. These blanks will be useflJl in determining if samples are being conlaminaled Refer to
Chapler One for lhe proper protocol when analyzing method btanks.
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8.3 Spiked duplicate .amples should be processed on a rouhne basis and whenever a
neW sample matrix is being analyzed. Spil,e<1 duplicate samples wi" be used to detemune prea$OOll
and blu. The criteria of the determinative metnod wi" dictate frequency, but 5% (one per batch) is
recommended or whenever a new sample matri~ is being ana~ed, Refe, to Chapter One for the
proper protocol when analyzing spiked replicates.

8.-4 Limitations forthe FLM and ICP-AES optional digestion procedure. Analysts should
be aware ttlalttle upper tinear range for sitver, barium, lead, and antimony may be e~ceededwith
some samples. Il"thete is a reasonable poss~thatlhis range may be exceeded, or if au~'s
~ resutl exceeds this upper limit, • smaler umplol size should be taken through the enllte
procedure and ....an.alyzed 10 determine if the linear range has been exceeded. The approxmate
tinear upper ranges lor a 2 gram sample size:

Ag 2,000 mglkg
As 1,000,000 mgJkg
B. 2,500 mg/kll
Be 1,000.000 mgIkg
Cd 1,000,000 mgIkg
Co 1,000,000 mgIkg
Cr 1,000,000 ITlQo'kIl
Cu 1,000.000 mgIkg
t.Ao 1.000,OOOmglkg
Ni 1.000,000 mglkll
Pb 200,000 mglkll
Sb 200,000 mil/kg
Se 1,000,000 mg/kg
TI 1,000,000 mglkg
V 1,000,000 mglkg
zn 1,000,000 mgIkg

tQIE: These ranges....,-. varywith sample matrix, molecular form, and size.

g.O METHOD PERFORMANCE

9,1 In a single laboratory. the recoveries of the three matrices presented In Table 2 were
obtained using the digestion procedure outlined fo( samples prior to analysis by FlAA and ICP-AES,
The spiked samples were analyzed in duplicate. Tilbles 3-5 represenls results of analysis of NIST
Standard Reference Malerials thai were obl.ained using both atmospheric pressure microwave
d:qes~ techniques and hot-plate digestion procedures.

~.O REFERENCES

1. Rohrbough, W.G.; et aI. Reagm O>emicih American Chemg! Sodm SPeCifications 7th
ed.; American Chemical SoCiety: Washington, DC, 1986.

2. 1985 Annyal Book of ASTM Standards, Vol, 11.01; "Standard SpeCification for Reagent
Water": ASTM: Philadelphia. PA, 1985; 01193-77.

3. EdoeD, K.: USEPA Method Stustv 37 - sw-846 Method 3050 Add Pigestjoo of Sediments
Sludgn and SOils EPA Cootrad No. 68-03-3254. November 1988.
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Scie'nce and Technology, Vol 23, P,ge 698, July 1989.
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of HeaMh Seryjces, Fifth Annual Waste Testing and Quality Assurance Symposium, Volume I, July
1969. Reprinted in Solid Waste Testing and Qualily Assurance: Third Volume, ASTM STP 1075,
Page 231, C.E. Tatsch, Ed., American Society for Tesling and Materials, Ph~adelphia, 1991

6 Kimb'ough, David E., and WakaJr.uwa, Janice R. A Stydy of the Ljoear Ranges of Several
Acid DiOesljon f>roce1Iures, Environmentat Science and Tedvtology, Vol. 26, Page 173, JaO'.lary
1992. Presented Sixth Annual Waste Testing and Qua!ily Assurance SymPOSII,lITl, July 1990

7. Kimbcoogh, DaVid E., and Wakakuwa, Janice R. A Stydy of the Linear Ranges of Severa!
Acjd Di9Uhon proclldyru, Sixth Annual Waste Testing and Quality Assurance Symposium,
Reprinted in Solid Waste Testing and Quality Assurance: Fourth Volume, ASTM STP 1076, Ed"
American Society for Tutlng and Materials, Philadelphia, 1992.

8 NIST published leachable concentralions. Found in a.dde1ldum 10 certificate of analy$'s lor
SRMs 2709, 2710, 2711 - August 23,1993.

9. KingstOll, H.M. Haswel, S_J ed, MiqQwave Eohanecd Chemistry, ProfeSSIOnal Reference
Book Series, American Chemical Soc.ely, Washington, D.C ,Chapter 3, 1997
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•

TABLE 1

STANDARD RECOVERY (%) COMPARISON FOR
METHODS 3050A AND 30506"

Analyte METHOD 3050A' METHOD 3050B wloption'

A, ,., ..
'" 86 19'.. " 193.. " 192
Cd 101 "Co " 105
C, 98 94
C, 87 94
Mo " "N' 98 92
Pb " 98
Sb 87 88
So .. "n " "V 93 19'

'" " 98

All values are percent recovery. Samples: 4 mL of 100 mglmL multislandard: 1\_ 3.
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TABLE 2

PERCENT RECOVERY COMPARISON FOR METHODS 3050A AND 30506

Percent Recover('

Analyte SamPle 4435 Sample 4766 Sample HJ Ave@ge

305QA 30506 3050A 30506 ~ 3950B 3050A~

.... 9.8 103 15 .. 56 93 27 95
A. 70 102 80 95 B3 >0, 77 100

•• " " 78 95 b b 81 94

•• 94 102 108 98 99 " 99 97
Cd " 88 91 95 95 97 93 "Co 90 " 97 95 89 93 89 "'" 90 95 89 " 72 >01 B3 97
Cv 81 88 " 97 70 108 77 "Mo 79 " B3 98 97 >0, B3 98
N; 88 93 93 >0O 97 >01 " 98
Pb 82 " 80 91 77 91 81 91
Sb 28 .. 23 77 ... 76 32 79
S. .. .9 81 96 99 96 " "n 88 .7 69 95 66 97 " B3
V .. 97 66 96 90 88 97 93
Zn 96 108 78 75 b b 97 99

a - Samples: 4 mL of 100 m9/mL rnult;"standard in 2 g of sample. Each value is percent recovery
and is Ihe .verage of dupieate spilles.

b - Unable to aCCtJralely quantitate due to high background values.

c - Method 30508 using optional section.
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ACID DIGESTION OF SEDIMENTS, SLUDGES, AND SOILS
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APPENDIX D-10
Analytical Procedure for Arsenic:  Method 7060A



METHOD 7D60A

ARSENIC (ATQHIC ABSORPTI~! fURNACE TECHNIQUE)

1.0 SCOPE AND APPLICATION

1.1 Method 7060 is In ttOilic tbsorptlon procedure tpproved for
dete"'ininq the concentrition of usenic in wutes, JDObility protedure extritts,
soils, and qround water. All saJllllles must be subjetted to an approprhte
dissolution step prior to Inalysis.

2.0 SUMMARY OF METHOD

Z.I Prior to analysis by Method 7060, samples must be prepared in order
to convert organic fOnls of arsenic to inorgtnlc forms, to minimize org,mlc
interferences, tnd to convert the sample to .1 suittble solution for analysis.
The saple prepJritlon procedure vules depending on the saMple M.nrix. Aqueous
S"--P1es tre subjected to the tcid digestion procedure described In this method.
Sludge samples are prepared USing the procedure destribed in Method 3050.

Z.Z Following the tppropriate dissolution of the sallPle, a representative
aliquot of the digestate is spiked with .1 nickel nitrate solution tnd 15 pllced
Mlnutlly or by Metns of an tutomatic sampler into .1 graphite tube furnlce. The
salllple aliquot is then slowly evaporated to dryness, charred (ashed), and
atomized. The absorption of hollow cathode or EDL radiation during ato~izatlon

will be proportional to the arsenic concentration. Other modifiers may be used
in place of nickel nitrate if the analyst documents the chemical and
concentration used.

Z.3 The typital detection liait for water samples using this method is
I ug/l. This detection limit MIY not be achievable when analyzing waste s..ples.

3.0 INTERFERENCES

3.1 Ele-entll arsenic and ....ny of its COllPounds Ire vohtile; therefore,
SImples ....y be subject to losses of arsenic during sample preplrltion. Spike
samples Inil relevlnt standlrd reference mlterills should be processed to
detenmine if the chosen dissolution method is tpproprilte.

3.Z Likewise, clution must be employed during the selection of
temperature and times for the dry and char (ash) cycles. Amttrix modifier such
as nickel nitrate must be added to all digestates prior to analysis to minimize
volatilization losses during drying and ashing.

3.3 In addition to the normal interferences experienced during graphite
furnlce analysis, arsenic analysis can suffer frOll severe nonspecific absorption
and light scattering Clused by ....trix cOlllponents during atOlliution. Arsenic
tnl1ysis is plrtlcuhrly susceptible to these problNs beCiuse of its law
tRllyticl1 wavelength (I93.7 ~). Simultlneous background correction must be
l!fI910yed to avoid erroneously high results. Alumlm.- Is a severe positive
interferent in the analysis of Irsenlc, espechl1y using 01 IrC background
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correctlon. Although Zeelllan bJCkground correction Is very useful in this
situation, use of any appropriate background correction technique is acceptable.

_ 3.4 If the analyte is not c.-pletely volatiliZed and ..elllOved fro- the
furnace during ato-ization, _ ..y effects will occu... If this situation Is
detected by ~ans of blank bu..ns, the tube should be cleaned by operating the
furnace at full power at regular inte..vals in the analytical scheme.

4.0 APPARATUS AND MATERIALS

4.1 Griffin beaker or equivalent: 150 mL.

4.1 Class A Volullletric flasks: 10-.l.

4.3 At~ic absorption spectrophotDaleter: Single or dual channel, sil'lgle~

or double-belli instr.-ent having a gratil'lg -onochrOlNtor, photo-llUltiplier
detector, adjustable slits, a wavelength range of 190 to SOD n., and provisions
for sillUltaneous background correction and interfacing with a suitable reconling
device.

4.4 Arsenic hollow cathode lamp, or electrodeless discharge lamp (EOL):
EDLs provide better sensitivity for arsenic analysis.

4.5 Graphite furnace: Any graphite furnace device with the appropriate
temperature and ti.lng controls.

4.6 Data syStNs recorder: A recorder is strongly rec~nded for
furnace work so that there will be a penaanent reconl and so that any problNs
with the anilysis such as drift, ince-plete ato-ization, losses during charring,
changes in sensitivity, etc., can eisily be recognized.

5 to
'.1

1,000
Pipets: Microliter with

uL, as required.
disposable tips. Sizes can ..ange fro-

5.0 REAGENTS

5.1 Reagent water: Water should be IlOnitored for impurities.
All references to water will refer to reagent water.

5.1 Concentrated nitric acid: Acid should be analyzed to dete...ine levels
of illlpurities. If a .ethod blank using the acid is <HOl, the acid can be used.

5.3. Hydrogen peroxide (30%): Oxidant should be analyZed to deternline
levels of illlpurities. If a .ethod blank using the H,oz is <MOL, the reagent can
be used.

5.4 ArseniC standard stock sol ut i on (1, 000 mg/L): Either procure a
certified aqueous standard from a supplier and verify by comparison with a second
standard, or dissolve 1.320 9 of arsenic trioxide (AszO" analytical reagent
grade) or equivilent in 100 ml of reagent water containing 4 g NaOH. Acidify the
solution with 10.L concentrated HMO, and dilute to 1 liter (1 ml • I Dg As).
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5.5 Nickel nitrate solution (5%): Dissolve 24.7809 of ACS reagent grade
Ni(N03 ),6H,D or equivalent in reagent water and dilute to 100 mL.

- S.6 Nickel nitrate solution (1%): Dilute 20.l of tile 5% nickel nitrate
to 100 -t witll reagent water.

5.7 Arsenic working standards: Prepare dilutions of tile stock solution
to be used as calibration standards at the tilll! of tile analysis. \/itlldraw
appropriate aliquots of the stock solution, add concentrated HN03 , 3~ HiD" and
5% nickel nitrate solution or otller appropriate matrix modifier. Amounts added
sllould be representative of tile concentrations found in the samples. Dilute to
100 mL with reagent water.

6.0 SAMPLE COLLECTION, PRESERVATION, AND HANDLING

6.1 All samples INst have been collected using a sampling plan that
addresses the considerations discussed in Cllapter Nine of this .anual.

6.2 All sa.ple containers ~st be prewaslled witll detergents, acids, and
reagent water. Plastic and gll5s containers are both suitable.

6.3
analysis)
analyzed.

Special containers (e.g., containers used for volatile organic
uy lIave to be used if very volatile arsenic cMpounds are to be

6.4 Aqueous samples must be acidified to a pH of <2 with nitric acid and
refrigerated prior to analysis.

6.5 Althougll waste samples do not need to be refrigerated sample hand I ing
and storage must comply witll the .inimulII requirements establ iSlled in Chapter One.

7.0 PROCEDURE

7.1 Sa.ple preparat Ion: Aqueous sallples sllould be prepned in till! unnl!r
described In Pnagraphs 7.1.1·7.1.3. Sludgl!-type samples should be prep.tred
according to Kl!tllod 3050A. Tile applicability of a sampll!-preparation technique
to .t nl!W utrix type ~st be de-.nstr.tted by .tn.tlyzlng spiked s.tmpll!s .tnd/or
relevant standard refl!rence uterl.tls.

7.1.1 Transfer a known volume of well-mixed sample to a 250-.L
Griffin beaker or equhalent; add 2 .L of 30% H,Ol and sufficient
concentrated HNO, to result in an acid concentration of 1% tv/v). Heat,
until digestion is complete, at 95·C or until the volume is sliglltly less
than SO mL.

7.1.2 Cool, transfer to .t volumetric flask, and bring back to SO
.L witll reagent water.

7.1.3 Pipet 5 .... of tllis digested solution Into a 10-.... volu.etric
flask, .tdd 1 .L of tile IS nickel nitrate solution or otller appropriate
-.ttrix .-difier, and dilute to 10 .... witll reagent water. Tile Silllple is
now re.tdy for injection Into the furnace.
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7.2 The 193.7-n= wavelength line and a background correction system are
required. Follow the manufacturer's suggestions for all other spectrophotometer
parallleters.

7.3 Furnace parameters suggested by the manufacturer should be e-ployed
as guidelines. Because teJllperature-sensing mechanisms and te-perature
controllers can vary between instruments or with time, the validity of the
furnice piTimeters lIuSt be periodically confil"lled by systeJllatlcillly ilterlng the
furnce parameters while analyZing a shndard. In this unner, losses of inillyte
due to overly high temperature settings or losses in sensitivlty due to less than
opti~m settings Cin be minimized. Similar verification of furnice pira.-eters
uy be required for complex s~le matrices.

1.4 Inject a ..asurl!Cl microliter aliquot of sample into the furnace and
atOlllize. If the concentration found is greater than the highest shndird. the
Sillllple should be dilutl!Cl in the same acid utrix and reanilyzed. The use of
multiple injections can illprove accuracy and help detect furnice plpetting
errors.

8.0 QUALITY CONTROL

8.1 Refer to section 8.0 of Method 7000.

g.O METHOe PERFORMANCE

9.1 PreCision and accuracy data are available in Method 206.2 of Methods
for Chemical Analysis of Water and Wastes.

9.2 The optimal concentration range for aqueous samples using this method
is 5-100 ug/l. Concentration ranges for non-aqueous samples will vary with
matrix type.

9.3 The data shown in Table I were obtained from records of shte and
contractor laboratories. The datil are intended to show the precision of the
combined sample preparation and analysis method.

10.0 REFERENCES

I. Methods for Chemical Analysis of Water and Wistes, EPA·600/4-82-055,
December 1982. Method 206.2.

2. Giskill, A., COMpilition iod Evaluation of RCRA Method Perfonmance Oata,
Work Assignment No.2, EPA Contract No. 68-01-7015, September 1986.
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TABL[ I. M[THOD P[RfORMANCE DATA

NBS SRH 1646 Estuarine sedi.ent 3050

Sinap1e
Matrix

Contaminated so\l

Oily soil

Emission control dust

Preparation
Method

3050

3050

3050

laboratory
Replicates

2.0, l.8 ug/g

3,3, 3.8 ug/g

B.I, 8.33 ugJg'

UO, 350 ug/g

aBias of -30 and -28% from expected, respectj~ely,
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APPENDIX D-11
Preparation Procedure for Bio-Available Lead (Pb):

Method ASA 21-5



BiD-Available Lead
(Water Extractable Lead)

ASA Method 21-5

1,0 Procedure

Extract 5.0 gr<lms (dry weight) soil with 50 ml watcr for three hours on a reciprocating
shaker al 180 cyeles per mmute. Cenlrifuge the sample as needed and thcn filter the
Sllpematanl thrOllgh a I-micron syringe filter. Acidify a 10-ml portion of the filtcred
sample wilh 10 ml nitric acid and dilute to 50 m!.

Submit for lcad analysis by inductively coupled plasma (ICP). Report sample weighl,
perccnt moisture, extraction volumc and dilution factor 10 lhe metals workgroup so lhat
analytical values may be calculatcd.

2,0 Recordkeeping

Rctain all worksheets, calculations, graphs, and notes.

3.0 QU<lJity Control S<lmpJes

Dl.lplieate samples may he exlraeted a~ qU<llily control samples. Olher quality control
sample~ such as matrix spikes may be pcrfonned on extracts as required by the metals
analytical procedure,

4.0 References

"Selective Extraction," Scction 21-5 in Me/hods ofSoil Analysis, Pari 2, Chemical and
Microb;ological Properties, Second Edition, A. L. Page Editor, American Socicty of
Agronomy, Inc, 1982



Lead Phytoremediation Demonstration                D-12                                     Twin Cities AAP

APPENDIX D-12
Analytical Procedure for Chelator (EDTA):  Method AP-0047



AP-0047 Revision R2 718198
EDTA Analysis by High Performance Liquid Chromatography

1.0 PURPOSF;

Page

2.0

3.0

This procedure providcs il1.$true:tiol1.$ to pcrfonn (Ethylcnc
dinitrilo)tetraacctic Acid (EDTA) detenninations by high performancc
liquid chromatography (HPLC). See nOle 9.1.

SCOPE

This procedure is applicable to aqueous ~ples or liquid elttnlcts from
soil ~ples.

SUMMARy

Reagent containing ferric ion (Fcl
') is lidded to all samples and Slandards.

The: EDTA formsa complex "ith the ferric ion to fonn a UV-absorbing
chromopbore. Thoe analysis is accomplished using ion-pair HPLC y,ith a
diode array detector.

4.0 ImFERF:NCES

4.1 "Test Methods for Evaluating Solid Waste, PhysicaVChemical Methods".
SW·S46, lTd Edition, Most Recent Update (luly 1992 with proposed
methods dated November 1992)

4.1.1 Chapter I. "Quality Assurancc"

4.1.2 Chaptcr 4, "Organie AnalysisW

4.1.3 Method 8ooOA. "Gas Chromatography"

4.2 "Extraction of EDTA from Soils", AP·OO57. Environmental Applications.
T<:nnessec Valley Authority, Muscle Shoals. Alabama

5.0 RESPOlliSlllll.ITIES

5_1 The Specialty Laboratory supervisor. or his designee. shall msun: that this
procedure is followed during the determination of EDTA.
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60

6.1

The laboratory group leader. or his designee. shall delegate the
performanee of this procedure to personnel experieneed with this
procedure. The group leader is responsible for reviewing all daUl
generated. The group leader is responsible for training new personnel on
this procedure.

The ehemist or analyst shall follow this ~dure. shall ensure the
atCUfaC)' of all calculations. and shall report an)' abnormal results or
DOllCOnforman=s to the laboratory group leader.

REQUIREMENTS

Prerequisites

6.1.1 All soil samples must be extracted by the method: "Extraction of EDTA
from Soils" AN)(}57 before analysis.

6.2 Limiwions and Actions

6.2.1 High levels of EDTA (>500 ppm) afTectthe~ to EDTA in
subsequent samples. Samples folto"ing those "ith high levels of EDTA
shall be carefully reviewed and reanaly1.cd as needed.

6.2.2 All samples reading higher than the calibration curvc shall be diluted into
the range of the calibration curve.

6.3 AppartttuslEquipment

6.3.1 Anal)1ical balance. capable ofmw:Iing to 0.1 mg.

6.3.2 HPLC system "ith diode array detector.

6.3.3 HPLC column. Supelco LC·8DB. 5 micron. 15 cm x 4.6 mm.

6.3.4 Guard column. Supeleo LC-ABZ.

6.3.5 Sand bath. constant temperarure at approximatd)' 90-95 degrees C.

6.3.6 02 micron nylon syringe filter.

6.3.7 0.45 micron, Iype IIA Millipore filter.
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6.4

6.4.1

6.4.2

6.4.3

6.4.4

6.4.5

6.4.6

6.4.7

6.4.8

6.4.8.1

6.4.8.2

6.4.8.3

6.4.8.4

6.4.8.5

6.4.9

6.4.9.1

6.4.9.2

6.4.9.3

Reagents and Standards

Tetn\bulylammonium (dihydrogen) Phosphate (TBAP). reagent grade.

Sodium Ilydroxide, NaOH. approximately 25% solution. reagent grade.

SQ<lium phosphale monobasic. monohydrate, reagent grade.

Phosphoric acid. approximately 40 % solmion, reagent grade.

Methanol, 1·IPLC grade.

Elhylenediamineletraacetic acid, disodium salt, dihydrate (EDTA) reagent
grade, Formula weight 372.24 gfmole. Correct all weights of tile
dihydrate to the anhydrous basis by multiplying by the TUtio 336.211372.24
(0.90321).

Water, IIPLC grade.

HPLC Mobile Phase

To 400 ml ofHPLC grade water, add 1.69g tetnlbutylammonium
phosphate (TBAP).

Add 6.9 g of sodium phosphale mooorosic. monoh)'drate. The pH will be
approximalely 4.5.

Add 100 ml HI'Le gradc methanoL Mix well

Filler solution lhrough a 0.45 micron type HA milIipore filler.

Dilule to 1 L with HPLC grade water.

Iron Reagent

To 4{} ml of HPLC grade water. add 1.69 g oftetrabut)lammonium
phosphate (TBAp).

Add 0.69 g sodium phosphale monobasic, monohydrate.

Adjusl pllto 3.0 v.ith 0_05 M phosphoric acid.
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6.4.9.4

6.4.9.5

6.4.9.6

6.4.9.7

6.4.9.8

6.4.10

6.4.11

6.4-12

6.4.13

6.5

6.5.1

6.5.2

Add 0.5 g ferric nitrate.

Mix and allow to stand for I hour.

Centrifuge solution and decant aqueous phase.

Filter lhe solulion ttLrough a 0.45 micron lypt' HA millipore filta.

Dilute!O 100 ml \\ith HPLC grade wata.

EDTA. disodium salt. 1000 ppm cal stock. Weigh approximalely 0.1 g of
EDTA (weighed to the nearest 0.1 mg) and dilute 10 100 ml with HPLC
grade waler. J.T. Baker uhrapun: bioreagent.

EDTA. disodium sall. calibration standards. Dilute the 1000 ppm slock
standard 10 produce the following calibration standards: I ppm, 5 ppm. 10
ppm. 15 ppm and 20 ppm calibration standards.

EDTA. disodium salt. lab renuol sample and spiking solution 1000 ppm
stock.. Weigh approximalely 0.1 g of EDTA (weighed to the~I 0.\
mg) and dilute to 100 ml \\ith HPLC grade wllter. Reagents. Inc.

EDTA, disodium salt. secondary QC standard. Dilute the 1000 ppm QC
stock to produce the following QC siandards: 7S ppm spiking solution
and 15 ppm QC check standard.

Quality Conuol Sample Requirements

Each batch of samples must have the follo\\ing qualil) conlrol samples:
One spiked sample. one duplicate spike sample. one sample duplicate. one
laboralory conuol sample and one method blank.

The accuracy of the calibration curve is checked on a daily basis with a
midpoint check standard analyzed once per every 10 samples analyzed and
at the end of the analysis. Recalibration is not required with subsequent
analysis unless Ihe midpoinl check falls outside Ihe 85 to 115 percent
range.
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7.0

7.1

I'ROCEnURE

Calibration

7.1.1 Calibrate the instrument \\ith the follo....ing standards: 1 ppm. 5 ppm. 10
ppm. 15 ppm and 20 ppm.

7.1.2

7.1.3

7.1.4

7.1.5

7.2

7.2.1

7.2.1.1

7.2.\.2

7.2.1.3

7.2.1.4

7.2.]

7.2.].1

7.2.].2

7.2.].3

7.2.3.4

7.2.3.5

Pipenc I ml oreach Imo....ll slJlndan:l into an HPLC sample vial.

Add 0.1 ml of the iron reagent.

Mix thoroughly.

Analyze: standards ",ith parameters as in 7.2.3. Utilize ,-endor,supplied
chromal.ography ""'Ori:station software to fit the calibration dal3. Inspect
the eun-e for goodness of fit orO.99 or bener.

f'rocedurc Instructions

Sample Prcp.aration

Filter the aqueous sample through a 0.2 micron n> Ion s)nnge filter.

Pipette I ml orthe sample into an HPLC \iaL

Add 0.1 ml of the iron reagent.

Mix thoroughly by shaking.

Instrument Parameters

DetC'C1or. Photodiode anay.

Wavelength: 254 om.

Column: Supeleosil Le-8D[l; 15 em x 4.6 mm with guard, LC-A[lZ. 2

om.

Flo" rate: 1.5 mlImin.

AnaI)'sis time: 10 minutes.
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7.2.3.6

7.2.4

7.2.4.1

7.2.4.2

7.2.4.3

7.2.4.4

7.2.4.5

7.2.4.6

7.2.5

7.2.5.1

7.2.5.2

7.3

7.3.1

Injection volume: 5-0 microliters

HPLC Sample Analysis

Tum lhe detector on. allow approximalely I hour for lamp to warm up.

Turn the pump on: 60/40 methanol/water and allow the system 10 stabilize.
NOTE: Prime the pump before operation.

Change the composition oftlte pwnp 10 100% wliler and allow the syslem
10 S18bilizc:.

Change the mobile phase oflhe sySlem to 100% iron reagent mobile phase
and allow the system to Slabilize.

Place the 5iIlIIpies on lite amosampler and creale a sample list. AClivate
the newly created sample list.

Activate the analysis.

Cleaning Column After Analysis

Change thc mobile phase oflhe system to 100"/0 waler and allow the
system to stabilize after the analysis is completc.

Changc the mobile phase: of the syslem to 60140 methanol/water and allow
the system to stabilize.

Calculations and Recording Data

l1Jc: pcn:enl m;o'.uy for spikes arc 10 be calculated as follows:

% SPREe '" Sf - SAMP x 100"/0
SPI

where:

SPREe = Percent spike recO\·ery
SP - Actual spike read
SAMP - Spiks eorresponding sample rtad
SPI -lbcomicah'aiueofspike
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7.3.2 Tne perccnt retovery for control samples and cheeks are to be calculated
as follows:

%CK- Qx 100
C2

.....bere:

CK .. Pen::ent recovery for control sample or check SUlndard.

CI .. Actual kOOlm value reading
C2 .. Theorctical value of knov.n

7.3.3 Utilize commercial chromatography \\"OrX.sulIion soft.....ar... OT a suitabl...
spreadsheet to apply calibration cun·e fllClors to peak heights to calculate
concentration in samples

Example: When a calibration curve has been fit to the equalion C" A +
Bx (where x is observed peak height), the concentration would be
calculated as:

Conc ~ (A + Bx)· Volwnc / Weight • DF

For a soil sample:

A, B = fit panunelers ofcalibntion cunoe
x '" obsenled peak height
Volumc" final extrnetion volwne
Weight .. weight of soil extracted, corrected for moisture
OF .. dilution factor (when sample was diluted) or 1,000

Reponing units would be: mg Disodium EDTAlkg soil

(Ho.....ever. sec Note 9.2)
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A, B = til parameters ofcalibration curve
x = obsen~ peak height
Volume - J.(lOO
Weight - 1.000
DF - dilution factOr (when sample was dilute<!) or 1.000

Reporting units would be mg Disodium EDTAlLiter

7.3.4 File all original data, preparation work.sheets, chromatograms.
calculations, quality control summary shccts, and prinlouls wilh the
workorder as quality assurance re<:ords.

8.0 SAfETY

8.1 Read Malerial Safety Data Shcell (MSDS).

8.2 Wear gloves 1Oo'hen handling chemicals. Avoid inhalation of dust.

8.3 Wear lab coat and safety glassoes ",'hile perfonning Ibis procedure.

8.4 Malerial Safety Data Sheets (MSDS) llll: available for tetrabutyl
ammonium phosphale, methanol, sodium hydroxide, EDTA, ferric nitrate
and sodium phosphate monobasic, mOl'lOhydrate.

9,0 NOTES

9.1 The chemical names ElhylenedillJTtine lelmacelic acid and
(Elbylenedinittilo)telraa<;:etic acid IlJ"e synonyms.



A?-0047 Revision R2 7/8198
EDTA Analysis by High Perfonnanee Liquid Chromatography

Page 9

9.2 for the Lead Phytoremediation project. report ''3lues as milligrams
Disodiwn EDTA per liter in the extnICI. Also report sample wright and
perrent moi5lUl'e separately.

In this case: Cone = (A + Bx) • Volume I Weight • Of

A, B = fit parameten ofcalibration curve
x ~ observed peak height
Volume" final extraction volume
Weight = 1.000
OF = dilution faclor (when sample was diluled) or 1.000

10.0 aTTACHMENTS ANI> APPF,NIlICES

N,~

Eod o(Proc:edure
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Soil Moisture, Oven DIj'ing Method
ASA Physical Method 21-2.2.2

1.0 Purpose

To detenninc the moisture loss of a soil sample by oven drying overnight at
lOS 0c.

2.0 Scope

This procedure applies 10 soil, sand, silt, rock, and soil organic malter.

3.0 Summary

A sample is dried overnight at 105 "C. Moisture content is detennined by
weight loss.

4.0 References

Chapter 21-2.2 "Gravimetry With Oven Drying." Merhods 01501/ Analysis,
Pan I, Physical and Mineralogical Methods, Second Edition, 1986. Arnold
Klute, Editor. American Society of Agronomy, Inc. Soil Science Society of
America Inc. Publisher, Madison, Wisconsin, USA.

ASTM D 2216-92, "'Standard Test Method for Laboratory Determination of
Water (Moisture) Content of Soil and Rock"

ASTM D 2974-87 (Reapproved 1995) "Standard Test Methods for Moisture,
Ash, and Organic Matter of Peat and Other Organic Soils"

5.0 Responsibilities

5.1 The Laboratory Manager shall ensure that this procedure is followed during
the analysis of samples.

5.2 The Laboratory Group Leader shall review and approve data produced lInder
this procedure.

5.3 The laboratory analyst shall follow this procedure and laboratory safcty
guidelines. The analyst shall record all data, calculate results, and sign a
wrincn repon Oflhc analysis.



6,0 Requirements

6.1 Prerequisites

None

6.2 Limitations and Actions

For extremely dry soils, the quantity wcighcd should be increased in step 7, 1.3
to 50g.

63

6.3.1

6.3.1,1

6.3.1,2

6.3.1.3

6.3.1.4

6.3,2

RequlTemenlS

Apparams/Equipment

Laboratory oven with foreed air, thennostaned to control temperature to plus
or minus 5°C.

Desiccator with active dessicant (Orierite, or A,nhydrone)

Tongs or insulated gloves

Analytical Balance - capable of weighing to 0.0001 g.

Reagents and Standards

None

6.4 Quality Control Sample Requirements

Run a duplicate sample and method blank for every bateh of20 samples or
subset thereof.

7.0 Procedure

7.1 Procedure Instructions

7.1. 1 Thoroughly mix a portion of soil. Remove stones larger than I em diameter.
Remove roots and leaves. Break up any lumps or adhesions.

7.1.2 Dry a beaker or weighing dish for 30 minutes at 105 "C. Allow to cool in a
desiccator with active dessicant.



7.1.3 Obtain the tare weight of the container then the weight plus 10 to 20g soil
(r«ord weight to O.Ooolg),

7. 1.4 Place the moist sample and container in the drying oven overnight
(approximately 16 hours) at 105°C uncovered.

7.1.5 Remove the container from the oven and place it in a desiccator with active
dessieant to cool.

7,1.6 Weigh the dried sample and container.

7.2 Calculations and R~"Cording Data

7.2.1 Calculate the water content of the material to the nearest 0,1% as follows:

wherc

w .. water content, %
M"", .. mass of container and wet specimen in grams
M", = mass of container and dry specimen in grams
M, = mass ofcontainer

7,2.2 Calculate the percent solids to the nearest O. I% as follows:

Percent solids = 100 _w

7,2.3 Reeord data on the form provided in 10.1,

Note: A spreadsheet may be used to calculate the data.

80 Safety

8,1 Follow general laboratory safely rules, Exercise eare in removing hot items
from the oven. Use tongs or insulated gloves,

8.2 Exeercise caution to not spill hot soil containing organic matter into
Anhydronc (magnesium perchlorate) which is a strong oxidizing agent.

9.0 NOles

None



10.0 Attach.rnent~ and Appendiccs

10.1 Soil Pcrccn! Moisture Worksheet

P"rocot ~OJot"r.

~n Oryinq

Initio! OAtOITh••,,_=========: 'nitio! OV<n 'Oql_===~Pino! Oot./"'" _ Fino! Ovon ,up

workordor

Fraction

Gro.. We

"ro Wt

oriod Wt

Wt ..~plo

Wt 10..

, NoJot"ro

'Solid

""t"r~d by _

a.v'.w.d by _

O.t. _

END OF PROCEDURE
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Preparation Procedure for Total Metals in Soil Solution:

Method 3005A



METHOO JOOSA

ACID DIGESTION OF WATERS FOR TOTAL RECOVERABLE OR
DISSOLVED METALS FOB ANALYSIS BY FLAA OR ICP SPECTRQSCOPY

1.0 SCOPE AHD APPLICATION

1.1 Method 3005 is in icid digestion procedur@ us@d to prepire surfice
ind ground witer umpl@s for inilysls by fh.e itOMic absorption spectroscopy
(FLAA) or by inductively coupled irgon phsat sp@ctroscopy (ICP). Si1IIples
pr@pired by Method 3005 Riy be inilyzed by AAS Dr ICP for the following Metils:

Aluaimm
Ant i.eny""
Ars@nic"
Biriull
Berylliull
CidlliulII
CilciulIl
ChrOMiuM
Cobilt
Copp@r
Iron
Lead

" rcp only
""May be analyzed

Kignesh.
Knginese
Molybdem.
Nickel
Pohssiull
SeleniulII"
Silver
SodiulIl
Thilliull
VinidiUII
Zinc

by ICP, FLAA, or GFAA

1.2 When analyzing for total dissolved metals filter the sample, at the
time of collection, prior to acidification with nitric acid.

2.0 SUMMARY OF METHOD

2.1 Totil recoverabl@metals· The entire sallPl@isacidifleditthetl_
of collection with nitriC uid. At the time of inalysis the ullJlle Is hnted
with uid ind subshnthlly reduced In yolUlle. The digeshte Is fllt@red ind
diluted to volume, ind is then reidy for inilysis.

2.2 Dissolved metals - The SimPle Is filtered through i 0.~5·~ filter
it th@ tille of collection and the liquid phise Is then icidified it the tiMe of
collection with nitric icid. SHiples for dissolved IIehls do not need to be
digested is long is the icid concentntions hne been idjusted to the Sillie
concentration is in the stindirds.

3.0 INTERfERENCES

3.1 The anilyst should be CiUtloned thit this digestion procedure oy not
be sufficiently vigorous to destroy some !letal c~lexes.

30Q5A - J Revision 1
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Precipitation will cause a lowering of the silver concentration and therefore an
inaccurate analysis.

4.0 APPARATUS AND MATERIALS

4.1 Griffin beakers of assorted stzes or equivalent.

4.2 Watch glasses or equivalent.

4.3 Qualitative filter paper and ftlter funnels.

4.4 Graduated cylinder or equivalent.

4.5
lIaintaining

Electric hot plate or equivalent
a temperature of gO·gS·C.

- adjustable and capable of

5.0 REAGENTS

5.1 Rugent grade cheMicals shill be used in all tests. Unless othenorise
indicated, it is intended that ill reigents shall confo,. to the specifications
of the Co--Ittee on Analytical Reagents of the A.erican Che-icil Society, where
such specifications are avaihble. Other grades .ay be used, provided it is first
ascertained that the reagent is of sufficiently high purity to pe,.it its use
without lessening the accuracy of the determination.

5.1
references
spec ified.

Reagent Water. Reagent water shall be interference free. All
to water in the method refer to reagent water unless otherwise
Refer to Chapter One for a definition of reagent water.

5.'
detenaine

Nitric acid (concentrated), HNo.,. Acid should be analyzed to
level of illlpuritie,. If method blan\ is < HDL, then acid can be used.

Hydrochloric acid (concentrated), HC1. Acid should be analyzed to
level of i_purities. If IItthod bhnk is < IIlL, then acid can be llSed.

6.0 SAMPLE COLLECTION, PRESERYATION, AND HAHOlING

6.1 All SaMPles must have been collected using a sa.mpling phn that
addresses the considerations discussed in Chapter Nine of this manual.

6.2 All sample containers must be prewashed with detergents, acids, and
water. Both plastic and glass containers are suitable.

6.3 Sampling

6.3.1 Tot.ll recoverable IIttils - All samples lIlust be acidified at
the time of collection with III~ (5 .L/L).

6.3.2 Dissolved Illttals - All sallples ..st be filtered through a
0.4S-~. filter and then acidified at the tillt of collection with HHO)
(5 lIlL/L).

300SA - 2 Revision I
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CAUTION:

1.0 PROCEDURE

....,.1 Trinsfer a 100-1Il aliquot of well-lIIixed sample to a beaker.

1.2 For -etals that are to be a.nalyzed, add 2 lilt of concentrited HHO
J

and
5 .... of concentrited HC1. The sample is covered with a ribbed watch glass or
other sulhble covers and heated on a steall bath, hot plate or other heating
source a.t gO to 9S"( until the volulIIe has been reduced to 15-20 lilt.

Do not boll. Anti.cny Is easily lost by vola.tillzation frOll
hydrochloric acid .edla..

7.3 Re.ove the beaker a.nd allow to cool. lIash down the bea.ker walls nd
wa.tch glass with water a.nd, when necessary, filter or centrifuge the saMple to
re.ove silicates and other insoluble lIIaterhl that could clog the nebulizer.
Filtra.tion should be done only if there is concern that insoluble aa.terla.ls aa.y
clog the nebulizer; this addltiona.l step is liable to cause sample conta..ina.tlon
unless the filter a.nd filtering appa.ratus are thoroughly cleaned a.nd prerinsed
with dilute HNOJ •

7.4 Adjust the final volulile to 100 ml with reagent water.

8.0 QUALITY CONTROt

8.1 All quality control measures described in Chapter One should be
followed.

8.2 For each analytical batch of samples processed, blanks should be
carried throughout the entire sample preparation and analytical process. These
blanks will be useful in determining if samples are being contaminated. Refer
to Chapter One for the proper protocol when analyzing blanks.

8.3 Replicate samples should be processed on a routine basis. A
repliCate salllple is a salllple brought through the whole sample preparation and
a.na.1ytica.l process. Repllca.te sa.mples will be used to dete~ine precision. The
SollllPle loa.d will dictate the frequency, but 5% is recllllllended. Refer to Cha.pter
One for the proper protocol when a.na.lyzing replicates.

8.4 Spiked sUlples or sta.nda.n1 reference .a.terials should be "ployed to
dete~ine a.CCUricy. A spiked sUlple should be Included with each ba.tch. Refer
to Cha.pter One for the proper protocol when analyzing spikes.

g.O METHOD PERFORMANCE

9.1 No data provided.

300SA - 3 Revision I
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10.0 REFERENCES

1. Rohrbough, II.G.; et ill. Reagent ChflliCills. A!erlcan Chet!lql Society
Specifications, 7th ed.; ~erican Che_ical Society; lIilShin9ton, DC, 1986.

Z. 1985 Annual Book. of ASTH Standards, Vol. 11.01; ·Standard Specification for
Reagent Water'; ASTM: Philadelphia, PA, 1985; 01193-77.
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APPENDIX D-15
Analytical Procedure for Trichloroethylene:  Method 8021B



METHOD 80218

AROMATIC AND HALOGENATED YOLATILES By GAS CHROMATOGRAPHY USING
PHOTOIONIZATlON ANDIOR ELECTROLYTIC CONDUCTlYITY DETECTORS

1.0 SCOPE AND APPLICATION

1.1 Method 8021 is used to determine volatile organic compounds in a variety of solid waste
matrices. This method is applicable to nearly all types of samples, regardless of water content,
induding ground water, aqueous sludges, caustic liquors, acid liquors, waste solvCP"lts, oily wastes,
mousses, tars. fibrous wastes, polymeric emulsions, filler cakes, spent carbons, spent catalysts,
soils, and sediments. The following compounds can be determined by this method:

Appropriate TecjmjQue
Purge-and Direct V" Head

Analyte CAS No.' -Trap Injection Distln Space

Allyl chloride 107-05-1 b b ,d ,d
Benzene 71-43-2 b b b b
Benzyl chloride 100-44-7 pp b " ,d
Bis(2-chloroisopropyl) ether 108-60-1 b b ,d ,d
Bromoacetone 598-31-2 pp b ,d ,d
Bromobenzene 108-86-1 b " ,d "Bromochloromethane 74-97-5 b b 'd b
Bromodichloromethane 75-27-4 b b b b
Bromotorm 75-25-2 b b b b
Bromomethane 74-83-9 b b b b
Carbon tetrachloride 56-23-5 b b b b
Chlorobenzene 108-90-7 b b b b
Chlorodibromomethane 124-48-1 b b b b
Chloroethane 75-00-3 b b b b
2-Chloroethanol 107-07-03 pp b " 'd
2-Chloroethyl vinyl ether 110-75-8 b b b ,d
Chloroform 67-66-3 b b b b
Chloromethyl methyl elher 107-30-2 pp p' ,d "Chloroprefle 126-99-8 b ,d " ,d
Chloromethane 74-87·3 b b b b
4-Chlorotoluene 106-43-4 b b cd "1,2·Dibromo-3-chloropropane 96-12-8 pp b ,d b
1,2-Dibromoethane 106-93-4 b cd ,d b
Dibromomethane 74-95-3 b b b b
1,2-Dichlorobenzene 95-50-1 b ,d 'd b
1,3-Dichlorobenzene 541-73-1 b ,d 'd b
1,4-Dichlorobenzene 106-46-7 b " " b
Dichlorodifiuoromethane 75-71-8 b b b b
1,l-0ichloroethane 75-34-3 b b b b
l,2-0ichloroethane 107·06-2 b b b b

80216-1 Revision 2
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Appropriate Technique
Purge-and Ouect V" Head

Anll1;'le CAS No,' -Trap Injection Distln Spac!!

1.'-[)iehloroelhene 75-3~ • • • •QS-l.2·DichIoroelhene 156-59-2 • "" "" ""tran5-1.2·Dtchloroelhene ,....., • • • •1.2-Dichloropropane 78-87-5 • "" • •1,3·Dichloro-2-propanol 96-23-1 pp • od ""cis-' ,3-dichloropropene 10061·01-5 • • b od
lrans-1.3-dichloropropene 10061-02-6 b b b od
Epichlorhydrin 106-89-8 pp b od ""Ethyfbenzene 10Cl-41-4 b b • •Heuchlorobutadiene 87-68-3 • "" "" b
Melhy\ene chloride 75-09-2 b b • b
Naphthalene 91-20-3 b "" "" b
Styrene 100-42-5 b b b b
1,1.1 ,2-Tetrachloroethane 630-20-6 b od od b
1,1,2,2-Tetrachloroethane 79-34-5 b b b b
Tetrachloroelhene 127-18-( • • b b
Toluene '08-88-3 • • b •1,2,"-TridlIorobenzene 12<Hl2·1 • "" "" •1,1,1-Trichloroelhalne 71-55-6 b b b b
1,1 ,2-Trichloroethane 79-00-5 b b b b
Trichloroethene 79-01-6 b b b b
Trichloronuoromethane 75-69-4 b b b b
1,2,3-TrichlO(opfOpane 96-''''' • • b b
Vll'lyl ehIoride 75-01-4 • • b b
q.)(ylene 9~7-6 • • b b
m·)()4ene 108-38-3 • • b b
p-Xytene 1()6.42-3 b b b b

•
b,
""po
pp

Chemical Abstract Service Registry Number.
Adequale response by lhis lechnique.
Inappropriate technique fO( this analyle.
Not Detenmned
POOf chromatographic: bel'laviot.
Poor purging efficiency resulting in high EQls. May require heated purge (e.g" 40°C) or,
more appropriate sample preparation technique, e.g" azeotropic distillation, equilibrium
h-eadspaee ot ~acuum dis1illation, for goad method performance

12 Method de1ec:tion Iimi'.s (M0Ls) are COi.lpOUOd depellden1 and ~aryWlltl pu-ging efflcierq
and c.oncentralion. The MDLs lot selec:led an,lyIes are presented 10 Table 1. The applicable
coocenlralton range 01 this method is compound and instrument dependent but is approximately 0.1
to 200 I-¢. Analytes that are inefficienlly purged from wat&r will nol be detected when presenl al
~ concentrations, but they can be measured with acceplabl& accuracy and precision when present
in sufficient amounls Delerminalion of some structural isomers (i,e.. xylenes) may be hampered
by coelution

60216 - 2 Re~ision 2
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1.3 The estimated quantitatjon limit (EQl) of Method 8021A for an Individual compound is
apprcllimately 1 ~OIkg (wet weight) lor soil/sediment samples, 0.1 mglkg (wet weight) lor wasles,
and 11J1Vl fO<" ground water (see Table 3). EQls will be proporlionately higher lor sampte e>:lracts
anc"umples that requi..... dito.rtion or reduced sample size to avoid saturatIOn 01 the detectO<".

1.4 This method is restricled lor use by, or under the supervision 01, analysts uperienced
in the use of gas chromalogr<lphs for meaSUlemeut of pu-geable organics at low~ coneentrallOlls
and sNIled in the interpretation of gas chromatograms. Each analyst must demonstrate the ability
to generate acceptabte res,"",s with this method.

1 5 The lO:Qc:iIy or carcinogenICIty of dlemicals used in this method tills not been preCIsely
derll'led. E.ch chemical should be treated .s • pollnllal health hazard, and exposure to these
ehernieals should be " •• ,ked Each laboratory IS responsible for maltltairurlg IWllrenflSS of OSHA
r.gulations regarding safe handling of dlemlCals used in this method. Additional r.l......nces to
laboratory safely are avallable for the IfIformatlOfl of the analyst (References 4 and 6)

1.6 The following method anatyles have been tentatively dassified as known or suspeeled
human or mamma6an carcinogens; benzene, carbon tetrachloride, l,4-dichlorobenzene, 1,2
dicNoroelhane, tleltilchlorobutadiene. l,1,2,2-tetrachlorcethane, l,l.2-trichloroelhane, chloroform,
1,2-dibn:lmoethane, tetraehloroethene, tnehloroethene, end vinyl chloride. Pure standard materials
and stock stendard solutions of these compounds should be handied in a hood A NIOSHIMESA
approved tollie gas .....sp;rator should be worn when the analyst handles high concentrations of these
tOllic compounds

1.7 OIher non-RCRA compounds which are amenable 10 analysis by Method 8021 include

Analyte

n-8utylbenzene
sec-Butylbenzene
lert-8 utylbenzene
2·Chlorotoluene
1,3"Diehloropropane
2,2-Dichloropropane
l,l-Oiehloropropene
IsopropylbetlZene
p-lsopropyltoluene
....Propylbel1lene
1,2,3-Trichlorcbenzene
1.2.4-Trimethylbenzene
1,3,50Trimethylbenzene

CAS No,'

1(}4·51-8
135·98-8
98-06-6
95-49-8

142-28-9
594-2()"7
56~58-S

98-82--8,...,..
103-65-1
87-61-6
95-63<>

106-67--8

• Chemical Abstrael service Re-g.stry Number

2.0 SUMMARY OF MeTHOD

2,1 Method 8021 provides gas chromatographIC eondillons for the deleellOn of haJ"Ilenated
and aroma~c volatile organic compounds Samples can be analyzed using diteel injeellon (Method
3585 for oily matrices) or purge-and-trap (Method 5031115035), headspace (Method 5021), or vacuum
distillation (Method 5032) Groundwater semples may be analyzed using Method 5030, Method

80218 - 3 Revision 2
December 19%



5021, or Method 5032. A temperature program is used in the gas chromatograph to separate the
organic compounds. Detection is achleved by a photoion~ation detector (P10) and an eledtolylic
mndudrvity detector (HECD) WI series. The GC system may also be set up to use a SlrJ9Ie detector
..men an eneIysl is Ioob'lg fof only halogenated compounds (HECD) Ot" aromatic; compounds (PlD).

2.2 Tentative identll"ations are obtalned by ilruotyzing standards under the same conditions
used lor samples and comparing resultant GC retention times. eonrlfTTlatOfY inlormation can be
gained by eompamg the relative response from the two detectors. Concentrations of the identified
components are measured by relating the response produced lor that compound to the response
produced by a compound that is used as an internal standard.

3.0 INTERFERENCES

3.1 Refer to lhe appt09rialf! 5000 Series method and Method 8000

3.2 Samples can be contaminated by diffusion of volatile organics (partJculaJty
d'oloroIluotocartlons and methylene chloride) through the sample container septum during shipment
and storage A trip blank prepared from organie--free reagen' water and cafried Ihtough sampling
and subsequent storage and handling can serve as a cheek on such contamination.

3,3 Sulfur dioxide is a potential interferant in the analysis for vinyl chloride.

4.0 APPARATUS AND MATERIALS

4.1 SarnpIe WltrI;O'Ction apparatus - Refer to Sec.. 4.0 of the appropriate 5000 series method
for a tisbng of the equipment fOt" eaen sample inlroducbon technique.

4.2 Gas Chromatograph - capable of temperature progranvning. eqUipped WIth variable
constant differential now controllers. subambient oven controller. photoionlUtion and electrolytic
conductivity detectors connected with a shon piece of uncoated capillary tubing. 0,32-0.5 mm 10,
and data system.

4,2.1 Primary Column - 60-m x 0.75 mm 10 VOCOl wide-bore capillary column with
1.5-..,m film thickness {Supelco) or equivalent.

4 2.2 Confm1aIion column· 6I).m x 0.53 10 SPB-624 wide-bore capiDary column with
3 Ooj.II'Tllfillhickness (Supelco) has been suggested 8$ one possible option. other columns
tha' wi. provide appt09riate resolution of the target compoundsmay also be employed for
conflfTTliition, or confirmation may be performed using GClMS.

4.2.3 Photoionizaliol'l detector (PID) (Tracor Model 703, or equivalen').

4.2.4 Electrolytic conductivity detector (HECD) (Tracor Hall ModeI7QO.A, or equivalent).

4,3 Syrirlges· 5 mL glass hypodermic with Luer·Lok tips,

4 4 Syringe valves - 2-way with Luer ends!potyletranUOfoetltylene (PTFE) or Kel-F]

4 5 Mierosyringe - 2~...l with II 2-in. x O.OO6-in. 10, 22' bevel needle (Hamilton .702N or
equivalenl),
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4.6 Microsyringes· 10·, 100-1.IL.

4.7 Syringes· 0.5-, 1.0-. and 5-ml, gas·tight with shut·off valve.

4.8 Bottles - 15-ml. PTFE-lined with screw-cap or crimp top.

4.9 Analytical balance - 0.0001 g.

4.10 Volumetric fiasks, Class A - Appropriate sizes with ground glass stoppers.

5.0 REAGENTS

5.1 Reagent grade inorganic chemicals shall be used In all tests. Unless otherwise indicated,
it is intended that all inorganic reagents shall conform to the specifications of the Committee on
Analytical Reagents of the American Chemical Society, where such specifications are available.
Other grades may be used, provided it is first ascertained that the reagent is of sufficienlly high purity
to permit its use without lessening the accuracy of the determination.

5.2 Organic-free reagent water. Allreterences to water in this method refer to organic-free
reagent water, as defined in Chapter One.

5.3 Methanol, CK,OH _Pesticide quality or equivalent, demonstrated to be free of analytes.
Store away from other solvents.

54 Vinyl chloride. (999% pure), CH,=CHCL Vinyl chloride is available from Ideal Gas
Products, Inc" Edison, New Jersey and from Matheson, East Rutherford, New Jersey, as well as
from other sources. Certified mixtures of vinyl chloride in nitrogen at 1.0 and 10.0 ppm (vlv) are
available from several sources.

5.5 Stock standards _Stock solutions may either be prepared from pure standard materials
or purchased as certified solutions. Prepare stock standards in methanol using assayed liquids or
gases, as appropriate. Because of the toxicity of some of the organohalides, primary dilutions of
these materials of the toxicity should be prepared in a hood

If direct injection is used, the solvent system of standards must match that of the
sample. It is not necessary to prepare high concentration aqueous mi~ed

standards when using direct injection.

5.51 Place about 9.8 ml of methanol in a 10-ml tared ground glass stoppered
volumetric fiask. Allow the fiask to stand, unstoppered, for about 10 minutes until all alcohol
wetted surfaces have dried. Weigh the flask to the nearest 0.1 mg.

5.5.2 Add the assayed reference malerial, as described below

5.5.2.1 Liquids: Using a 100-I.IL syringe, immediately add two or more drops
of assayed reference material to the fiask; then reweigh. The liquid must fall directly into
the alcohol without contacting the neck of the lIask

5.5.2.2 Gases: To prepare standards for any compounds that boil below 30'C
(e.g.. bromomethane, chloroethane, chloromethane, dichlorodifluoromethane,
trichlorofiuoromethane, vinyl chloride), fill a 5-ml valved gas·tight syringe with the
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ref~ standard 10 !he 5o.mL mark. Lower the needle to 5 nun above !he methanol
rneoiso.ls. Slowly WllrOduee the l'I'!ference standard above the surface of the liquid. The
heavy gas rapidly dissolves in the methanol. nIlS may also be accomphshad by uSing
a lecture bottle eqUIpped with a septum, Attach PTFE tubing to the side-ann relief valve
snd direct a gentle stream of gas into the melhanol meniscus,

5.5.3 Reweigh, dilute to volume, slopper, and thM mix by inverting the f1uk several
limes. Calculate the concentralJon in m~lignlms per ~ter (mglL) from the net gam in WlIIIJht,
When compound purity IS assayed to be 96% 0( greater, the weight may be used without
COlTediolIIo calo'ate the coocentnltion of the stock standard. Commeraally prepared slock
standards may be used at any concentration if they are certified by the manufacturer or by an
independent source

5,54 Transfer the stock standard solution into a boille with a PTFE-lined screw-cap or
crimp top. Store, with nunimal headspace, at -10~C to -20·C and protect Irom ight.
Standards should be returned to the free~er u soon.s the analyst has completed mixirtg Ot
diluting the standards to prevent the evaporation of volatile target compoi.nds.

5,5.5 Frequency of Standard Prepanltioo

5.5.5 1 Standards fOt the permanent gues should be monitored frequenlly by
comparisooto the initial caJibfalion curve. Fresh standards Should be prepared if this
chedI eltceeds a 20% drift. StandardS fOt gaslls usually need \0 be replaced after ooe
week or as reeon-tl'IlInde by the standard manufactu~. unless the acceptabiity of the
standard can be documented DichIotodiIk.ooIhane and dichloromethane WI"" usually
be the first compounds to evaporate from the standard and should, therefOff!, be
monitored very closely when standards lire held beyond one week,

5.5.5.2 StandardS for the non-gases should be monitored frequently by
comparison to the inlttal caJibfalion. Fresh standards should be pl"epared if thIs check
lIltceeds a 20% drift. StandardS for ~gases usuallY nead to be replaced after SIX

months or as recommended by the standard manufactur1lf, unless the acceptabifity of
the standard ClIn be documented. Standards of reactive compounds such as
2·chloroethyl vinyl ether and styrene may need to be prep.red more frequenlly.

5.6 Prepare secondary dilution standards, using slock standard solutions, in methanol, as
needed, that contain the compounds 01 interest, eilher singly Of mil<ed together The secondary
dilution standards should be prepared at COl'oClIl,tralions such that the aqueOlJs caijbr.ltion standards
prep.red in See. 5.8 wiI brac;ket the wor1ting range of the analytical system. secondary diIubon
standards should be stored with nWlImal he.dspace lor vo!ataes and .oouId be checked frequenlly
for signs of deoradation or evaporation. esped.11y just prior to preparing ClIlibfation standards from
them. secondary standards for gases should be replaced af1er one week unless the acceptabilily
of the standard can be documented. When using premi~ed certified solutions, store according to
the manulacture~sdocumented holding time and storage lemperature recommendalioos. The
analyst shol*:l also handle and store starl(lards as stated ~ Sec. 5.5.4 and return them to the freezer
as soon as standard mOOng 0( diIuIing IS completed to prevent the ev.poratlOO of volatile target
compounds.

5.7 Calibration standards - There are two types 01 calibration standardS used for this method:
initial calibralion slandards and calibration verification standards. When using premixed cllr1ified
solutions, store according 10 1M manufacture~sdocumented holding time and storage temperature
reconunendatioos.
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5.7.1 Initial calibralIOO standards should be prepared at a rrurumum of five
~_~~'tr.l1ioos from the secondary dikItioo ~ stodr. standards (set! sees 5.5 and 5.6) or from
a premixed certified solIttlOO. Prepare these solutions m organic-fret! reagent water. Atl4l.SI

-one of the car.bration standards should correspond to a sample concentration at Of below that
necessary to meet the data quality objectives of the prolect. The remaininll standards should
correspond to the range of concentrations found in typical samples but shouid not excaed the
working rangll of the GC system Initiel calibration standards should be mixed from fresh stock
standards and dilution standards v.tJen generating an initial calibratIon curve. See Sec. 7 0 of
Method 8000 for guidance on initial calibration.

5_7_2 CaanbOn vemeabOn standards shoukl be prepared at a concentration near the
mid-poinl of the initial calibratIOn range from the secom!luy dilution of stock st.ndards (see
Secs. 5.5 and 5.6) or from a premixed certified Solution. Prepare thllse solutions in
organic-free reagent waler. See Sec. 7,0 01 Method 8000 for guidance on calibration
verifIcation.

5.7.3 II is the intent of EPA that all target analyles lor a partICUlar an.lysls be included
in the inilIal calibration and calibratIon yerirlC8tlOtl standard(s). These target analyles may not
include the entire ht of analytes (Sec. 1.1) fOl" whicI'I the method has been demonstrated.
However, the laboratory $haD nol repol'! a quantltawe resull for a target analyle that was not
,ncluded in the calibratIOn standard(s).

5.7.4 The calibration standards should also conlain the internal standards chosen for
the analysis if internal standard calibration is used.

5.8 In order to prepare accurate aqueous standard SolutIOnS, the followmg precautions must
be observed:

t:lQlE.: Prepare calibratlOn solutions for use with direct injec1Jon analyses m water at the
concentrat,ons requIred.

5,8,1 Do not inject more than 20 III of alcohOlic standards into 100 ml of water.

5.8.2 Use a 25-lll Hamilton 702N micro syringe Of equivalent (yariatlons in needle
geometry will advernly aHeet the ability to deliver reproducible volumes 01 methanolie
standards into watef),

5_8.3 Rapidly iIljlId the alcoholic standard into the filled Yolumetnc flask. Remoye the
needle as fast as possible after injection.

5.8.4 Mi.>l aqueous standards by inverting the fiask three times.

5.8.5 FiI the sample symg.e from the standard solutJon contall'led in the expanded .rea
of the flask (do not use any soIullOO contamed IfIthe ne-ck of the flask),

5.8.6 Never use pIpets to dijute or tran5fer samples or aqueous standards

5.6,7 Standards should be stored and handled according to guidance in Secs. 5,54
and 555

5g Internal staod.ards -It is recommended that a spiking sclulion containing f1l,1Orobenzene
and 2·tJromo.1<hloropropane IfI methanol be prepared, using the procedures described in Sees 5 5
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and 5.6. II is flUther recommended that the secondary dilution standard be prepared at a
concentt.tion of 5 mgll of each intern.1 standard compound. The additIon of 10 III of such ill

standatd 10 5.0 mL of sarnp6e calibralJOn s\.anlian:l v.oAd be eqUvalent to 10 llOfl. External standard
quantitation may also be used.

5.10 Surrogate standards -The analyst should monitor both the perlormance oflhe analytical
system and the effectIveness of the method in deahng with each sample matrix by spiking each
sample. standard. and reagent blank with two or more surrogate compounds. A combInation of 1.4
dichlorobutane and bromochlorobenzene is recommended to encompass the range of the
temperature program used in this method. From stock standard soiutions prepared as in Sec. 5.5,
add a volume to give 750 lJ{j of each surrogate to 45 ml of organic-free reagent water contained in
a 5G-ml volumetric flask, mix, and dilute to volume for a concentration of 15 ng{llL Add 10 III of
this 5Urrogate spiking solution directly into the 5--ml synnge with every sample and reference
standatd analyzed. If the .,ternal standard calibration procedure is used, the surrogate compounds
may be added directly to the internal standard spilcing solution (See. 5 9)

6.0 SAMPLE COllECTION, PRESERVATION, AND HANDLING

See the introductory material to this chapter. Organic Analytes, Sec. 4,1.

7.0 PROCEDURE

7.1 Vobtile compounds are introduced into the gas chromatograph eIther by direct injection
(Method 3585 for oiy malrices) or puve-ano.trap (Methods 503Cl15035), headspace (Method 5021),
or by vaCl.lum distilatH;ln (Method 5032) Methods 5030, 5021, or 5032 may be used directly on
groundwater samples Methods 5035, 5021, or 5032 may be used fOf Iaw--concentration
contamInated soils and sediments For tliglH:oncentrabon soils or sediments (>200 !J9Ikg),
methanollc extraction, as described in Method 5035, may be necessary prior to purge-and-trap
analysis. FOf guidance on the dilution of oily waste samples for direct injecllOn refer to Method 3585

7.2 Gas chromatography conditions (Recommended)

7,2.1 set up the gas chromatograph system so that the photoionization detector (PID)
is in series with the electrolytic conduc!lvity detector (HECD). It may be helpful to contact the
manufacturer of the GC fOf guidance on the proper installation of dual detector systems.

MQIE: use of the dual detector system is not a requirement of the method The GC
system may also be set up to use a single detector when the analyst is
IookJ:'lg for jUsl halogenated compound$ (using the HECO) or for JUst aromatic
compounds {using the PIDl_

7.2.2 Oven seUings:

Carrier gas (Helium) Flow rate:
Temperature program

Initial temperature:
Program:
final temperature

6 mUmin,

10·C, hold for 8 minutes at
10·C to 180'C at4"Clmln
l80·C, hold until aU expected compounds have
eluted
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7.2.3 The c.riergas flow IS augmented with., IIddibonai 24 ml 01 helium flow before
entering the photoionizalion detector. ThIs make-up gas is necessaFY to ensure optunal
response from both deteclors

7.2.4 These halogen-specific systems eliminate misidentifications due to non·
organohalides which are coextracted during the purge step, A Tracor Hall Model 700·A
detector was used to gather the single laboratory accuracy and precision data presented in
Table 2. The operallng conditions used to coIleelthese data are

ReaclOf tube;
ReaclOf temperature;
ReaclOf base temperature.
Eleclrolyte:
Electrolyte now rate:
Reaction gas:
Carrier gas plus make-up gas:

N"oel. 1116 in 00
810·C
2SO"C
100% n-Propyt alcohol
0.8 mUmin
Hydrogen at 40 mUmin
Helium at 30 mUmin

7.2.5 A sample chromatogram oblMl8d with thls coum is presented in figure I ThIs
column was used to develop the method pertormance statements in Sec 90. ES\llTlated
retention \IITleS and MDLs that can be achieved under these conditlOlls are gIVen in Tallie'
Olherco/unVls OfeJement specific deteclors may be used if the requlremeots of sec. 80 are
mel.

7,3 Calibration _Refer to Method 8000 for proper calibration techniques Use Table 1 and
especially Table 2 for guidance on selectiog the lowest POint on the calibratloo curve

7.3.1 CalibratIOn must take place uSIllQ 1M same sample ll"llIOducllOn method that wiI
be used to analyze actual samples (ilee Sec. 7.4.1),

7.3.2 The procedure forintemat Of external calibration may be "sed Refer to Method
8000 for a description of each of these procedures.

7.4 Gas chromatO{jraphic analysis

7.4.1 Introduce volatile compounds into the gas dlromatO{jfaph uSIng erther Methods
5030/5035 (purge-and-trap method) Of the direct ~ection method (see Sec. 7.4 11). by
Method 5021 (head5Pace) lit by Method 5032 (vacuum distillation). lithe ll"ltemal standard
calibration technique is "sed, add 10 "l of intemal standard to the sample prior to purging.

7.4.1,1 Direct injection - in very limited applications (e,g., aqueous process
wastes) direct injection of the sample into the GC system with a 10 "L syringe may be
appropriate. The detection limit is very high (approximately 10,000 I-lglL), therelore, it is
QfVy pemutled ...mere conc:entralions in excess of 10,000 "QTL ate expected or fOf water·
soklble oompound:s that do not puge. The system musl be ~libra:ed by direct inJt'diOn
(bypassing the purge-aoo-trap deVICe).

7.4.1.2 Refer to Method 3585 for guidance on the dilUliOf\ and direct injection
or waste oii sampies.

7.4.'.3 Samples may be purged al temperatures above those being
recommended as long as aI ca~br.ltionstandards. samples, and ac samples are purged
al the same temperature and acceptable method perfQllTlance is demonstraled
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7.4.2 Follow Sec, 7.0 in Method 8000 for instructions on the analysis sequence,
appropriate dilutions, establishing daily retention time windows, identification criteria, and

_ calibration verification. Include a mid-concentration standard after each group of 10 samples
in the analysis sequence.

7.4.3 Table 1 summarizes the estimated retention times on the two detectors for a
number of organic compounds analyzable using this method,

7.4.4 Record the sample volume purged or injected and the resulling peak sizes (in
area units or peak heights).

7.4,5 Calculation of concentration is covered in Method 8000,

746 Second column confirmation

A 60-m x 0.53 10 SP6·624 wide-bore capillary column with 3.0-lJm film thickness
(Supelco) has been suggested as one possible option for confirming compound identifications.
Other columns that will provide appropriate resolution of the target compoundsmay also be
employed for confirmation, or confirmation may be performed using GC/MS.

7.4.7 If the response for a peak is otf·scale, ie., beyond the calibration range of the
standards, prepare a dilution of the sample Vllith organic·free reagent water. The dilution must
be performed on a second aliquot of the sample which has been properly sealed and stored
prior to use.

7,4,8 For target compounds that boil below 30"C at 1 atm pressure (e.g.,
bromomethane, chloroethane. chloromethane, dichlorodifluoromethane,
trichlorofiuoromethane, and vinyl chloride), analysts may use a calibration verification
acceptance criteria of within ± 20% difference from the initial calibration response

8.0 QUALITY CONTROL

8.1 Refer to Chapter One and Method 8000 for specific quality control (QC) procedures.
Quality control procedures to ensure the proper operation of the various sample preparation and/or
sample introduclion techniques can be found in Methods 3500 and 5000. Each laboratory shOuld
maintain a formal quality assurance program. The laboratory should also maintain records to
document the quality of the data generated.

8.2 Quality control procedures necessary to evaluate the GC system operation are found in
Method 8000, Sec. 7.0 and includes evaluation or retention time Vllindows, calibration verification and
chromatographic analysis of samples.

8.3 Initial Demonstration of Proficiency - Each laboratory must demonstrate initial proficiency
Vllith each sample preparation and determinative method combination it utilizes, by generating data
of acceptable accuracy and precision for target analyles in a clean matrix. The laboratory must also
repeat the following operations whenever new staff are trained or signifIcant changes in
instrumentation are made. See Method 8000, Sec. 8,0 for information on how to accomplish this
demonstration.

8.4 Sample Quality Control for Preparation and Analysis - The laboratory must also have
procedures for documenting the effect of the matrix on method performance (precision, accuracy,
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and detection ~mit). At .lTIlIIimum, tillS includes the analysis of ac samples IOduding a method
blank, a matrix spike, a "'~\e, and a labor.Ilory control sample (LCS) in each analytical batch aflo
theaddllion of sUfTOgatesto each field sample and QC sarnple.

8.4.1 Documenting the effect of the matrix shoold include lhe analysis of at least one
matrix spike and one duplicate unspiked sample or one matrix spike/matrix spike duplicate pair.
The decision on whelher to prepare and analyze duplicate samples or a matrix spike/matrix
spike duplicate must be based on a knowiedQe of the samples in the sample batch If samptes
Ife expeded to contain target analytes, Itlen laboratories may use one matnx spike and a
duplicate analysis of an unspiked field sample. If samples are not expected to contain target
analytes, laboratories should use a matrix spike and matrix spike duplieate palf

8.4.2 A LalXltatOtY Control Sample (LCS) $hOOk! be included 'Nilh eaetl analytical balch
The LCS consists of an aliquot of a clean (control) matrix similar to the sample matnx and of
the same weight or volume. The LCS is spiked with the same analyles at the same
concentrations as the matrix spike. When the results of the matrix spike analysis indicate a
potential problem dUll to the sample matrix itself, the LCS results .re used to verify thattM
laboratory can perform the analysIs in a dean matrix.

8.4.3 See Method 8000. Sec. 8.0 for the deta~s on carT)'lOg oot sample quality control
procedures for preparation and analysis.

8.5 Surrogate recoveries· Tne laboratory must evaluate surrogate recovery data from
individual samples versus the surrogate control limits developed by the laboratory See Method
8000, Sttc. 8.0 for information on evaluating surrogate data and developing and updating surrogale
~mits.

8.8 CaIibnIlioh Vtiffication acceptance <;titeria - For target compounds thillt boil below 30 C
at 1 aim pressure {e.g.. bromomethane, chloroethafle, chI0t0melhane, dichlorodifluoromelhafle
trichloronuotOmethane. and VInyl chlotldej, analysts may use a eaflbratlOfl verificatIon acceptance
criteria of 'Nithin :I: 20'10 dirterence from the initial calibration response.

8.7 It is reeommended thaI~ laboratory adopt addit>onel quality anuranee practices for use
with this method. The specific practices that are most PfOductive depend upon the needs of the
laboratory and the nature of the samples. Whenever possible, the laboratory should analyze
standard reference matenats and parbClpate in relevant performance evaluation studies

9.0 METHOD PERFORMANCE

9.1 Method deteclion limits for these analyles have been calculated from data collected ~
spiking organic-free reagent water at 0 1 I-lg/L. These data are presented in Table 1.

9.2 This method was tested Il'I a sitlgle IaboratOtY usIl'lg orgaruc·free nagent water sP'ked
at 10 I-lgIL. Single laboratOtY preci$iOfl and accuracy data for each detedor are presented for the
method analytes in Table 2
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TABLE 1

CHROMATOGRAPHIC RETENTION TIMES AND METHOD DETECTION UMITS (MOL) FOR
¥OLATILE ORGANIC COMPOUNDS WITH PHOTOIONlZAnON DETECTION (PID) AND

HALL ELECTROLVTIC CONDUCTIVITY DETECTOR (HECD) DETECTORS

PIO HECD PIO HECD
Ret. Tnneo Ret. Tme MIlL MIlL

""'''''
_. _.

""'- ""'-

Dichlorodifluoromethane -' 8.47 0.05
Chloromethane 9.47 0,03
Vinyt Chloride 9.88 9.93 0.02 0.04
Bromomethane 11.95 1.1
Chlotoelhane 12.37 0.1
Trichlorofluoromethane 13.49 0.03
1,1-OIchloroethene 16.14 16.18 NO' 0.07
Methylene Chlonde 18.39 0.02
trans-l,2·Oichloroethene 19.30 19.33 0.05 0.06
l,l-Oichloroethane 20.99 0.07
2,2-Oichloropropane 22.88 0,05
cjs-l,2-Oichloroethane 23,11 23.14 0.02 0,01
ChlOfOfOl'lTl 23.64 002
Bromochloromethane 24.16 0.01
1,1,1-TnchIoroethane 2-4.n 0.03
1,l-DtchIoropropene 25.21 25.2-4 0.02 0.02
Calbon Tetrachlonde 25.-47 0.01
Benzene 26.10 0.009
1.2-o.chloroethane 26.27 0.03
Trichloroethene 27,99 28.02 0.02 0,01
1.2·Dichloropropane 2'J.66 0.006
Bromodichloromlthane 29.43 0.02
['''rom"""'''••,,, 29.59 2.2
Toluene 31.95 0.01
1.1,2-TtId'lloroelhane 33.21 NO
Telrachloroethene 33.88 33,90 0.05 0.04
l,3-Dichloropropane 34.00 0.03
Oibromochloromethane 34.73 0.03
1,2-Oibromoethane 35.34 0.8
Chlorobenzene 56.56 36.59 0.003 0.01
Ethy{benzene 56.n 0.005
l,I,l,2-Telr3ch1oroethane 36.80 0.005
m-Xytene 36." 0.01
p-Xylene 36." 0.01
o-Xylene 38.39 0.02
Styrene 38,57 0.01
Isopropylbenzenll 39.58 0.05
Bromoform 39.75 L8
1,1,2.2-Tetrachloroethane 40.35 0.01
1.2.3-TnchIoroprop.ane 40.81 "

80218 -13 Revisloo 2
December 1996



TABLE 1(cont)

CHBOMATOGRAPHIC RETENTION TIMES AND METHOD DETECTION LIMITS (MOL) FOR
VOLATilE ORGANIC COMPOUNDS WITH PHOTOIONlZATION DETECTION (PID) AND

HAll ELECTROLYTIC CONDUCTIVITY DETECTOR (HECD) DETECTORS

Analyte

n-Propylbenzene
Bromobenzene
1,3,5-Trimethylbenzene
2-Chlorotoluene
4-Chlorotoluene
tert-Butylbenzene
1,2,4-Trimethylbenzene
sec-Butylbenzene
p-Isopropyltoluene
1,3-Dichlorobenzene
l,4-Dichlorobenzene
n-Bulylbenzene
1,2-Dict1lorobenzene
1,2-Dibromo-3-Chloropropane
1,2,4-Trict1lorobenzene
Hexachlorobutadiene
Naphthalene
1,2,3--Trict1lorobenzene

Internal Standards
Fluorobenzene
2-Bromo-l-chloropropane

PlO
Ret. Time'

minute

40.87
40.99
41.41
41.41
41,60
42.92
42.71
43.31
43.81
44.08
4443
45,20
45,71

51.43
51.92
52.38
53.34

26,84

HEeD
Ret. Time
minute

41,03

41.45
41.63

44,11
44,47

45,74
48.57
51.46
51.96

53.37

33.08

PlO
MOL
,gIL

0,004
0,006
0.004
NO
0.02
006
0.05
0.02
0.01
0,02
0,007
0,02
0.05

0.02
0.06
0.06
NO

HECD
MOL

",gil

0,03

0.01
0.01

0,02
0.01

0,02
3.0
0.03
0.02

0.03

•

•

Retention times determined on 60 m x 0,75 mm ID VOCal capillary column. Program: Hold at
10'C for 8 minutes, then program at 4 "Clmin to 180"C, and hold until all expected compounds
have eluted

Dash (-) indicates detector does not respond.

NO" Not determined
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TABLE 2

SINGLE LABORATORY ACCURACY AND PRECISION DATA
FOR VOLATILE ORGANIC COMPOUNDS IN WATER'

Photoionization Han Electrolytic
Detector Condyctjyjty Detecto(

Standard Standard
Recovery,' Deviation Recovery,' Devi.tiOll

ArnJtyte " 01 Recovery " 01 Recovety

Benzene 99 1.2 .'
Bromobenzene 99 1.7 97 "Bromochloromethane 96 3.0
B.-omodichlOlomethane 97 2.'
B.-omofonn 106 •••
Bromomethane 97 3.7
n-Butytbenzene 100 ...
sec-Butytbenzene 97 26
ten-8utytbenzene 98 2.3
Carbon tetrachloride 92 3.3
ChIorobenzene 100 1.0 103 37

""O"""''''M 96 3.'
Chloroform .. 2.'
Chloromethane 96 ••
2-Chlorotoluene NO' NO 97 2.6
4-Chiorotoluene 101 1.0 97 31
1,.2-Oibromo-J..chIoropropane .. ••
Dibromochloromethane 102 3.3
1,2-Dibromoethane 97 2.7
Dibromomethane 109 7.4
1,2-Dichlorobenzene 102 2.1 100 1.'
1,3-0ic:hIorobenzene 10< 1.7 106 '.3
1,4-0icN0r0benzene 103 2.2 .. 2.3
Oichloroclifluoromethane .. •••
l,1·{)chloroethane 100 '.7
1,2·Dichloroelhane 100 3.'
1,1·0ichloroethene 100 2.' 103 2.'
cis-1,2 Oichloroethene NO NO 196 3.'
lrans-l,2-DIchIoroethene 93 3.7 99 3.7
l,2·Dichloroprnpane 103 3.'
1,3-0ichIoropropane 100 ,..
2,2·Oichloropropane 196 3.6
1,1·Oichloropropene 103 3.' 103 ,..
Ethyfbenzene 101 'A
Hexac:hlorobutacliene 99 ••• .. '.3
Isoptopylbenzene 98 0.'
p.-Isopropyltoluene .. 2.'

80218 - 1S Revision 2
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TABLE 2 (con!.)

SINGLE LABORATORY ACCURACY AND PRECISION DATA
FOR VOLATILE ORGANIC COMPOUNDS iN WATER"

Photoioniz.alion Hal E1ectlO/y1ic
[)elector Cgodyctjyjty Detector

Standard Standard
RecoYelY,' Deviation RIICOVflIY,' """"""""""'" % 01 Recovery % olRlICOYery

Methylene chloride " 2.8
Naphthalene 102 6.3
n-Propylbenzene 103 2.0
Styrene 10< 1.<
1,1,1,2,Tetraehloroetluone 99 2.3
l,l,2,2-Tetrachloroetluone 99 6.8
Tetract\lQfQethene 101 1.8 97 2A
Toluene " 0.8
1,2,3--Trichlorobenzene 106 1.9 98 3.1
1,2,4·Trichlorobenzene 10< 2.2 102 2.1
l,l,1-Trichloroelhane '''' ,..
1,1,2-Trichloroethane 109 6.2
Trichloroethene 100 0.78 96 3.5
Tnchlorofluoromethane 96 3A
1.2,3-Trichloropropane 99 2.3
1,2,4-Trimethylbenzene 99 1.2
1,3, 5-Trimethylbenzene 101 lA
Vinyl chloride 109 5A 95 5.6
o-Xylene 99 0.6
m-Xylene 100 1.<
p-Xylene 99 0.9

•

•

•
•

RlICOvenes and standard deviations _re determined from seven samples and spiked at 10 I-9'l of each
anaIyte. Recoveries were deterTTllCled by internal standatd melhod using a purg.and-trap. Internal standards
_re FluOf"obenzene for PID, 2-Bromo-1-dl1oropropane for HECD.

Detector does not respond

ND " Not determined

This method was tested in a single Iaboralory using water spiked at 10 ...gIl. (see Reference 8).
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TABLE 3

DETERMINATION OF ESTIMATED QUANTITATION LIMITS (EQL)
FOR VARIOUS MATRICES'

Matti)(

Ground water
Low-concentrltion soil
Water miscible liquid waste
HiglK;oncentl1ltion soil and sludge
Non-wltef miscibte _ste

Factor-

""500
"50"..

•

•

Sample EQLs are highly matrix dependent. The EQLs listed herein are provided
(Of guidance and may not always be achievable.

EaL" [Method detection limit (Table 1)] X (Fadot (Table 2)]. Fot non-aqueous
samples, !he factOf is on a wet-weight basis.
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FIGURE 1
GAS CHROMATOGRAM OF VOLATILE ORGANICS
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METHOD 80218
AROMATIC AND HALOGENATED VOLATILES 8Y GAS CHROMATOGRAPHY USING

PHOTOIONlZATION ANDIOR ELECTROLmc CONDUCTIVITY DETECTORS
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"Sample Chain of Custody"

1.0 PURPOSE

Page I

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

2.0 SCOPE

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

3.0 SUMMARY

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

4.0 REFERENCES

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

42 "Preparation Aids for rhe Development of Category 11 Quality
Assurance Project Plans," EPA/600/8-9lfOO4, February 1991,
Guy F. Simes. Risk Reduction Engineering Laboratory, Office
of Research and Developent. U.S. Enviromnental Protection
Agency, Cincinnati, OH 45268

4.3 "Preparation Aids for the Development of Category 11l Quality
Assurance Project PlaIlS." EPAl600/8-91f005. February 1991,
Guy F. Simes. Risk Reduction Engineering Laboratory, Office
of Research and Development. U.S. Enviromental Protection
Agency, Cincinnati. OH 45268

4.4 "Sample Receipt, Log-in, and Data Handling", GLP-0016, Tennessee
Valley Authority, Analyrical Laboratory of Environmental Applications,
Muscle Shoals. AL.
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"Sample Chain of Custody"

5,0 RESPONSIBILITIES

Page 2

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.

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

6.2,2 The nwnber of persons handling samples from the time of sampling to
receipt by the laboratory should be held to a minimwn,

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 mdelible 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"
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6.2.4 Individual samples shall be sealed or sample shipping containers shall be
sealed with a tamper-proof seal when they will be relinquished by TY A to a
common carrier or if the sampling plan requires it. If the samples will
remain in the custody ofTYA employees from the time of sampling through
transpon 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.

6.3 Requirements

6.3.1 ApparatuslEquipment

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

6.3.2

6.3.2.1

6.3.2.2

6.32.3

Materials

Sample containers specified in the samphng plan shall be utilized.

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

Custody Fonns - Sample chain ofcustody fonns shall be used to record
custody of samples after sampling from relinquishment by the sampling
organization through transpon to receipt by the laboratory. The following
infonnation shall be supplied on the custody fonn:

a. Project identification
b. Sample collection date
c. Sample identification
d Collection time
e Number of containers per sample identification code
f. Requested analysis
g Sampling location
h. Comments
1. Signature of sample collector.

In addition the form shall contain an area so !hat each relinquishment and
receipt of samples may be documented.
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"Sample Chain of Custody"

Page 4

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

6.3.2.4

6.3.2.4,1

6.3.2.4.2

6.3.2.5

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.

Adhesive 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:

a. Project identification
b. Sample collection date
c. Sample identification
d Collection time
e, Number of containers per sample identification code
f. Reference to the sampling procedure
g. Sampling location
h. Comments
1. Signature of sample collector.

7.0 PROCEDURE

7.1 Field Operations

7,1.1 Prior to sampling, label sample containers with an adhesive label or with
Indelible marker. (Note: !fthe sampling conditions require it. labels may be
affixed after sampling and cleaning the outside of the container.)
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"Sample Chain of Custody"
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7,1.2

7.l.3

7.1.4

7,1.41

7.1.4.2

7.1.4.3

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 ifthc first tv...o are not provided.

Seal the sample containcr with an adhcsivc seal if the sampling plan
requires it.

Complete a "Sample Chain of Custody" form.

Iffield logs or ficld 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.

[f a nwnbered seal is to be used on the shipping container, note that nwnber
in thc 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.

Placc 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 wcll. Scalthe 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·OOI6)

Inspect the seals. Open the shipping container, Inspect the sample custody
form to ensure that it is correctly completed. Sign as l'lXeiver 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
""Titc "Not completed'". date and initial [f a person signs "relinquished by,"
provide that person a copy of the paperwork.
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7.2.2 As required by tlte sampling plan. measure the temperature ofany samples
or temperarure blanks and record tltat information on the custody slteet-

72.3 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 tlteir resolution by memorandum or database sample comment file. If
seals sltow signs oftampenng, bring tltis to the attention of the group leader
or team leader.

7.2.4 Refer to GLP-OOI6 for flither sample receipt and log-in instructions.

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

7.3 Laboratory Cll5tody

7.3. I Samples in locked storage areas, being prepared. being processed. or in
aUlOsampler trays are considered to be in tlte custody oftlte laboratory.
When sampling plans require it, laboratory work areas sltall be locked when
unanended,

7.4 Sample Disposal

7.4.1 When customers request it. samples shall be returned to tltem following
analysis.

7.4,2 Otherwise. dispose of samples after the time period specified in the
sampling plan or project plan. lfthese do not specify a date, samples should
be kept no longer than three month, after all analyses are complete.

7.4.3 Iftlte sampling plan requires it. document sample disposal in the workorder
file, or custody records.

8.0 SAFETY

8.1 Wear rubber gloves and protective eyewear when handling samples unless it
1S known that the samples are innocuous.

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

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

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

8.5 Flanunable liquids must be refrigerated only in explosion-proof
refrigerators to avoid the risk of explosion caused by sparks in the eltx:trical
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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"Sample Chain of Custodf·

10.0 ATIACHMENTS AND APPENDICES

10.1 Chain ofCustody Record _TVA 29203 B (RC-CTR 4-94)
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10.2 Sample custody form - General
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Extraction of EDTA from Soil

1.0 PURPOSE

Page I

Tllis procedure describes a wilter extraction method to extrnct EDTA from soil for
subsequent analysis by IIPLC.

2.0 SCOPE

Soil samples P't'pared by this procedure can be analyzed by HPLC.

3.0 SUMMARy

A representalive sample not exceeding 30g (wet weight) is stirred vigorously on a
magnetic stirrer with an appropriate measured volwne of deionized WIIter for two
hOUTS. The cOllCl:1Itnllion of EDTA in lhe liquid ponion oflhc slurry mUSI be less
!han 200 mgIL 10 ensure solubility of EDTA complexes. The slurry islhert
centrifuged and filtered throogh a 0.2 micron filter. The pH ofthis solution is lhcn
adjUSted 10 4.5 - 5.0 and then analyzed by HPLC.

40 REFERENCES

4.1 ASTM DI193-91. "Standard Specification for Reagent Water," American Society
for Testing and Materials.

4.2 AP-0047. "Determination of EDTA by High Performance Liquid
Chromatography.- Tennessee Valley Authority, Muscle Shoals. Alabama.

5.0 RESPONSIBILITIES

5.1 The Analytical Laboratory Supervisor. or his designee. shall ensure that this
procedure is followed during lhc water extraction of EDTA from soils.

5_2 The Laboratory Group Leader, or his designee. shall delegate lhc performance of
this pro<:edure to personnel experienced with this procedure and is responsible for
the training of new personnel on this procedure.

5.] The analysl shall follow this procedure and report any abnormal results or
nonconformance to the Laboratory Group Leader.
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60

6.1

6.1.1

6.1.2

62

6.2.1

6.3

6.3.1

6.3.1.1

6.3.1.2

6.3.1.3

6.3.1.4

6.3.1.5

6.3. \.6

6.3.1.7

6.3.2

6.3.2.1

6.3.2.1.1

6.3.2.1.2

REQUIREMENTS

Prerequisites

All sample conWneB must be pre-washed \\ith detergents, acids and ASTM Type II
Walel. Plastic and glass containers are both suitable.

Samples shall be refrigerated upon receipt and analyzed as soon as possible.

Limitations and Actions

In step 7:J.1he EDTA concentration in the aqueous extract must be less than 200
mgIL.

Requirements

AppanuuslEquipmmt

Erlenrne}'er flasks: 50, 125.250 and 500 ml

Watch glasses: 50 and 65 mm

Analytical balance: capable ofweighing 10 0.1 mg

Magnetic stirrers and magnetic stirring bars

Centrifuge and centrifuge tubes

Filter syringes and syringe filters: 0.45 and 0.2 micron nylon syringe filters

pH metel and appropriate buffers or short range pH paper (for the range 4.5 - 5)

Reagents and Standards

Reagents

ASThi Type II watel (ASThi 01193): Water shall be monirored for impurities by
conductivity (conductivity of less than 1.0 umholem at 2IT).

0.2% Nitric acid: Pipet 0.2 ml reagcnt gradc concentrated nitric acid to a 100 ml
volumetric nask and dilute to volume with ASTM Type: II water.

,
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6.3.2.2

None

7.0 PROCEDURE

7.1 Mix the sample thoroughly to achieve homogeneity.

7.2 For each sample weigh an appropriate sized sample (not exceeding)O g ",oct
weight) into an appropriate sized Erlenmeyer nask such that the final concentration
of EDTA in the extract is less than 200 mgIL and the resulting slurry fiJls
approximately lVooo-thirds of the volume oflbe flask.

7.3 Add a measured \'Ulume ofASTM Type: II Wliter, (From this \vlume ofwlIler plus
the \\"lItef from the moisture anaI}'Sis of the sample, a total water volume can be
calculated.)

7.4 Cover with a watch glass, place sample on a magnetic stirrer and stir vigorously for
2 hours.

7,5 Arter Slining. pour the slurry (or a portion ofthc slurry) into a centrifuge tube and
centrifuge for 15 minulCS al gtater than 3000 rpm.

7.6 Using a syringe and syringe filter, filter a portion of the aqueous extract.

7.6 Adjust the pll of the cxtl'llCt to 4.5·5.0 with 0.2% nitric acid using Il. pH meter or
shon range pH paper.

7.7 Submit for ana.l}'Sis of EDTA by HPLC.

8.0 SAFETY

8.1 Generallaborutory safety rules shall be observed.

9.0 NOTES

N,~

10.0 A"ITACHMENTS ANOAPPENOICIES

None

3
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Exchangeable Cation Determinatioll witb Total Cation Exebaoge Capacity

Method ASA 9-3.1/9-4.2

Summary of Method

A soil is extracted with I N Ammonium Acetatc to rcplace and release exchangeable
calions which are then determined by metals analysis. A second extraction with 10%
potassium chloride replaces and release, the ammonium ion, Ammonium ion
concentration is determined colorimetrically and i, equal to the C"tion Exchange
Capacity (CEq.

1. IN Ammonium Acetate - Dilute 1035 ml of glacial acetic acid to 14 liters with water
Add 1200 ml concentration anunonium hydroxide Dilute to 18 liters with deionized
water. Adjust to pll 7.0 with acetic acid or ammonium hydroxide, Smaller volumes
may be prepared in the same ratios.

I Ammonium Hydroxide _Concentrated, reagent grade

1.2 Acetic Acid - Glacial, reagent grade

2. 95% Ethanol ~ reagent gnlde

3. 10% KCl- Add 100g of potassium chloride to 900 ml water, Adju,t to pH 2.5 with
hydrochloric acid. Dilute to I liter with dcionized water.

Procedure

ASA 9-3.1 - Exchangeable Cations - Ammonium Acetate Method

I. Sieve an air-dried soil sample through a 2 mm sieve (9 mesh).

2. Weigh 20 g of soil « 2 mm fraction) into an extraction flask. Weigh the soil to
0.000] g on an analytical balance. Record the weight.

3. Add 50 ml IN ammonium acetate,

4, Shake for 30 minutcs and allow to stand at least 6 hours, preferably ovcrnight.

5 Swirl sample. Transfer thc entire sample to a Buclmer fUlUlel fitted with Whatman
#42 filler paper (or equivalent).



6. Filter, then leach the soil with 200 ml of additional anunonium acetate in four
increments of 50 ml each.

Note: Do not allow the soil to dry or crack

7, Transfer the leachate to a 250 ml volumetric flask and makc to volumc. Keep the soil
in the funnel to determine CEC in step 9.

8. Submit the leachate for metals analysis (Na, K, Ca, Fe, etc.) for exchangcable cations
by mcans ofatomic abwrption or inductively coupled plasma,

ASA 9.4.2 Carion Exchange Capacity _Potassium Chloride Method

9. Wash the soil with 200 ml of95%ethanol in four 50 ml incrcmems.

Note: Do not allow soil to dry or crack,

10. Using a dean suction flask, leach soil with 200 ml of 10% KCI in four 50 ml
incrcments.

II. Transfer the leachate to a 250 ml volumetric flask and makc to volume with 10%
Ke!.

12 Submit the Icachatc for ammonium analysis using a flow injection analyzer or other
amoanalyzcr,

13, Report results of CEC and exchangeable cations in ccntimole per kilogram,

Capacity (eemimoleslkg) - X mglL * 025 * 100
MW' WT

Where X is the liquid concentration of the analyte in mgfL, WT is the weight of soil
;n grams and MW is the molecular weight.

0,

Capacity (centimoJcslkg) - Y mglkg
MW'IO

Where Y is the concentration of the analytc in soil in mglkg.



Analyte MW Factor

N. 22.99 J
C. 40.08 ,
K 39.10 J
Mg 24.31 ,
AI 26.98 l
AmmoniaN 14.01 J

Notc: Somc researchen mj~st the capacity in ccntiequivalentslkg. In
!hat case. multiply by the factor in the table abovc.

References

"Replacement of Exchangeable Cations, Ammonium Acetate Method"' Section 9·3, I in
Me/hods ofSoil AlI(Jlysis, Pan], Chemical and Microbiological Properties. Second
Edition, A. L. Page Editor, American Society of Agronomy, Inc. 1982

"Exchangeablc Acidity, Potassium Chloride Method.·· Section 9-4.2 in Me/hods ofSoil
Analysis, Part 1, Chemirol tmd Mic:robioJoglcal Proper/ie. Second Edition. A. L. Page
Editor. American Society of Agronomy, Inc. 1982
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1.0 PURPOSE

This procedure provides a method for the delamination of ammonia in drinking

and surfaee watCTS.

2.0 SCOPE

2.1 This method eovers the detenninalion ofammonia in drinking and surface waters.

2.2 The method is based on reactions Ihal afC specific for the ammonium ion.

2,3 The applicable range is 0.1 to 20,0 mg Nil as NH3.

3.0 SUMMARY

This mcthod is based on the Bcnhelot reaction. Ammonia reacts with alkaline

phenol, then with sodium hypochlorite to form indopbenol blue. Sodium

nitropruSSide (nilroferricyanidc) is added to enhance sensilivily. 1lle absorbance

oflhe reaclion product is measured at 630 run, and is directly proponionallO the

original.mmonia CODCeIIb1ltion in the sample.

4.0

4.1

4.2

4.3

4.4

REfERENCES

u.S. Environmental Protection Agency, Methods/or Chemical Anolrjeis ofWaler

WId WaSles, EPA·600/4-19-020, Revised March 1983, "Nitrogen. Ammonia,

Method 350, 1(Colorimetrie, Automated Phenate),"

u.S. Environmental Protection Agency, 40 eFR Pan 36 Table 113, footnote 6.

1994.

Lacbat Instl\l/l1Cll1S, Quicll.Chem Automtlled Jon AnalFer Methods Manual.

QuiekChem Method lo-I07-06-1-A, ~DeIenninationOf Ammonia By Flow

Injection Anal)'$is.. eolorimelry.~

Lacbat InslIumenl$, QuidChmf 8(}()() AUlomated Ion Analy=er OmniOll FJA

Sofrh"ure IrutallaliOll and Tutorial Manual.
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5.0

51

5.2

RESPONSIBILITIES

!l is the responsibility of the laboratory manager to ensure that this procedure is

followed.

[t is the responsibility of the team leader to review the results of the procedure.

11 IS the responsibility of the Analysts to follow this procedure, evaluate data, and

10 report any abnnrmal results or unusual occurrences to the team leader.

6.0 REQUIREMENTS

6.1 Prerequisites

6.1 .I Samples should bt: colleck-d in plastic or glass boules. AII hollies must bt:

thoroughly cleaned and rinsed with reagent water Volume collected should be

sufficient to ensure a representative sample and allow for quality control analysis

(at least 100 ml).

6.1.2 Samples may be preserved by addition of a maximum of2 ml ofconcentrated

HlSO. per liter (preferred - I mL of IN H~S04 per 100 mL) and stored at 4°C.

Acid preserved samples have a holding t,me of28 days

6.2 limitations and Actions

6.2.1 If die analyte concentration is above the analytical range of the calibration curve,

the sample mustlJ.c diluted to bring the analyte concentration within range.

6.2.2

6.2.2.1

6.2.2.2

Interferences

Calcium and magnesium ions may pre<:'pitate ,fpresent in sufficient

concentration. Tartrate or EDTA is added to the sample m-Ime in order 10 prevent

this problem.

Color, turbidity and certain organic species may interfere. Turbidity ean be

removed by filtration through a 0.45 urn pore diameter membrane filter prior to

analysis. Sample color may be corrected for by nUlling the samples through the
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manifold witltout tolor fonnation (omit Sodium Phenolate. n:agent I). 111<'

ammoniurn ooncenlTalion is dt:tmninl:'d by Sllbtnu:ting thI: \1Ilue obtained withoot

color formation from the valUl: obtained witb oolor formation.

6.3 ApparntusIEQuipml:llt

6.3.1 Balaoce -analytical, OIpable ofaecwately weighing to tbI: IlI:at"CSt 0.0001 g.

6.3.2 Glasswaft' -Oass A vohtmetril: flam and pipettes or plastic containet'S as

required. Samples may be Stored in plastic or glass.

6.3.3 Flow injection analysis equipment (La<:hat model 8000) designed to deliver and

reatt samples and reagents in the required order and ratios.

6.3.3.1

6.3.3.2

6.3.3.3

6.3.3.4

6.3.).5

6.3.4

6.3.4.1

6.3.5

Autosampler

Multichannel proportioning pump

Reaction unit or manifold

Colorimetric detector

Data system

Special Apparntus

Heating Unit

Syringe filters _Titan nylon 25·mm syringe filters - 0.45 mieron. SRI Catalog

number 44525-NN orequivalCTlI.

6.3.6 Syringes - 10 oc syringe ",im luer lok, B-O Part 309604 or equivalent (Smaller

,·o!urnes arc acceptable)
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6.4 Reagenl$ and Slandards

6.4.1 PJq=ation of Reagenl$'

Use deioni~ed "-aIel" (10 megolun) for all solutions..

Degassing wilh helium: To prevent bubble formalion, degas all SOIUlions exCepl

the slandards, Sodium Phenolate (Reagenl I) and Sodium Hypochlorile (Reagenl

2) wilh helium. Bubble helium through a degassing tube (Laehat Pan 50100)

6.4.1.1

through the solUlion for at least one minute.

Refrigerale all :solutions and ~tandards.

Reagenl I. Sodium Phenolate

CAUTION: Wear glo,·cs. Pbenol causes severe bums and is rapidly absorbed in

the body through lhe sUn.

B~' Volume: In a I L volumclric flask. dissolve 88 mL of88% liquefied phenol

or 83 g t.r,·S1aline phenol (CJ-I}OH) in approximately 600 mL walt.r. While

stirring. slowly add 32 g sodium hfdroxide (NaOH). Cool. dilute 10 the mark.

and mix. Do not degas this reagent.

By weight: To a tared 1 L conlainer, add 888 g water. Add 94.2 g of811

liquefied phenol or 83 g crystalline phennl (C6H~OH). While Slirring. slowly

add 32 g sodium hydroxide (NaOH). Cool and iuvcn 10 mi)(. Do not degas this

reagent.
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6.4. J.2

6.4.1 J

6.4.1.4

R~g~Dt 2. Sodium 1I~1JOChlorit~

B)' Volume: In.5OIl mL voIume1ric flask, dilule 250 mL Rr&ular Cklrox

bleach (5.25% sodium hypochlorite (NIOCI), The Clomx Company, Oakland,

CAlm mark wilh water. Invnt 10 mix.

By weight: To a lared 500 mL container, add 250 g Regular Clorox bleach

[5.25% sodium hypochlorile (NaOCl), The Clorox Company, Oakland, CAl and

250 g waler. Inven 10 mix.

Reagent 3. Buffer

By Volume: In I I L volumetric flask, dissolve 50.0 g disodium

ethrlenedlamlne lell'll.lIcetale dlh~'dl'll.te (Na!EDTA ·2HzO) and 5.5 g sodium

h~'droJ:ide (NaOH) in aboul 900 mL .... ler. Dilute to !be mark and in~-c:n or stir

10 nUx.

B)' ".-eight: To I tared 1 L coo13iner. add 50.0 g di§Odium dhrlellediamin~

Ictmatelate dihydrat~(NalEDTA ·2HlO) and 5.5 g sodium hrdroxide

(NaOH). Add 968 g waler. lnven or slir 10 mix.

Reagent 4. Sodium i"itroprusside

By Volullle: In a I L volumctric flask, dissolvc 3.50 g sodiulll nllroprusslde

(Sodium Nilroferrricyanide [NalFe(CN)SNO' 2H20]) dilule to lhe mark wilh

watH. Slir or shake 10 mix.

BY"'right: To. wed 1 L flask, dissolve 3.50 g sodium nitroprussid~(Sodium

NilTOferrric:yanide [Na!Fe(CN),NO' 2H!OJ) and 1000 g ,,'ater. Slil Of shake 10

mix.
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6.4.2.1

6.4.2.2

6.4.2.3

6.4.2.4

Note: Following are standards plq)al'ations for running 3 l:banncls

slmul1lll1COUsly for ro.-P, NHJoN and NG.!-N + NOJ-N. Also included is !be

preparaliOll ofa NOl-N standard which is used 10 assess the cadmium reduction

column's efficiency.

Standard I. Stock Orthophosphate Standard - 1000 mg PlL ns 1'0.

Dry prlmary standnrd grade anhydrous potnssium phosilhale monobasic

(KH2PO.) for one hour at 105°C. In a I L volumetric Ilask dissolve 4.396 g

primary stnndnrd grade anhfdrous pOlassium phosphate monobasic

(KH2PO,) in about 800 mL ...-atu. Dilute to mark with ..-ater and mix.

Refrigenllc. This solution is stable for six monlhs.

Standard 2. Siock Ammonia Stllndllrd· 1000 mg NIL as NlIJ

Dry ammonium chloride (NH.CI) for t"'o hours al 105"C. In aiL volumetric

flask dis.sol~·e 3.819 g ammonium chloride (NILel) in about 800 mL waler.

Dilute to mark "'ilh watcr and mix. Refrigerate. This solution is stable for six

months.

Standard 3. Stock Nitrate Standard - 1000 mg NIL as NO)'

[n a I L vOlumelric flask dissolve 7.220 g potassium nitrale (KNOI) in about

600 mL ...-ater. Add 2 mL chloroform. Dilute to mark with waler and mix.

Refrigerate. This solution is stable for six months.

Standard 4. Sioel.. r\itrite Standard - 1000 mg NIL as N01-

In I. 1 L volumelric flask dissoh'e 4.93 g sodium nitrate (NaNG.!) in aboul 800

mL ,,·aler. Add 2 mL chloroform. Dilute 10 mali: ",jlh water and mix.

RcfrigCTIlte. This solution is slllblc (or six months.
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6.4.2.5

6,4.2,6

6.4.2.7

Standllrd S. Working SlJl.ndard· 50 mgll POrI', "'UrN _nd NOr""

In _ I l voIl1l11dric flask add about 600 ml "liter. Pipent 50 ml from each of

the Stock OrthophO!lphate Stand.rd (standard I), the Stock Ammoni.

Standard (standard 2), aDd the Stock Nilrate Standard (standard 3). Dilute to

mark with .... tH and mix.

Standard 6. Working Nitrite Slandard - 20 mg Nil as NO l '

In all volumetric flask add about 700 ml waler. ripeue 20 IIll Stock Nitrate

Standard (standard 4). DHmc to marl<: with water and milt.

Standard 7. Working Quality Control Standard - 32.61 mg I'll as 1'0/',

31.06 mg NIL as NH., and !J.n mg NIL as NOl '.

In a SOO ml "olumetrlc flask add about 300 ml ...atn. Pipette 50 ml oftbe E

M Science 1000 mgIL Phosphate Standard Solution (326.1 mg P'L). 20 ml of

the E M Science 1000 mgIL Ammonia Standllrd Solutioll (776.5 mg NIL), and

60 mlofthc: E M Science 1000 mgfl Nitrate Standard Solution (225.9 mg

NIL). Dilute to mark wilh ...ater and milt.

Note: 100(1 mgfl. standards by other rt:pulable Iabor<1lory veOOOI"$ may be

suhstimtcd.
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6.4.2.8

6.4.2.9

6.4.2.10

Calibration Standards

Standards are diluted to 500 mL with water.

Calibration Prepared From

Standards

Concentration Concentration Aliquot

m"/L me' mL

I 0 200
10.00 " 100
4.00 0 40

4 '" "l.00 10 0
0.10 I, QJ2L 0.10 100

8 0.00 Water 0

For standards for samples thaI have I mL of 11': lbSO. added per 100

mL, add 5 mL of Hi II)SO. to each standard after building to volume.

Note: If other acid concentrations are used to preserve samples.

match for standards.

Cadmium Reduction Column Efficiency Cheek Standard - 2.00 mg NfL as

NO l '

In a 500 mL volumetric flask add aoom300 mL water. Pipene 50 mL of the

Working Nitrite Standard (standard 6). Dilute 10 mark with water, add 5 mL of

IN IhSO. and mix.

Laboratory Coutrol Staudard - 1.63 mg PlL as PO., 1.55 mg NfL as NII J , and

1.36 mg NfL as NOJ ••

In a I L volumetric flask add abom700 mL water. Pipette 50 mL oflhe

Working Quality Control Standard (standard 7). Dilute to mark wilh water,

add 10 mL of IN IhSO, and mix.
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6.5 Quality Conlrol Sample RequiremenlS

Begin and end each run by measunng a laboralory control standard, a midpoinl

calibration standard run as a sample, and a reagem blank. When lhe run is long

enough, every twemielh sample should be followed by the above three QC check

samples. Rccovery should be 90 to 110% ofthe expe<;ted value.

7.0 PROCEDURE

7.1 Procedure Instructions

7.1. I The instrumcnt is ealibraled each day of use and may be calibralCd wilh each

sample lray.

7.1.2 Prepare reagents and Slandards as described in section 6.4.

7.1.3 Set up manifold as shown in section 9.2.

7.1.4 Enter data system paramelers as in scclion 9.1.

7.1.5 Pump deionized Waler lhrough all reagent lines and ehed for leaks and smooth

flow. Allow 15 minules for healing unit 1Q wann up to 60°C. Switch 10 reagents

and allow the syslem to equilibrale until a stable baseline is achieved.

7.1.6 Pour samples and slandards into vials. If samples have partieulale maller, filler

them into the sample vial with a syringe ami nylon synnge filler Load standard

and sample trays

7.1.7 Place samples and standards in lhe aUlOsampler Enler the informalion required

by lhe dala syslem, such as standard eonccruralion, and sample ideruificalion.

7.1.8 Calibrate lhe instrument by injecting lhe standards. The data system will then

associale lhe conceruratioll with the instrument responses for each standard.

7.1.9 If samples require color correction, inject the samples with color development,

lhen injecl the samples with water replacing the color reagent (reagelll 1).
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7.1.10

7.1.\1

7.1.\2

7.1.13

7.2

7.2.1

At end of run, remove all transmission Jines from reagents and place them in

water. Pump for about five minutes.

To prevent baseline drifts, peaks that are too wide, or other problems with NH3-N

precision, clean the NHrN manifold by placing the manifold reagent lines in 1M

hydrochloric acid (J volume concentrated HCl added to I I volumes of water).

Pump for about 5 minutes.

Remove all reagent lines from the hydrochloric acid and place them in watcr.

Pump until the HCI is thoroughly washed out (about 5 minutes)

Remove the transmission lines from the water and pump all lines dry.

Calculations and Recording Data

Calibration is done by injecting standards. The data system will then

automatically prepare a calibration curve by plotting response versus standard

concentration, Sample concentration is calculated from the regression equation

provided by the software.

7.2.2 Create a custom report, (Lachat Instruments, QuickChern 8000 Automated Ion

Allalyzer Omnion FlA Solm-are In.\/ollolion and TUlOrial Manual, page 43, "Task

II - Creating a Custom Report")

7.2.3 Report only those values that fall between the lowest and highest calibration

standards. Samples exceeding the highest standard should be diluted and

rcanalyted,

72.4 Samples that require color correction: From the value obtained with color

developer added, subtract the value obtained without color developer. When a

large nllJllbcr of samples an: analyted, use a spreadsheet to calculate the color

correction,

7,2.5 Report results in mg NH3-NfL.
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8.1 The to:cieily Of c<minogmicily ofeach reagent used in Ibi5 method ha5 IlOI bea1

fully established. Each chemical should be ~garded as a pot:e:nllal health hazard

and exposure should be as low as reasonably achie\'llble. Use routine laboratory

proIeclh·e clothing (lab coat, gio'.·es, and eye proIeetioo) ....ben handling tbesc

reagents. Tborougbly ....ash any skin thaI comes illlo comacl with any ortbesc

chemicals. AI'oid creating Of inhaling dUM Of fumes from solid chemicals.

9.0

9.1

NOTES

Data System Parameters

Method Filename:

Melhod Description:

Analytc Data:

Analyte Name:

COllcentrntioo Units:

Chemistry:

InjecllO Peak Start ($):

Peak Base Width (5):

% Width Tolerance:

Threshold:

AutodilutiOll Trigger.

QuickChem Method:

PANHANOW.MET

Ol1hoP(a)= 4.0 to 0.02 mg I'/L

NH)"N (a) = 20.0 to 0.1 mg NIL

NOl·NINOrN (a) = 20.0 to 0.2 mg NIL

28.0

21.000

100.000

8000.000

Off

I0-1 07~06--I-A
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Calibration Data:

Levels: (mg NH)-NIL) I: 20.000

S: 1.000

2: 10.000

6: 0.100

3: 4.000

8: 0.000

Calibralioo Rep Handling: AVallgc

Calibr.llioo Fit Type: I" Ordet" Poly

Force through Zero: No

Weighing Method: None

Concentration Scaling: None

Sampler Timing:

Melhod Cyele Period: 70.0

Min. Probe in Wash Period: 9.0

Probe in Sample Period: 30,0

Valve Timing:

Method Cycle Period: 70.0

Sample Reacbes I" Valve: 18.0

Valve: On

Load Time: 0.0

Load period 2S.0

Inject Period: 45.0

Sample Loop: 13 em x O.S mm i.d.
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9.2 Ammonill Manifold Diagram

•

PUMP FLO"" _R_
.-

NilrllpnlSSide.....
H)'llOChl<>rite

whito

I'honolote

'"
Flow Coli

Buffer A I~ V'- A2'A.
Mat.'

A"'~
'"

V V -+;
W'C

CARRIER , , r".- V, •
SAMf'tE Topon6olDe11

• , ,111,"0.- ...... ,,~.-
Sample Loop = 13 tllIl 0.5 nun i.d

[nlerfcrence Filter '" 630 run

Carrier is OJ Water

All manifold tubing is 0.8 mm (0.32 in) i.d. Lachal Pan No. 50028. This is 5.2

uLicm. The sample loop uses 0.5 nUll (0.022") i.d. tubing.

1 is 70 enl of tubing on a 4.5 em coil suppon.

Apparatus: The~ includes 650 em oflubing "Tapped around the heater
W'C

block lIthe specified temperature.

[0.0 ATIACHMENTS Al\'D APPENDICES

None

End of Procedu~
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APPENDIX E
Statistical Data
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Table E-1
Analysis of Variability of Grid Rows and Columns for Site C and Site 129-3.

Values Used for Analysis are Lead Concentrations for the 0- to 12-Inch Soil Depth
(Average of Lead Concentrations at the 0- to 6-Inch

and 6- to 12-Inch Soil Depth in Table 5-1)

Source Degrees of
Freedom

Mean
Square

F Value Probability>F

Site C
Rows 5 1,776,090 1.85 0.1394
Columns 5 1,409,532 1.47 0.2354
Error 25 959,838

Site 129-3
Rows 5 81,678 1.57 0.2040
Columns 5 80,198 1.54 0.2121
Error 25 51,918

Table E-2
Analysis of Variability of Grid Rows and Columns for Site C for Lead Concentrations in

Corn After Soil Amendment Addition in Table 5-12.

Source Degrees of
Freedom

Mean
Square

F Value Probability>F

Rows 5 3,353,991 1.20 0.3385
Columns 5 6,014,864 2.15 0.0925
Error 25 2,798,519
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Table E-2A
Least Significant Difference t-Test for Grid Columns for Lead Concentration

in Corn at Site C

T grouping1,2 Mean Number of
Grids

Column

A 7,800 6 4
A  B 7,573 6 2
A  B  C 6,437 6 1
     B  C 5,777 6 6
     B  C 5,710 6 5
          C 5,487 6 3

(1) Least Significant Difference = 1,989
(2) Alpha = 0.05

Table E-3
Analysis of Variability of Grids Rows and Columns for Site 129-3 for Lead

Concentrations in Corn After Soil Amendment Addition in Table 5-13.

Source Degrees
of

Freedom

Mean
Square

F Value Probability>F

Rows 5 1,994,593 2.99 0.0298
Columns 5 3,113,861 4.67 0.0038
Error 25 666,317

Table E-3A
Least Significant Difference t-Test for Grid Rows for Lead Concentration in Corn at

Site 129-3

T grouping1,2 Mean Number of Grids Row
A 2,265 6 5
A  B 1,622 6 4
     B 1,264 6 1
     B 1,145 6 6
     B 830 6 3
     B 683 6 2

 
(1) Least Significant Difference = 971
(2) Alpha = 0.05
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Table E-3B
Least Significant Difference t-Test for Grid Columns for Lead Concentration

in Corn at Site 129-3

T grouping1,2 Mean Number of
Grids

Columns

A 2,069 6 2
A  B 1,896 6 3
A  B  C 1,758 6 1
     B  C  D 970 6 4
          C  D 894 6 5
             D 222 6 6

(1) Least Significant Difference = 970
(2) Alpha = 0.05



Lead Phytoremediation Demonstration                E-5                                         Twin Cities AAP

Table E-4
Regression Analysis of Soil and Crop Parameters for First Soil Amendment

Addition and Harvest With Corn

Regression Probability > T R-square
Site C
corn on initial lead 0”-12”1 0.0001 0.4012
corn on total lead 0”-12” 0.3271 0.0291
corn on total lead 12”-24” 0.5906 0.0091
corn on total lead 0”-24”2 0.2719 0.0376

corn on water-soluble Pb 0”-12” 0.2461 0.0405
corn on water-soluble Pb 12”-24” 0.3041 0.0320
corn on water-soluble Pb 0”-24”2 0.2189 0.0454

water-soluble Pb on initial Pb 0”-12”1 0.5816 0.0093
water-soluble Pb on total Pb 0”-12” 0.6666 0.0057
water-soluble Pb on total Pb 12”-24” 0.8811 0.0007
water-soluble Pb on total Pb 0”-24”2 0.6858 0.0052

Site 129-3
corn on initial lead 0”-12”1 0.0375 0.1211
corn on total lead 0”-12” 0.0154 0.1607
corn on total lead 12”-24” 0.0001 0.4024
corn on total lead 0”-24”2 0.0010 0.2745

corn on water-soluble Pb 0”-12” 0.0001 0.3709
corn on water-soluble Pb 12”-24” 0.0001 0.4086
corn on water-soluble Pb 0”-24”2 0.0001 0.4090

water-soluble Pb on initial Pb 0”-12”1 0.0011 0.2735
water-soluble Pb on total Pb 0”-12” 0.0002 0.3449
water-soluble Pb on total Pb 12”-24” 0.0001 0.8079
water-soluble Pb on total Pb 0”-24”2 0.0001 0.4892

(1) Initial lead 0-12 inches is the average of lead concentrations at the 0- to 6-inch and 6-
to 12-inch soil depth for the initial soil characterization in Table 5-1 (Site C) and
Table 5-2 (Site 129-3).

(2) Average of lead concentrations at the 0- to 12-inch and 12- to 24-inch depths.
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APPENDIX F
Revised Procedures for 1999 Corn
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Revised Procedures for 1999 Corn

This document details the procedural modifications that will be made for the 1999 demonstration
season.  These modifications will be implemented based on experiences and lessons learned in the
1998 demonstration year.  These modifications address hindrances due to the locale, growing
conditions, choice of crops, and the basis and methods of soil amendments application.

1999 Corn
1. A high vegetative biomass silage variety of corn (Novartis Mycogen 345 hybrid) rather than a

grain corn will be used.  This variety was developed for growth on sandy soils in the region
and exhibits a rapid early growth, which is desirable for a strong rooting system.  Expected
maximum yields for this variety under optimal agronomic conditions are six tons per acre.
However, actual yields may be lower than this due to less than ideal growing conditions at
TCAAP.

 
2. Planting will be done with a mechanical, tractor-mounted seed planter (Covington Model TP-

46) to conserve labor and costs, and to achieve more uniform planting.
 
3. Planting density will be increased (i.e., 15-inch row spacing vs 30-inch spacing) to increase

biomass production.
 
4. Fertilizer amounts of nitrogen (N) and potassium (K) will be increased over recommended

agronomic rates to maximize biomass production under the conditions at TCAAP.  Fertilizer
will be applied as a two-way split application, with one-half the designated amount being soil-
applied at planting and the rest applied approximately four weeks later.  The total amount of N
and K fertilizer to be added to each site will be 200 pounds per acre of N as ammonium nitrate
and 150 pounds per acre of K as potassium sulfate.

 
5. The amount of phosphate applied to the soil at planting will be increased to reduce the chances

for a reoccurrence of the P deficiency that was manifested in early corn in 1998.  Site C will
receive 44 pounds per acre of P as triple super phosphate (TSP) and Site 129-3 will receive 31
pounds per acre of P as TSP.  The fertilizer will be applied as a band 2-1/2 inches to the side,
and 2 inches below the seed row.

 
6. Chelate application rates will be based on the frequency of lead concentration across the plot

area rather than on the mean lead concentration of the entire plot.  The frequency of
occurrence of lead concentration should be 20% to 30% less than the mean concentration.
This will reduce the total amount of EDTA added to the plots, which will reduce the potential
for carry-over damage to a subsequent crop.  The total amount of EDTA to be applied at Site C
may be from 4,725 pounds to 5,400 pounds per plot.  The amount of EDTA at Site 129-3 may
range from 595 pounds to 680 pounds per plot.  This is in contrast to the 6,750 pounds of
EDTA per plot at Site C for corn (3,375 pounds for white mustard) and 850 pounds at Site
129-3.  The amount of acetic acid applied (4,018 pounds per plot) will stay the same.  The
EDTA will be applied in 5,000 gallons of solution at each site.
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7. Soil amendments (acetic acid and EDTA) will be applied via a drip delivery system consisting
of 90-ft lengths of drip tubing connected every ten inches to a two-inch header (108 tubes).
The tubing network will extend across the entire field parallel with the corn rows.  This will
allow adequate saturation of the soil with the amendment solutions in a short period of time
(approximately 2 hours).  This system contrasts with the previous system in that the number of
tubes (108) will be triple that used with the white mustard in 1998.

 
8. Deep tilling will be performed and artificial irrigation will be reduced after the corn harvest to

maintain lead within the rooting zone for the following cool season crop.
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APPENDIX G

Final Report

Screening Study to Determine Lead Uptake Capacity of Selected Cultivars of Brown
Mustard (Brassica juncea), Oriental Mustard (Brassica juncea), White Mustard (Brassica

hirta), and Safflower (Carthamus tinctorius)

David Behel, Paul Pier, and Patrick Jansen

September, 1999

Introduction
ER&S personnel were funded by the US Army Environmental Center during 1996 and 1997 to
conduct greenhouse treatability and optimization studies for phytoremediation of lead-
contaminated soil.  This is an in situ method which uses plants, in conjunction with certain soil
amendments, to extract lead from contaminated soils.  In this approach, the soil amendments
(acetic acid and the chelate EDTA) solubilize soil lead into a form that is available to the plant.
Acidifying the soil causes dissolution of lead from the solid phases in the soil into the liquid phase
(i.e., the soil solution).  EDTA then complexes with the soluble lead and prevents it from re-
precipitating in the soil into a form that is unavailable to plants.  Although soil acidification alone
or the use of EDTA without soil acidification will convert some of the soil lead into a plant-
available form, the synergistic relationship between the two amendments usually produces the best
results.  The solubilized lead is taken up into the plant biomass which is harvested and removed
from the contaminated area.

The plant species tested in the 1996 - 1997 treatability greenhouse studies were alfalfa, corn,
sorghum-sudangrass, sunflower, Indian mustard, and white mustard.  These studies showed corn
to be an efficient warm season species for lead accumulation when a soil acidifier and a chelate
were used to solubilize soil lead.  White mustard appeared to be the most efficient cool season
plant since it accumulated high concentrations of lead without the need for soil acidification, a
step required for the other species tested.  The results from these studies led to funding by the
Environmental Security Technology Certification Program (ESTCP) of a two-year field
demonstration in 1998, "Phytoremediation of Lead-Contaminated Soil at the Twin Cities Army
Ammunition Plant (TCAAP)."

The 1998 field results at TCAAP (as measured by lead uptake in the crop) using corn as the warm
season remediation species were entirely satisfactory.  However, adverse environmental and field
conditions later in the year resulted in marginal performance by the cool season white mustard
crop, and lead uptake from the soil was below target levels.  Excessive rainfall during the growing
season resulted in a limited and shallow root system, and other contaminants in the soil, e.g.,
thallium and beryllium, may also have hampered root growth.  This led to a search for a more
extensively- and deeper-rooted variety of cool season crop that could perform well in TCAAP soil
for use in the 1999 demonstration.
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Discussions with commercial plant breeders, growers, and seed producers indicated that other
crops in the same family as white mustard, such as the brown and oriental mustards, develop a
more extensive rooting system.  These also produce a larger biomass than white mustard, which
would be desirable for a phytoremediation crop.  A larger biomass generally equates to more
water uptake, and thus the capacity for uptake of larger quantities of water-soluble metals.
Although safflower is typically grown as a warm-season seed crop, it may also be grown as a
cool-season forage crop by delaying planting until midsummer.  This plant species develops a deep
rooting system, has a high transpiration rate conducive to extraction of water-soluble lead, and can
produce a large forage biomass when grown as a cool season crop.

Objective
The objective of this study was to conduct a short-term plant screening study to determine the
potential of brown mustard, oriental mustard, and safflower as alternative cool season
phytoextraction crops to white mustard for lead removal in TCAAP soil.  Specific objectives were
to determine: (1) the lead uptake capacity of the plants; (2) the growth habit; (3) the need for soil
acidification to optimize lead uptake; and (4) tolerance to adverse conditions in a soil such as that
at TCAAP.

Materials and Methods
The plants were grown in soil from the Site C demonstration area at TCAAP which had been
amended with acetic acid and EDTA as part of the 1998 field study (Table 1).  This soil had a total
lead content of 3,400 mg lead/kg soil.  The amount of lead that would normally be considered as
immediately plant-available, i.e., the water-soluble fraction, was negligible at a concentration of
12 mg/kg.  Brown mustard (Brassica juncea), oriental mustard (Brassica juncea), white mustard
(Brassica hirta), and two cultivars of safflower (Carthamus tinctorius) were grown from seed in
6-inch diameter, 7-inch deep plastic pots containing 1.65 kg of soil.  Three replicates per treatment
of soil-applied EDTA alone or EDTA plus acetic acid (HOAc) were used for each of the 5 species
for a total 30 pots.  No untreated controls were utilized, since previous greenhouse tests showed
that lead uptake from such soil would be minimal compared to treated soils.

During the planting process, each crop received one-half of the optimum amount of nitrogen (N)
fertilizer needed to satisfy the plant requirements for N, and all of the required potassium (K)
fertilizer.  Urea was used as the N source for the mustards at a rate of 260 pounds of N per acre,
and ammonium nitrate was used for safflower at a rate of 115 pounds of N per acre.  Phosphorus
was supplied as concentrated super phosphate (CSP) at a rate of 100 pounds of P per acre for
mustard and at 35 pounds of P per acre for safflower.  Potassium sulfate was the K source at a
rate of 130 pounds of K per acre for mustard and 100 pounds of K per acre for safflower.  The
second half of the N fertilizer was applied at 4 weeks growth for mustard and at 5 weeks for
safflower.

Cool season crop environmental conditions were simulated in an air-conditioned TVA laboratory
with artificial lighting (Environmental Growth Chamber Co.(EGC) high-pressure sodium, metal
halide mix) under a 12-hour day length and an ambient temperature of 21oC.  The moisture
content of the soil was maintained at field capacity (12%) throughout the growing period.
However, safflower exhibited depressed early growth which may have been due to the cooler
conditions in the laboratory, and at the end of the third week the plants were placed in the TVA
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Muscle Shoals Research Greenhouse to in an attempt overcome any growth limitations imposed
by the cool season conditions.

The soil acidifier (acetic acid) and the EDTA chelate were added to the mustard plants after the
fifth week of growth, and to safflower after 7 weeks of growth.  This was done by allowing the
soil in the pots to dry to approximately two-thirds field capacity, then adding acetic acid to
designated pots to reduce the soil pH to 5.5.  The amount of acetic acid added was based on buffer
curves previously determined on the TCAAP soil.  The acidifier was followed by EDTA at a
concentration equal to the molar concentration of lead in the soil.  The amendments were added in
a volume sufficient to return the soil to field capacity.  This amount of solution ensured that the
soil was wetted throughout the pot for maximum exposure of the plant roots to solubilized lead.

The mustard plants were harvested 48 hours after the amendment application; this time period had
been shown in previous experiments to be adequate for maximum lead uptake to occur while
preventing excessive drying and shattering of the plant tissue.  Safflower was harvested 72 hours
after the application when the plants were dessicated, but not so brittle as to shatter when handled.

The plant tissue was further dried in an oven at 65oC, then ground in a Wiley mill equipped with
stainless steel knives and screen.  Following digestion, the tissue was then analyzed for total lead
concentration by Inductively Coupled Argon Plasma (ICP) spectrometry.  The data were analyzed
statistically using ANOVA (analysis of variance) to separate treatment effects within species and
among varieties.  ANOVA is part of a software package from Statistical Analysis Systems (SAS)
Institute, Cary, NC, for statistical analysis of variance in data.

Results and Discussion
The TCAAP soil used in this experiment is considered agronomically poor having a low nutrient
content, a low cation exchange capacity, low organic matter content, low water-holding capacity,
and high pH (Table 1).  A low level of plant-available phosphorus (P) in the soil is the primary
limiting factor for good plant growth.  Normally, low P levels can be corrected with additional
phosphate fertilizer.  However, with phytoextraction schemes, this must be done with caution
since supplemental P can complex soil Pb into insoluble forms and complicate Pb removal by the
plant.  Although the amount of P added at planting of mustard was fairly high, due to the short-
term nature of this study this amount of P would not likely react with soil lead to significantly
reduce lead availability to the crop.  In a longer-term field situation, P applications would have to
be judiciously applied to balance crop needs against the potential for excess lead complexation by
P.  Since this soil did not produce optimum growth of field crops during the 1998 demonstration
season, N and K were over-supplied by 10% to encourage adequate growth of the crops.

Regardless of the increased initial amount of N-P-K fertilizer, or the additional N added during
the growing period, all the plants exhibited a general lack of vigor and growth throughout the
experiment.  Stunting reduced expected growth rates of all plants by about one-third to one-half,
depending on the species.  Bolting of the mustard began at 4 weeks growth, instead of at the 6 to 8
week stage of growth that is typically observed.  Safflower began flowering at 6 weeks, which is
also atypical for this plant.  The reduced growth and early bolting and flowering was most likely
due to a combination of the overall poor quality of the soil and perhaps another contaminant in the
soil, such as thallium (see Lehn and Schoer, 1987, Section 5.2.2.1) which was toxic to the plants.
This pattern of reduced growth also occurred in the field for the white mustard crop at TCAAP in
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fall, 1998.  Analysis of soil samples taken during the early growth of that crop appeared to rule
out  carry-over EDTA, soluble lead, or other metals as causative factors, but thallium was found
at concentrations sufficiently high to be considered toxic.  Safflower planted in an uncontaminated
Lakeland sand for comparison under a similar fertility regime soil grew normally.  However,
untreated TCAAP soil was not used in this study.

In a separate study, the variety of brown mustard used herein exhibited very good growth on lead-
contaminated soil obtained from the Volunteer Army Ammunition Plant (VAAP).  The TCAAP
soil and the VAAP soil were similar in texture and pH, and the two experiments have been
conducted under almost identical fertility regimes.  Several other metal contaminants which could
potentially be toxic to plants, e.g., manganese, selenium, and zinc, were common to both soils.
However, thallium was not a contaminant in the VAAP soil, and this could account for the
difference in plant growth between the two soils.

The lead uptake capacity was essentially the same among the three mustard varieties if the soil was
amended with EDTA without acidifying the soil (Table 2).  However, lead concentrations in
brown and oriental mustard plants doubled when EDTA was used in conjunction with acetic acid;
this effect was not seen in white mustard.  A similar pattern for lead uptake in white mustard was
observed in previous greenhouse experiments conducted by ER&S researchers at Muscle Shoals in
1996-1997 ("Results of a Greenhouse Study Investigating the Phytoextraction of Lead from
contaminated Soils Obtained from the Sunflower Army Ammunition Plant, Desoto, Kansas").

Lead concentrations in all mustard varieties were five- to tenfold lower than had been expected
compared to results from the SFAAP experiments.  Although the soils in the two studies were of
similar pH and lead content, the SFAAP soil was very fertile, and plant growth was considerably
better on that soil.  The poor growth and early maturity caused by the adverse growing
environment in the TCAAP soil most likely resulted in the reduced plant lead concentrations seen
in this study.

Lead in the SFAAP soil was in a form that was amenable to complexation by the chelate and
subsequent uptake by the plant.  The chemical form of lead in soil (e.g., water-soluble,
exchangeable, carbonate-bound, oxide-bound, organically-bound, and crystalline) controls the
amount of lead complexation by EDTA.  The water-soluble, carbonate- and oxide-bound forms, in
that order, are more easily complexed by EDTA and potentially are the more plant-available forms.
Due to the alkaline pH, a significant portion (>30%) of lead in the SFAAP soil was associated
with the carbonate fraction.  This form would be subject to ready dissolution by acetic acid and
EDTA, which would make the lead available to the plant.  However, in the highly buffered
Sunflower soil, sequential extraction procedures showed that the overall equilibrium of lead
among the various fractions remained relatively unchanged after an addition of acetic acid and
EDTA, even though some lead was removed from the carbonate pool by the plant.

The various fractions of lead in the TCAAP soil have not yet been determined, but given the
alkaline pH of the TCAAP soil, it would be logical to expect a significant portion of the soil lead
to initially be present in the carbonate fraction.  However, amendment additions and plant uptake
of carbonate-bound lead in 1998 may have reduced the carbonate pool somewhat.  Work is now in
progress to determine the primary chemical forms of lead in the TCAAP soil.
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In soil amended with EDTA alone, lead concentrations in safflower plants were about 50% lower
than in mustard (Table 2).  Acidifying the soil before adding EDTA resulted in lead concentrations
in safflower statistically equivalent to the concentrations achieved in mustard without soil
acidification.  As with mustard, the overall poor growth of the plants, and the early flowering and
termination of vegetative growth likely reduced the amount of lead taken into the plant.  No
information was available from the literature to indicate the levels of lead that might be expected
in safflower.  Therefore, the lead concentrations attained may be the limit for this species, and
regardless of its other desirable qualities, safflower may not be suitable as a phytoextraction
species for lead.  However, safflower may have potential for use as an extraction crop for other
metals.

Conclusions
Based solely on the lead concentrations found in the test plants, none of the five species would
appear suitable for use as a phytoextraction crop for TCAAP soils.  Of the plant species tested, the
brown mustard, used in conjunction with soil acidification and EDTA, was the most effective at
removing lead from the contaminated soil.  Actual lead concentrations in the brown mustard
under this treatment regime were about 7% greater than in Oriental mustard, although this
difference was not statistically significant.  A more definitive conclusion might be attained by
growing the brown mustard under less adverse conditions, such as in another lead-contaminated
soil of high fertility but which lacks plant-toxic constituents.  Although safflower did not appear
suitable for remediation of lead, the deep rooting system, high transpiration rate, and large
biomass characteristics of the plant suggest that it may have potential for use with other metals.
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Table 1
Partial Characterization of Pb-Contaminated

Soil from Site C at TCAAP

Texture Sandy Loam
pH 8.2
Cation exchange capacity,
cmol/kg 4.9
Field capacity, % 12
Organic carbon, % 0.6
Total nitrogen, % 0.008
Exchangeable Ca, mg/kg 1,447
          "            Mg      " 88
Extractable P, mg/kg 16
         "         K     " 51
         "         Fe    " 21
Total Pb, mg/kg 3,400
Plant available Pb, mg/kg 12



Lead Phytoremediation Demonstration                                                            Twin Cities AAPG-7

Table 2
Effect of Soil Amendments (EDTA Alone or EDTA Plus Acetic Acid - HOAc)

on Lead Concentrations in Mustard and Safflower Plants

Plant Treatment Pb conc. in plant, mg/kg
Mean s1

B. juncea - Brown mustard EDTA 2,070 456
EDTA + HOAc 4,257 653

B. juncea - Oriental mustard EDTA 1,740 687
EDTA + HOAc 3,990 567

B. hirta - White mustard EDTA 2,327 133
EDTA + HOAc 2,427 428

C. tinctorius - Safflower cv 1 EDTA 902 305
EDTA + HOAc 2,497 442

C. tinctorius - Safflower cv 2 EDTA 1,125 663
EDTA + HOAc 2,657 250

LSD (0.05) 2 834
1 s - Standard deviation of the mean for 3 replicates of each treatment.

2 Least Significant Difference at the 5% level of significance.  ANOVA based on
  differences in Pb concentration in plants due to species and amendment effects.
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Mapping of Soil Lead at the Twin Cities Phytoremediation Site

1.0  Introduction
During phytoremediation studies at Sites C and 129-3, soil samples were manually

collected from shallow soil horizons and analyzed for total lead.  The spatial locations of all

samples are based on 90- x 90-ft sampling grids subdivided into 36 cells with dimensions of

15 x 15 feet.  Generally, soil samples were obtained at two depths, both before and after remedial

crop amendments, at a respective site (as follows).

Sampling Event                       Sample Intervals (inches)
Initial 0 to 6 and 6 to 12
Pre-Corn Amendment 0 to 12 and 12 to 24
Post-Corn Amendment 0 to 12 and 12 to 24
Pre-Mustard Amendment 0 to 12 and 12 to 24
Post-Mustard Amendment 0 to 12 and 12 to 24

In order to examine the spatial characteristics of soil lead sampling results at the site,

comparative mapping of two sampling events has been conducted using exact and smoothing

interpolation techniques.  For the purposes of this analysis, only initial and post-mustard

amendment sampling results are considered.  As the names imply, the initial sampling event was

conducted prior to any remedial work at the site; whereas, post-mustard soil samples were

collected subsequent to the last site remedial amendment.

2.0  Methods
For this analysis, the commercial software package, Surfer (Golden Software, Inc., 1999),

was used in developing two-dimensional plots of interpolated soil lead data.  The exact

interpolation technique used for generating soil lead maps is triangulation with linear

interpolation based on optimal Delaunay triangulation.  Lee and Schachter (1980) present a

complete discussion of (Delaunay) triangulation, including the details of two algorithms and the

underlying mathematical proofs.  Lawson (1977) is equally informative.  The algorithm presented

in Guibas and Stolfi (1985) form the basis for this implementation.  Triangulation with linear

interpolation works best when data are evenly distributed over the grid area.  Data sets that contain

sparse areas result in distinct triangular facets on the resultant map.  Exact interpolators honor

data points exactly when the point coincides with the grid node being interpolated.  In other words,



a coincident point carries a weight of essentially 1.0 and all other data points carry a weight of

essentially zero.

The smoothing interpolation technique used in developing corresponding soil lead maps is

point kriging based on a two-dimensional algorithm contained in Abramowitz and Stegun (1972).

Kriging is a geostatistical gridding method that has proven useful and popular in many fields.

This method produces visually appealing maps from irregularly spaced data.  Kriging attempts to

express spatial trends suggested in data, so that, for example, high values might be interconnected

rather than isolated by “bull's-eye” type contours.  For a detailed derivation and discussion of

kriging, see Journel and Huijbregts (1978) or Cressie (1991).  In this analysis, the krigged grid is

custom-fit to a given data set by specifying an appropriate variogram model (a measure of how

quickly things change on the average).  The underlying principle is that, on the average, two

observations closer together are more similar than two observations farther apart.  Because the

underlying processes of the data often have preferred orientations, values may change more

quickly in one direction than another.  As such, the variogram is a function of direction.  The

variogram model mathematically specifies the spatial variability of the data set and the resulting

grid file.  The interpolation weights, which are applied to data points during the grid node

calculations, are direct functions of the variogram model.

3.0  Data Analysis
Table 1 presents summary statistics or total lead in soil at Site C from initial and post-

mustard sampling events.  As shown, although samples were obtained from every cell (36 each)

before remediation began at the site, only 22 samples could be collected following the mustard

crop amendment.  The standard deviations and variance values associated with each sampling

event are very high.



Table 1
Summary Statistics of Total Lead in Soil (mg/kg) at Site C

From Initial and Post-Mustard Sampling Events

Sampling
Event

Sample
Interval
(inches)

Number
of

Samples

Minimum Median Maximum Average Standard
Deviation

Variance

Initial 0 to 6 36 1240 2360   8170 2615 1318 1.74E+06
Initial 6 to 12 36 1050 2570   7150 2851 1319 1.74E+06

Post-Mustard 0 to 12 22   659 1610 10300 2317 2236 5.00E+06
Post-Mustard 12 to 24 22   428 3190 10300 3862 2889 8.34E+06

Figure 1 shows variograms developed for Site C soil sampling results.  Variograms for the

initial lead sampling event (by depth interval) were fit using similar Gaussian models. The nugget

effect of both initial lead variograms (Figure 1a) is high (1,740,000 [mg/kg]2).  In the case of all

variograms generated for this study, the nugget effect represents error variance, a measure of the

direct repeatability of the data measurements.  The specified nugget effect causes kriging to

become more of a smoothing interpolator, implying less confidence in individual data points

versus the overall trend of the data (i.e., the higher the nugget effect, the smoother the resulting

grid).  Variogram models (Figure 1b) for post-mustard sampling intervals are Gaussian and linear

curves for the shallow (0 to 12 inches) and deeper (12 to 24 inches) soil horizons, respectively.

As in the case of the initial lead variograms, post-mustard variograms exhibit large nugget effects

(3,000,000 [mg/kg]2).
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Variograms of Site C Analytical Data from

(a) Initial Soil Lead Sampling and (b) Post-Mustard Amendment Soil Lead Sampling



Table 2 presents summary statistics of total lead in soil at Site 129-3 from initial and post-

mustard sampling events.  As shown, samples were obtained from every cell (36 each) at the site

for all sampling events.  As at Site C, the standard deviations and variance values associated with

each sampling event at Site 129-3 are very high.

Table 2
Summary Statistics of Total Lead in Soil (mg/kg) at Site 129-3

From Initial and Post-Mustard Sampling Events

Sampling
Event

Sample
Interval
(Inches)

Number
of

Samples

Minimum Median Maximum Average Standard
Deviation

Variance

Initial 0 to 6 36  6 188 1730 329 353 1.25E+05
Initial 6 to 12 36  3 218  918 259 237 5.61E+04

Post-Mustard 0 to 12 36 10   62 1382 200 317 1.00E+05
Post-Mustard 12 to 24 36  3   40  669 114 150 2.25E+04

Figure 2 shows variograms developed for Site 129-3 soil sampling results.  Variograms

for the initial lead sampling event (by depth interval) were fit to a linear model.  The nugget

effects of both initial lead (Figure 2a) and post-mustard (Figure 2b) variograms are high as found

with Site C.
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Figure 2
Variograms of Site 129-3 Analytical Data from

(a) Initial Soil Lead Sampling and (b) Post-Mustard Amendment Soil Lead Sampling



4.0 Results and Conclusions
The mapped results of exact and smoothing interpolations of the Site C initial soil lead

data are shown in Figures 3a and 3b, respectively, based on depth interval.  As shown in Figure 3b,

there are no obvious spatial trends in the data.  Observations are similar in Figure 4, which

displays maps of post-mustard sampling results.  There appear to be no obvious trends in the data

that can be delineated using geostatistical methods and there is no clear advantage for its

application in this particular case.  There were high variance values exhibited at both depth

intervals.

Other than possible higher soil lead concentrations on the southern side of Site 129-3, no

obvious spatial trends are observed in mapped results of soil lead data (Figures 5 and 6).  As at

Site C, soil sampling results at Site 129-3 exhibit a high degree of variance, regardless of depth.
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Figure 3
Maps of Site C Initial Soil Lead Based on

(a) Triangulation with Linear Interpolation and (b) Kriging Interpolation
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Figure 4
Maps of Site C Pre- and Post-Corn Soil Lead Based on

(a) Triangulation with Linear Interpolation and (b) Kriging Interpolation
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Maps of Site 129-3 Initial Soil Lead Based on

(a) Triangulation with Linear Interpolation and (b) Kriging Interpolation
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Figure 6
Maps of Site 129-3 Post-Mustard Soil Lead Based on

(a) Triangulation with Linear Interpolation and (b) Kriging Interpolation
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Figure7
Maps (Kriging Interpolation) of Site C, Pre- and Post-Corn,

from 1999 Results for Total Lead in Soil

The above plots are for the 1999 total lead in soil at Site C specified by time interval and sampling
depth.  The sampling event for 1999 Site C was limited to the eastern 1/3 of the site due to poor
crop growth.  The very high value of 12,900 mg/kg observed at the southeastern corner of the site
is an anomaly most likely due to particulate lead in the soil.
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Appendix I

ADDENDUM TO HEALTH AND SAFETY PLAN (HASP) FOR TWIN CITIES ARMY
AMMUNITION PLANT (TCAAP) PHYTOREMEDIATION PROJECT

Please use this memorandum as an addendum to the HASP to address concerns caused by the
presence of asbestos containing material (ACM) at the TCAAP Site C.  I spoke with Tanya Drake,
ERM, Incorporated, one of the people who found the ACM and she provided some additional
information.  The ACM found at Site C is presumed to be transite construction material.  The
material has not been analyzed for asbestos content, but transite was widely used on military
installations and it is widely assumed in the asbestos abatement industry to be an ACM.  I concur
with this assumption.

Transite is a Category II, non-friable ACM, and it is not hazardous unless it is vigorously
disturbed.  Grinding, sawing, drilling, crushing, or other such activities on transite can release
hazardous, airborne asbestos fibers.

Future work on this project can continue with a little modification to our operations.  The
following list of precautions should prevent exposure to airborne asbestos fibers.

1. Prior to plowing or tilling the test plots, police the area to be disturbed and pick up visible
pieces of the transite.  The pieces need to be bagged in asbestos waste bags for disposal at a
licensed asbestos landfill.  Those workers who pick up the transite need to complete the 2
hour asbestos awareness training required by OSHA standard 29 CFR 1926.1101.  Other
activities at the test plot should not significantly disturb  the transite in the soil.  The
personal protective equipment (PPE) and decontamination procedure specified in the
HASP to protect against airborne lead exposure will be adequate to protect against
airborne asbestos during plowing and tilling or any of these other activities.

2. Keep samples wet if possible.  Handle soil samples in a laboratory hood if there is a
chance of releasing asbestos fibers into the air.  Good laboratory practices that prevent lead
exposure from these samples will also prevent asbestos exposure.

3. Assess future work and plan activities to prevent generating airborne asbestos exposure.
This can be done by removing as much of the visible transite as feasible, conducting as
much of the work as possible with the ground wet, using the PPE and decontamination
procedures already in the HASP, and communicating with other people who have site or
laboratory responsibilities.



APPENDIX J

Sequential Extraction Procedure



1.0 PURPOSE

This procedure describes an analytical process for partitioning of soil bound
particulate trace metals (Cd, Co, Cu, Ni, Pb, Zn, Fe and Mn) into five fractions:
exchangeable, bound to carbonates, bound to Fe-Mn oxides, bound to organic
matter and residual. A separate extraction for water-soluble lead is also performed.

2.0 SCOPE

This procedure applies to soil samples from studies of phytoremediation of lead
contaminated soils.

3.0 SUMMARY

A two gram sample of soil or sediment is subjected to extraction by five different
chemical reagents each progressively more reactive to the sample (magnesium
chloride, then sodium  acetate, then hydroxylamine hydrochloride in acetic acid,
then nitric acid and hydrogen  peroxide and finally hydrofluoric and perchloric
acids). Complementary measurements are then performed on the individual
leachates and on the residual solids following each extraction to evaluate the
selectivity of the various metals (Cd, Co, Cu, Ni, Pb, Zn, Fe and Mn) toward
specific geochemical phases.

A separate extraction with water provides an estimate of bio-available or water-
soluble lead.

4.0 REFERENCES

4.1 “Sequential Extraction for the Speciation of Particulate Trace Metals”, Tessier, A.,
P.G.C. Campbell and M. Bisson. 1979. Anal. Chem. 51:844-850.

4.2 Method 6010B, “Inductively Coupled Plasma - Atomic Emission Spectroscopy”,
Test Methods for Evaluating Solid Waste, Physical/ Chemical Methods, SW-846,
3rd Edition, December  1996.

4.3 “Standard Specification for Reagent Water”, ASTM D1193-91, 1996 Annual Book
of ASTM Standards, Volume 11.01, Water and Environmental Technology, p.116-
118

4.4 “Selective Extraction,” Section 21-5  in Methods of Soil Analysis, Part 2,
Chemical and Microbiological Properties, Second Edition, A. L. Page Editor,
American Society of Agronomy, Inc. 1982



5.0 RESPONSIBILITIES

5.1 The laboratory supervisor, or his designee, shall ensure that this procedure is
followed during the sequential extraction for the speciation of particulate trace
metals.

5.2 The laboratory group leader, or his designee, shall delegate the performance of this
procedure to personnel experienced with this procedure and is responsible for the
training of new personnel on this procedure. Data shall be reviewed by the
laboratory group leader or his designee.

5.3 The analyst shall follow this procedure and report any abnormal results or
nonconformance to the laboratory group leader.

6.0 REQUIREMENTS

6.1 Prerequisites

6.1.1 All sample containers must be prewashed with detergents, acids and ASTM Type II
water. Plastic and glass containers are both suitable.

6.1.2 Samples shall be refrigerated upon receipt and analyzed as soon as possible.

6.1.3 All samples shall be air dried at room temperature to a constant weight and ground
to pass through a #10 sieve.

6.2 Limitations and Actions

For this procedure, a batch is defined as a group of no more than 20 samples
extracted at the same time with the same set of reagents.

6.3 Requirements

6.3.1 Apparatus/Equipment

6.3.1.1 Analytical balance: capable of weighing to 0.1 mg

6.3.1.2 Centrifuge: capable of centrifuging at 10,000 rpm

6.3.1.3 Centrifuge tubes: polypropylene, 50 ml

6.3.1.4 pH meter with appropriate electrode

6.3.1.5 Platinum crucibles



6.3.1.6 Magnetic stirrer and stirring bars

6.3.1.7 Laboratory oven

6.3.1.8 Normal laboratory glassware

6.3.2 Reagents and Standards

6.3.2.1 ASTM Type II water (ASTM D1193): Water shall be monitored for impurities by
conductivity (conductivity of less than 1.0 µmho/cm at 25oC).

6.3.2.2 Magnesium chloride: reagent grade

6.3.2.3 Magnesium chloride, 1M: weigh 95.23 g of reagent grade magnesium chloride into
a 1 liter volumetric flask and dilute to volume with ASTM Type II water

6.3.2.4 Glacial acetic acid: reagent grade

6.3.2.5 Sodium acetate: reagent grade

6.3.2.6 Sodium acetate, 1M: weigh 82.04 g of reagent grade sodium acetate into a 1 liter
volumetric flask and dilute to volume with ASTM Type II water

6.3.2.7 Carbonate extracting solution: 1 M sodium acetate adjusted to pH 5.0 with glacial
acetic acid

6.3.2.8 Hydroxylamine hydrochloride: reagent grade

6.3.2.9 Hydroxylamine hydrochloride, 0.04 M in 24% acetic acid: Weigh 2.780 g of
hydroxylamine hydrochloride into a 1 liter flask and dissolve in 500 ml ASTM
Type II water. Add 250 ml glacial acetic acid and make to volume with ASTM Type
II water.

6.3.2.10 Nitric acid: concentrated, reagent grade

6.3.2.11 Nitric acid, 0.02 M: add 1.27 ml of concentrated, reagent grade nitric acid to 500
ml of ASTM Type II water in a 1 liter flask, swirl to mix and make to volume with
ASTM Type II water

6.3.2.12 Hydrogen peroxide, 30%: reagent grade

6.3.2.13 Hydrogen peroxide, 30% adjusted to pH 2: Add concentrated reagent grade nitric
acid to 30% reagent grade hydrogen peroxide until the pH drops to 2.0



6.3.2.14 Ammonium acetate: reagent grade

6.3.2.15 Ammonium acetate, 3.2 M in 20% nitric acid: Add 246.66 g of reagent grade
ammonium acetate to 500 ml ASTM Type II water in a 1 liter volumetric flask and
swirl to dissolve. Add 200 ml concentrated reagent grade nitric acid, swirl and
make to volume with ASTM Type II water.

6.3.2.15 Hydrofluoric acid: reagent grade

6.3.2.16 Perchloric acid: concentrated, reagent grade

6.3.2.17 Hydrochloric acid: concentrated, reagent grade

7.0 PROCEDURE

7.1 Procedure Instructions

7.1.1 Weigh a 2 gram sample of dried (room temperature) soil or sediment into a 50 ml
polypropylene centrifuge tube.

7.1.2 Add 16 ml of magnesium chloride solution and stir on a magnetic stirrer for 1
hour.

7.1.3 Centrifuge at 10,000 rpm for 30 minutes.

7.1.4 Remove supernatant with a pipette and submit this solution for analysis of trace
metals by ICP.  This is the exchangeable fraction.

7.1.5 Add 16 ml of ASTM Type II water to the centrifuge tube, suspend the solids by
stirring and centrifuge at 10,000 rpm for 30 minutes.

7.1.6 Remove this wash solution with a pipette and discard it.

7.1.7 Add 16 ml of 1 M sodium acetate adjusted to pH 5.0 with acetic acid.

7.1.8 Stir continuously for 5 hours.

7.1.9 Centrifuge at 10,000 rpm for 30 minutes.

7.1.10 Remove the supernatant with a pipette and submit this solution for analysis of
trace metals by ICP . This is the fraction bound to carbonates.

7.1.11 Add 16 ml of ASTM Type II water and suspend the solids by stirring.



7.1.12 Centrifuge at 10,000 rpm for 30 minutes.

7.1.13 Remove this wash solution with a pipette and discard it.

7.1.14 Add 40 ml of 0.04 M hydroxylamine hydrochloride in 25% acetic acid and stir to
suspend solids.

7.1.15 Place in a laboratory oven set at 96oC and heat with occasional agitation for 6
hours.

7.1.16 Cool and centrifuge at 10,000 rpm for 30 minutes.

7.1.17 Remove the supernatant with a pipette and submit this sample for analysis of trace
metals by ICP. This fraction is defined as the fraction bound to Fe-Mn oxides.

7.1.18 Add 16 ml of ASTM Type II water and stir to suspend solids.

7.1.19 Centrifuge at 10,000 rpm for 30 minutes.

7.1.20 Remove the wash solution with a pipette and discard it.

7.1.21 Add 6 ml of 0.02 M HNO3 and 10 ml of H2O2 adjusted to pH 2 with HNO3 and
heat in a laboratory oven at 850C for 2 hours with occasional agitation.

7.1.22 Add a second aliquot of 10 ml of 30% H2O2  (pH 2 with HNO3) and heat an
additional 3 hours in a laboratory oven at 850C with intermittent agitation.

7.1.23 Cool and add 10 ml of 3.2 M ammonium acetate in 20% HNO3 and dilute to 40
ml.

7.1.24 Stir continuously for 30 minutes.

7.1.25 Centrifuge at 10.000 rpm for 30 minutes.

7.1.26 Remove the supernatant with a pipette and submit for analysis of trace metals by
ICP. This is the fraction bound to organic matter.

7.1.27 Add 16 ml of ASTM Type II water and stir to suspend solids.

7.1.28 Remove wash solution with a pipette and discard it.

7.1.29 Transfer the residue to a platinum crucible.



NOTE: The steps 7.1.30, through 7.1.33 must be performed in a perchloric acid
hood.

7.1.30 Add 1 ml HClO4 and 15 ml HF and evaporate to near dryness without boiling.

7.1.31 Add a second aliquot of 1 ml HClO4 and 15 ml HF and again evaporate to near
dryness without
boiling.

7.1.32 Add 1 ml HClO4 and heat until the appearance of white fumes.

7.1.33 Cool and add 7 ml ASTM Type II water and 4 ml concentrated reagent grade HCl.

7.1.34 Warm to dissolve solids, transfer to a 50 ml volumetric flask and make to volume
with ASTM Type II water.

7.1.35 Submit this solution for analysis of trace metals by ICP. This is the residual
fraction.

7.2 Quality Control Sample Requirements

7.2.1 One duplicate sample will be analyzed for every batch.

7.2.2 One method blank will be analyzed for every batch.

7.2.3 A matrix spike will be analyzed for each batch for each of the five sequential
extractions. To 10 ml of each extract solution, 1 ml of a 100 mg/L standard will be
added. (The spike concentration will then be 9.09 mg/L.)

Note:  Smaller quantities may be used in the same ratio if sample size does not
permit using 10 ml.

7.3 Bio-Available or Water-Soluble Lead

7.3.1 Extract 5.0 grams (dry weight) soil with 50 ml water for three hours on a
reciprocating shaker at 180 cycles per minute.  Centrifuge the sample as needed
and then filter the supernatant through a  1-micron syringe filter.  Acidify a 10-ml
portion of the filtered sample with 10 ml nitric acid and dilute to 50 ml.

7.3.2 Submit for lead analysis by inductively coupled plasma (ICP).   Report sample
weight, percent moisture, extraction volume and dilution factor to the metals
workgroup so that analytical values may be calculated.



8.0 SAFETY

8.1 Concentrated perchloric acid can react explosively with organic material such as
paper or plant tissue. Caution is advised.  Work with perchloric acid in a perchloric
acid hood which has been specifically designed for operations with that chemical.

8.1 General laboratory safety rules shall be observed.

9.0 NOTES

None

10.0 ATTACHMENTS AND APPENDICES

None

END OF PROCEDURE   
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