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ABSTRACT:

The current study was conducted to explore the potential for two phytoremediation strategies to
remediate lead-based-paint- (LBP) contaminated soil from Fort Lewis, WA, i.e., phytoextraction and
phytostabilization. The specific objectives were to (1) determine the potential for phytoextraction and
phytostabilization of metals from Pb-contaminated soil from Fort Lewis in herbaceous plants, (2) evaluate
the effects of the vegetation on the leachability of the soil, and (3) evaluate the influence of differences in
soil characteristics on the vegetation responses.

The tests were performed using Alopecurus pratensis (meadow foxtail) and Festuca rubra (red
fescue), i.e., two metal-tolerant turf grass species, with current geographical distributions that include the
State of Washington. The plants were incubated with field soil mixtures in a greenhouse on the U.S.
ERDC-EL grounds in Vicksburg, MS.

Test results indicated that 4. pratensis produced on average about twice as much plant biomass as
F. rubra in 49 days, i.e., 546 versus 249 g DW m™. Both species allocated most of their biomass below
ground, and showed the tendency to accumulate Pb solely below ground without upward transport, and to
accumulate Zn largely below ground with limited upward transport. The latter characteristic is typical for
plant species used in phytostabilization strategies. 4. pratensis was the better metal accumulator, which
allocated a relatively higher proportion of its biomass in roots, but was also more sensitive to Zn than
F. rubra. Presence of the vegetation increased the leachability of the soil considerably, but the leachable
metal fractions were extremely low (0-0.3 percent) compared to the total soil metal levels. The metals
contained in the plant mass represented maximally 2.2 percent of the total metals presumed to be present
on site, with only a very small fraction contained in the above-ground, easily harvestable, biomass. Soil-
Pb was less bioavailable and accumulated to a lesser extent in the plant material than Zn, probably
because Pb was largely in the form of paint crystals. Increasing soil-Pb levels, concomitant with soil-Zn
levels, significantly reduced the shoot and root biomass, increased the tissue-Zn concentrations in the
shoots, and increased the tissue-Pb and -Zn concentrations in the roots. Increasing soil organic matter and
moisture contents generally stimulated the production of shoot and root biomass.

It was concluded that phytostabilization appears to be a strategy that would considerably reduce
ecological risk posed by LBP-contaminated soils at Fort Lewis. The vegetation would concentrate most of
the mobile Pb-fraction of the LBP in its root zone, and prevent metals from off-site release as parts of dust
particles or dissolved within surface runoff. A. pratensis would be the most suitable species for use on soil
contaminated by Pb alone, and F. rubra on soil contaminated by both Pb and Zn. Regular mowing and
mulching would be a viable management option, which would not spread Pb around and leave the
vegetation intact. Potentially even lower bioavailability and solubility of the LBP-related Pb in the soil
may be attained by removal of the upper 7.5 cm of the soil or amendment with phosphate rocks.

DISCLAIMER: The contents of this report are not to be used for advertising, publication, or promotional purposes.
Citation of trade names does not constitute an official endorsement or approval of the use of such commercial products.
All product names and trademarks cited are the property of their respective owners. The findings of this report are not
to be construed as an official Department of the Army position unless so designated by other authorized documents.
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Chapter 1

1 Introduction

Lead-Based Paint

Lead is strongly resistant to corrosion in various aggressive environments,
such as strongly acidic ones. In air, for instance, a close-fitting and adherent film
of lead carbonate is formed by rapid reaction, first between metallic lead and
oxygen to form lead oxide, followed by a second reaction between the lead oxide
film and carbon dioxide from the air, to form a protective film of lead carbonate.
Further contact with the metallic lead underneath is then prevented and corrosion
ceases.

Until 1978 lead was widely used in paints. White lead, basic lead carbonate,
was used in decorative paints and to promote good weathering characteristics.
Red lead is the traditional pigment for rust-inhibiting priming paints applied
directly to iron and steel. Calcium-plumbate-based paints are particularly effec-
tive on galvanized steel, precluding the need for etch primers. Lead chromate
(yellow) and lead molybdate (red-orange) are still used in plastics and to a lesser
extent in paints. Lead chromate is used extensively as the yellow pigment in road
markings. Despite the fact that lead-based paint provided long-lasting protection
of buildings and structures, in the course of time some weathering, peeling, and
particularly leaching occurred under wet, acid conditions. The latter processes
could release considerable quantities of lead from the painted buildings and
structures, and introduce the lead in its various complex forms into the environ-
ment. Chemical species of lead in soil are usually bioavailable to a very low
extent if the soil is ingested by children, livestock, or wildlife (Chaney and Ryan
1994). Concern for potentially toxic effects in humans colonizing or inhabiting
the contaminated areas spurred the U.S. Environmental Protection Agency
(USEPA) to issue a directive in 1978 that all paint manufactured in the United
States be lead-free. However, even today lead from lead-based paint is still
released into the environment by weathering, peeling, and leaching from standing
and demolished buildings and structures.
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Phytoremediation of Metals and Considerations
for Its Application to Lead Contamination of Soil
from Fort Lewis

Remediation of the environment can be carried out by several strategies that
either remove contaminants or stabilize them within the soil. Procedures can
include acid leaching of contaminants, excavation and storage of the soil itself,
physical separation of the pollutants, and electrochemical processes (Acar and
Alshawabkwe 1993). Phytoremediation is defined as the use of green plants to
remove pollutants from the environment or to render them harmless (Salt et al.
1998). Phytoremediation may involve three different activities:

(1) phytoextraction, i.e., uptake, compartmentation, and possibly degradation of
the contaminant; (2) phytostabilization, i.e., the on-site containment of the con-
taminant without uptake within plant tissues, and (3) plant-assisted bioremedia-
tion, i.e., degradation by plant-associated microorganisms. As with engineering
technologies, plant-based remediation techniques can be employed to accomplish
either contaminant removal or containment/isolation. Phytoremediation has
developed into a promising, cost-effective, and environmentally friendly tech-
nology that can be applied to both inorganic and organic pollutants, present in
solid substrates (e.g., soil), liquids (e.g., water), and air. The overriding advan-
tage of phytoremediation is that the procedure is carried out in situ and can be far
less expensive than physical methods such as the removal of soil. Classical reme-
diation methods can cost around $100,000-$1,000,000 per ha for in-situ reme-
diation of water-soluble pollutants. Cunningham et al. (1995a) give an estimate
of $200-$10,000 per ha for phytoremediation techniques.

A general limitation of all biological systems in site cleanup is that for the
plant or plant-associated microflora to interact and remediate the contaminant,
the contaminant must be biologically available. Contaminants sequestered into
clay lattices, absorbed by humic fractions, and occluded by oxide coatings are
not accessible to most biological processes and are extremely stable. Although
they may be detected by exhaustive extraction techniques, the hazard that these
materials pose to the environment or human health is unknown and under debate.
Bioavailability relative to both inherent hazard and the development of biological
remediation technologies is currently an active research topic in remediation and
the subject of task forces focused on the determination of “environmentally
acceptable endpoints” (Cunningham et al. 1995b). Despite the increasing use of
plants in the remediation of water and air, the use of plant-based systems to
remediate contaminated soil is still in an early stage. Phytoextraction and plant-
assisted bioremediation of soil are both technically more difficult and they are,
therefore, still in the research phase, but phytostabilization is a technology that is
moving rapidly from the research into the development phase.

Most inorganic contaminants have multiple chemical and physical forms in
the soil environment. Not all forms are equally hazardous, nor are all forms
equally amenable to uptake by plants. Cunningham et al. (1995b) used a sequen-
tial chemical extraction procedure of Pb involving exposure of a contaminated
soil sample to a series of solutions of increasing chemical harshness, with a com-
plete nitric-perchloric acid sample digestion as the last step. They found that their

Chapter 1
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Chapter 1

Toxicity Characteristic Leaching Procedure (TCLP) could serve (1) as a measure
of relative hazard posed by Pb in the matrix; (2) as a predictor of the success of
phytostabilization relative to phytoextraction; and (3) as a first cut to suggest the
applicability of engineering technologies that might be applied at the site.

Phytoextraction

For phytoextraction to be an economically viable technology, the contami-
nant must be available to and taken up by the plant roots. Translocation of the
contaminant from roots to shoots must occur to ease the harvesting and minimize
worker exposure during harvesting. After harvesting, a biomass-processing step
may occur to recover the metal. Plants capable of accumulating more than
100 times larger concentrations of metals than non-accumulating plants have
been termed hyperaccumulators (Brooks et al. 1977). Natural hyperaccumulators
have been identified for several metals, i.e., cadmium, cobalt, copper, manga-
nese, nickel, selenium, thallium, and zinc, but not for lead (Leblanc et al. 1997).
However, lead accumulation in plants may be enhanced by soil application of
chelates (Blaylock et al. 1997) and by genetic engineering of plants (Cunning-
ham and Ow 1996). In phytomining, economic recovery of valuable metals is the
objective. Phytomining is defined as the use of plants to harvest its metal content
for economic return (Brooks 1997). Robinson et al. (1997) have calculated the
required biomass for a hyperaccumulator with a metal content of 1 percent dry
weight that would return $500 ha™ at recent world prices. The biomasses range
from 0.0037 tonnes ha™ for gold to 61.2 tonnes ha™ for lead. Assuming that the
upper limit for any annual crop is 30 tonnes ha™ (equal to that of Zea mays,
corn), only cobalt, nickel, tin, cadmium, manganese, and the noble metals would
be amenable to this procedure.

Phytostabilization

Under a phytostabilizing strategy, the mobility of inorganic contaminants is
reduced by the addition of soil amendments that reduce contaminant solubility.
This can be accomplished by soil amendment with alkalinizing agents, such as
calcium phosphate, mineral oxides, and organic matter. Phytostabilization, as a
relatively new concept, borrows heavily from previous research on reclamation
and revegetation of metal mine tailings and waste piles in England using metal-
tolerant plants (Bradshaw and Chadwick 1980). One of the benefits of these
plants is that most of the metal absorbed remains in the roots, and, consequently,
grazing can be used as a management strategy of these areas. It has to be noted,
though, that animal grazing on these restored mine sites generally is limited to
short time periods, and animals are rotated to uncontaminated land for much of
their feeding requirements. A phytostabilization approach appears to hold a
strong promise for lead. The bioavailability and solubility of lead are greatly
decreased when lead is present in the form of a lead phosphate mineral, chloropy-
romorphite. However, the latter mineral is formed slowly because the reactants
have low solubilities also (Ma et al. 1995; Cotter-Howells and Caporn 1996).
Inactivating soil lead by use of soil amendments and revegetation to prevent
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erosion is increasingly regarded as a promising soil lead remediation technology
(Chaney and Ryan 1994; Berti and Cunningham 1997).

In phytoremediation, recovery of metals for their commercial value is typi-
cally not the objective. However, even if the metals recovered within the plant
material are not of economic importance, it would still be feasible to use plants as
effective vectors to (1) extract and concentrate metals in shoots, which can be
regularly harvested and exported from the site, thereby rendering excavation of
the contaminated soil unnecessary; or (2) extract and concentrate metals in plant
mass, thus preventing metals from being released from the site as parts of dust
particles or dissolved within runoff or downward seepage, thereby rendering
other remediation measures superfluous. The question remains, however, how
large the actual metal quantities accumulated by metal-tolerant plants at specific
metal-contaminated sites are, and whether these quantities are relevant compared
to the amounts of total metals and their mobile fractions contained in the soil.

Objectives Current Study

The current study explores the potential for two phytoremediation strategies
to remediate lead-based-paint-contaminated soil from Fort Lewis, WA, i.e., phy-
toextraction and phytostabilization. The specific objectives were to (1) determine
the potential for phytoextraction and phytostabilization of metals from Pb-
contaminated soil from Fort Lewis in herbaceous plants, (2) evaluate the effects
of the vegetation on the leachability of the soil, and (3) evaluate the influence of
differences in soil characteristics on the vegetation responses.

Chapter 1
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Chapter 2

2 Material and Methods

Soil
Site information

Fort Lewis, WA, is located between Tacoma and Olympia (47°30°'N,
122°40°W; Figure 1). The original military base, Camp Lewis, WA, dates back to
1917 when it housed 50,000 American troops. It was a large training site, and
contained 1,757 buildings and 422 other structures, mostly wooden or temporary.
In 1927 the construction of permanent brick structures on the base began and the
camp was officially designated a permanent military base and renamed
Fort Lewis. During the second World War wooden structures were added to the
base, many of which remain to date.
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Figure 1. Location of Fort Lewis, WA (marked by a star)
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In an effort to update the housing and other structures on base, Fort Lewis is
decommissioning and demolishing wooden structures built before the second
World War. To evaluate the environmental consequences of the lead-based-paint
contamination of the soil surrounding the buildings before and after demolition,
Fort Lewis requested a survey to characterize the spatial distribution and extent
of lead contamination at designated structures. Results of this site characteriza-
tion, carried out in September 2000, indicated in the lead-based-paint-contami-
nated area between C Street and D Street moderate Pb levels in the range of 310-
395 mg kg™ dry weight (DW) in the upper 7.5 cm (3 inches) of the soil adjacent
to several buildings, high levels of 3,360 mg kg DW close to the chapel, and
site-background levels in the order of 70 mg kg ' DW. For comparison, Pb levels
at an active firing range, number 10, were 38,872 mg kg DW (Anonymous
2001). As a follow-up, Fort Lewis requested bench-scale studies to explore the
potential for site cleanup of lead using innovative technologies, including phy-
toremediation and electrokinetics, to form a basis for the implementation of sub-
sequent site cleanup and/or management. The regulatory guideline for the
cleanup level of lead in residential areas, including Fort Lewis, is 250 mg
kg 'soil-DW for situations where contamination by one to two metals is present
(Table 1; State of Washington Model Toxics Control Act regulation; MTCA
2002).

The soil at Fort Lewis is composed primarily of a well-drained glacial till of
low moisture content and littered with small rocks. The former housing area
between C Street and D Street is flat, and occupied by several buildings sur-
rounded by grassy lawns and a mixture of pine and deciduous trees. Extensive
moss carpets on the ground and on the roofs indicate acid precipitation.

The fact that lead-based paint is most likely the source of the Pb contamina-
tion around these buildings has been confirmed. X-ray diffraction patterns indi-
cated that main components of the lead contamination were Rutile, TiO,, and
hydrocerussite (Pb3(COs),(OH),). These crystalline paint components were pre-
sent in all soil samples with high Pb concentrations, and relatively more crystals
were visible under the scanning microscope at high Pb than at low Pb
concentrations.

Soil collection

Two soil samples were collected from Fort Lewis, WA, to serve as sources
for the preparation of a series of soil mixtures ranging from phytotoxic to back-
ground Pb-levels. Selection of the sites for excavation was based on the site char-
acterization carried out earlier (Anonymous 2001). Highly Pb-contaminated soil
was sampled from a site adjacent to the chapel (Building A; A0102, Flag 36;
Figure 2), and background soil from a wooded site 20 m north of the latter site.
The soil was excavated from the soil surface to a depth of 33 cm. At the highly
Pb-contaminated site, white paint chips were visible largely in the upper 7.5 cm.

The material was transported to ERDC-EL in Vicksburg, MS, in drums.

Upon arrival the material was dried to a moisture content of approximately
40 percent to allow persistence of the innate microbial community. The soil was

Chapter 2 Material and Methods



Chapter 2

homogenized, sieved over a 0.6 cm sieve, and stored in a cold room (5 °C) until
use.

Initial soil characterization

Initially, the collected soils were surface-scanned for metal contamination
using X-ray fluorescence spectrometry (XRF, Niton XL-722-XRF analyzer, with
a Pb-detection limit of 18.4 mg kg”' DW). Subsequently, total metal concentra-
tions in the soils were determined in acid digests and analyzed using ICP-ES (see
below). The soil collected near Building A contained high levels of lead and zinc
and levels of chromium, vanadium, and copper exceeding the Chemical Stressor
Concentration Level (CSCL), a level at which growth-inhibiting effects in plants
are to be expected (USEPA 1999, Table 1). Contamination by PCBs and PAHs
proved to be absent.

Soil mixture preparation

The following three soil samples were used to create a series of soil mixtures
with Pb concentration increasing up to 346 mg kg DW and two organic matter
levels: (1) soil from the Building A site, (2) soil from the background site, and
(3) Baccto R Lite potting soil (Tables 1 and 2). Baccto R Lite potting soil (85-
90 percent organic Sphagnum) was purchased from the Michigan Peat Company,
Houston, TX. Portions of the soil samples were measured volumetrically
(Table 2) and mixed using a V-mixer (Patterson-Kelly Company, East Strouds-
burg, PA).

All soil mixtures were analyzed for chemical and physical characteristics, in
triplicate. The total concentrations of Pb, Zn, Cr, Ni, Hg, and Fe were deter-
mined. Soil fertility was evaluated by determining the nitrate-N, infinite sink-P,
and total-K concentrations. Other parameters assessed were pH, organic matter
content, and bulk density.

Chemical analyses. The total metal concentrations were determined,
including Pb, Zn, Fe, Cr, Ni, and Hg. For the analysis of all metals except Hg,
0.5 g dry soil material was digested using a 25 percent dilution of concentrated
nitric acid in a microwave oven (Ol Analytical Model 7195; OI Analytical Corp.,
College Station, TX). Metals were analyzed in the diluted extracts using Induc-
tively Coupled Plasma Analysis Emission Spectrometry (ICP-ES; Perkin Elmer
Optima 3300 DV ICP, Perkin Elmer Instruments, Shelton, CT; USEPA Method
3050, USEPA 1996). Hg was determined in fresh soil samples using the cold
vapor method (USEPA Method 7471, USEPA 1994).

Material and Methods



Table 1

Characteristics of Soil Samples Used to Create the Soil Mixtures for

the Tests
Soil Sample Regulatory
Site- Limit
Charsctoristic | BN | Backoround | e | Guiceine W)
Total Metals (mg kg™ DW)
Lead 3360 +56.57 | 71.4+1.56 6.89 50 250
Zinc 1330 +56.57 |99.25+26.52 |18.21 50 none
Chromium 25.0 +0.0 24.5+0.0 <0.06 1(IV) 2x10°
Nickel 25.7 +0.28 202 +4.95 5.00 30
Cadmium <3.60 <3.0 1.24 4 2
Vanadium 49.0 +1.13 440 +2.62 5.70 2
Mercury 4.25 +0.71 0.26 +0.15 0.08 0.1(Hg?*) |2
Copper 55.4+2.19 27.5+0.57 41 none
Arsenic 20.1+0.99 216 +0.42 5.0 20
Aluminium 24950 + 494.97 | 21850 + 70.71 | 3010
Iron 19550 +212.13 | 17550 + 212.13 | 3010
Manganese 502.5+13.44 |495.0+4.24 39.4
Nutrients (mg kg™ DW)
Nitrate-N 13.99 + 6.06 8.08 +1.27 122.6
Infinite-sink P 1.81+0.27 1.72 + 0.67 14.03
Total-K 36.38 + 2.82 26.24 + 0.74 ND
Other
PH water 5.37 + 0.01 5.09 + 0.01 5.13 +0.04
Organic Matter (% DW) | 19.72 +0.23 14.11 + 0.56 74.38 + 2.06
Dry Weight (% FW) 86.83 + 0.13 91.74 + 0.34 39.80 + 1.13
Bulk Density (g DW/mL) | 1.32 + 0.41 1.45+0.13 1.27 +0.23

Note: Critical Stressor Concentration Levels (CSCL, USEPA 1999) are given for comparison, and

regulatory limits for the State of Washington (cf. the State of Washingt