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PREFACE

National Ambient Air Quality Standards (NAAQS) are promulgated by the United States
Environmental Protection Agency (EPA) to meet requirements set forth in Sections 108 and 109
of the U.S. Clean Air Act. Those two Clean Air Act sections require the EPA Administrator
(1) to list widespread air pollutants that reasonably may be expected to endanger public health or
welfare; (2) to issue air quality criteria for them that assess the latest available scientific
information on nature and effects of ambient exposure to them; (3) to set “primary” NAAQS to
protect human health with adequate margin of safety and to set “secondary” NAAQS to protect
against welfare effects (e.g., effects on vegetation, ecosystems, visibility, climate, manmade
materials, etc); and (5) to periodically review and revise, as appropriate, the criteria and NAAQS
for a given listed pollutant or class of pollutants.

Lead was first listed in the mid-1970’s as a “criteria air pollutant” requiring NAAQS
regulation. The scientific information pertinent to Pb NAAQS development available at the time
was assessed in the EPA document Air Quality Criteria for Lead; published in 1977. Based on
the scientific assessments contained in that 1977 lead air quality criteria document (1977 Lead
AQCD), EPA established a 1.5 pg/m’ (maximum quarterly calendar average) Pb NAAQS in
1978.

To meet Clean Air Act requirements noted above for periodic review of criteria and
NAAQS, new scientific information published since the 1977 Lead AQCD was later assessed in
arevised Lead AQCD and Addendum published in 1986 and in a Supplement to the 1986
AQCD/Addendum published by EPA in 1990. A 1990 Lead Staff Paper, prepared by EPA’s
Office of Air Quality Planning and Standards (OPQPS), drew upon key findings and conclusions
from the 1986 Lead AQCD/Addendum and 1990 Supplement (as well as other OAQPS-
sponsored lead exposure/risk analyses) in posing options for the EPA Administrator to consider
with regard to possible revision of the Pb NAAQS. However, EPA chose not to revise the Pb
NAAQS at that time. Rather, as part of implementing a broad 1991 U.S. EPA Strategy for
Reducing Lead Exposure, the Agency focused primarily on regulatory and remedial clean-up
efforts to reduce Pb exposure from a variety of non-air sources that posed more extensive public

health risks, as well as other actions to reduce air emissions.
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The purpose of this revised Lead AQCD is to critically assess the latest scientific
information that has become available since the literature assessed in the 1986 Lead
AQCD/Addendum and 1990 Supplement, with the main focus being on pertinent new
information useful in evaluating health and environmental effects of ambient air lead exposures.
This includes discussion in this document of information regarding: the nature, sources,
distribution, measurement, and concentrations of lead in the environment; multimedia lead
exposure (via air, food, water, etc.) and biokinetic modeling of contributions of such exposures
to concentrations of lead in brain, kidney, and other tissues (e.g., blood and bone concentrations,
as key indices of lead exposure).; characterization of lead health effects and associated exposure-
response relationships; and delineation of environmental (ecological) effects of lead. This final
version of the revised Lead AQCD mainly assesses pertinent literature published or accepted for
publication through December 2005.

The First External Review Draft (dated December 2005) of the revised Lead AQCD
underwent public comment and was reviewed by the Clean Air Scientific Advisory Committee
(CASAC) at a public meeting held in Durham, NC on February 28-March 1, 2006. The public
comments and CASAC recommendations received were taken into account in making
appropriate revisions and incorporating them into a Second External Review Draft (dated May,
2006) which was released for further public comment and CASAC review at a public meeting
held June 28-29, 2006. In addition, still further revised drafts of the Integrative Synthesis
chapter and the Executive Summary were then issued and discussed during an August 15, 2006
CASAC teleconference call. Public comments and CASAC advice received on these latter
materials, as well as Second External Review Draft materials, were taken into account in making
and incorporating further revisions into this final version of this Lead AQCD, which is being
issued to meet an October 1, 2006 court-ordered deadline. Evaluations contained in the present
document provide inputs to an associated Lead Staff Paper prepared by EPA’s Office of Air
Quality Planning and Standards (OAQPS), which poses options for consideration by the EPA
Administrator with regard to proposal and, ultimately, promulgation of decisions on potential
retention or revision, as appropriate, of the current Pb NAAQS.

Preparation of this document has been coordinated by staff of EPA’s National Center for
Environmental Assessment in Research Triangle Park (NCEA-RTP). NCEA-RTP scientific

staff, together with experts from academia, contributed to writing of document chapters. Earlier
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drafts of document materials were reviewed by scientists from other EPA units and by non-EPA
experts in several public peer consultation workshops held by EPA in July/August 2005.

NCEA acknowledges the valuable contributions provided by authors, contributors, and
reviewers and the diligence of its staff and contractors in the preparation of this document. The
constructive comments provided by public commenters and CASAC that served as valuable
inputs contributing to improved scientific and editorial quality of the document are also

acknowledged by NCEA.

DISCLAIMER

Mention of trade names or commercial products in this document does not constitute

endorsement or recommendation for use.
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not reported

National Research Council
normal rat kidney
nonsignificant

non-steroidal anti-inflammatory agent
neurotrophin

nitrilotriacetic acid

oxygen

offspring development
hydroxyl
7-hydroxy-coumarin
1,25-dihydroxyvitamin D
24,25-dihydroxyvitamin D
25-hydroxyvitamin D
8-hydroxy-2'-deoxyguanosine
forest floor

odds ratio; other oral

Office of Solid Waste and Emergency Response

probability value

event-related potential
cytochrome P450 1A1
cytochrome P450 1A2
cytochrome P450 3all
peripheral arterial disease
polycyclic aromatic hydrocarbon
plasminogen activator inhibitor-1
population attributable risk

lead

lead-203 radionuclide

stable isotopes of lead-204, -206, -207, -208, respectively
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210py, lead-210 radionuclide

Pb(Ac), lead acetate

PbB blood lead concentration

PbCl, lead chloride

Pb(Cl104), lead chlorate

PBG-S porphobilinogen synthase
PBMC peripheral blood mononuclear cells
Pb(NOs3), lead nitrate

PbO lead oxides (or litharge)

PBP progressive bulbar paresis

PbS galena

PbU urinary lead

PC12 pheochromocytoma cell

PCR polymerase chain reaction

PCV packed cell volume

PDE phosphodiesterase

PDGF platelet-derived growth factor
PDI Psychomotor Development Index
PEC probable effect concentration
PEF expiratory peak flow

PG prostaglandin (e.g., PGE,, PGF,); prostate gland
PHA phytohemagglutinin A

Pi inorganic phosphate

PIXE particle induced X-ray emission
PKC protein kinase C

pl NEpi plasma norepinephrine

PMA progressive muscular atrophy
PMN polymorphonuclear leucocyte
PMR proportionate mortality ratio
PN postnatal (day)

P5SN pyrimidine 5'-nucleotidase
PND postnatal day

p.o., PO per os (oral administration)
POMS Profile of Mood States

ppb parts per billion
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RBC
RBF
RBP
RBPH
RCPM
REL
REP
RHIS
2p
RNA
ROS
ROS 17.2.8

parts per million

Peabody Picture Vocabulary Test-Revised
plasma renin activity

prolactin

progeny counts or numbers
prevalence rate ratio

progeny weight

percent transferrin saturation
parathyroid hormone

parathyroid hormone-related protein
polyvinyl chloride

pokeweed mitogen

progeny weight

quality assurance/quality control

flux of air (Q) divided by volume of culture (V)
Pearson correlation coefficient
multiple correlation coefficient
correlation coefficient

most stable isotope of radium

ratio of ALAD activity before and after reactivation
Rey Auditory Verbal Learning Test
rubidium-86 radionuclide

relative bioavailablity

red blood cell; erythrocyte

renal blood flow

retinol binding protein

reproductive behavior

Ravens Colored Progressive Matrices
rat epithelial (cells)

reproduction

reproductive organ histology

most stable isotope of radon
ribonucleic acid

reactive oxygen species

rat osteosarcoma cell line
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RPMI 1640
RR
RT
RSEM
RSUC
RT
>SEM
SA7
SAB
SAM
SBIS-4
s.c., SC
SCAN
SCE
SCP
SD
SDH
SDS
SE
SEM
SES
sGC
SH
SHBG
SHE
SIMS
SIR
SLP
SM
SMAV
SMR
SNAP
SNP
SO,
SOD

Roswell Park Memorial Institute basic cell culture medium
relative risk; rate ratio

reaction time

resorbed embryos

reproductive success (general)

reproductive tissue

sum of the molar concentrations of simultaneously extracted metal
simian adenovirus

Science Advisory Board

S-adenosyl-L-methionine

Stanford-Binet Intelligence Scale-4th edition
subcutaneous

Test for Auditory Processing Disorders

selective chemical extraction; sister chromatid exchange
stripping chronopotentiometry

Spraque-Dawley (rat); standard deviation

succinic acid dehydrogenase

sodium dodecyl sulfate; Symbol Digit Substitution
standard error; standard estimation

standard error of the mean

socioeconomic status

soluble guanylate cyclase

sulthydryl

sex hormone binding globulin

Syrian hamster embryo cell line

secondary ion mass spectrometry

standardized incidence ratio

synthetic leaching procedure

sexually mature

species mean acute value

standardized mortality ratio

Schneider Neonatal Assessment for Primates
sodium nitroprusside

sulfur dioxide

superoxide dismutase
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SOPR
SPCL
SPCV
SQGs
SRA
SRD
SRIF
SRM
SRT
SSADMF
SSB
SSEP
StAR
STORET
SvC
SVRT
T

TA
TABL
T&E
TAT
TB
TBARS
TBPS
TCDD
T cell
TCLP
TE
TEC
TEDG
TEL
TES
TEWT
TF

TG

sperm-oocyte penetration rate

sperm cell counts

sperm cell viability

sediment quality guidelines

Self Reported Antisocial Behavior scale
Self Report of Delinquent Behavior
somatostatin

Standard Reference Material

simple reaction time

Social Security Administration Death Master File
single-strand breaks
somatosensory-evoked potential
steroidogenic acute regulatory protein
STOrage and RETrieval

sensory conduction velocity

simple visual reaction time
testosterone

tail

time-averaged blood lead

threatened and endangered (species)
tyrosine aminotransferase

tibia

thiobarbituric acid-reactive species
Total Behavior Problem Score
methionine-choline-deficient diet

T lymphocyte

toxic characteristic leaching procedure
testes

threshold effect concentration

testes degeneration

tetraethyl lead

testosterone

testes weight

transferrin, translocation factor

6-thioguanine
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TGF transforming growth factor

TH tyrosine hydroxylase

22T stable isotope of thorium-232

TLC Treatment of Lead-exposed Children (study)
TNF tumor necrosis factor (e.g., TNF-a)
TOF time-of-flight

tPA plasminogen activator

TPRD total production

TRH thyroid releasing hormone

TRV toxicity reference value

TSH thyroid stimulating hormone

TSP triple-super phosphate

TT3 total triiodothyronine

TT4 serum total thyroxine

TTES total testosterone

TTR transthyretin

TU toxic unit

TWA time-weighted average

TX tromboxane (e.g., TXB;)

U uriniary

35y, B8y uranium-234 and -238 radionuclides
ucCp urinary coproporphyrin

UDP uridine diphosphate

UNECE United Nations Economic Commission for Europe
Ur urinary

USFWS U.S. Fish and Wildlife Service
USGS United States Geological Survey
uv ultraviolet

V79 Chinese hamster lung cell line

VA Veterans Administration

VC vital capacity; vitamin C

VDR vitamin D receptor

VE vitamin E

VEP visual-evoked potential

VI variable-interval
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vit C vitamin C

vitE vitamin E

VMA vanilmandelic acid

VMI Visual-Motor Integration

VSM vascular smooth muscle (cells)

VSMC vascular smooth muscle cells

WAIS Wechsler Adult Intelligence Scale

WDS wavelength dispersive spectrometers

WHO World Health Organization

WISC Wechsler Intelligence Scale for Children

WISC-R Wechsler Intelligence Scale for Children-Revised

WO whole organism

WRAT-R Wide Range Achievement Test-Revised

WT wild type

WTHBF-6 human liver cell line

WW wet weight

XAFS X-ray absorption fine structure

XANES X-ray absorption near edge spectroscopy

XAS X-ray absorption spectroscopy

XPS X-ray photoelectron spectroscopy

X-rays synchrotron radiation

XRD X-ray diffraction

XRF X-ray fluorescence

ZAF correction in reference to three components of matrix effects:
atomic number (Z), absorption (A), and fluorescence (F)

ZnNa, DTPA zinc disodium diethylenetriaminepentaacetic acid

ZnNa, EDTA zinc disodium ethylenediaminetetraacetic acid

ZPP zinc protoporphyrin

II-xliii



AX7. CHAPTER 7ANNEX - ENVIRONMENTAL
EFFECTSOF LEAD

AX7.1 TERRESTRIAL ECOSYSTEMS
AX7.11 MethodologiesUsed in Terrestrial Ecosystems Resear ch

The distribution of Pb throughout the terrestrial ecosystem, via aerial deposition, has been
discussed throughout this document. Its further impacts on soil, sediment, and water provide
numerous pathways that may promote unacceptable risk to all levels of biota. Stable isotopes of
Pb have been found useful in identifying sources and apportionment to various sources. One of
the key factors affecting assessment of risk is an understanding, and perhaps quantification, of
bioavailability. Therefore, the bioavailability of Pb is a key issue to the development of
NAAQS. However, the discussion of all methods used in characterizing bioavailability is
beyond the scope of this chapter. The following topics are discussed in this chapter.

e [Lead Isotopes and Apportionment

e Methodologies to determine Pb speciation

e Lead and the Biotic Ligand Model (BLM)

e In situ methods to reduce Pb bioavailability

AX7.1.1.1 Lead Isotopesand Apportionment

Determination of the extent of Pb contamination from an individual source(s) and its
impact are of primary importance in risk assessment. The identification of exposure pathway(s)
is fundamental to the risk analysis and critical in the planning of remediation scenarios.

Although societies have been consuming Pb for nearly 9,000 years, production of Pb in
the United States peaked in 1910 and 1972, at approximately 750 and 620 kt/year, respectively
(Rabinowitz, 2005). The diversity of potential Pb sources (fossil fuel burning, paint pigments,
gasoline additives, solders, ceramics, batteries) and associated production facilities (mining,
milling, smelting-refining) make fingerprinting of sources difficult. (See Chapter 2 and its
Annex for additional information on sources.) Therefore, dealing with multiple sources (point
and nonpoint), a reliable and specific fingerprinting technique is required. It has been well

established (Sturges and Barrie, 1987; Rabinowitz, 1995) that the stable isotope composition of
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Pb is ideally suited for this task. Lead isotopic ratio differences often allow multiple sources to
be distinguished, with an apportionment of the bulk Pb concentration made to those sources.

Lead has four stable isotopes: 204py, 206Pb, 207Pb, and 2°®Pb in natural abundances of 1.4,
24.1,22.1, and 52.4%, respectively. The radiogenic **°Pb, **’Pb, and ***Pb are produced by
radioactive decay of U, 2*°U, and ***Th, respectively. Thus, the isotopic composition of Pb
varies based on the U:Pb and Th:Pb ratios of the original ore’s source and age (Faure, 1977).
Because of the small fractional mass differences of the Pb isotopes, ordinary chemical and
pyrometallurgical reactions will not alter their original composition. Therefore, anthropogenic
sources reflect the isotopic composition of the ores from which the Pb originated.

To acquire the Pb isotopes, a sample, generally in aqueous form, is analyzed on an
ICP/MS (quadrapole, magnetic sector, or time-of-flight). Studies reviewing the most common
analytical and sample preparation procedures include Ghazi and Millette (2004), Townsend et al.
(1998), and Encinar et al. (2001a,b). The correction factor for mass discrimination biases is
generally made by analyzing the National Institute for Standards and Technology (NIST),
Standard Reference Material (SRM) 981 and/or spiked **T1 and Tl isotopes (Ketterer et al.,
1991; Begley and Sharp, 1997). The overall success of Pb isotope fingerprinting is generally
dependent on analysis precision, which in turn depends on the type of mass analyzer used

(Table AX7-1.1.1).

Table AX7-1.1.1. Relative Standard Deviation (RSD) for Lead I sotope
Ratios on Selected M ass Spectrometers

High-Resolution

Single-Focusing M agnetic Sector
RSD Quadrapole Double-Focusing M agnetic Sector ICP/IMS
204pp,.2%py, 0.0031 0.0032 0.00053 0.0011
207pp;:2%p, 0.0032 0.0027 0.00053 0.00048
208ppy.206p, 0.0026 0.0024 0.00053 0.00046

An extensive database comprising primarily North American Pb sources can be assembled

from Doe and Rohrbough (1977), Doe and Stacey (1974), Doe et al. (1968), Heyl et al. (1974),
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Leach et al. (1998), Stacey et al. (1968), Zartman (1974), Cannon and Pierce (1963), Graney
et al. (1996), Unruh et al. (2000), James and Henry (1993), Rabinowitz (2005), and
Small (1973).

The use of Pb isotopes to quantitatively apportion source contributions follows the simple
mixing rule when only two sources are possible (Faure, 1977). Once multiple sources need to be
considered, a unique solution can no longer be calculated (Fry and Sherr, 1984). Phillips and
Gregg (2003) have designed a model to give feasible source contributions when multiple sources
are likely. Many studies have demonstrated the usefulness of this apportionment technique.
Media of all types have been studied: water (Flegal et al., 1989a,b; Erel et al., 1991; Monna
et al., 1995), ice (Planchon et al., 2002), dust (Adgate et al., 1998; Sturges et al., 1993), and
soil/sediments (Hamelin et al., 1990; Farmer et al., 1996; Bindler et al., 1999; Haack et al., 2004;
Rabinowitz and Wetherill, 1972; Rabinowitz, 2005; Ketterer et al., 2001).

AX7.1.1.2 Speciation in Assessing L ead Bioavailability in the Terrestrial Environment

One of the three processes defined by the National Research Council in its review on
bioavailability (NRC, 2002) is “contaminant interactions between phases”, more commonly
referred to as “speciation.”

A wide variety of analytical (XRD, EPMA, EXAFS, PIXE, XPS, XAS, SIMS) and
chemical speciation modeling (SOILCHEM, MINTEQL, REDEQL2, ECOSAT, MINTEQAZ2,
HYDRAQL, PHREEQE, WATEQA4F) tools have been used to characterize a metal’s speciation
as it is found in various media. Currently, for risk assessment purposes (not considering
phytotoxicity), where large sites with numerous media, pathways, and metals must often be
characterized in a reasonable time frame, electron microprobe analysis (EMPA) techniques
provide the greatest information on metal speciation. Other techniques such as extended X-ray
absorption fine structure (EXAFS) and extended X-ray absorption near edge spectroscopy
(EXANES) show great promise and will be important in solving key mechanistic questions.

In the case of phytotoxicity, the speciation of metals by direct measurement or chemical models
of pore-water chemistry is most valuable. Further work needs to be done in developing
analytical tools for the speciation of the methyl-forming metals (Hg, As, Sb, Se, and Sn) in soils

and sediments.
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Concept

For a given metal or metalloid (hereafter referred to as metal), the term speciation refers
to its chemical form or species, including its physicochemical characteristics that are relevant to
bioavailability. As a result of the direct impact these factors often have on a metal’s

bioavailability, the term “bioaccessibility” has been adopted to define those factors.

Speciation Role

The accumulation of metals in the lithosphere is of great concern. Unlike organic
compounds, metals do not degrade and, thus, have a greater tendency to bioaccumulate. It is
now well accepted that knowledge of the bulk, toxic characteristic leaching procedure (TCLP),
or synthetic leaching procedure (SLP) concentrations for any metal is not a controlling factor in
understanding a metal’s environmental behavior or in developing remedies for its safe
management. Although these tests are essential to site characterization and management, they
offer no insight into risk assessment. Rather, it is the metal’s bioavailability (the proportion of a
toxin that passes a physiological membrane [the plasma membrane in plants or the gut wall in
animals] and reaches a target receptor [cytosol or blood]), which plays a significant role in the
risk assessment of contaminated media.

The NRC review (NRC, 2002) on bioavailability defined bioavailability processes in

terms of three key processes:

e contaminant interactions between phases (association-dissociation/bound-released),
e transport of contaminants to organism, and

e passage across a physiological membrane.

As mentioned previously, the first process is more commonly referred to as speciation.
The speciation of a toxic metal in the environment is a critical component of any ecosystem
health risk assessment. Four important toxicologic and toxicokinetic determinants relating
speciation to bioavailability are the (1) chemical form or species, (2) particle size of the metal

form, (3) lability of the chemical form, and (4) source.
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Chemical Form of Species

The solid phase in a medium controls the activity of a metal in solution, whether the
solution is surface, ground, or pore water or GI fluids, and plays a profound role in metal
bioavailability. This is perhaps best illustrated by in vivo and in vitro results for many of the
common Pb-bearing minerals (Drexler, 1997) (Figure AX7-1.1.1). The metal species found in
media are often diverse, and data suggest that their bioavailability may be significantly
influenced by site-specific variations within these identified metal species (Davis et al., 1993;

Ruby et al., 1992; Drexler and Mushak, 1995).

LOW (1-20)
PbS :
--PbC03
Slag MEDIUM (20-60) _
Pb-FeOOH 15, BkU 8128 15avn
Native Pb Pb-MnOOH
= PbSOy HIGH (60-100)
oy .. --_F:&Hﬂph PbPO4 PbCOs
: PbO/PbAsO
— Paint
15. 8K K2za 100V
PbCly

Figure AX7-1.1.1. Relationship of bioaccessibility (low, medium, high) versus speciation
as shown with scanning electron micrographs of various Pb-bearing
materials.

Particle Size of Metal Species

Particle size of a metal form is an important factor in the mobilization of the metal,
primarily because as size decreases, the surface area of the particle increases, thereby increasing
solubility. Thus, although solubility is not the only control for bioavailability, an increase in

bioavailability has been directly attributed to a decrease in particle size: Barltrop and Meek
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(1979) observed that “the smaller the lead particle, the higher blood lead level.” Similar
observations were made by Healy et al. (1992) using and an in vitro dissolution technique.
Drexler (1997) presented in vitro results on numerous Pb-bearing phases ranging in particle size
from 35 to 250 pm. While all phases studied showed increased bioavailability with decreasing
particle size, more significantly, not all forms showed the same degree or magnitude of change
(Figure AX7-1.1.2). Atmospheric particles are generally found to occur in bimodal populations:
fine; 0.1 to 2.5 um and coarse; 2.5 to 15 pm. This distribution is both a function of there
transport mechanism and emission source. Although the upper size limit for particles that can be
suspended in air is about 75 um (Cowherd et al., 1974), other means of mechanical entrainment
(saltation, and creep) can transport particles as large as 1000 pm, supporting the importance of
fugative emissions on media contamination. In addition, particle size can change post
depositional, as soluble forms re-precipitate or sorb onto other surfaces. Limited data are
available on the particle-size of discrete Pb phases from multimedia environments. One example
is the study by Drexler, 2004 at Herculaneum, Missouri. At this site, galena (PbS) was the
dominant Pb species with mean particle-size distributions of 4, 6, and 14 um in PM, filters,
house dust, and soils, respectively. These findings support the conclusion that aerial transport
was the primary mechanism for Pb deposition in residential yards. Finally, such laboratory data
have been supported by extensive epidemiologic evidence, enforcing the importance of particle

size (Bornschein et al., 1987; Brunekreef et al., 1983; Angle et al., 1984).

Particle Lability

The impact on bioavailability of a metal particle’s lability (its associations within the
medium matrix) is not well documented, but it follows the premise put forth by many of the
developing treatment technologies regarding its being bound or isolated from its environment.
Data from several EPA Superfund sites and the Region VIII swine study (U.S. Environmental
Protection Agency, 2004a) suggest that matrix associations, such as liberated versus enclosed,
can play an important part in bioavailability. As illustrated in Figure AX7-1.1.3, two different
media with similar total Pb concentrations and Pb forms (slag, Pb-oxide, and Pb-arsenate)
exhibit significantly different bioavailabilities. In the Murray, UT sample (bioaccumulation
factor [BAF] = 53%), a greater fraction of the more bioavailable Pb-oxides are liberated and

not enclosed in the less-soluble glass-like slag as observed in the Leadville, CO sample
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Figure AX7-1.1.2. Variation of bioavailability with particle size.

(BAF = 17%). Other evidence is more empirical, as illustrated in Figure AX7-1.1.4, where a
large particle of native Pb is shown to have developed a weathering ring of highly bioavailable
Pb-chloride and Pb-oxide. Such observations can be useful in understanding the mechanistic

phenomena controlling bioavailability. In addition, they will aid in developing and validating

models to predict metal-environment interactions.
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Figure AX7-1.1.3. lllustration of particlelability and bioavailability at two different sites
with similar total Pb concentrationsand Pb forms.
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Figure AX7-1.1.4. Scanning electron micrograph of alarge native Pb particle showing
outer ring of highly bioavailable Pb-chloride and Pb-oxide.
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Source

Although the source of a metal is not directly related to bioavailability, it plays an
important role in risk assessment with the evaluation of metal (1) pathways, (2) background,
and (3) apportionment. It is important to understand a metal’s pathway before any remedial
action can be taken; otherwise, recontamination of the primary pathway and reexposure can
occur. Knowledge of background is important, as an action level cannot be established below

natural background levels.

Plants

When considering the bioavailability of a metal to plants from soils and sediments, it is
generally assumed that both the kinetic rate of supply and the speciation of the metal to either the
root or shoot are highly important. In soils and sediments generally, only a small volume of
water is in contact with the chemical form, and although the proportion of a metal’s
concentration in this pore water to the bulk soil/sediment concentration is small, it is this phase
that is directly available to plants. Therefore, pore water chemistry (i.e., metal concentration as
simple inorganic species, organic complexes, or colloid complexes) is most important.

Tools currently used for metal speciation for plants include (1) in-situ measurements
using selective electrodes (Gundersen et al., 1992; Archer et al., 1989; Wehrli et al., 1994);
(2) in-situ collection techniques using diffusive equilibrium thin films (DET) and diffusive
gradient thin films (DGT) followed by laboratory analyses (Davison et al., 1991, 1994; Davison
and Zhang, 1994; Zhang et al., 1995); and (3) equilibrium models ( SOILCHEM) (Sposito and
Coves, 1988).

AX7.1.1.3 Toolsfor Bulk Lead Quantification and Speciation
Bulk Quantification

The major analytical methods most commonly used for bulk analyses outlined in the 1986
Lead ACQD included:

e Atomic Absorption Spectrometry (AAS)

e Emission Spectrometry (Inductively coupled plasma/atomic emission spectrometry)

e X-ray Fluorescence (XRF)

e [sotope Dilution Mass Spectrometry (ID/MS)
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e (Colorimetric

e Electrochemical (anodic stripping voltametry and differential pulse polarography).

The choice of analytical method today for bulk quantification is generally ICP/AES or
ICP/MS (U.S. Environmental Protection Agency, 2001). Since 1986, numerous SRMs have
been developed for Pb (Table AX7-1.1.2), and several significant technological improvements

have been developed.

Table AX7-1.1.2. National Institute of Standardsand Technology Lead SRMs

Mean Pb

NIST SRM Medium mg/kg
2710 Soil 5532
2711 Soil 1162
2709 Soil 18.9
2587 Soil (paint) 3242
2586 Soil (paint) 432
2783 Filter (PM,s) 317
1648 Urban particulate 6550
1649a Urban dust 12,400
2584 Indoor dust 9761
2583 Indoor dust 85.9
1515 Apple leaves 0.47
1575 Pine needles 0.167

Modern spectrometry systems have replaced photomultiplier tubes with a charge-coupled
device (CCD). The CCD is a camera that can detect the entire light spectrum (>70,000 lines)
from 160 to 785 nm. This allows for the simultaneous measurement of all elements, as well as
any interfering lines (a productivity increase), and increases precision. The detection limit for Pb

in clean samples can now be as low as 40 ppb.
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Modern ICP/AES systems offer a choice of either axial viewed plasma (horizontal),
which provides greater sensitivity (DL= 0.8 ug Pb/L), or radial (vertical) viewed plasma, which
performs best with high total dissolved samples (DL = 5.0 ug Pb/L).

The development of reaction or collision cells have expanded the capabilities of ICP/MS
and lowered detection limits for many elements that were difficult to analyze because of
interferences such as Se, As, Ti, Zn, Ca, Fe, and Cr. The cells provide efficient interference
(isobaric, polyatomic, and argide) removal independent of the analyte and sample matrix by
using various reaction gases (H,, He, NH3), eliminating the need for interference correction

equations.

Speciation Tools

A wide variety of analytical and chemical techniques have been used to characterize a
metal’s speciation (as defined above) in various media (Hunt et al., 1992; Manceau et al., 1996,
2000a; Welter et al., 1999; Szulczewski et al., 1997; Isaure et. al., 2002; Lumsdon and Evans,
1995; Gupta and Chen, 1975; Ma and Uren, 1995; Charlatchka et al., 1997). Perhaps the most
important factor that one must keep in mind in selecting a technique is that, when dealing with
metal-contaminated media, one is most often looking for the proverbial “needle in a haystack.”
Therefore, the speciation technique must not only provide the information outlined above, but it
must also determine that information from a medium that contains very little of the metal.

As illustrated in Figure AX7-1.1.5, for a Pb-contaminated soil, less than 1% (modally) of a
single species can be responsible for a bulk metal’s concentration above an action level. This
factor is even more significant for other metals (i.e., As, Cd, or Hg) were action levels are often
below 100 mg/kg.

Of the techniques tested (physicochemical, extractive, and theoretical), the tools that have
been used most often to evaluate speciation for particle-bound metal include X-ray absorption
spectroscopy (XAS), X-ray diffraction (XRD), particle induced X-ray emission (PIXE and
UPIXE), electron probe microanalysis (EPMA), secondary ion mass spectrometry (SIMS),
X-ray photoelectron spectroscopy (XPS), sequential extractions, and single chemical extractions.
The tools that have been used most often to evaluate speciation for metal particles in solution
include the following computer-based models: MINTEQL, REDEQL2, ECOSAT, MINTEQAZ2,
HYDRAQL, PHREEQE, and WATEQA4F. These tools are briefly described below.
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Figure AX7-1.1.5. Bulk lead versus single species modality. Shaded area represents
typical soil-lead concentrationsfound at remediation sitesin the

western United States.

Particle-Bound Metal

Direct Approaches

Over the past decade, numerous advances in materials science have led to the
development of a wide range in analytical tools for the determination of metal concentration,
bonding, and valance of individual particles on a scale that can be considered useful for the
speciation of environmentally important materials (i.e., soils, wastes, sediments, and dust).

This review will provide the reader with a brief description of these techniques, including their
benefits, limitations (cost, availability, sample preparation, resolution), and usability as well as
references to current applications. Although most of these tools are scientifically sound and
offer important information on the mechanistic understanding of metal occurrence and behavior,
only a few currently provide useful information on metal bioavailability at a “site” level.

However, one may still find other techniques essential to a detailed characterization of a selected
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material to describe the chemical or kinetic factors controlling a metal’s release, transport,
and/or exposure.

X-Ray absor ption Spectroscopy (XAS). X-ray absorption spectroscopy (XAS) is a
powerful technique using the tunable, monochromatic (white light) X-rays produced by a
synchrotron (2-4 GeV) to record oscillations in atomic absorption within a few 100 GeV of an
element’s absorption edge. Spectra provide information on both chemical state and atomic
structure. Measurements are theoretically available for all elements and are not surface-sensitive
nor sample-sensitive (i.e., gases, liquids, solids, and amorphous materials are testable).

High-energy spectra within 30 eV of the edge, termed XANES (X-ray absorption near
edge structure spectroscopy (Fendorf et al., 1994; Maginn, 1998), are particularly suited for
determination and quantification (10 to 100 ppm) of metal in a particular oxidation state
(Szulczewski et al., 1997; Shaffer et al., 2001; Dupont et al., 2002). The lower-energy spectra
persist some 100 eV above the edge. These oscillations are termed EXAFS (extended X-ray
absorption fine structure) and are more commonly used for speciation analyses (Welter et al.,
1999; Manceau et al., 1996, 2000a; Isaure et al., 2002).

The main limitations to XAS techniques are (1) the lack of spatial resolution; (2) XAS
techniques provide only a weighted average signal of structural configurations, providing
information on the predominant form of the metal, while minor species, which may be more
bioavailable, can be overlooked; (3) access to synchrotrons is limited and the beam time required
to conduct a site investigation would be prohibitive; (4) a large spectral library must be
developed; (5) generally, poor fits to solution models are achieved when the compound list is
large; and (6) high atomic number elements have masking problems based on compound density.

X-Ray Diffraction (XRD). In X-ray diffraction, a monochromatic Fe, Mo, Cr, Co, W, or
Cu X-ray beam rotates about a finely powdered sample and is reflected off the interplanar
spacings of all crystalline compounds in the sample, fulfilling Bragg’s law (nA = 2dsin6). The
identification of a species from this pattern is based upon the position of the lines (in terms of
0 or 20) and their intensities as recorded by an X-ray detector. The diffraction angle (20) is
determined by the spacing between a particular set of atomic planes. Identification of the species
is empirical, and current available databases contain more than 53,000 compounds.

If a sample contains multiple compounds, interpretation becomes more difficult and

computer-matching programs are essential. In some instances, by measuring the intensity of the
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diffraction lines and comparing them to standards, it is possible to quantitatively analyze
crystalline mixtures; however, if the species is a hydrated form or has a preferred orientation,
this method is only semiquantitative at best. Since this technique represents a bulk analysis,
no particle size or lability information can be extracted from the patterns.

Particle Induced X-Ray Emission (PIXE and uPIXE). Particle induced X-ray emission
(PIXE) uses a beam, ~4 um in diameter, of heavy charged particles (generally He) to irradiate
the sample. The resulting characteristic X-rays are emitted and detected in a similar manner as
XRF, using Si-Li detectors. Particles generated from a small accelerator or cyclotron, with a
potential of 2 to 4 MeV, are commonly used. Detection limits on the order of 1 mg/kg are
achieved on thin-film samples. Disadvantages to its use for speciation include (1) only a small
volume of material can be analyzed (1 to 2 mg/cm?); (2) no particle size information is provided;
(3) peak overlaps associated with Si-Li detectors limit identification of species; (4) limited
availability; and (5) high cost. For a further review of PIXE analysis and applications, see
Maenhaut (1987).

Electron Probe Microanalysis (EPMA). Electron probe microanalysis uses a finely
focused (1 pm) electron beam (generated by an electron gun operating at a 2 to 30 kV
accelerating voltage and pico/nanoamp currents) to produce a combination of characteristic
X-rays for elemental quantification along with secondary electrons and/or backscatter electrons
for visual inspection of a sample. Elements from beryllium to uranium can be nondestructively
analyzed at the 50-ppm level with limited sample preparation. X-ray spectra can be rapidly
acquired using either wavelength dispersive spectrometers (WDS) or energy dispersive
spectrometers (EDS).

With WDS, a set of diffracting crystals, of known d-spacing, revolve in tandem with a
gas-filled proportional counter inside the spectrometer housing so that Bragg’s law is satisfied
and a particular wavelength can be focused. Photon energy pulses reflecting off the crystal are
collected for an individual elemental line by the counter as a first approximation to
concentration. For quantitative analysis, these intensities are compared to those of known
standards and must be corrected for background, dead time, and elemental interactions (ZAF)
(Goldstein et al., 1992). ZAF correction is in reference to the three components of matrix

effects: atomic number (Z), absorption (A), and fluorescence (F).
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With EDS, a single Si-Li crystal detector is used in conjunction with a multichannel
analog-digital converter (ADC) to sort electrical pulses (with heights approximately proportional
to the quantum energy of the photon that generated them), producing a spectrum of energy
(wavelength) versus counts. The net area under a particular peak (elemental line) is proportional
to its concentration in the sample. For quantitative analyses, corrections similar to WDS analysis
must be performed. Although EDS detectors are more efficient than WDS, detection limits are
significantly greater (~1000 ppm), because of elevated backgrounds and peak overlaps.

For speciation analysis, the EDS system must NEVER be used as the primary detector, as
numerous errors in species identification are often made. These are generally the result of
higher-order X-ray line overlaps.

This technique has been routinely used for site characterizations (Linton et al., 1980;

Hunt et al., 1992; Camp, Dresser, and McKee (CDM), 1994; U.S. Environmental Protection
Agency, 2002). Currently this technique offers the most complete data package on metal
speciation than any of the other tools. The method is relatively fast and inexpensive, available,
and provides all of the required information for bioavailability assessments (i.e., particle size,
species, lability, and sourcing). A number of limitations still need to be addressed including:
(1) its inability to quickly isolate a statistically significant population of particles in soils with
low bulk metal concentrations (<50 mg/kg), meaning that for some metals with low
concentrations of concern (i.e., Cd, Mo, Sb, Se), this method may be less useful; (2) the more
volatile metals (i.e., Hg, TI) are often volatilized under the electron beam or lost during sample
preparation.

Secondary lon Mass Spectrometry (SMS). Secondary ion mass spectrometry (also known
as ion microprobes or ion probes) is a well-known technique, primarily surface focused, that uses
a0.5to 20 kV O, Ar, Ga, In, or Cs ion beam in bombarding (sputtering) the surface of a sample
while emitting secondary ions that are detected by either quadrapole, time-of-flight (TOF), or
magnetic sector mass spectrometers. Sensitivity is very high, in the ppb range for elements
hydrogen to uranium, providing quantitative results on elemental or isotopic metals and organic
compounds. With the advent of liquid metal (In and Ga) ion beams, beam sizes of less than

1 um are possible, although 20 pm is more commonly used.
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The major disadvantage of SIMS to species identification is that each element or isotope
must be tuned and analyzed sequentially. This makes the identification of a metal form highly
time-consuming and, thus, the characterization of a multiphase medium impractical.

X-Ray Photoelectron Spectroscopy (XPS). X-ray photoelectron spectroscopy or ESCA
(electron spectroscopy for chemical analysis, as it was previously known) is a classical surface,
10 to 50 A in depth, analytical technique for determining qualitative elemental concentrations of
elements greater than He in atomic number and provides limited structural and oxidation state
information. In XPS, the high-energy (15 kV) electrons are typically produced from a dual-
anode (Al-Mg) X-ray tube. The excitation or photoionization of atoms within the near surface of
the specimen emit a spectrum of photoelectrons. The measured binding energy is characteristic
of the individual atom to which it was bound. Monochromatic sources are often employed to
improve energy resolution, allowing one to infer oxidation states of elements or structure of
compounds (organic and inorganic) by means of small chemical shifts in binding energies
(Hercules, 1970). The major disadvantages of XPS for environmental speciation studies is its
poor sensitivity, especially in complex matrices and its large, 100-200 pum, spatial resolution.

The direct speciation techniques discussed above are summarized in Table AX7-1.1.3.

Indirect Approaches

A more indirect approach to speciation than the methods previously described include the
functional or operational extraction techniques that have been used extensively over the years
(Tessier et al., 1979; Tessier and Campbell, 1988; Gupta and Chen, 1975). These methods use
either a single or sequential extraction procedure to release species associated with a particular
metal within the media. Single chemical extractions are generally used to determine the
bioavailable amount of metal in a functional class: water-soluble, exchangeable, organically
bound, Fe-Mn bound, or insoluble.

In a similar approach, sequential extractions treat a sample with a succession of reagents
intended to specifically dissolve different, less available phases. Many of these techniques have
been proposed, most of which are a variation on the classical method of Tessier et al. (1979),
in which metal associated with exchangeable, carbonate-bound, Fe-Mn bound, organically
bound, and residual species can be determined. Beckett (1989), Kheboian and Bauer (1987),

and Foerstner (1987) provide excellent reviews on the use and abuse of extractions. These
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XRD No No No No No# No No No 3-4vol% Bulk 1 $
EMPA Yes Yes Yes+ No Yes Yes? B-U No*** 50 ppm 0.5-1pm 2 $3
SIMS No Yes No No Yes* Yes** Li-U Yes 1 ppb 10 um 4 $88
XPS No No Yes Yes Yes* Yes** H-U No wt.% 100 um 2 $8
XAS No No Yes Yes Yes* Yes** He-U No ppb 2 um 5 5888
PIXIE No No No No Yes Yes** B-U No 10ppm 4 pm 4 5888

* Technique requires each element be tuned and standardized, requiring unreasonable time limits.

** Techniques designed and tested only on simple systems. Multiple species require lengthy analytical times and data reduction.
**% Limited when combined with ICP/MS/LA.

# Identifies crystalline compounds and stoichiometric compositions only.

? Technique has limitations based on particle counting statistics.

+ Valance determined by charge balance of complete analyses.



techniques can be useful in a study of metal uptake in plants, where transfer takes place
predominately via a solution phase. However, one must keep in mind that they are not
“selective” in metal species, give no particle size information and, above all, these leachable
fractions have never been correlated to bioavailability.

Solution Speciation Using Computer-Based Models. Computer-based models are either
based upon equilibrium constants or upon Gibb’s free energy values in determining metal
speciation from solution chemistry conditions (concentration, pH, Eh, organic complexes,
adsorption/desorption sites, and temperature). Both approaches are subject to mass balance and
equilibrium conditions. These models have undergone a great deal of development in recent
years, as reliable thermodynamic data has become available and can provide some predictive
estimates of metal behavior. A good review of these models and their applications is provided
by Lumsdon and Evans (1995).

Speciation can be controlled by simple reactions; however, in many cases, particularly in
contaminated media, their state of equilibrium and reversibility are unknown. In addition, these
models suffer from other limitations such as a lack of reliable thermodynamic data on relevant
species, inadequacies in models to correct for high ionic strength, reaction kinetics are poorly
known, and complex reactions with co-precipitation/adsorption are not modeled.

The first limitation is perhaps the most significant for contaminated media. For example,
none of the models would predict the common, anthropogenic, Pb phases, i.e., paint, solder,

and slag.

AX7.1.1.4 Biotic Ligand Model

The biotic ligand model (BLM) is an equilibrium-based conceptual model that has been
incorporated into regulatory agencies guidelines (including the EPA) to predict effects of metals
primarily on aquatic biota and to aid in the understanding of their interactions with biological
surfaces (see Annex Section AX7.2.1.3).

Because of assumed similarities in mechanisms of toxicity between aquatic and terrestrial
organisms, it is likely that the BLM approach as developed for the aquatic compartment may also
be applicable to the terrestrial environment. Recent research has been directed toward extending
the BLM to predict metal toxicity in soils (Steenbergen et al., 2005). Steenbergen et al. (2005)
pointed out that, until recently, the BLM concept has not been applied to predict toxicity to soil
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organisms. The authors believe there may be two reasons for this. First, metal uptake routes in
soils are generally more complex than those in water, because exposure via pore water and
exposure via ingestion of soil particles may, in principle, both be important. Second, it remains
very difficult to univariately control the composition of the soil pore water and the metal
concentrations in the pore water, due to re-equilibration of the system following modification of
any of the soil properties (including addition of metal salts).

Steenbergen et al. (2005) assessed acute copper toxicity to the earthworm Aporrectodea
caliginosa using the BLM. To overcome the aforementioned problems inherent in soil toxicity
tests they developed an artificial flow-through exposure system consisting of an inert quartz sand
matrix and a nutrient solution, of which the composition was univariately modified. Thus, the
obstacles in employing the BLM to terrestrial ecosystems seem to be surmountable, and future
research may provide useful information on Pb bioavailability and toxicity to terrestrial

organisms.

AX7.1.1.5 Soil Amendments

The removal of contaminated soil to mitigate exposure of terrestrial ecosystem
components to Pb can often present both economic and logistic problems. Because of this,
recent studies have focused on in situ methodologies to lower soil-Pb RBA (Brown et al.,
2003a,b). To date, the most common methods studied include the addition of soil amendments
in an effort either to lower the solubility of the Pb form or to provide sorbtion sites for fixation of
pore-water Pb. These amendments typically fall within the categories of phosphate, biosolid,

and Al/Fe/Mn-oxide amendments.

Phosphate Amendments

Phosphate amendments have been studied extensively and, in some cases, offer the most
promising results (Brown et al., 1999; Ryan et al., 2001; Cotter-Howells and Caporn, 1996;
Hettiarachchi et al., 2001, 2003; Rabinowitz, 1993; Yang et al., 2001; Ma et al., 1995). Research
in this area stems from early work by Nriagu (1973) and Cotter-Howells and Caporn (1996), who
pointed out the very low solubilities for many Pb-phosphates (Ksp 27 to 166), particularly
chloropyromorphite [Pbs(PO4);Cl]. The quest to transform soluble Pb mineralogical forms into

chloropyromorthite continues to be the primary focus of most studies. Sources of phosphorous
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have included phosphoric acid (H3POy), triple-super phosphate (TSP), phosphate rock, and/or
hydroxyapatite (HA). Various studies have combined one or more of these phosphorous sources
with or without lime, iron, and/or manganese in an attempt to enhance amendment qualities.
Most amendments are formulated to contain between 0.5 and 1.0% phosphorous by weight.
They are then either applied wet or dry and then mixed or left unmixed with the contaminated
soil. Success of phosphate amendments has been variable, and the degree of success appears to
depend on available phosphorous and the dissolution rate of the original Pb species.

A number of potentially significant problems associated with phosphate amendments have
been recognized, including both phyto- and earthworm toxicity (Ownby et al., 2005; Cao et al.,
2002; and Rusek and Marshall, 2000). Both of these toxicities are primarily associated with very
high applications of phosphorous and/or decreased soil pH. Indications of phytotoxicity are
often balanced by studies such as Zhu et al. (2004) that illustrate a 50 to 70% reduction in shoot-
root uptake of Pb in phosphate-amended soils. Additionally, the added phosphate poses the
potential risk of eutrophication of nearby waterways from soil runoff. Finally, Pb-contaminated
soils from the extractive metals industry or agricultural sites often have elevated concentrations
of arsenic. It has been shown (Impellitteri, 2005; Smith et al., 2002; Chaney and Ryan, 1994;
and Ruby et al., 1994) that the addition of phosphate to such soils would enhance arsenic
mobility (potentially moving arsenic down into the groundwater) through competitive anion
exchange. Some data (Lenoble et al., 2005) indicate that if one could amend arsenic and Pb
contaminated soils with iron(IIl) phosphate this problem can be mitigated, however the increased
concentrations of both phosphate and iron still exclude the application when drinking water is an

1SSue.

Biosolid Amendments

Historically, biosolids have been used in the restoration of coal mines (Haering et al.,
2000; Sopper, 1993). More recently, workers have demonstrated the feasibility of their use in
the restoration of mine tailings (Brown et al., 2003a), and urban soils (Brown et al., 2003b;
Farfel et al., 2005). Mine tailings are inherently difficult to remediate in that they pose numerous
obstacles to plant growth. They are most often (1) acidic; (2) high in metal content, thus prone to

phytotoxicity; (3) very low in organic content; and (4) deficient in macro- and micronutrients.
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Stabilization (i.e., the establishment of a vegetative cover) of these environments is essential to
the control of metal exposure or migration from soil/dust and groundwater pathways.

At Bunker Hill, ID, Brown et al. (2003b) demonstrated that a mixture of high nitrogen
biosolids and wood pulp or ash, when surface applied at a rate of approximately 50 and
220 tons/ha, respectively, increased soil pH from 6.8 to approximately 8.0, increased plant
biomass from 0.01 mg/ha to more than 3.4 tons/ha, and resulted in a healthy plant cover within
2 years. Metal mobility was more difficult to evaluate. Plant concentrations of Zn and Cd were
generally normal for the first 2 years of the study; however, Pb concentrations in vegetation
dramatically increased two to three times in the first year. Additionally, macronutrients (Ca, K,
and Mg) decreased in plant tissue.

Urban soils, whether contaminated from smelting, paint, auto emissions, or industrial
activity, are often contaminated with Pb (Agency for Toxic Substances and Disease Registry
[ATSDR], 1988) and can be a significant pathway to elevated child blood Pb levels (Angle et al.,
1974). Typically, contaminated residential soils are replaced under Superfund rules. However,
urban soils are less likely to be remediated unless a particular facility is identified as the
contaminate source. Application of biosolids to such soils may be a cost-effective means for
individuals or communities to lower Pb RBAs.

A field study by Farfel et al. (2005) using the commercial biosolid ORGO found that,
over a l-year period, Pb in the dripline soils of one residence had reduced RBAs by ~60%.
However, soils throughout the remainder of the yard showed either no reduction in RBA or a
slight increase. A more complex study was conducted by Brown et al. (2003a) on an urban
dripline soil in the lab. The study used an assortment of locally derived biosolids (raw, ashed,
high-Fe compost, and compost) with and without lime. All amendments were incubated with
approximately 10% biosolids for a little more than 30 days. In vitro and in vivo data both
indicated a 3 to 54% reduction in Pb RBA, with the high-Fe compost providing the greatest
reduction.

As with phosphate amendments, problems with biosolid application have also been
documented. Studies have shown that metal transport is significantly accelerated in soils
amended with biosolids (Al-Wabel et al., 2002; McBride et al., 1997, 1999; Lamy et al., 1993;
Richards et al., 1998, 2000). Some of these studies indicate that metal concentrations in soil

solutions up to 80 cm below the amended surface increased by 3- to 20-fold in concentration up
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to 15 years after biosolid application. The increase in metal transport is likely the result of
elevated dissolved organic carbon (DOC) in the amended soil. Anodic stripping voltammetry
has indicated that very low percentages (2 to 18%) of the soluble metals are present as ionic or

inorganic complexes (McBride, 1999; Al-Wabel et al., 2002).

AX7.1.2 Distribution of Atmospherically Delivered Lead in
Terrestrial Ecosystems

The 1986 Lead AQCD (U.S. Environmental Protection Agency, 1986a) contains only a
few minor sections that detail the speciation, distribution, and behavior of atmospherically
delivered Pb in terrestrial ecosystems. The document concluded that the majority of Pb in the
atmosphere at that time was from gasoline consumption: of the 34,881 tons of Pb emitted to the
atmosphere in 1984, 89% was from gasoline use and minor amounts were from waste oil
combustion, iron and steel production, and smelting. Lead in the atmosphere today, however, is
not primarily from leaded-gasoline consumption, but results largely from iron and steel
foundaries, boilers and process heaters, the combustion of fossil fuels in automobiles, trucks,
airplanes, and ships, and other industrial processes (Table 2-8, Polissar et al., 2001; Newhook
et al., 2003). The emission source can determine the species of Pb that are delivered to terrestrial
ecosystems. For example, Pb species emitted from automobile exhaust is dominated by
particulate Pb halides and double salts with ammonium halides (e.g., PbBrCl, PbBrCl,NH4Cl),
while Pb emitted from smelters is dominated by Pb-sulfur species (Habibi, 1973). The halides
from automobile exhaust break down rapidly in the atmosphere, possibly via reactions with
atmospheric acids (Biggins and Harrison, 1979). Lead phases in the atmosphere, and
presumably the compounds delivered to the surface of the earth (i.e., to vegetation and soils),
are suspected to be in the form of PbSOy4, PbS, and PbO (Olson and Skogerboe, 1975; Clevenger
et al., 1991; Utsunomiya et al., 2004).

There are conflicting reports of how atmospherically derived Pb specifically behaves in
surface soils. This disagreement may represent the natural variability of the biogeochemical
behavior of Pb in different terrestrial systems, the different Pb sources, or it may be a function of
the different analytical methods employed. The importance of humic and fulvic acids (Zimdahl
and Skogerboe, 1977; Gamble et al., 1983) and hydrous Mn- and Fe-oxides (Miller and McFee,
1983) for scavenging Pb in soils are discussed in some detail in the 1986 Lead AQCD. Nriagu
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(1974) used thermodynamics to argue that Pb-orthophosphates (e.g., pyromorphite) represented
the most stable Pb phase in many soils and sediments. He further suggested that, because of the
extremely low solubility of Pb-phosphate minerals, Pb deposition could potentially reduce
phosphorous availability. Olson and Skogerboe (1975) reported that solid-phase PbSO4
dominated gasoline-derived Pb speciation in surface soils from Colorado, Missouri, and Chicago,
while Santillan-Medrano and Jurinak (1975) suggested that Pb(OH),, Pb(PO,),, and PbCO;
could regulate Pb speciation in soils. However, insoluble organic material can bind strongly to
Pb and prevent many inorganic phases from ever forming in soils (Zimdahl and Skogerboe,
1977).

The vertical distribution and mobility of atmospheric Pb in soils was poorly documented
prior to 1986. Chapter 6 of the 1986 AQCD cited a few references suggesting that atmospheric
Pb is retained in the upper 5 cm of soil (Reaves and Berrow, 1984). Techniques using radiogenic
Pb isotopes had been developed to discern between gasoline-derived Pb and natural, geogenic
(native) Pb, but these techniques were mostly applied to sediments (Shirahata et al., 1980) prior
to the 1986 Lead AQCD. Without using these techniques, accurate determinations of the depth-
distribution and potential migration velocities for atmospherically delivered Pb in soils were
largely unavailable.

Several technological advances, combined with the expansion of existing technologies
after 1986 resulted in the publication of a large body of literature detailing the speciation,
distribution, and geochemical behavior of gasoline-derived Pb in the terrestrial environment.
Most notably, the development of selective chemical extraction (SCE) procedures as a rapid and
inexpensive means for partitioning Pb into different soil and sediment phases (e.g., Pb-oxides,
Pb-humate, etc.) has been exploited by a number of researchers (Tessier et al., 1979; Johnson
and Petras, 1998; Ho and Evans, 2000; Scheckel et al., 2003). Also, since 1986, several workers
have exploited synchrotron-based XAS in order to probe the electron coordination environment
of Pb in soils, organic matter, organisms, and sediments (Manceau et al., 1996; Xia et al., 1997;
Trivedi et al., 2003). X-ray absorption studies can be used for the in-situ determination of the
valence state of Pb and can be used to quantify Pb speciation in a variety of untreated samples.
Biosensors, which are a relatively new technology coupling biological material, such as an
enzyme, with a transducer, offer a new, simple, and inexpensive means for quantifying available

Pb in ecosystems (Verma and Singh, 2005). Advances in voltammetric, diffusive gradients in
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thin films (DGT), and ICP techniques have also increased the abilities of researchers to quantify
Pb phases in solutions (Berbel et al., 2001; Scally et al., 2003). In addition to the development of
techniques for describing and quantifying Pb species in the soils and solutions, researchers have
used radiogenic Pb isotopes (*°°Pb, **’Pb, 2**Pb) to quantify the distribution, speciation, and
transport of anthropogenic Pb in soil profiles and in vegetation (Bindler et al., 1999; Erel et al.,
2001; Kaste et al., 2003; Klaminder et al., 2005).

Over the past several decades, workers have also developed time-series data for Pb in
precipitation, vegetation, organic horizons, mineral soils, and surface waters. Since
atmospherically delivered Pb often comprises a significant fraction of the “labile” Pb (i.e., Pb not
associated with primary minerals), these data have been useful for developing transport and
residence time models of Pb in different terrestrial reservoirs (Friedland et al., 1992; Miller and
Friedland, 1994; Johnson et al., 1995a; Wang and Benoit, 1997). Overall, a significant amount
of research has been published on the distribution, speciation, and behavior of anthropogenic Pb
in the terrestrial environment since 1986. However, certain specific details on the behavior of Pb

in the terrestrial environment and its potential effects on soil microorganisms remain elusive.

AX7.1.2.1 Speciation of Atmospherically-delivered Lead in Terrestrial Ecosystems
Lead in the Solid Phases

Lead can enter terrestrial ecosystems through natural rock weathering and by a variety of
anthropogenic pathways. These different source terms control the species of Pb that is
introduced into the terrestrial environment. While Pb is highly concentrated (percent level) in
certain hydrothermal sulfide deposits (e.g., PbS) that are disseminated throughout parts of the
upper crust, these occurrences are relatively rare. Therefore, the occurrence of Pb as a minor
constituent of rocks (ppm level), particularly granites, rhyolites, and argillaceous sedimentary
rocks is the more pertinent source term for the vast majority of terrestrial ecosystems. During
the hydrolysis and oxidation of Pb-containing minerals, divalent Pb is released to the soil
solution where it is rapidly fixed by organic matter and secondary mineral phases (Kabata-
Pendias and Pendias, 1992). The geochemical form of natural Pb in terrestrial ecosystems will
be strongly controlled by soil type (Emmanuel and Erel, 2002). In contrast, anthropogenically
introduced Pb has a variety of different geochemical forms, depending on the specific source.

While Pb in soils from battery reclamation areas can be in the form of PbSO4 or PbSiOs, Pb in
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soils from shooting ranges and paint spills is commonly found as PbO and a variety of Pb
carbonates (Vantelon et al., 2005; Laperche et al., 1996; Manceau et al., 1996). Atmospherically
delivered Pb resulting from fossil fuel combustion is typically introduced into terrestrial
ecosystems as Pb-sulfur compounds and Pb oxides (Olson and Skogerboe, 1975; Clevenger

et al., 1991; Utsunomiya et al., 2004). After deposition, Pb species are likely transformed.
Although the specific factors that control the speciation of anthropogenic Pb speciation in soils
are not well understood, there are many studies that have partitioned Pb into its different
geochemical phases. A thorough understanding of Pb speciation is critical in order to predict
potential mobility and bioavailability (see Section AX7.1.1).

Selective chemical extractions have been employed extensively over the past 20 years for
quantifying amounts of a particular metal phase (e.g., PbS, Pb-humate, Pb-Fe/Mn-oxide) present
in soil or sediment rather than total metal concentration. Sometimes selective chemical
extractions are applied sequentially to a particular sample. For example, the exchangeable metal
fraction is removed from the soil using a weak acid or salt solution (e.g., BaCl,), followed
immediately by an extraction targeting organic matter (e.g., H,O, or NaOCl), further followed by
an extraction targeting secondary iron oxides (e.g., NH,OH-HC]l), and finally, a strong reagent
cocktail (e.g., HNO;-HCI-HF) targets primary minerals. Tessier et al. (1979) developed this
technique. More recently, this technique has been modified and developed specifically for
different metals and different types of materials (Keon et al., 2001). Alternatively, batch-style
selective chemical extractions have been used on soils and sediments to avoid the problems
associated with nonselective reagents (Johnson and Petras, 1998). Selective extractions can be a
relatively rapid, simple, and inexpensive means for determining metal phases in soils and
sediments, and the generated data can be linked to potential mobility and bioavailability of the
metal (Tessier and Campbell, 1987). However, some problems persist with the selective
extraction technique. First, extractions are rarely specific to a single phase. For example, while
H,0; is often used to remove metals bound to organic matter in soils, others have demonstrated
that this reagent destroys clay minerals and sulfides (Ryan et al., 2002). Peroxide solutions may
also be inefficient in removing metals bound to humic acids, and in fact could potentially result
in the precipitation of metal-humate substances. In addition to the nonselectivity of reagents,
significant metal redistribution has been documented to occur during sequential chemical

extractions (Ho and Evans, 2000; Sulkowski and Hirner, 2006), and many reagents may not
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completely extract targeted phases. While chemical extractions provide some useful information
on metal phases in soil or sediment, the results should be treated as “operationally defined,” e.g.,
“H,0,-liberated Pb” rather than “organic Pb.”

Lead forms strong coordination complexes with oxygen on mineral surfaces and organic
matter functional groups (Abd-Elfattah and Wada, 1981), because of its high electronegativity
and hydrolysis constant. Therefore, Pb is generally not readily exchangeable, i.e., the amount of
Pb removed from soils by dilute acid or salts is usually less that 10% (Karamanos et al., 1976;
Sposito et al., 1982; Miller and McFee, 1983; Johnson and Petras, 1998; Bacon and Hewitt,
2005). Lead is typically adsorbed to organic and inorganic soil particles strongly via inner-
sphere adsorption (Xia et al., 1997; Bargar et al., 1997a,b, 1998). Kaste et al. (2005) found that a
single extract of 0.02 M HCI removed 15% or less Pb in organic horizons from a montane forest
in New Hampshire. The fact that relatively concentrated acids, reducing agents, oxidizing
agents, or chelating agents are required to liberate the majority of Pb from soils is used as one
line of evidence that Pb migration and uptake by plants in soils is expected to be low.

Lead that is “organically bound” in soils is typically quantified by extractions that
dissolve/disperse or destroy organic matter. The former approach often employs an alkaline
solution (NaOH), which deprotonates organic matter functional groups, or a phosphate solution,
which chelates structural cations. Extractions used to destroy organic matter often rely on H,O,
or NaOCI. Both organic and mineral horizons typically have significant Pb in this soil phase.
Miller and McFee (1983) used NasP,07 to extract organically bound Pb from the upper 2.5 cm of
soils sampled from northwestern Indiana. They found that organically bound Pb accounted for
between 25 and 50% of the total Pb present in the sampled topsoils. Jersak et al. (1997), Johnson
and Petras (1998), and Kaste et al. (2005) selectively extracted Pb from spodosols from the
northeastern United States. Using acidified H,O,, Jersak et al. (1997) found that very little
(<10 %) of the Pb in mineral soils (E, B, C) sampled from New York and Vermont was organic.
Johnson and Petras (1998) used K4P>0O7 to quantify organically bound Pb in the Oa horizon and
in mineral soils from the Hubbard Brook Experimental Forest in New Hampshire. They reported
that 60% of the total Pb in the Oa horizon was organic and that between 8 and 17% of the total
Pb in the mineral soil was organic. However, in the E, Bh, and Bs1 horizons, organically bound
Pb dominated the total “labile” (non-mineral lattice) Pb. Kaste et al. (2005) used selective

chemical extractions on organic horizons from montane forests in Vermont and New Hampshire.
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They found that repeated extractions with NasP,O; removed between 60 and 100% of the Pb
from their samples. Caution should be used when interpreting the results of pyrophosphate
extractions. Although they are often used to quantify organically bound metals, this reagent can
both disperse and dissolve Fe phases (Jeanroy and Guillet, 1981; Shuman, 1982). Acidified
H,0, has also been reported to destroy and release elements associated with secondary soil
minerals (Papp et al., 1991; Ryan et al., 2002).

Aside from organic forms, Pb is often found to be associated with secondary oxide
minerals in soils. Pb can be partitioned with secondary oxides by a variety of mechanisms,
including (1) simple ion exchange, (2) inner-sphere or outer-sphere adsorption, and (3) co-
precipitation and/or occlusion (Bargar et al., 1997a,b, 1998, 1999). As discussed above, very
little Pb is removed from soil via dilute acid or salt solutions, so adsorption and co-precipitation
are likely the dominant Pb interactions with secondary mineral phases. Reagents used to
quantify this phase are often solutions of EDTA, oxalate, or hydroxylamine hydrochloride (HH).
Miller and McFee (1983) used an EDTA solution followed by an HH solution to quantify Pb
occluded by Fe and Mn minerals, respectively, in their surface-soil samples from Indiana. They
reported that approximately 30% of the total soil Pb was occluded in Fe minerals, and 5 to 15%
was occluded in Mn phases. In soils from the northeastern United States, Jersak et al. (1997)
used various strengths of HH solutions and concluded that negligible Pb was associated with
Mn-oxides and that 1 to 30% of the Pb was associated with Fe phases in the mineral soils in their
study. Johnson and Petras (1998) reported that no Pb was removed from the Oa horizon at the
Hubbard Brook Experimental Forest (HBEF) by oxalate, but that 5 to 15% of the total Pb in
mineral soils was removed by this extraction, presumably because it was bound to amorphous
oxide minerals. Kaste et al. (2005), however, reported that HH removed 30 to 40% of the Pb
from organic horizons in their study. They concluded that Fe phases were important in
scavenging Pb, even in soil horizons dominated by organic matter.

Synchrotron radiation (X-rays) allows researchers to probe the electron configuration of
metals in untreated soil and sediment samples. This type of analysis has been extremely valuable
for directly determining the coordination environment of Pb in a variety of soils and sediments.
Since different elements have different electron binding energies (Ep,), X-rays can be focused in
an energy window specific to a metal of interest. In experiments involving XAS, X-ray energy is

increased until a rapid increase in the amount of absorption occurs; this absorption edge
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represents Ey. The precise energy required to dislodge a core electron from a metal (i.e., Ep) will
be a function of the oxidation state and covalency of the metal. X-ray absorption studies that
focus on the location of the absorption edge are referred to as XANES (X-ray absorption near
edge structure). In the energy region immediately after the absorption edge, X-ray absorption
increases and decreases with a periodicity that represents the wave functions of the ejected
electrons and the constructive and destructive interference with the wave functions of the nearby
atoms. X-ray absorption studies used to investigate the periodicity of the absorption after Ey, are
referred to as EXAFS (extended X-ray absorption fine structure). Since the electron
configuration of a Pb atom will be directly governed by its speciation (e.g., Pb bound to organics,
Pb adsorbed to oxide surfaces, PbS, etc.) X-ray absorption studies provide a powerful in-situ
technique for determining speciation without some of the problems associated with chemical
extractions (Bargar et al., 1997a,b, 1998).

Manceau et al. (1996) used EXAFS to study soil contaminated by gasoline-derived Pb in
France and found that the Pb was divalent and complexed to salicylate and catechol-type
functional groups of humic substances. He concluded that the alkyl-tetravalent Pb compounds
that were added to gasoline were relatively unstable and will not dominate the speciation of Pb
fallout from the combustion of leaded gasoline. The binding mechanism of Pb to organics is
primarily inner-sphere adsorption (Xia et al., 1997). DeVolder et al. (2003) used EXAFS to
demonstrate that Pb phases were shifting to the relatively insoluble PbS when contaminated
wetland soils were treated with sulfate. Strawn and Sparks (2000) gave evidence that added Pb
was adsorbed directly onto organic matter in an untreated silt loam, but in the absence of organic
matter (treated with sodium hypochlorite) the added Pb appeared to adsorb instead to some form
of Si0,. More recent XAS studies have demonstrated the importance of biomineralization of Pb
in soils by bacteria and nematodes (Xia et al., 1997; Templeton et al., 2003a,b; Jackson et al.,
2005). Templeton et al. (2003a,b) demonstrated that biogenic precipitation of pyromorphite was
the dominant source of Pb uptake by Burkholderia cepacia biofilms below pH 4.5. Above pH
4.5, adsorption complexes began to form in addition to Pb mineral precipitation.

In addition to XAS studies of Pb in environmental samples, numerous experimental-based
XAS studies have documented in detail the coordination environment of Pb adsorbed to Fe-
oxides, Mn-oxides, Al-oxides, and clay minerals (Manceau et al., 1996, 2000a,b, 2002; Bargar
et al., 1997a,b, 1998, 1999; Strawn and Sparks, 1999; Trivedi et al., 2003; Chen et al., 2006).
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Bargar et al. (1997a) showed that Pb can adsorb to FeOgs octahedra on three different types of
sites: on corners, edges, or faces. Ostergren et al. (2000a,b) showed that the presence of
dissolved carbonate and sulfate increased Pb adsorbtion on goethite. The relative fraction of
corner-sharing complexes can be greatly increased by the presence of these ligands, as bridging
complexes between the metal and the corners are formed (Ostergren et al., 2000a,b).
Furthermore, Elzinga and Sparks showed that the mechanism of Pb sorption to SiO, surfaces is
pH-dependent. In acid environments (pH < 4) Pb adsorbs largely as an inner-sphere mononulear
complex, but as pH increases, Pb sorption increasingly occurs via the formation of surface-
attached covalent polynuclear Pb species.

Recently, Jackson et al. (2005) used microfocused synchrotron-based X-ray fluorescence
(®PSXRF) to detail the distribution of Pb and Cu in the nematode Caenorhabditis elegans. They
found that, while Cu was evenly distributed throughout the bodies of exposed C. elegans, Pb was
concentrated in the anterior pharynx region. Microfocused X-ray diffraction indicated that the
highly concentrated Pb region in the pharynx was actually comprised of the crystalline Pb
mineral, pyromorphite. The authors concluded that C. elegans precipitated pyromorphite in the
pharynx as a defense mechanism to prevent spreading the toxic metal to the rest of the
organism’s body. They further suggested that, because of the high turnover rate of nematodes,

biomineralization could play an important role in the speciation of Pb in certain soils.

Lead Solid-solution Partitioning

The concentration of Pb species dissolved in soil solution is probably controlled by some
combination of (a) Pb-mineral solubility equilibria, (b) adsorption reactions of dissolved Pb
phases on inorganic surfaces (e.g., crystalline or amorphous oxides of Al, Fe, Si, Mn, etc.; clay
minerals), and (c) adsorption reactions of dissolved Pb phases on soil organic matter. Dissolved
Pb phases in soil solution can be some combination of Pb*" and its hydrolysis species, Pb bound
to dissolved organic matter, and Pb complexes with inorganic ligands such as C1' and SO,*"
Alkaline soils typically have solutions supersaturated with respect to PbCO;, Pb3(CO3)2(OH),,
Pb(OH),, Pb3(POy4),, Pbs(PO4)3;(OH), and PbsO(PO4), (Badawy et al., 2002). Pb-phosphate
minerals in particular are very insoluble, and calculations based on thermodynamic data predict

that these phases will control dissolved Pb in soil solution under a variety of conditions (Nriagu,
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1974; Ruby et al., 1994). However, certain chelating agents, such as dissolved organic matter,
can prevent the precipitation of Pb minerals (Lang and Kaupenjohann, 2003).

Using a combination of desorption experiments and XAS, EXAFS, and XANES, Rouff
et al. (2006) found that aging of Pb-calcite suspensions resulted in changes in the solid-phase
distribution of Pb. Increased sorption time can reduce trace metal desorption by enhancing the
stability of surface complexes (Rouff et al., 2005) or by mechanisms involving microporous
diffusion (Backes et al., 1995), recrystallization-induced incorporation into the solid phase
(Ainsworth et al., 1994), and formation and stabilization of surface precipitates (Ford et al.,
1999). For adsorption of Pb to hydrous Fe oxides, goethite, and Pb-contaminated soils, aged
samples show Pb to be reversibly bound, suggesting Pb adsorption primarily to the substrates’
surfaces (Rouff et al., 2006). However, for Pb adsorption to calcite aging played a significant
role due to detection of multiple sorption mechanisms, even for short sorption times (Rouff et al.,
2006). pH also played a role in Pb sorption. Over long sorption periods (60 to 270 days), slow
continuous uptake of Pb occurred at pH 7.3 and 8.2. At pH 9.4, no further uptake occurred with
aging and very little desorption occurred. These results show the importance of contact time and
pH on Pb solid-phase partitioning, particularly in geochemical systems in which calcite may be
the predominant mineralogical constituent.

Soil solution dissolved organic matter content and pH typically have very strong positive
and negative correlations, respectively, with the concentration of dissolved Pb species (Sauvé
et al., 1998, 2000a, 2003; Weng et al., 2002; Badawy et al., 2002; Tipping et al., 2003). In the
case of adsorption phenomena, the partitioning of Pb*" to the solid phase is also controlled by
total metal loading, i.e., high Pb loadings will result in a lower fraction being partitioned to the
solid phase. Sauvé et al. (1997, 1998) demonstrated that only a fraction of the total Pbin
solution was actually Pb*" in soils treated with leaf compost. The fraction of Pb*" to total
dissolved Pb ranged from <1 to 60%, depending on pH and the availability of Pb-binding
ligands. Nolan et al. (2003) used Donnan dialysis to show that 2.9 to 48.8% of the dissolved Pb
was Pb®" in pore waters of agricultural and contaminated soils from Australia and the United
States. In acidic soils, Al species can compete for sites on natural organic matter and inhibit Pb
binding to surfaces (Gustafsson et al., 2003).

Differential pulse anodic stripping voltammetry (DPASV) is a technique that is useful for

identifying relatively low concentrations of Pb>" and has found many applications in adsorption
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and partitioning experiments. This technique has been particularly useful for quantifying the Kg,
or partitioning ratio of Pb in the solid-to-liquid phase (Kq = [total solid-phase metal in mg kg''] /
[dissolved metal in mg L'']). While the exact K4 value is a function of pH, organic matter
content, substrate type, total metal burden, and concentrations of competing ligands, such studies
typically show that Pb has very strong solid-phase partitioning. Partitioning ratios determined by
DPASV generally range from 10° to 10° in soils in the typical pH range (Sauvé et al., 2000b).
Aualiitia and Pickering (1987) used thin film ASV to compare the relative affinity of Pb for
different inorganic particulates. They reported that Mn(IV) oxides completely adsorbed the Pb,
regardless of pH in the range of 3 to 9, and had the highest affinity for Pb in their study. The
adsorption of Pb to pedogenic Fe-oxides, Al-hydroxides, clay minerals, and Fe ores was reported
to be pH-dependent. Sauvé et al. (1998) used DPASV to study the effects of organic matter and
pH on Pb adsorption in an orchard soil. They demonstrated that Pb complexation to dissolved
organic matter (DOM) increased Pb solubility, and that 30 to 50% of the dissolved Pb was bound
to DOM at pH 3 to 4, while >80% of the dissolved Pb was bound to DOM at neutral pH. They
concluded that in most soils, Pb in solution would not be found as Pb*" but as bound to DOM.
Sauvé et al. (2000a) compared the relative affinity of Pb*" for synthetic ferrihydrite, leaf
compost, and secondary oxide minerals collected from soils. They reported that the inorganic
mineral phases were more efficient at lowering the amount of Pb*" that was available in solution
than the leaf compost. Glover et al. (2002) used DPASV in studying the effects of time and
organic acids on Pb adsorption to goethite. They found that Pb adsorption to geothite was very
rapid, and remained unchanged after a period of about 4 h. Lead desorption was found to be
much slower. The presence of salicylate appeared to increase the amount of Pb that desorbed

from goethite more so than oxalate.

AX7.1.2.2 Tracingthe Fate of Atmospherically-delivered Lead in Terrestrial Ecosystems
Radiogenic Pb isotopes offer a powerful tool for separating anthropogenic Pb from natural
Pb derived from mineral weathering (Erel and Patterson, 1994; Erel et al., 1997; Semlali et al.,
2001). This has been particularly useful for studying Pb in mineral soil, where geogenic Pb
often dominates. The three radiogenic stable Pb isotopes (**°Pb, *’Pb, and ***Pb) have a
heterogeneous distribution in the earth’s crust primarily because of the differences in the half-

lives of their respective parents (23 8U, Tip=4.7 x 10’ year; 235 U, Tip=0.7 x 10° year; mTh,
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Ti, =14 x 10” year). The result is that the ore bodies from which anthropogenic Pb are typically
derived are usually enriched in **’Pb relative to ***Pb and ***Pb when compared with Pb found in
granitic rocks. Graney et al. (1995) analyzed a dated core from Lake Erie, and found that the
26pp297pY value in sediment deposited in the late 1700s was 1.224, but in 20th-century
sediment, the ratio ranged from 1.223 to 1.197. This shift in the Pb isotopic composition
represents the introduction of a significant amount of anthropogenic Pb into the environment.
Bindler et al. (1999) and Emmanuel and Erel (2002) analyzed the isotopic composition of Pb in
soil profiles in Sweden and the Czech Republic, respectively, and determined that mineral soils
immediately below the organic horizon had a mixture of both anthropogenic and geogenic Pb.
Anthropogenic Pb has been detected relatively deep into the soil profile (>25 cm) in Europe,
presumably this represents very “old”( i.e., pre-1900) Pb (Steinnes and Friedland, 2005).

Erel and Patterson (1994) used radiogenic Pb isotopes to trace the movement of industrial
Pb from topsoils to groundwaters to streams in a remote mountainous region of Yosemite
National Park in California. They calculated that total 20th-century industrial Pb input to their
study site was approximately 0.4 g Pb m'”. Lead concentrations in organic material were highest
in the upper soil horizons, and decreased with depth. During snowmelt, Pb in the snowpack was
mixed with the anthropogenic and geogenic Pb already in the topsoil, and spring melts contained
a mixture of anthropogenic and geogenic particulate Pb. During base flows, however, 80% of
the Pb export from groundwater and streams was from natural granite weathering (Erel and
Patterson, 1994).

Uranium-238 series *'’Pb also provides a tool for tracing atmospherically delivered Pb in
soils. After *’Rn (T2 = 3.8 days) is produced from the decay of 226Ra (Ty2 = 1600 years), some

22Rn escapes from rocks and soils to the atmosphere. It then decays relatively

fraction of the
rapidly to *'°Pb (Ty, = 22.3 years), which has a tropospheric residence time of a few weeks
(Koch et al., 1996). Fallout '°Pb is deposited onto forests via wet and dry deposition, similar to
anthropogenic Pb deposition in forests, and is thus useful as a tracer for non-native Pb in soils.
Lead-210 is convenient to use for calculating the residence time of Pb in soil layers, because its
atmospheric and soil fluxes can be assumed to be in steady state at undisturbed sites (Dorr and
Miinnich, 1989; Dérr, 1995; Kaste et al., 2003). Atmospheric 210py, (210PbeX hereafter,me in

222

“excess” of that supported by “““Rn in the soil) must be calculated by subtracting the amount of
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21%pb formed in soils by the in-situ decay of **’Rn from the total *'’Pb (Moore and Poet, 1976;
Nozaki et al., 1978).

Benninger et al. (1975) measured fallout '°Pb in soils and streamwater at Hubbard Brook
and at an undisturbed forest in Pennsylvania. They estimated atmospheric *'°Pb export in

streamwaters to be <0.02% of the standing *'"°

Pb crop in the organic horizons. They used a
simple steady-state model to calculate the residence time of Pb in the organic horizons to be
5,000 years. This overestimate of the Pb residence time in the organic horizons was likely a
result of the low resolution of their sampling. Since they only sampled the upper 6 cm of soil
and the drainage waters, they did not accurately evaluate the distribution of 219pp in the soil
column in between. Dérr and Miinnich (1989, 1991) used *'°Pb profiles in soils of southern
Germany to evaluate the behavior of atmospherically delivered Pb. They calculated the vertical

210

velocity of Pb by dividing the relaxation depth (i.e., the depth at which " "Pb activity decreases to

1/e, or approximately 37% of its surface value) by the *'°

Pb mean life of 32 years. They reported
downward transit velocities of atmospherically deposited Pb at 0.89 + 0.33 mm year' . The
downward transport of atmospheric Pb was not affected by pH or soil type. However, since Pb
velocities in the soil profile where identical to carbon velocities calculated with '*C, they
concluded that Pb movement in forest soils is probably controlled by carbon transport. Kaste
et al. (2003) used *'°Pb to model the response time of atmospherically delivered Pb in the O
horizon at Camel’s Hump Mountain in Vermont. They concluded that the forest floor response
time was between 60 and 150 years, depending on vegetation zone and elevation. Using
200pp:297pp, they also demonstrated that some gasoline-derived Pb migrated out of the O horizon
and into the mineral soil in the deciduous vegetation zone on the mountain, while all of the
atmospheric Pb was retained in the upper 20 cm of the soil profile. Klaminder et al. (2006) used
219pp distributions to calculate the residence time of Pb in soils of Northern Sweeden. They
concluded that atmospheric Pb had a residence time of ~200 years in the mor layer of mature
forests. They also provided evidence suggesting that forests in an earlier stage of ecological
succession have a much shorter Pb residence time in the mor horizon (<50 years).

Researchers assessing the fate of atmospheric Pb in soils have also relied on repeated
sampling of soils and vegetation for total Pb (e.g., Zhang, 2003). This technique works best
when anthropogenic Pb accounts for the vast majority of total Pb in a particular reservoir.

Johnson et al. (1995a), Yanai et al. (2004), and Friedland et al. (1992) used O horizon (forest

AX7-33



floor) time-series data to evaluate the movement of gasoline-derived Pb in the soil profile. These
studies have concluded that the distribution of Pb in the upper soil horizons has changed over the
past few decades. Yanai et al. (2004) documented a decline in Pb from the Oie horizon between
the late 1970s to the early 1990s in remote forest soils in New Hampshire. Johnson et al. (1995a)
and Friedland et al. (1992) demonstrated that some fraction of Pb had moved from the O horizon
to the mineral soil during the 1980s at Hubbard Brook and at selected remote sites in the
northeastern United States, respectively. Evans et al. (2005) demonstrated that Pb concentrations
in the litter layer (fresh litter + Oi1 horizon) sampled in a transect from Vermont to Quebec
decreased significantly between 1979 and 1996, reflecting a decrease in Pb deposition to forests
and upper soil horizons during that time period. Miller et al. (1993) and Wang and Benoit
(1997) used forest floor time-series data to model the response time (e folding time, the time it
takes a reservoir to decrease to the 1/e, (ca. 37%) of its original amount) of Pb in the forest floor.
Miller et al. (1993) calculated O horizon response times of 17 years for the northern hardwood
forest and 77 years in the spruce-fir zone on Camel’s Hump Mountain in Vermont. Wang and
Benoit (1997) determined that the O horizon would reach steady state with respect to Pb

(1.3 ug g"' Pb) by 2100. Both suggested that the vertical movement of organic particles

dominated Pb transport in the soil profile.

AX7.1.2.3 Inputs/Outputs of Atmospherically-delivered Lead in Terrestrial Ecosystems
The concentration of Pb in contemporary rainfall in the mid-Atlantic and northeastern
United States is on the order of 0.5 to 1 pg/L. (Wang et al., 1995; Kim et al., 2000; Scudlark
et al., 2005). Long-term trends in nine elemental concentrations (including Pb) in wet deposition
were measured on the Delmarva Peninsula near Lewes, Delaware, over the period from 1982 to
1989 (Figure AX7-1.2.1) (Scudlark et al., 1994). Of the nine elements measured, only Pb (and
possibly Al and Cd), indicated a decreasing trend over time (3 pg/L in 1982 to <1.0 ug/L in
1989). The authors attributed the dramatic decrease in Pb to the phasing out of Pb-alkyl
additives from gasoline as mandated in the 1972 Clean Air Act. For comparison, rainfall
measured in Los Angeles (CA) during 2003-2004 averaged 0.15 pg/L, but showed nearly an
order-of-magnitude variation, presumably because of the arid environmental (Sabin et al., 2005).

See also Table 2-22 for additional rainfall information.
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The role of dry deposition in the total deposition of Pb to terrestrial ecosystems is not
constrained well. Researchers have estimated that dry deposition accounts for anywhere
between 10 to >90% of total Pb deposition (Galloway et al., 1982; Wu et al., 1994; Sabin et al.,
2005). Migon et al. (1997) found total, wet, and dry Pb deposition to be 8.6, 1.6 and
7.0 pg/m2/d, respectively, over the Ligurian Sea, France. Dry deposition velocities were
estimated at approximately 0.2 cm/sec, similar to anthropogenic element deposition velocities
measured at remote lakes around Lake Michigan (Yi et al., 2001). Yi et al. (2001) found that dry
deposition velocities for elements were correlated with particle concentrations in the following
order: coarse > total particle > fine particle. Refer to Table 2-21 for additional information on
dry, wet, and total Pb deposition velocities and fluxes.

Arid environments appear to have a much higher fraction of dry deposition: total
deposition (Sabin et al., 2005). Furthermore, it is possible that Clean Air Act Legislation enacted

in the late 1970s preferentially reduced Pb associated with fine particles, so the relative
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contributions of dry deposition may have changed in the last few decades. If the major source of
Pb to a terrestrial ecosystem is resuspended particulates from transportation corridors, then the
particle size fraction that dominates deposition may be relatively coarse (>50 um) relative to
other atmospheric sources (Pirrone et al., 1995; Sansalone et al., 2003).

Total contemporary loadings to terrestrial ecosystems are approximately 1 to 2 mg m'?
yearrl (Wu et al., 1994; Wang et al., 1995; Simonetti et al., 2000; Sabin et al., 2005). This is a
relatively small annual flux of Pb if compared to the reservoir of approximately 0.5 to 4 g m'2 of
gasoline-derived Pb that is already in surface soils over much of the United States (Friedland
et al., 1992; Miller and Friedland, 1994; Erel and Patterson, 1994; Marsh and Siccama, 1997;
Yanai et al., 2004; Johnson et al., 2004; Evans et al., 2005). While vegetation can play an
important role in sequestering Pb from rain and dry deposition (Russell et al., 1981), direct
uptake of Pb from soils by plants appears to be low (Klaminder et al., 2005). High elevation
areas, particularly those near the base level of clouds often have higher burdens of atmospheric
contaminants (Siccama, 1974). A Pb deposition model by Miller and Friedland (1994) predicted
2.2 and 3.5 g Pb m'? deposition for the 20th century in the deciduous zone (600 m) and the
coniferous zone (1000 m), respectively. More recently, Kaste et al. (2003) used radiogenic
isotope measurements on the same mountain to confirm higher loadings at higher elevation.
They measured 1.3 and 3.4 g gasoline-derived Pb m'? in the deciduous zone and coniferous
zones, respectively. Higher atmospheric Pb loadings to higher elevations are attributed to
(1) the higher leaf area of coniferous species, which are generally more prevalent at high
elevation; (2) higher rainfall at higher elevation; and (3) increased cloudwater impaction at high
elevation (Miller et al., 1993).

Although inputs of Pb to ecosystems are currently low, Pb export from watersheds via
groundwater and streams is substantially lower than inputs. Therefore, even at current input
levels, watersheds are accumulating industrial Pb. However, burial/movement of lead over time
down into lower soil/sediment layers also tends to sequester it away from more biologically
active parts of the watershed (unless later disturbed or redistributed, e.g., by flooding, dredging,
etc.). Seeps and streams at the HBEF have Pb concentrations on the order of 10 to 30 pg Pb g
(Wang et al., 1995). At a remote valley in the Sierra Nevada, Pb concentrations in streamwaters
were on the order of 15 pg Pb g'' (Erel and Patterson, 1994). Losses of Pb from soil horizons are

assumed to be via particulates (Dorr and Miinnich, 1989; Wang and Benoit, 1996, 1997). Tyler
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(1981) noted that Pb losses from a spruce forest A-horizon soil in Sweden were influenced by
season; with highest Pb fluxes being observed during warm, wet months. He suggested that
DOC production and Pb movement were tightly linked.

Surface soils across the United States are enriched in Pb relative to levels expected from
solely natural geogenic inputs (Friedland et al., 1984; Herrick and Friedland, 1990; Francek,
1992; Erel and Patterson, 1994; Marsh and Siccama, 1997; Yanai et al., 2004; Murray et al.,
2004). While some of this contaminant Pb is attributed to paint, salvage yards, shooting ranges,
and the use of Pb arsenate as a pesticide in localized areas (Francek, 1997), Pb contamination of
surface soils is essentially ubiquitous because of atmospheric pollution associated with metal
smelting and production, the combustion of fossil fuels, and waste incineration (Newhook et al.,
2003; Polissar et al., 2001). Surface soils in Michigan, for example, typically range from 8 to
several hundred ppm Pb (Francek, 1992; Murray et al., 2004). Soils collected and analyzed
beneath 50 cm in Michigan, however, range only from 4 to 60 ppm Pb (Murray et al., 2004).

In remote surface soils from the Sierra Nevada Mountains, litter and upper soil horizons are 20 to
40 ppm Pb, and approximately 75% of this Pb has been attributed to atmospheric deposition
during the 20th century (Erel and Patterson, 1994). Repeated sampling of the forest floor

(O horizon) in the northeastern United States demonstrates that the organic layer has retained
much of the Pb load deposited on ecosytems during the 20th century. Total Pb deposition during
the 20th century has been estimated at 1 to 3 g Pb m'?, depending on elevation and proximity to
urban areas (Miller and Friedland, 1994; Johnson et al., 1995a). Forest floors sampled during the
1980s and 1990s, and in early 2000 had between 0.7 and 2 g Pb m"? (Friedland et al., 1992;
Miller and Friedland, 1994; Johnson et al., 1995a; Kaste et al., 2003; Yanai et al., 2004; Evans

et al., 2005). The pool of Pb in above- and below-ground biomass at the HBEF is on the order of
0.13 g Pb m"? (Johnson et al., 1995a).

The amount of Pb that has leached into mineral soil appears to be on the order of 20 to
50% of the total anthropogenic Pb deposition. Kaste et al. (2003) and Miller and Friedland
(1994) demonstrated that Pb loss from the forest floor at Camel’s Hump Mountain in Vermont
depended on elevation. While the mineral soil in the deciduous forest had between 0.4 and 0.5 g
Pb m'? (out of 1 to 2 g Pb m'? in the total soil profile), at higher elevations the thicker coniferous
forest floor retained more than 90% of the total Pb deposition (Kaste et al., 2003). Johnson et al.
(1995a) determined that the forest floor at HBEF in the mid-1980s had about 0.75 g Pb m'”.
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Compared to their estimated 20th-century atmospheric Pb deposition of 0.9 g Pb m', the forest
floor has retained 83% of the atmospheric Pb loadings (Johnson et al., 1995a). Johnson et al.
(2004) noted that gasoline-derived Pb was a significant component of the labile Pb at the HBEF.
They calculated that Pb fluxes to the HBEF by atmospheric pollution were essentially equivalent
to the Pb released by mineral weathering over the past 12,000 years. Marsh and Siccama (1997)
used the relatively homogenous mineral soils underneath formerly plowed land in Rhode Island,
New Hampshire and Connecticut to assess the depth-distribution of atmospheric Pb. They
reported that 65% of the atmospheric Pb deposited during the 20th century is in the mineral soil
and 35% is in the forest floor. At their remote study site in the Sierra Nevada Mountains, Erel
and Patterson (1994) reported that most of the anthropogenic Pb was associated with the humus
fraction of the litter layer and soils sampled in the upper few cm.

Atmospherically delivered Pb is probably present in ecosystems in a variety of different
biogeochemical phases. A combination of Pb adsorbtion processes and the precipitation of Pb
minerals will typically keep dissolved Pb species low in soil solution, surface waters, and
streams (Sauvé et al., 2000a; Jackson et al., 2005). While experimental and theoretical evidence
suggest that the precipitation of inorganic Pb phases and the adsorption of Pb on inorganic
phases can control the biogeochemistry of contaminant Pb (Nriagu, 1974; Ruby et al., 1994;
Jackson et al., 2005), the influence of organic matter on the biogeochemistry of Pb in terrestrial
ecosystems cannot be ignored in many systems. Organic matter can bind to Pb, preventing Pb
migration and the precipitation of inorganic phases (Manceau et al., 1996; Xia et al., 1997; Lang
and Kaupenjohann, 2003). As the abundance of organic matter declines in soil, Pb adsorption to
inorganic soil minerals and the direct precipitation of Pb phases may dominate the

biogeochemistry of Pb in terrestrial ecosystems (Ostergren et al., 2000a,b; Sauvé et al., 2000a).

Conclusions

Advances in technology since the 1986 Lead AQCD have allowed for a quantitative
determination of the mobility, distribution, uptake, and fluxes of atmospherically delivered Pb in
ecosystems. Among other things, these studies have shown that industrial Pb represents a
significant fraction of total labile Pb in watersheds. Selective chemical extractions and
synchrotron-based X-ray studies have shown that industrial Pb can be strongly sequestered by

organic matter and by secondary minerals such as clays and oxides of Al, Fe, and Mn. Some of

AX7-38



these studies have provided compelling evidence that the biomineralization of Pb phosphates by
soil organisms can play an important role in the biogeochemistry of Pb. Surface soils sampled
relatively recently demonstrate that the upper soil horizons (O + A horizons) are retaining most
of the industrial Pb burden introduced to the systems during the 20th century. The migration and
biological uptake of Pb in ecosystems is relatively low. The different biogeochemical behaviors
of Pb reported by various studies may be a result of the many different analytical techniques
employed, or they may be a result of natural variability in the behavior of Pb in different

systems.

Lead Uptake into Plants

Plants take up Pb via their foliage and through their root systems (U.S. Environmental
Protection Agency, 1986a; Pahlsson, 1989). Surface deposition of Pb onto plants may represent
a significant contribution to the total Pb in and on the plant, as has been observed for plants near
smelters and along roadsides (U.S. Environmental Protection Agency, 1986a). The importance
of atmospheric deposition on above-ground plant Pb uptake is well-documented (Dalenberg and
Van Driel, 1990; Jones and Johnston, 1991; Angelova et al., 2004). Data examined from
experimental grassland plots in southeast England demonstrated that atmospheric Pb is a greater
contributor than soil-derived Pb in crop plants and grasses (Jones and Johnston, 1991). A study
by Dalenberg and Van Driel (1990) showed that 75 to 95% of the Pb found in field-grown test
plants (i.e., the leafy material of grass, spinach, and carrot; wheat grain; and straw) was from
atmospheric deposition. Angelova et al. (2004) found that tobacco grown in an industrial area
accumulated significant amounts of Pb from the atmosphere, although uptake from soil was also
observed. The concentration of Pb in tobacco seeds was linearly related to the concentration of
Pb in the exchangeable and carbonate-bound fractions of soil, as measured using sequential
extraction (Angelova et al., 2004). Lead in soil is more significant when considering uptake into
root vegetables (e.g., carrot, potato), since, as was noted in the 1986 Lead AQCD (U.S.
Environmental Protection Agency, 1986a), most Pb remains in the roots of plants.

There are two possible mechanisms (symplastic or apoplastic) by which Pb may enter the
root of a plant. The symplastic route is through the cell membranes of root hairs; this is the
mechanism of uptake for water and nutrients. The apoplastic route is an extracellular route

between epidermal cells into the intercellular spaces of the root cortex. Previously, Pb was
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thought to enter the plant via the symplastic route, probably by transport mechanisms similar to
those involved in the uptake of calcium or other divalent cations (i.e., transpirational mass flow,
diffusion, or active transport). However, it also had been speculated that Pb may enter the plant
via the apoplastic route (U.S. Environmental Protection Agency, 1986a). Sieghardt (1990)
determined that the mechanism of Pb uptake was via the symplastic route only and that the
apoplastic pathway of transport was stopped in the primary roots by the endodermis. He studied
the uptake of Pb into two plants, Minuartia verna (moss sandwort) and Slene vulgaris (bladder
campion) that colonize metal-contaminated sites. In the roots of both plants, Pb was found
mainly in the root cortex. Active ion uptake was required to transport the Pb into the stele and
then into the shoots of the plant (Sieghardt, 1990).

Although some plants translocate more Pb to the shoots than others, most Pb remains in
the roots of plants. Two mechanisms have been proposed to account for this relative lack of
translocation to the shoots: (1) Pb may be deposited within root cell wall material, or (2) Pb may
be sequestered within root cell organelles (U.S. Environmental Protection Agency, 1986a).
Péhlsson (1989) noted that plants can accumulate large quantities of Pb from the soil but that
translocation to shoots and leaves is limited by the binding of Pb ions at root surfaces and cell
walls. In a study by Wierzbicka (1999), 21 different plant species were exposed to Pb*" in the
form of Pb-chloride. The plant species included cucumber (Cucumis sativus), soy bean (Soja
hispida), bean (Phaseolus vulgaris), rapeseed (Brassica napus), rye (Secale cereale), barley
(Hordeum vulgare), wheat (Triticum vulgare), radish (Raphanus sativus), pea (Pisum sativum),
maize (Zea mays), onion (Allium cepa), lupine (Lupinus luteus), bladder campion (Slene
vulgaris), Buckler mustard (Biscutella laevigata), and rough hawkbit (Leontodon hispidus).
Although, the amount of Pb taken up by the plant varied with species, over 90% of absorbed Pb
was retained in the roots. Only a small amount of Pb was translocated (~2 to 4%) to the shoots
of the plants. Lead in roots was present in the deeper layers of root tissues (in particular, the root
cortex) and not only on the root surface. There was no correlation between Pb tolerance
(measured as root mass increase expressed as a percentage of controls) and either root or shoot
tissue concentrations (Wierzbicka, 1999). The study by Wierzbicka (1999) was the first to report
that plants developing from bulbs, in this case the onion, were more tolerant to Pb than plants
developing from seeds. This tolerance was assumed to be related to the large amounts of Pb that

were transported from the roots and stored in the bulb of the plant (Wierzbicka, 1999).
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Uptake of Pb from soil into plants was modeled as part of Eco-SSL development (U.S.
Environmental Protection Agency, 2005a). The relationship derived between Pb in the soil and
Pb in a plant was taken from Bechtel Jacobs Company (BJC) (1998) and is as follows:

Ln(Cp) = 0.561 * Ln(Csoil) — 1.328 (AX7-1)

where Cp is the concentration of Pb in the plant (dry weight) and Csoil is the concentration of Pb
in the soil. This equation recognizes that the ratio of Pb concentration in plant to Pb

concentration in soil is not constant.

| nvertebrates

There was no clear evidence suggesting a differential uptake of Pb into different species
of earthworm (Lumbricusterrestris, Aporrectodea rosea, and A. caliginosa) collected around a
smelter site near Avonmouth, England (Spurgeon and Hopkin, 1996a). This is in contrast to Pizl
and Josens (1995) and Terhivuo et al. (1994) who found Aporrectodea spp. accumulated more
Pb than Lumbricus. The authors suggested that these differences could be due to different
feeding behaviors, as Lumbricus feeds on organic material and Apporectodea species are
geophagus, ingesting large amounts of soil during feeding. The differences between species also
may be related to differing efficiencies in excretory mechanisms (Pizl and Josens, 1995).
However, the interpretation of species difference is complicated by a number of potentially
confounding variables, such as soil characteristics (e.g., calcium or other nutrient levels)

(Pizl and Josens, 1995).

The bioaccumulation of Pb from contaminated soil was tested using the earthworm
Eisenia fetida, and the amount of Pb accumulated did not change significantly until the
concentration within soil reached 5000 mg/kg (Davies et al., 2003). This coincided with the
lowest soil concentrations at which earthworm mortality was observed. The ratio of the
concentration of Pb in worms to the concentration in soil decreased from 0.03 at 100 mg/kg to
0.001 at 3000 mg/kg, but then increased quickly to 0.02 at 5000 mg/kg. The authors concluded
that earthworms exhibit regulated uptake of Pb at levels of low contamination (<3000 mg/kg)
until a critical concentration is reached, at which point this mechanism breaks down, resulting in

unregulated accumulation and mortality. This study was conducted using test methods where
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soil was not allowed to equilibrate following the addition of Pb and prior to the addition of the
test organisms. This may have resulted in an increased bioavailability and overestimated Pb
toxicity relative to actual environmental conditions (Davies et al., 2003). See the discussion in
Section AX7.1.2 on the effects of aging on Pb sorption processes.

Lock and Janssen (2002) and Bongers et al. (2004) found that Pb-nitrate was more toxic
than Pb-chloride to survival and reproduction of the springtail Folsomia candida. However,
percolation (removal of the chloride or nitrate counterion) caused a significant decrease in Pb-
nitrate toxicity such that there was no difference in toxicity once the counterion was removed
(Bongers et al., 2004). No change in toxicity was observed for Pb-chloride once the chloride
was removed from the soil. Bongers et al. (2004) suggested that the nitrate ion was more toxic
than the chloride ion to springtails.

Uptake of Pb from soil into earthworms was also modeled as part of Eco-SSL
development (U.S. Environmental Protection Agency, 2005a). The relationship derived between

Pb in the soil and Pb in an earthworm was taken from Sample et al. (1999) and is as follows:

Ln(Cworm) = 0.807 * Ln(Csoil) — 0.218 (AX7-2)

where Cworm is the concentration of Pb in the earthworm (dry weight) and Csoil is the
concentration of Pb in the soil. This equation recognizes that the ratio of Pb concentration in

worm to Pb concentration in soil is not constant.

Wildlife

Research has been conducted to determine what Pb concentrations in various organs
would be indicative of various levels of effects. For example, Franson (1996) compiled data to
determine what residue levels were consistent with three levels of effects in Falconiformes (e.g.,
falcons, hawks, eagles, kestrels, ospreys), Columbiformes (e.g., doves, pigeons), and Galliformes
(e.g., turkey, pheasant, partridge, quail, chickens). The three levels of effect were (1) subclinical,
which are physiological effects only, such as the inhibition of 3-aminolevulinic acid dehydratase
(ALAD; see Section AX7.1.3.3); (2) toxic, a threshold level marking the initiation of clinical
signs, such as anemia, lesions in tissues, weight loss, muscular incoordination, green diarrhea,

and anorexia; and (3) compatible with death, an approximate threshold value associated with
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death in field, captive, and/or experimental cases of Pb poisoning. The tissue Pb levels

associated with these levels of effects are presented in Table AX7-1.2.1.

Table AX7-1.2.1. TissuelLead Levelsin Birds Causing Effects
(taken from Franson, 1996)

Blood Liver Kidney
Order (ng/dL) (ppm wet wt.) (ppm wet wt.)

Falconiformes

Subclinical 02-1.5 2-4 2-5

Toxic >1 >3 >3

Compatible with death >5 >5 >5
Columbiformes

Subclinical 0.2-2.5 2-6 2-20

Toxic >2 >6 >15

Compatible with death >10 >20 >40
Galliformes

Subclinical 02-3 2-6 2-20

Toxic >5 >6 >15

Compatible with death >10 >15 >50

Tissue residue levels below the subclinical levels in Table AX7-1.2.1 should be
considered “background” (Franson, 1996). Levels in the subclinical range are indicative of
potential injury from which the bird would probably recover if Pb exposure was terminated.
Toxic residues could lead to death. Residues above the compatible-with-death threshold are
consistent with Pb-poisoning mortality (Franson, 1996). Additional information on residue
levels for Passeriformes (e.g., sparrows, starlings, robins, cowbirds), Charadriiformes (e.g., gulls,
terns), Gruiformes (e.g., cranes), Ciconiformes (e.g., egrets), Gaviformes (e.g., loons), and
Strigiformes (e.g., owls) is available in Franson (1996). Scheuhammer (1989) found blood Pb
concentrations of between 0.18 and 0.65 pg/mL in mallards corresponded to conditions
associated with greater than normal exposure to Pb but that should not be considered Pb

poisoning.
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Lead concentrations in various tissues of mammals also have been correlated with toxicity
(Ma, 1996). The tissues commonly analysed for Pb are blood, liver, and kidney. Typical
baseline levels of blood Pb are approximately 4 to 8 ug/dL for small mammals, and 2 to 6 pg/dL
for mature cattle. Typical baseline levels of Pb in liver are 1 to 2 mg/kg dw for small mammals.
Typical baseline levels of Pb in kidney are 0.2 to 1.5 mg/kg dw for mice and voles, but shrews
typically have higher baseline levels of 3 to 19 mg/kg dw. Ma (1996) concluded that Pb levels
less than 5 mg/kg dw in liver and 10 mg/kg dw in kidney were not associated with toxicity, but
that levels greater than 5 mg/kg dw in liver and greater than 15 mg/kg dw in kidney could be
taken as a chemical biomarker of toxic exposure to Pb in mammals. Humphreys (1991) noted
that the concentrations of Pb in liver and kidney can be elevated in animals with normal blood Pb
concentrations (and without exhibiting clinical signs of Pb toxicity), because Pb persists in these
organs longer than in blood.

Uptake of Pb from soil into small mammals was also modeled as part of Eco-SSL
development (U.S. Environmental Protection Agency, 2005a). The relationship derived between
Pb in the soil and Pb in the whole-body of a small mammal was taken from Sample et al. (1998)

and is as follows:
Ln(Cmammal) = 0.4422 * Ln(Csoil) + 0.0761 (AX7-3)

Where Cmammal is the concentration of Pb in small mammals (dry weight) and Csoil is the
concentration of Pb in the soil. Similar to the uptake equations for plants (Eq. 8-1) and
earthworms (Eq 8-2), the equation for mammalian uptake recognizes that the ratio of Pb

concentration in small mammals to Pb concentration in soil is not constant.

AX7.1.2.4 Resistance Mechanisms

Many mechanisms related to heavy metal tolerance in plants and invertebrates have been
described, including avoidance (i.e., root redistribution, food rejection), exclusion (i.e., selective
uptake and translocation), immobilization at the plant cell wall, and excretion (i.e., foliar
leakage, moulting) (Tyler et al., 1989; Patra et al., 2004). The following section reviews the
recent literature on the resistance mechanisms of plants and invertebrates through mitigation of

Pb (1) toxicity or (2) exposure.
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Detoxification Mechanisms

Lead sequestration in cell walls may be the most important detoxification mechanism in
plants. Calcium may play a role in this detoxification by regulating internal Pb concentrations
through the formation of Pb-containing precipitates in the cell wall (Antosiewicz, 2005). Yang
et al. (2000) screened 229 varieties of rice (Oryza sativa) for tolerance or sensitivity to Pb and
found that the oxalate content in the root and root exudates was increased in Pb-tolerant varieties.
The authors suggested that the oxalate reduced Pb bioavailability, and that this was an important
tolerance mechanism (Yang et al., 2000). Sharma et al. (2004) found Pb-sulfur and Pb-sulfate in
the leaves, and Pb-sulfur in the roots of Sesbania drummondii (Rattlebox Drummond), a Pb
hyperaccumulator plant grown in Pb-nitrate solution. They hypothesized that these sulfur
ligands were indicative of glutathione and phytochelatins, which play a role in heavy metal
homeostasis and detoxification (Sharma et al., 2004).

Sea pinks (Armeria maritima) grown on a metal-contaminated site (calamine spoils more
than 100 years old) accumulated 6H the concentrations of Pb in brown (dead and withering)
leaves than green leaves (Szarek-Lukaszewska et al., 2004). The concentration of Pb in brown
leaves was similar to that in roots. This greater accumulation of Pb into older leaves was not
observed in plants grown hydroponically in the laboratory. The authors hypothesized that this
sequestering of Pb into the oldest leaves was a detoxification mechanism (Szarek-Lukaszewska
et al., 2004).

Terrestrial invertebrates also mitigate Pb toxicity. Wilczek et al. (2004) studied two
species of spider, the web-building Agelena labyrinthica, and the active hunter wolf spider
Pardosa lugubris. The activity of metal detoxifying enzymes (via the glutathione metabolism
pathways) was greater in A. labyrinthica and in females of both species (Wilczek et al., 2004).

Marinussen et al. (1997) found that earthworms can excrete 60% of accumulated Pb very
quickly once exposure to Pb-contaminated soils has ended. However, the remainder of the body
burden is not excreted, possibly due to the storage of Pb in waste nodules that are too large to be
excreted (Hopkin, 1989). Gintenreiter et al. (1993) found that Lepidoptera larvae (in this case,
the gypsy moth Lymantria dispar) eliminated Pb, to some extent, in the meconium (the fluid
excreted shortly after emergence from the chrysalis).

Lead, in the form of pyromorphite (Pbs(PO4);Cl), was localized in the anterior pharynx
region of the nematode Ceanorhabditis elegans (Jackson et al., 2005). The authors hypothesized

AX7-45



that the nematode may detoxify Pb via its precipitation into pyromorphite, which is relatively

insoluble (Jackson et al., 2005).

Avoidance Response

Studies with soil invertebrates hypothesize that these organisms may avoid soil with high
Pb concentrations. For example, Bengtsson et al. (1986) suggested that the lower Pb
concentrations in earthworm tissues may be a result of lowered feeding activity of worms at

higher Pb concentrations in soil.

AX7.1.2.5 Physiological Effectsof Lead

Several studies have measured decreased blood ALAD activity in birds and mammals
exposed to Pb (U.S. Environmental Protection Agency, 1986a). Recent studies on the
physiological effects of Pb to consumers have focused on heme synthesis (as measured by
ALAD activity and protoporphyrin concentration), lipid peroxidation, and production of fatty
acids. Effects on growth are covered in Section AX7.1.4.

Biochemically, Pb adversely affects hemoglobin synthesis in birds and mammals. Early
indicators of Pb exposure in birds and mammals include decreased blood ALAD concentrations
and increased protoporphyrin IX activity. The effects of Pb on blood parameters and the use of
these parameters as sensitive biomarkers of exposure has been well documented (Eisler, 1988;
U.S. Environmental Protection Agency, 2005b). However, the linkage between these
biochemical indicators and ecologically relevant effects is less well understood. Low-level
inhibition of ALAD is not generally considered a toxic response, because this enzyme is thought
to be present in excess concentrations; rather, it may simply indicate that the organism has
recently been exposed to Pb (Henny et al., 1991).

Schlick et al. (1983) studied ALAD inhibition in mouse bone marrow and erythrocytes.
They estimated that an absorbed dose of between 50 and 100 pg Pb-acetate/kg body weight per
day would result in long-term inhibition of ALAD.

Beyer et al. (2000) related blood Pb to sublethal effects in waterfowl along the
Coeur d=Alene River near a mining site in Idaho. The sublethal effects measured included,
among others, red blood cell ALAD activity and protoporphyrin levels in the blood. As found in

other studies, ALAD activity was the most sensitive indicator of Pb exposure, decreasing to 3%
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of the reference value at a blood Pb concentration of 0.68 mg/kg ww (wet weight).
Protoporphyrin concentrations showed a 4.2-fold increase at this same concentration.

Henny et al. (1991) studied osprey along the Coeur d=Alene River. There were no
observations of death, behavioral abnormalities, or reduced productivity related to Pb exposure,
although inhibition of blood ALAD and increased protoporphyrin concentrations were measured
in ospreys. Henny et al. (1991) hypothesized that no impacts to osprey were observed, even
though swan mortality was documented in the area because swans feed at a lower trophic level
(i.e., Pb does not biomagnify, and thus is found at higher concentrations in lower trophic level
organisms).

Hoffman et al. (2000a) also studied the effects of Coeur d’Alene River sediment on
waterfowl, focusing on mallard ducklings for 6 weeks after hatching. The study revealed that a
90% reduction in ALAD activity and a greater than 3-fold increase in protoporphyrin
concentration occurred when blood Pb reached a concentration of 1.41 mg/kg ww as a result of
the ducklings being fed a diet composed of 12% sediment (3449 mg/kg Pb). Those ducklings
fed a diet composed of 24% sediment were found to have a mean blood Pb concentration of
2.56 mg/kg ww and a greater than 6-fold increase in protoporphyrin concentration. Hoffman
et al. (2000b) also studied Canada Geese (Branta canadensis) goslings in a similar fashion.

The results revealed that, while blood Pb concentrations in goslings were approximately half
(0.68 mg/kg ww) of those found in ducklings under the same conditions (12% diet of

3449 mg/kg sediment Pb), goslings showed an increased sensitivity to Pb exposure. Goslings
experienced a 90% reduction in ALAD activity and a 4-fold increase in protoporphyrin
concentration, similar to conditions found in the ducklings, although blood Pb concentrations
were half those found in the ducklings. More serious effects were seen in the goslings when
blood Pb reached 2.52 mg/kg, including decreased growth and mortality.

Redig et al. (1991) reported a hawk LOAEL (lowest observed adverse effect level) of
0.82 mg/kg-day for effects on heme biosynthetic pathways. Lead dosages as high as 1.64 to
6.55 mg/kg-day caused neither mortality nor clinical signs of toxicity. A dose of 6.55 mg/kg-day
resulted in blood Pb levels of 1.58 pg/mL. There were minimal changes in immune function
(Redig et al., 1991).

Repeated oral administration of Pb resulted in biochemical alterations in broiler chickens

(Brar et al., 1997a,b). At a dose of 200 mg/kg-day Pb-acetate, there were significant increases in
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plasma levels of uric acid and creatinine and significant declines in the levels of total proteins,
albumin, glucose, and cholesterol. Brar et al. (1997a) suggested that increased uric acid and
creatinine levels could be due to an accelerated rate of protein catabolism and/or kidney damage.
They also suggested that the decline in plasma proteins and albumin levels may be caused by
diarrhea and liver dysfunction due to the Pb exposure. Brar et al. (1997b) also found that
significant changes in plasma enzymes may be causing damage to other organs.

Lead can cause an increase in tissue lipid peroxides and changes in glutathione
concentrations, which may be related to peroxidative damage of cell membranes (Mateo and
Hoffman, 2001). There are species-specific differences in resistance to oxidative stress (lipid
peroxidation), which may explain why Canada geese are more sensitive to Pb poisoning than
mallards (Mateo and Hoffman, 2001). Lead also caused an increase in the production of the fatty
acid arachidonic acid, which has been associated with changes in bone formation and immune
response (Mateo et al., 2003a). The effects observed by Mateo et al. (2003a,b) were associated
with very high concentrations of Pb in the diet (1840 mg Pb/kg diet), much higher than would be
found generally in the environment, and high enough that birds decreased their food intake.

Lead also induces lipid peroxidation in plants. Rice plants exposed to a highly toxic level
of Pb (1000 uM in nutrient solution) showed elevated levels of lipid peroxides, increased activity
of superoxide dismutase, guaiacol peroxidase, ascorbate peroxidase, and glutatione reductase
(Verma and Dubey, 2003). The elevated levels of these enzymes suggest the plants may have an
antioxidative defense mechanism against oxidative injury caused by Pb (Verma and Dubey,

2003).

AX7.1.2.6 Factorsthat Modify Organism Response

Research has demonstrated that Pb may affect survival, reproduction, growth,
metabolism, and development in a wide range of species. These effects may be modified by
chemical, biological, and physical factors. The factors that modify responses of organisms to Pb

are described in the following sections.
Genetics

Uptake and toxicity of Pb to plants are influenced strongly by the type of plant. Liu et al.
(2003) found that Pb uptake and translocation by rice plants differed by cultivar (a cultivated
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variety of plant produced by selective breeding) but was not related to genotype. Twenty
cultivars were tested from three genotypes. The differences in Pb concentrations among
cultivars were smallest when comparing concentrations in the grains at the ripening stage.
This study also found that toxicity varied by cultivar; at 800 mg Pb/kg soil, some cultivars
were greatly inhibited, some were significantly improved, and others showed no change.

Dearth et al. (2004) compared the response of Fisher 344 (F344) rats and Sprague-Dawley
(SD) rats to exposure via gavage to 12 mg Pb/mL as Pb-acetate. Blood Pb levels in the F344
dams were higher than those of the SD dams. Lead delayed the timing of puberty and
suppressed hormone levels in F344 offspring. These effects were not observed in the offspring
of SD rats, even when the dose was doubled. The authors conclude that F344 rats are more

sensitive to Pb (Dearth et al., 2004).

Biological Factors

Several biological factors may influence Pb uptake and organism response, including
organism age, sex, species, feeding guild, and, for plants, the presence of mycorrhizal fungi.
Monogastric animals are more sensitive to Pb than ruminants (Humphreys, 1991).

Younger organisms may be more susceptible to Pb toxicity (Eisler, 1988; Humphreys,
1991). Nestlings are more sensitive to the effects of Pb than older birds, and young altricial birds
(species unable to self-regulate body heat at birth, such as songbirds), are considered more
sensitive than precocial birds (species that have a high degree of independence at birth, such as
quail, ducks, and poultry) (Scheuhammer, 1991).

Gender can also have an effect on the accumulation of Pb by wildlife (Eisler, 1988).
Female birds accumulate more Pb than males (Scheuhammer, 1987; Tejedor and Gonzalez,
1992). These and other authors have related this to the increased requirement for calcium in
laying females.

Different types of invertebrates accumulate different amounts of Pb from the environment
(U.S. Environmental Protection Agency, 1986a). There may be species- and sex-specific
differences in accumulation of Pb into invertebrates, specifically arthropods. This has been
shown by Wilczek et al. (2004) who studied two species of spider, the web-building
A. labyrinthica and the active hunter wolf spider P. lugubris. The body burdens of Pb in the

wolf spider were higher than in the web-building spider, and this may be due to the more
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effective use of glutathione metabolism pathways in A. labyrinthica. Body burdens of females
were lower than those of males in both species. This was also observed in spiders by Rabitsch
(1995a). Females are thought to be able to detoxify and excrete excess metals more effectively
than males (Wilczek et al., 2004). Lead accumulation has been measured in numerous species of
arthropods with different feeding strategies. Differences were observed between species
(Janssen and Hogervorst, 1993; Rabitsch, 1995a) and depending upon sex (Rabitsch, 1995a),
developmental stage (Gintenreiter et al., 1993; Rabitsch, 1995a), and season (Rabitsch, 1995a).

Uptake of Pb may be enhanced by symbiotic associations between plant roots and
mycorrhizal fungi. Similar to the mechanism associated with increased uptake of nutrients,
mycorrhizal fungi also may cause an increase in the uptake of Pb by increasing the surface area
of the roots, the ability of the root to absorb particular ions, and the transfer of ions through the
soil (U.S. Environmental Protection Agency, 1986a). There have been contradictory results
published in the literature regarding the influence of mycorrhizal organisms on the uptake and
toxicity of Pb to plants (see review in Pahlsson, 1989). Lin et al. (2004) found that the
bioavailability of Pb increased in the rhizosphere of rice plants, although the availability varied
with Pb concentration in soil. Bioavailability was measured as the soluble plus exchangeable Pb
fraction from sequential extraction analysis. The authors hypothesized that the enhanced
solubility of Pb may be due to a reduced pH in the rhizosphere or, more likely, the greater
availability of organic ligands, which further stimulates microbial growth (Lin et al., 2004).
Increased bioavailability of Pb in soil may increase the uptake of Pb into plants, although
this was not assessed by Lin et al. (2004). However, Dixon (1988) found that red oak
(Quercus rubra) seedlings with abundant ectomycorrhizae had lower Pb concentrations in their
roots than those seedlings without this fungus, although only at the 100 mg Pb/kg sandy loam
soil concentration (no differences were found at lower Pb concentrations). Lead in soil also was
found to be toxic to the ectomycorrhizal fungi after 16 weeks of exposure to 50 mg Pb/kg or
more (Dixon, 1988). Malcova and Gryndler (2003) showed that maize root exudates from
mycorrhizal fungi can ameliorate heavy metal toxicity until a threshold metal concentration was
surpassed. This may explain the conflicting results in the past regarding the uptake and toxicity
of Pb to plants with mycorrhizal fungi.

The type of food eaten is a major determinant of Pb body burdens in small mammals, with

insectivorous animals accumulating more Pb than herbivores or granivores (U.S. Environmental
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Protection Agency, 1986a). In fact, the main issue identified by the EPA (U.S. Environmental
Protection Agency, 1986a) related to invertebrate uptake of Pb was not toxicity to the
invertebrates, but accumulation of Pb to levels that may be toxic to their consumers. Several
authors suggest that shrews are a good indicator of metal contamination, because they tend to
accumulate higher levels of metals than herbivorous small mammals (see data summary in
Sample et al. (1998)). Shrews accumulate higher levels of metals in contaminated habitats,
because their diet mainly consists of detritivores (i.e., earthworms) and other soil invertebrates in

direct contact with the soil (Beyer et al., 1985).

Physical/Environmental Factors
Plants

The uptake and distribution of Pb into higher plants from the soil is affected by various
chemical and physical factors including the chemical form of Pb, the presence of other metal
ions, soil type, soil pH, cation exchange capacity (CEC), the amount of Fe/Mn-oxide films
present, organic matter content, temperature, light, and nutrient availability. A small fraction of
Pb in soil may be released into the soil water, which is then available to be taken up by plants
(U.S. Environmental Protection Agency, 1986a).

The form of Pb has an influence on its toxicity to plants. For example, Pb-oxide is less
toxic than more bioavailable forms such as Pb-chloride or Pb-acetate. In a study by Khan and
Frankland (1983), radish plants were exposed to Pb-oxide and Pb-chloride in a loamy sand at pH
5.4, in a 42-day study. In a tested concentration range of 0 to 5000 mg/kg, root growth was
inhibited by 24% at 500 mg/kg for Pb-chloride and an ECsy of 2400 mg/kg was calculated from a
dose-response curve. Plant growth ceased at 5000 mg/kg and shoots exhibited an ECs, of
2800 mg/kg. For Pb-oxide exposure (concentration range of 0 to 10,000 mg/kg), reported results
indicate an ECs of 12,000 mg/kg for shoot growth and an ECsj of 10,000 mg/kg for root growth.
There was no effect on root growth at 500 mg/kg and a 26% reduction at 1000 mg/kg Pb oxide.

Soil pH is the most influential soil property with respect to uptake and accumulation of Pb
into plant species. This is most likely due to increased bioavailability of Pb created by low soil
pH. At low soil pH conditions, markedly elevated Pb toxicity was reported for red spruce

(P. rubens) (Seiler and Paganelli, 1987). At a soil pH of 4.5, ryegrass (Lolium hybridum)
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and oats (Avena sativa) had significantly higher Pb concentrations after 3 months of growth

compared to plants grown at pH 6.4 (Allinson and Dzialo, 1981).

Invertebrates

The uptake of Pb into invertebrates depends on the physical environment and parameters
such as pH, calcium concentration, organic matter content, and CEC. Greater accumulation is
found generally when the so