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ABSTRACT

LINDBERG, S. E., R. C. HARRISS, R. R. TURNER, D. S. SHRINER, and
D. D. HUFF. 1979. Mechanisms and rates of atmospheric
disposition of selected trace elements and sulfate to a
deciduous forest watershed. ORNL/TM-6674. 0Qak Ridge
National Laboratory, Oak Ridge, Tennessee. 550 pp.

The critical links between anthropogenic emissions to the
atmosphere and their effects on ecosystems are the mechanisms and rates
of atmospheric deposition. The objective of this research has been to
quantify the atmospheric input of several trace elements and sulfate to
a deciduous forest canopy and to determine the major mechanisms of
deposition. The study area was Walker Branch Watershed (WBW) in
eastern Tennessee. Precipitation samples were collected on an event
basis at sites above the forest canopy, at ground level in the open,
and beneath the canopy. Dry deposition was measured using inert, flat
surfaces situated in the upper canopy, and laboratory leaching of
sequentially collected leaves from the same locations. Aerosols were
collected above the forest canopy using standard filter and cascade
impactor methods. Laboratory leaching procedures were applied to all
particulate samples to extract the water soluble and the dilute acid
leachable trace element and sulfate fractions.

Substantial amounts (> 75%) of the dilute acid leachable fraction
of Mn, Zn, Cd, and Pb in aerosols were soluble in water. The water
soluble to available element ratio increased with decreasing particle
size and with the duration of atmospheric water vapor saturation during

the sampling period. Relationships between aerosol chemistry and



meteorological parameters suggest that atmospheric chemistry over WBW
is the result of regional air transport phenomena rather than the
direct result of local source emissions.

Smaller amounts (< 75%) of the dilute acid leachable trace element
fraction of dry deposited particles were water soluble, suggesting a
larger particle size, which was confirmed by scanning electron and
Tight microscopy of biological and inert deposition surfaces. The
presence of a significant quantity of fly ash and dispersed soil
particles on upward-facing leaf and flat surfaces suggested
sedimentation to be a major mechanism of dry deposition to upper canopy
elements. The agreement for deposition rates measured to inert, flat
surfaces and to leaves was good for Cd, SOZ, Zn, and Mn (within a
factor of 2) but poor for Pb (an order of magnitude higher rate
measured to the inert surfaces). Leaf surface absorption of soluble Pb
could be a factor. Calculated deposition velocities to individual
upper canopy surfaces indicated that the generally used value of
0.1 cm/sec was an underestimate in the case of Cd, In, Mn, and possibly
sulfate.

The precipitation concentrations of H+, Pb, Mn, and SOZ
reached maximum values during the summer months in response to synoptic
meteorologic conditions. A model applied to the relationship between
elemental concentrations in rain and rainfall amount indicated that, on
an annual basis, ~ 90% of the wet deposition of Pb and SOF was
attributable to scavenging by in-cloud processes while for Cd and Mn,

removal by in-cloud scavenging accounted for 60 to 70% of the

deposition.
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The interception of incoming rain by the forest canopy resulted in
a net increase in the concentrations of Cd, Mn, Pb, Zn, and SOZ
but a net decrease in the concentration of H+, suggesting both a
cation exchange and leaching process. Net exchange increased with
increasing free acidity of the incoming rain and with increasing
residence time of the rain on the leaf surface. The source of these
elements in the forest canopy was primarily dry deposited aerosols for
Pb, primarily internal plant leaching for Mn, Cd, and Zn, and an
approximately equal combination of the two for SOZ.

Significant fractions of the total annual elemental flux to the
forest floor in a representative chestnut oak stand were attributable
to external sources for Pb (99%), Zn (44%), Cd (42%), SO, (39%),
and Mn (14%), the remainder being related to internal element cycling
mechanisms. On an annual scale the dry deposition process constituted
a significant fraction of the total atmospheric input of Cd and Zn
( ~20%), SOZ (~35%), Pb ("~ 55%), and Mn (~90%). Over short term
periods however, the ratio of dry/total deposition for any element

ranged over an order of magnitude.
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EXECUTIVE SUMMARY

It is becoming increasingly apparent that the greatest potential
for human impact on the geochemical cycle of several elements is
related to their atmospheric chemistry, transport, and deposition. The
critical links between increased atmospheric emissions and effects on
terrestrial and aquatic ecosystems are the rates at which, and
mechanisms by which, atmospheric species are transported to the earth's
surface. Material is removed from the atmosphere by two general
processes: wet deposition (precipitation scavenging of particles and
gases, occurring within and below the cloud) and dry deposition
(convective diffusion, inertial impaction, and sedimentation), where
the relative importance of any mechanism is highly dependent on
particle size and solubility characteristics. Perhaps the most
important aspect of aerosol chemistry, from the standpoint of
atmospheric deposition, geochemical cycling, and potential effects to
the bioreceptor is the water solubility of aerosol-associated
elements. This parameter is critical in determining the mobility of
particle-associated elements in a given environment. Elements which
are transported to vegetation surfaces in an insoluble form may be of
little consequence. However, a particle-associated element of
relatively high solubility residing on the vegetation surface can be
mobilized (1) during precipitation, (2) by formation of a moisture
layer on the vegetation, or (3) by reaction with leaf exudate, all of
which may be readily followed by direct plant absorption or

incorporation into various element cycling pathways. Wet deposition is

XXvii



of particular importance due to both its episodic nature and the fact
that originally gas- or particle-associated elements are delivered to
the forest canopy partly in solution, thereby enhancing the possibility
of absorption by vegetation surfaces and generally increasing the
mobility of the element in the landscape.

The objective of this research has been to accurately quantify the
atmospheric input of the environmentally mobile fraction of several
trace elements and sulfate to a deciduous forest canopy and to
determine the critical mechanisms of deposition. The research was
performed at Walker Branch Watershed (WBW), a 97.5 ha intensively
monitored forested catchment on the Oak Ridge National Laboratory
reservation. The watershed provides an ideal field laboratory for
study of the deposition and accumulation of coal combustion derived
effluents, since it is situated within 20 km of three power plants
(annual coal consumption ~ 7 x 106 tons) and within 260 km of eight
major coal-fired power plants (total electric capacity > 14,000 MW).

The probiems involved in the sampling and analysis of both wet and
dry deposition are well known. 1In precipitation collection these
involve the efficiency of the sampler to collect a representative
sample, postdepositional chemical alterations of the sample, sample
contamination, sampling and analytical precision, and event
definition. Accordingly, a modified version of the HASL collector was
developed. The unit was modified with respect to construction
materials and arrangement of components to minimize trace level

contamination. Precipitation samples were collected on an event basis
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over a two-year period at sites above the forest canopy (on a 46 m
meteorological tower), at ground level in the open, and at four sites
directly beneath the canopy. A1l samples were collected using
individual funnel/bottle arrangements, a procedure amenable to
different container washing, sample preservation, and analytical
methods. The measurement of dry deposition presents a far more complex
problem because of the many interrelated processes involved, all of
which are somewhat dependent on the surface characteristics of the
receptor. Two methods were utilized, one involving inert, flat
surfaces situated in the upper canopy and the other involving
laboratory leaching of material from sequentially collected leaves from
the same locations. Dry deposition samples were collected over 4- to
/-day intervals during a 10-week intensive sampling period in the 1977
growing season. Concurrent with these experiments, aerosols were
collected above the forest canopy using standard filter and impactor
methods. To assure comparability between element fractions in
suspended, deposited, and precipitation-scavenged material, laboratory
leaching procedures were applied to all samples to extract the water
soTuble (pH v 5.6) trace element and sulfate fraction, followed by the
dilute acid leachable fraction (pH v 1.2), both of which (termed the
available fraction) were considered to represent environmentally mobile
material. Analyses involved standard methods (graphite furnace AAS for
trace elements; automated colorimetry for sulfate), with emphasis on
sampling reproducibility, trace level contamination, and quality

control.
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Investigations of the parent aerosol population at the
atmosphere-canopy interface led to several interesting conclusions.
Substantial amounts (> 75%) of the available fraction of Mn, Zn, Cd,
and Pb in aerosols were soluble in water, as were significant fractions
(> 65%) of the total Mn and Cd but smaller fractions (< 30%) of the
total Pb and Zn. The solubility and the water soluble-to-available-
element ratio (termed relative solubility) both increased with
decreasing particle size and with the duration of atmospheric water
vapor saturation during the sampling period. Ambient aerosols
exhibited considerably higher relative solubilities than aerosols
collected in the stack of a coal-fired power plant, but relative
solubilities of plume aerosols did increase during plume aging
(measured by plume travel from 0.25 - 7 km) to levels measured for
ambient aerosols. These observations suggest the importance of aerosol
hydration in controlling elemental solubility. Relationships between
aerosol chemistry and meteorological observations indicated the
following: (1) elemental air concentrations and size distributions at
WBW did not reflect a significant influence of local coal combustion,
being more similar to concentrations measured at remote and rural
locations than at urban or industrialized areas; (2) as regional air
stagnation increased, the concentrations of Cd, Pb, Zn, and SOZ
increased while Mn decreased; (3) particle size distributions and
concentrations of each element, and the manner in which they were

influenced by various atmospheric parameters, suggested a soil source
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for Mn, secondary atmospheric particle and combustion sources for Pb
and SOZ, and both small particle combustion and large particle
dispersion sources for Cd and Zn; and (4) the lack of any apparent wind
direction effects on elemental mass median diameters and the slight
increase in concentrations with winds from "other than local source"
directions suggested that atmospheric chemistry over WBW was more
likely the result of regional air transport phenomena rather than the
direct result of local source emissions.

Compared to the ambient aerosols, smaller amounts (< 75%) of the
available trace element fraction of dry deposited particles were water
soluble, suggesting a larger particle size. This was confirmed by
scanning electron and light microscopy of biological and inert
deposition surfaces, which indicated the presence of a significant
fraction of relatively large (> 10 um) fly ash particles and dispersed
soil fragments. An interesting observation from several scanning
electron photomicrographs was the association of submicrometer- to
micrometer-sized fly ash with considerably larger (5-20 ym) fly ash and
scoriaceous particles, and the agglomeration of several submicrometer
fly ash particles into large aggregates. The removal of these large
particles from the atmosphere is primarily controlled by sedimentation,
which may account for the often high concentrations of small
particle-associated elements (Pb, SOZ) in dry deposited material.

The presence of a significant quantity of such material on
upward-facing leaf and inert, flat surfaces suggested particle
sedimentation to be an important mechanism of dry deposition to upper

canopy elements. The dry deposition rates of Cd, Pb, Zn, and SOZ
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to the upper canopy were correlated with air stagnation frequency,
concentrations of each element in the total aerosol fraction, and the
frequency of winds from directions other than those influenced by Tocal
sources. Thus, dry deposition rates, as well as air concentrations,
were not detectably enhanced by local emissions. Other possible
sources of the large-particle fly ash were determined by calculating
upper level air mass backward trajectories for time intervals
comparable to large-particle tropospheric residence times. These
trajectories were found to traverse two major regional urban centers
and five major regional coal-fired power plants with sufficiently rapid
air mass travel times to account for the large-particle transport.

The circumstances of sampling provided only one period (7 days)
for which dry deposition to inert, flat surfaces could be compared with
dry deposition estimated from sequential leaf washing. The agreement
in deposition rates was good for Cd, SOZ, IZn (within 30%), and Mn
(within a factor of 2) but poor for Pb (an order of magnitude higher
rate measured to the inert surface). Leaf surface absorption of
soluble Pb could be a factor. Comparing these deposition rates to air
concentrations allowed calculation of deposition velocities (Vd) for
the available element fraction to individual upper canopy surfaces.

The mean Vd values reflected the general particle size distribution
of each element such that elements characterized by larger mass median

diameters exhibited higher deposition velocities. The Vd data

indicated that the generally used value of 0.1 cm/sec is an
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underestimate in the case of Cd, Mn, Zn, and perhaps sulfate

(Cd = 0.05-0.87 cm/sec, Mn = 1.7-17 cm/sec, Pb = 0.04-0.10 cm/sec,

Zn = 0.24-0.66 cm/sec, 502

0.07-0.24 cm/sec).

The precipitation concentrations and the wet deposition of H+,
Pb, Mn, and SOZ reached maximum values during the summer months.
This was in response to synoptic meteorologic conditions which result
in elevated aerosol concentrations due to air stagnation, and in
generally lower rain volumes per event and hence less dilution of the
scavenged material. These dilution phenomena were indicated by
significant negative correlation coefficients between element
concentrations in rain and rainfall amount, storm duration, and
intensity. The expected positive correlations between rain
concentrations and time since previous rainfall were not apparent,
suggesting the local atmospheric reequilibration with the regional air
mass to be relatively rapid. A simple model was applied to the
empirical relationship between rain concentration and rainfall volume
in an attempt to estimate the relative importance of in-cloud vs
below-cloud scavenging to the wet deposition of each element. The
model was based on the assumption that as precipitation continues at a
sufficient rate, the below-cloud layer is depleted of its readily
scavengeable particles and gases, and material still present in rain
can be largely attributed to in-cloud scavenging. The calculations
indicated that, on an annual basis, ™~ 90% of the wet deposition of the
primarily small particle atmospheric constituents, Pb and SOZ, was

attributable to scavenging by in-cloud processes while for the large

XXX111



particle-associated elements, Cd and Mn, removal by in-cloud scavenging
was relatively less important, accounting for 60 to 70% of the
deposition.

The interception of incoming rain by the forest canopy resulted in
a net increase in the concentrations of Cd, Mn, Pb, Zn, and SOZ
but a net decrease in the concentration of H'. The mean annual
elemental enrichments were as follows: Mn (factor of 160); Cd(4); Zn
and 502(3); Pb(2.7). The uptake of H™ and concomitant loss of
several elements by the canopy suggests a combination of cation
exchange and leaching processes. The net exchange was seen to increase
with increasing free acidity of the incoming rain and with increasing
residence time of the rain on the leaf surface. On an equivalent
basis, the hydrogen exchange could easily account for the trace cation
leaching from the canopy, but accounts for less than 10% of the total
cation leaching from the canopy during the growing season, indicating
the importance of other processes. Leaf washing experiments and dry
deposition analyses suggested the source of these elements in the
forest canopy on an annual basis to be primarily dry deposited aerosols
for Pb, primarily internal plant leaching for Mn, Cd, and Zn, and an
approximately equal combination of the two for SOZ. However,
these proportions were highly variable with time.

The above observations were integrated into an estimate of the
annual atmospheric flux to the landscape. The wet deposition flux was
determined from the product of the annual precipitation volume and from

the annual precipitation volume-weighted mean concentration in rain

XXXV



- L3 - % - [ % - - [

- [

collected above the forest canopy. The dry deposition flux was
estimated by multiplying the mean dry deposition rates measured to
individual upper-canopy surfaces by suitable leaf area and scavenging
indices for several canopy levels during the growing and dormant
seasons. The estimated total annual atmospheric deposition to WBW of
the elements of interest was similar to values reported in the
literature for remote and rural locations. These rates were as follows
(in g/ha/yr): SOZ-S =19 x 103, Mn = 350, Pb = 150, Zn = 93, and

Cd = 5.2. On an annual scale the dry deposition process constituted a
significant fraction of the total atmospheric input of Cd and

Zn (~ 20%), increasing in relative importance for SOZ (~ 35%),

Pb (~ 55%), and Mn (~90%). However, when measured during short-term
periods (days), the ratio of dry/total deposition for any element
ranged over an order of magn itude.

The importance of wet deposition to the bioreceptor as an episodic
inundation of the leaf surface was seen from a comparison of wet and
dry deposition rates on a comparable unit time basis (i.e., wet
deposition rate calculated for the duration of an individual storm).
Wet deposition rates expressed in this manner were 2 to 3 orders of
magnitude greater than measured short-term dry deposition rates. The
potential for plant effects can be further illustrated by calculating
the deposition to an individual leaf during one event and over the
growing season relative to the total leaf internal pool of the
element. A single dry/wet event was seen to deposit a quantity of Pb

to the leaf surface equal to ~ 70% of the internal pool. Deposited

quantities of Cd and SO were equal to 11 and 5%, respectively,
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while quantities of Mn and Zn were ~ 1% of the internal pool. During
the growing season, the leaf surface was exposed to 1 to 2 orders of
magnitude more Cd and Pb, and nearly equal amounts of Zn and SOZ,
relative to that contained within the leaf.

The total annual flux to the forest floor beneath a representative
stand of chestnut oaks was attributable, to a significant extent, to
external sources (atmospheric deposition by wet and dry processes) for
Pb (99%), Zn (44%), Cd (42%), SO, (39%), and Mn (14%), the
remainder attributable to internal element cycling mechanisms (leaffall
plus foliar leaching). The pathways of highest relative importance to
the total flux of each element to the forest floor were varied: foliar
leaching for Cd (55% of the total) and Mn (49%), dry deposition for Pb

(67%), wet deposition for Zn (36%), and leaffall for SO4 (31%).
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CHAPTER 1

GENERAL INTRODUCTION AND OBJECTIVES

Statement of the Problem

It is becoming increasingly apparent that the greatest potential
for human impact on the geochemical cycle of several elements concerns
their atmospheric chemistry, transport, and deposition. Recent
emphasis on intermittent control strategies, and the use of tall
stacks, has resulted in dilution of concentrated emissions near the
source, which is likely to improve urban air quality. However, the
potential for degradation of the regional atmosphere by long-range
transport of heavy metal vapors and fine particles known to escape
conventional emission control techniques is increased. In addition, for
trace elements currently estimated to be mobilized by coal combustion
at rates from 0.1 to 0.5 or more times natural rates (e.g., Ni, Zn, As,
Se, Hg and Pb; Vaughan et al., 1975), projected increases in coal
combustion by the National Energy Plan will result in emission rates
approaching those associated with natural processes.

The critical links between increased atmospheric emissions and
effects on terrestrial and aquatic ecosystems are the rates at which,
and mechanisms by which, atmospheric gases and particles are

transported to the earth's surface and made available to receptor



organisms. Perhaps the most important aspect of aeroso] chemistry,
from the standpoint of atmospheric deposition, geochemical cycling, and
potential effects to the bioreceptor is the water solubility of
aerosol-associated elements. This parameter 1is critical in determining
the mobility of particle-associated elements in a given environment.
Elements which are transported to vegetation surfaces in an insoluble
form may be of little consequence. However, a particle-associated
element of relatively high solubility residing on the vegetation
surface can be mobilized (1) during precipitation, (2) by formation of
a moisture layer on the vegetation, or (3) by reaction with leaf
exudate, all of which may be readily followed by direct plant
absorption or incorporation into various element cycling pathways.

Material is removed from the atmosphere by two general processes:
wet deposition (precipitation scavenging of particles and gases,
occurring within and below the cloud) and dry deposition (convective
diffusion, inertial impaction, and sedimentation). Slinn (1976) has
presented a theoretical argument that dry deposition of "pollutant"
materials to a forest from ground-based sources appears to be
comparable in magnitude to wet deposition. The dry deposition flux can
be estimated from the empirical relationship between pollutant flux to
=V, C. The

d d
term C is any representative value for a pollutant's air concentration

a surface (Fd) and its air concentration (C): F

while V4> defined as the deposition velocity, can be estimated from
Titerature data to be as follows: 0.1 s_Vd <1 cm/sec. A similar
estimate for wet deposition flux can be calculated using the concept of

washout ratios, defined as the ratio of a contaminant's concentration
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in surface level precipitation (k) to its concentration in surface
Jevel air (C). HWetfall flux (F,) is then as follows: F, = &) - (p)s
where p = precipitation rate. From theory and further data presented
in Slinn (1976) it can be estimated that the washout ratio (%) is on
the order of 105. Using these assumptions, Fd and Fw can be

estimated considering an annual time scale and applying the 23 year
mean annual precipitation rate at Walker Branch Watershed, 130 cm/yr

(= p), resulting in:

F

Fa V,C
Fu

4 _07-7.0 .

(v 10°) pC

Thus, within an order of magnitude, wet and dry deposition are of
comparable importance to forest systems. Of these two mechanisms, wet
deposition is of particular importance due both to its episodic nature
and the fact that originally gas or partic1e-associated elements are
delivered to the forest canopy partly in solution, thereby enhancing
the possibility of absorption by vegetation surfaces and generally
increasing the mobility of the element in the landscape.

Although the literature contains information on the atmospheric
concentration of many elements data for their removal has not been
readily available until quite recently. A critically important
property of suspended particulate matter is its atmospheric size
distribution. This largely determines the degree of respiratory system
penetration and, hence, human toxicity, as well as governing

atmospheric residence times and transfer efficiencies to various



surfaces (see the reviews by Chamberlain, 1975; Hosker and Lindberg,
1979). Thus, elements associated primarily with aerosols of a certain
particle size may be more effectively removed from the atmosphere by
any of several mechanisms involved in the wet and dry deposition
process. Accordingly, this research has concentrated on a group of
elements, some of which (1) have a significant vapor phase chemistry in
the atmosphere and whose particulate forms exist primarily in the
finest size range (Pb and S); (2) have been found to exhibit bimodal
particle size distributions in aerosols (Cd and Zn), and (3) exhibit a
more uniform size distribution in atmospheric particles, tending to

occur on larger particles compared to the above elements (Mn).
Organization

It is the intent of this research to determine the critical
mechanisms involved in the deposition of airborne materials to a
deciduous forest in eastern Tennessee, and the rates at which these
processes occur for the environmentally mobile fractions of Cd, Mn, Pb,
Zn, and soluble S in the +6 oxidation state (SOZ). This
report is divided into siy chapters dealing with aerosol
chemistry, measurement of dry deposition rates, precipitation
chemistry, geochemical relationships between material deposited by
several processes, a brief chapter describing the study area, and a
final chapter which summarizes the results of each phase of the
research into a coherent picture of the potential role of atmospheric
deposition in element cycling and vegetation effects in Walker Branch

Watershed (WBW).



Objectives

The overall objective of this study is the qualtitative
determination of the role of a forested landscape in the
scavenging of atmospheric material, including transfer by dryfall
processes, transfer by wetfall processes, and the role of water
soluble aerosol components in the overall deposition process to
WBW.

Specific objectives of the various subprojects are as follows:

(a) Characterize the composition and variability in the aerosol
population at the atmosphere-forest interface,

(b) Determine the relative importance of various environmental
factors which contribute to the variability of aerosol
composition and particle size distribution,

(c) Determine the degree of water solubility of selected elements
associated with aerosols in various size classes,

(d) Develop and apply techniques to measure the transport of
particle associated trace elements and sulfate from a passing
air mass to biological and inert upper canopy elements.
elements.

(e) Characterize the input of Cd, Mn, Pb, Zn, SOZ, and H'
to the forest canopy by wet deposition on time scales
commensurate with the identification of meteorologic and
other factors regulating the magnitude of episodic element

inputs.



(f) Determine the extent to which and mechanisms by which the
chemistry of incoming rain is influenced by forest canopy
interception.

(g) Determine the physical and chemical relationships between
particles in coal combustion plumes, in ambient air, and
deposited to the landscape by wet and dry processes.

(h) Integrate the results of the short term, intensive field
experiments into an estimate of the seasonal and annual
atmospheric flux of elements to the landscape.

The following hypotheses were tested during the course of this
research: (1) dry depostion, including the processes of gravitational
settling and impaction, is a significant input mechanism to the Walker
Branch Watershed landscape, (2) there is a need to expand aerosol
chemistry studies beyond total element analysis to concentrate on the
environmentally mobile fractions of particle associated elements, (3)
some particles deposited on certain leaf surfaces may be physically
tightly bound to the surface and available for incorporation into
element cycling pathways only after leaffall, (4) application of
enrichment factor and elemental ratio calculations using the
composition of particles dislodged from vegetation surfaces and
collected from ambient air, combined with similar data from potential
sources (i.e., coal-fired steam plant emissions and fugitive dust) can
be used in the identification of trace element sources, (5) the
operational status of the local (within 20 km) TVA coal-fired power
plants has a significant effect on the trace element concentrations in

the air mass over WBW, and material deposited to the landscape,
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(6) elements associated with particles having certain characteristics
(size and shape) may be more efficiently scavenged by the forest canopy
than others, (7) the parameter having the most significant influence on
elemental concentrations in precipitation is rainfall volume, (8) the
fully developed forest canopy has a significant influence on the trace
element chemistry of intercepted rain, (9) the most significant flux of
the non essential elements (Cd, Pb) to the forest floor will be due to
external, atmospheric sources; while the flux to the forest floor of
the essential elements (Mn, Zn, SOZ) will be more equally divided

between internal and external sources.



CHAPTER II

THE STUDY AREA, WALKER BRANCH WATERSHED, AND SOURCES
OF ATMOSPHERIC EMISSIONS

Walker Branch Watershed (WBW) is located on the Department of
Energy's Oak Ridge National Laboratory (ORNL) Reservation in eastern
Tennessee (latitude 35° 58'N, Tongitude 84° 17'W, Figure 1). The ORNL
Reservation consists of 15,000 hectares, ~ 40% of which is devoted to
environmental research and management. The watershed is roughly
centered within the reservation boundary. Walker Branch Watershed has
been maintained in a relatively undisturbed state since 1942. The
biogeochemical cycling program, initiated in 1969, has resulted in the
establishment of several instrumented facilities which are of critical
importance in a study such as this. Briefly, these include a 46 m
meteorological tower (further discussed in Chapters III and V), a
multi-site continuously recording raingauge network (Chapter V), two
continuously recording stream gauging stations, and one permanent and
several mobile field laboratories.

The watershed is a 97.5 ha, primarily deciduous forested catchment
comprised of two sub-basins of 59.1 and 38.4 ha each. The area is
typical of the oak forests of the Ridge and Valley Topographic
Province, ranging in elevation from 265-360 m. The canopy is
approximately 93% deciduous with oaks, hickories, and yellow poplar the

predominant species. The catchment terrain is underlain by dolomitic
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Fig. 1. Geographical location of Walker Branch Watershed in relation
to continental, regional, and local sources of atmospheric
emissions due to fossil fuel utilization. Shown are the
spatial distribution of centers of coal and oil-fired steam
electric generation capacity in the eastern U.S., the Tocation
of specific regional coal-fired power plants and major urban
centers, and the proximity of three local power plants to the
watershed.
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formations, including several sinkholes. Soils of the Fullerton and
Bodine series comprise ~ 90% of the watershed area, with the
predominant clay mineral in the soils being kaolinite. The watershed
receives an average of 130-150 cm precipitation annually, being
generally evenly distributed throughout the year with small peaks in
the late winter/early spring period and dry periods generally occurring
during late summer/early fall. Precipitation as snow is considered
negligible. Rain days occur with an approximate frequency of 33%, 55%
of these days receiving < 1 cm rain and 90% receiving < 3 cm (Henderson
et al., 1977). Earlier and continuing studies on the watershed provide
correlative information on meteorology, hydrology, chemistry, and
biology which are essential to the interpretation of the experiments
conducted as a part of thig research (e.g., see Harris, 1977, for a
more detailed physical description of the watershed and a discussion of
the research scope of the Walker Branch Watershed research project; see
also Henderson et al., 1977; Comisky et al., 1977; Huff et al., 1977,
Lindberg et al., 1977; Turner et al., 1977; Van Hook et al., 1977;
Elwood and Henderson, 1975; and Shriner and Henderson, 1978).

Further descriptions of several characteristics of the watershed
and surrounding area which are pertinent to the deposition research
have been integrated into various sections of this manuscript. These
include a description of the meteorological tower (Chapter IIT, V) and
the rain gauge and samp ling network (Chapter V), a further discussion
of variations in seasonal and annual precipitation volume (Chapter V),

some consideration of seasonal development and morphology of the forest
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canopy (Chapter IV, V), and a discussion of general air quality and
wind direction frequency during the 1977 growing season (Chapter I11).

The watershed provides an ideal field laboratory in which to
examine deposition and cycling of airborne trace contaminants derived
from atmospheric emissions related to energy technology. The catchment
is located within ~ 20 km of two major and one small coal fired power
plants (Figure 1). As indicated by the annual windrose, these point
sources are frequently upwind of the watershed. The Tennessee Valley
Authority (TVA) operates the Kingston power plant 22 km to the
west -southwest. This facility consumes 12,000 tons of coal daily,
generating 1200 Mw of electricity. The plant was recently (1976)
upgraded by the addition of two 330 m stacks and "best available
technology" electrostatic precipitators. To the east-northeast of the
watershed, ~ 13 km, TVA operates the Bull Run power plant. This
facility, built in 1962, was originally constructed with a single 270 m
stack and has been recently (1977) upgraded by the construction of new,
high efficiency (99.9% mass removal efficiency), electrostatic
precipitators. The Bull Run plant consumes 7000 tons of coal daily,
generating 890 Mw of electricity. The third plant js a much smaller
unit operated by the Department of Energy on the Oak Ridge
Reservation, ~ 2.4 km to the northeast of the watershed. This unit fis
equipped with an 87 m stack and somewhat older, less efficient (98%)
precipitators. The facility burns 300 tons of coal daily for steam
production only.

In addition, there are several other sources of atmospheric

emissions within ~ 35 km of the watershed. These have been recently
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characterized for Roane County which includes the watershed and

extends v 50 km to the southwest, in a generally upwind direction
(Miller et al., 1977). Approximately 50% of the labor force in this
area is employed in manufacturing industries, with such development
being primarily centered in the Tennessee River Valley around the
Rockwood-Harriman Industrial Corridor, ~ 35 km to the west-southwest.
The industrial corridor includes facilities for the production of
steel, wood, paperboard, and textile products. The TVA Kingston power
plant is also located in this corridor. Sources in this direction from
the watershed may be particularly important because of the influence of
the topography which is dominated by parallel ridges. These ridges run
WSW to ENE and act as a strong influence in channelling winds through
the parallel valleys. The annual windrose in Figure 1 indicates this
industrial corridor to be frequently upwind of the watershed. Miller
et al. (1977) have estimated the total annual emissions related to coal
combustion for Roane County as follows (in metric tons per year):
suspended particulates = 35.6 x 103, sulfur oxides = 157 x 103,
nitrogen oxides = 30 x 103. Of these totals, the authors estimated

the contributions due to the Kingston steam plant to be 97%, 98%, and
99%, respectively. Of the total annual emissions in the county due to
combustion of all fossil fuel types (coal, fuel oil, natural gas, and
gasoline) the relative contribution of the Kingston power plant was 97%
of the suspended particulates and sulfur oxides, and 94% of the
nitrogen oxides. The potential influence of this one point source on

lTocal air quality is obvious.
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The possibility of regional effects on local air quality must not
be neglected, however. In addition to these lTocal sources, the
watershed is Tlocated ~ 20 km west of Greater Knoxville, and within 260
km of three major regional urban centers (Chattanooga and Nashville,
TN, and Atlanta, GA) and 8 major coal fired electric generating
stations with a combined generating capacity of > 14,000 Mw (Figure 1).
The potential of such regional sources to contribute to the atmospheric
lToad and deposition in Walker Branch Watershed is considered in

Chapter VI.
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CHAPTER III

TRACE CHEMISTRY AND PARTICLE SIZE DISTRIBUTION OF THE
WATER SOLUBLE AND DILUTE ACID LEACHABLE FRACTIONS OF
AEROSOLS IN WALKER BRANCH WATERSHED

Introduction

Suspended particles represent a class of airborne materials which
are extremely complex due to wide variations in origin, chemical and
physical properties, and elemental composition. One of the most
jmportant properties of suspended particulate matter, whether 1liquid or
solid, is particle size distribution. This property largely determines
the degree of respiratory system penetration (Lee, 1972), and hence
human toxicity (Natusch and Wallace, 1974), as well as governing the
atmospheric residence times and transfer efficiencies to various
surfaces (Cawse and Peirson, 1972).

Perhaps an equally jmportant aspect of aerosol chemistry, from the
standpoint of atmospheric deposition, elemental cycling, and potential
effects to the bioreceptor is the water solubility of aersol associated
elements. It is well known that the hygroscopicity of atmospheric
particles is very important from the point of view of cloud physics
(Junge, 1963). However, the degree of water solubility, in addition to
the size distribution, of aerosols is also a critical factor in
atmospheric chemistry, particularly as related to origin, transport,

and removal of particles from the air. This factor js critical in
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determining the mobility of an element in a given envirénment.
Elements which are transported to vegetation surfaces in a highly
insoluble form may be incorporated into the plant only through the
chance occurrence that the parent aerosol happens to directly enter an
open stoma during deposition. However, a particle associated element
of relatively high solubility residing on the vegetation surface can be
mobilized, (1) during precipitation events, (2) by the formation of a
moisture layer on the vegetation (i.e., dew), or (3) by feaction with
leaf exudate. Direct plant absorption may or may not follow all of
these. Alternatively, elements associated with particles deposited on
vegetation can be removed from these surfaces by wetfall and, if in a
soluble form, are more readily incorporated into various element
cycling pathways than an insoluble particle.

Particle solubilities have been reported in the literature to a
limited extent for major aerosol constituents such as SOZ,
NHZ, and C1~ (Meszaros, 1968), but not for many trace
constituents. Hodge et al. (1978) recently reported on the sea water
leachability of several aerosol associated elements and found that
substantial amounts of metals in the solid phase were leachable.
Because of the indication that aerosol so]ubilitylmay be related to
wetfall scavenging efficiencies, surface retention of particles
following dry deposition, and element cycling in general, this aspect
of aerosol chemistry was studied during an intensive sampling period
including 10 intervals of 4 to 7 days duration during the summer of
1977. Also sampled during these 10 experimental periods were incident

precipitation and throughfall (discussed in Chapter V), and dry
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deposition of particles to natural and artificial surfaces (discussed
in Chapter 1V).

The overall objectives of this aspect of the work were:

(1) Characterize the composition and variability in the aerosol
population at the atmosphere-forest interface,

(2) Determine the relative importance of various environmental
factors which contribute to the variability of aerosol composition and
particle size distribution,

(3) Determine the degree of water solubility of selected elements
associated with aerosols in various size classes,

(4) Compare characteristics of ambient aerosols to possible source
materials including fly ash and combustion plume particles, and

(5) Compare chemical and physical characteristics of ambient
aerosols to particles deposited on leaf surfaces and inert surfaces and
to material scavenged by precipitation. The geochemical and physical
relationships between suspended, deposited, and rain scavenged
particles is the topic of discussion in Chapter VI and will not be

discussed here.

Materials and Methods

Aerosol Collection

A1l of the aersol samples collected during this study were made
from the top of a 46 m meteorological tower at the western edge of WBW
approximately 23 m above the forest canopy (see Figures 20 and 21 in
Chapter V). The bulk or total aerosol fraction was sampled

continuously during each of the 10 periods using a 0.4 um Nuclepore

e = e "
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polycarbonate membrane in a Millepore stainless steel filter holder.
The relationships between retention efficiency and particle size and
membrane pore size have been tabulated by the Nuclepore Corportation.
These data indicate that particles > 0.2 um in diameter are retained by
this filter material with a ~ 50% efficiency. The efficiency of such
samplers to collect relatively large particles (> 10 um) has recently
been discussed by Pattenden and Wiffen (1977) to be on the order of 5%
at high wind speeds. Simultaneous with the collection of the total
aerosol fraction, ambient aerosols were also fractionated into 9
particle size classes using a standard Anderson cascade impactor, model
#20-800, operated at v 28 1pm (v 1.0 SCFM). Nuclepore polycarbonate
£i1m was used as the impaction surface on each stage and as the backup
filter (0.4 um pore size) in the impactor. The utility of this
material as the collection surface lies in its inherent low trace
constituent concentrations (Andren et al., 1975), its
non-hygroscopicity, its hydrophy1lic nature, and its low absorption and
adsorption losses (Nuclepore Incorporated, Catalogue 20). These
properties allowed for determination of the tare weight on all impactor
surfaces prior to and following sampling so that this total filter load
(total suspended particulate load, TSP, per size class) could be
compared to the trace element concentrations. From these measurements
the elemental concentrations could be compared on both a particulate
concentration (ppm) and an air concentration (ng/m3) basis. Tests on
the efficiency of this material to act as jmpaction surfaces are

discussed in a following section.
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Sample collection devices were prepared in the laboratory
immediately prior to placement in the field. Sampler components were
hand washed using polyethylene gloves and double distilled water
(2XDW), leached briefly in dilute NH03, washed with profuse amounts
of 2XDW, dried in a convection oven, and stored in sealed polyethylene
bags. New polycarbonate membranes were placed into the samplers after
taring, all components being handled with teflon forceps and
polyethylene gloves and all work being done in a laminar flow clean
bench using HEPA absolute filtered air (high efficiency particle air
filters, rated efficiency is 99.97% removal of particles > 0.3 um).
Filters and impaction surfaces were used directly from the original
storage containers without prewashing. Prewashing steps, including
combinations of dilute Ultrex ultrapure HNO3 and 2XDW, were generally
found to result in unchanged or even slightly higher blank levels. The
impaction membranes were placed on the standard glass impaction plates
provided with the impactor after first exposing the glass plates to
steam from heated 2XDW. The moisture film resulted in a positive seal
between the polycarbonate membrane and the glass plate.

Samples were then transported to the field in sealed polyethylene
bags and mounted atop the tower using rain shields fabricated from 2
liter polypropylene bottles. Each sample was attached to a separate
carbon vane air pump located at the base of the tower by means of large
diameter tubing to minimize friction induced pressure drop in the 43 m
tube. Flow was monitored continuously using in-line rotameters at the
pump end of the system, correcting for pressure drop prior to flow rate

calculation. In addition, flow rate was checked frequently using a
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cleaned rotometer placed momentarily at the intake of the impactor or
filter sampler. Flow through the impactor averaged 1.53 m3/hr

(+ 0.11) while flow through the total filter averaged 0.96 m3/hr

(+ 0.23) during the 10 sampling periods.

Two additional sets of samples were collected for supportive
information. These were precipitator ash samples collected at the
local Bull Run Power Plant and at the TVA Cumberland Power Plant. Post
precipitator fly ash samples were also collected by hand from the
deflection plate at the base of the exhaust stack while the units were
down for maintenance. In addition, during a cooperative study with the
TVA Air Quality Branch plume samples were collected at three distances
from the stack of the Cumberland Plant using a TVA helicopter with a
sampling port designed for jsokinetic plume sampling beyond the
influence of the prop wash. Particulate samples were collected using
total filters and modified Anderson impactors designed for isokinetic
flow under these conditions. The impactor modification involved
removing several lower stages after calculating the critical flow
velocities and impaction parameters for the conditions of sampling
(flow rate of 4.6 m3hr'1) needed to maintain isokinetic flow

through the plume probe and impactor.

Analytical Techniques

Extraction Procedure and Operational Definitions

At the end of each sampling period the collectors were returned to
the laboratory where the impaction plates and total and backup filters

were removed using teflon forceps and polyethylene gloves in the clean
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bench. These filters were weighed on a 5 place balance with a
resolution of 0.01 mg, sealed in acid washed polypropylene petri dishes
and stored in glass dissicators until analysis or extraction. To
simplify interpretation of the impactor data and to assure sufficient
material in each particle size range for analysis, the impaction plates
were combined in pairs for extraction as follows: stages 0 + 1
(designated as particle size class 1), stages 2 + 3 (class 2), stages

4 +5 (class 3), stages 6 + 7 (class 4), while the backup filter (class
B) was treated separately. The aerodynamic particle diameters for each
stage, assuming an impaction efficiency of 50%, were calculated from
relationships between flow rate, impaction efficiency, and particle
diameter supplied by C. H. Erickson, Director of Engineering, Anderson
2000 Inc.

On several occasions duplicate total filter samplers and impactors
were prepared in the laboratory, stored in the clean bench during field
sampling, and dismantled along with the field samplers as described
above, including both weighing steps. These filters and impaction
surfaces were carried through the laboratory leaching procedure, as
described below, and used for blank determinations.

The laboratory leaching experiments were designed to result in the
complete extraction of the water soluble component of the ambient
aerosols in the first step and in the extraction of the dilute acid
leachable component in the second step. On one occasion, the residue
remaining after the water and dilute acid extraction was subjected to
an additional acid leaching at 10 times the original acid

concentration. On another occasion the residue was subjected to a
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complete digestion procedure. The details of the various leaching

procedures were as follows: (1) Water extraction- filters or

impaction surfaces were placed into prewashed (washing procedure as
described in Appendix A) 250 ml polyethylene bottles with 50 ml 2XDW
(water quality and distillation procedure for the 2XDW also described in
Appendix A). These bottles were tightly capped, sealed in clean
polyethylene bags, and shaken on a reciprocating shaker at high speed
(240 oscillations per minute) for two hours. This leachate was

filtered through a standard 0.4 um Nuclepore filter, and the filtrate,
termed the water soluble fraction, saved for analysis. The details of
the filtration procedure, including types of filter apparatus, washing
procedures, and contamination checks, are described in Turner et al.

(1977) and briefly discussed in Chapter IV; (2) Dilute acid leach- the

original filter or impaction surface was retained in the polypropylene
washing bottle from step 1 and the 0.4 um nuclepore membrane used to
filter the water extract was added to this bottle. These filters were
then shaken on the reciprocating shaker for 2 hours with 50 ml of

0.08 N (pH = 1.1) Ultrex ultra pure HNO3. The reasons for the choice
of this pH and the trace element Tevels in the Ultrex acid are
discussed in Appendix A. Following the shaking step, the samples were
stored at ambient temperature in the dark for 7 days prior to analysis;

(3) Occasional IN acid leach- the sample from step 2 was acidified to

1.0 N with Ultrex HNO; and carried through step 2 again; (4)

Occasional "total" wet digestion- the sample from step 2, including

both filters, was slowly taken to dryness on a steam plate. The

residue was leached with 10 ml Ultrex concentrated HNO3 + 10 ml
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Ultrex concentrated HC1 + 10 m1 2XDW as suggested by Anderson (1974).
This solution was shaken on the shaker for 2 hours, stored in the dark
for 7 days, and heated to 90°C for 12 hours prior to analysis.
Extraction efficiency or recovery was checked using small quantities of
NBS Standard Fly Ash (discussed in a following section).

In the following discussions certain operational definitions will
apply to the use of the terms "soluble" and acid "leachable"
components. These will be as follows:

Soluble fraction = quantity of material removed by the distilled

water extraction in step 1, expressed in air concentration or
particle concentration terms.

Acid leachable fraction = quantity of material removed by 0.08 N

HNO3 Teach in step 2, expressed similarly.

Environmentally mobile or available fraction = soluble fraction

plus acid leachable fraction, expressed similarly.

Relative solubility = [soluble fraction/available fraction] 100,

expressed as percent soluble.

Extraction Efficiency

The extraction method was tested to determine the completeness of
the water and dilute acid extractions. A series of sequential samples
were collected over a given time period during the water leaching and
during the dilute acid leaching. These samples were analyzed for the
element of interest to determine the optimum extraction times and
solution volumes. The data for two representative tests for the

leaching rates of Cd and Pb from a total aerosol filter is summarized
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in Figure 2. The patterns of Zn and Mn release were nearly identical
to those of Cd. The release of SOZ was similar to the metals
tested for the 2XDW leach but very little additional SOZ was
removed in the acid leach step. After the initial 2 hours of leaching
98% of the Cd and Pb were in solution (assuming the 24 hour values to
represent 100% of the water extractable material). Following the 24 hr
leaching, the solution was acidified to pH = 1.1 (at a rate of 5 ml
Ultrex HN03/1). This resulted in an additional rapid release of the
acid leachable metal fraction during the following 2 hours, followed by
é very gradual release over the next 36 to 48 hours. The amount
released during the initial 2 hours of dilute acid leaching represented
95% of the Cd and 97% of the Pb present in solution following 9 days of
continued leaching while the amount in solution after 7 days was
essentially 100% of that present at 9 days. Thus the 2XDW Teaching was
terminated after 2 hours while the dilute acid leaching was terminated
after 7 days.

As described above, two aerosol samples were further extracted by
an additional IN HNO3 leach in one case, and a “"total" wet digestion
in another. These samples were not analyzed for a SOZ because of
the previous indication that very 1ittle (approximately an additional
1%) SOZ was removed by the dilute acid leach step. This is in
agreement with results reported by Dams et al. (1975). The results of
the additional 1IN acid leach can be expressed as the ratio of the total
metal removed by the 2XDW leach plus dilute acid leach plus 1IN acid
Teach to the amount removed by the first 2 steps alone. Results for a

total aerosol filter were as follows: Cd = 1.05, Mn = 1.01, Pb = 1.11,
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aerosol filter. Extraction solution was double distilled
water (pH =5.6) until acidified to pH =~ 1.2 (nitric acid).

= e e P 2 B o P B Pt

> = e = W pw



1 |

25

Zn = 1.11, while results for a single impaction surface were:

Cd

1.00, Mn = 1.01, Pb = 1.12, Zn = 1.01. Thus, with the possible
exceptions of Pb and Zn, a neglibible amount of additional metal was
removed by the IN acid leach relative to a 0.08 N acid Tleach, lending
support to the routine use of the more dilute acid Teaching step
described above.

One full set of impaction plates was carried through the "total"
wet digestion procedure. Because of the refractory nature of fly ash
and its suspected presence in aerosol samples in WBW (Lindberg et al.,
1975), the digestion procedure was tested using milligram quantities
(similar in mass to the amount of aerosol generally collected on
aerosol filters) of Standard NBS Fly Ash.

The results of the NBS ash digestion and the digestion of ambinet
aerosols are summarized in Table 1. The ratios of analyzed NBS ash
content to certified content for 3 replicate samples indicate that the
wet digestion of the NBS ash resulted in excellent recovery for Cd and
generally good, but erratic, recoveries for Pb and Zn. Only in the
case of Mn were the recoveries consistently low, perhaps due to the
inclusion of Mn within the acid resistant ash residue to some extent.
For this reason, the "total" wet digestion concentrations of Cd, Pb,
and Zn in aerosols were used without correction while the "total”
digestion concentrations of Mn were corrected for an apparent 80%
recovery. The second section of Table 1 indicates the ratios of
available metal concentrations to total metal concentrations for large
and small particle fractions of the total aerosol. The largest

particles (stages O plus 1, size class 1) were the least efficiently
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Table 1. Comparison of measured to certified concentrations in NBS standard fly
ash digested by the HNO,-HC1 wet method. Also, comparisons of the amount
of metal removed from v3rious aerosol size fractions by distilled water
and dilute acid leaching techniques relative to the total digestible
metal present

Sample Cd Mn Pb- Zn
[analyzed/certified concentration ratio (Xxa)]

NBS Standard

Fly Ash
(#1633)
(n=3) 0.97+0.09 0.80+0.04 0.89+0.17 0.89+0.17
Avai]ab]ea/tota1 digestib1eb concentration ratio

Anderson ¢
Stages 0-1 0.81 0.80 0.20 0.002
Stages 6-7 9 1.03 0.83 0.26 0.15
Backup filter &  1.23 0.99 0.23 0.59

Total aerosol
fraction 1.02 0.93 0.46 0.40

dpvailable = distilled water leach plus dilute acid leach.
Pigestible = available plus wet digestible (HNO,-HCL)
CAerodynamic diameter >~7.2 ym (size class 1).
dAerodynamic diameter ~ 0.44 um (size class 4).

eIdeaHy should capture <~0.44 um material (size class B).
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leached by the 2XDW plus dilute acid steps, yielding < 1% of the In,
20% of the Pb and v 80% of the Mn and Cd. The fraction of the material
removed by the water and dilute acid leaching procedures relative to
the "total" material generally increased as the particle size decreased
(from size class 1 to 4 to B). This increasing availability of trace
metals associated with smaller particles is related to their known
increased concentration on the surfaces of smaller particles (Natusch
et al., 1974; Natusch and Wwallace, 1974; Keyser et al., 1978), and is
discussed further in a following section.

For the total aerosol material the available fraction represents
50% of the Pb and Zn, but nearly all of the Cd and Mn. This should be
kept in mind when nrelative solubility" of the aerosol associated
metals is discussed in the following sections. The operational
definition of "relative solubility" discussed earlier will yield values
for Mn and Cd in all particle size classes within 20% of the value
commonly termed water-solubility (e.g., water leachable fraction
divided by the total metal originally present). Similarly the relative
solubility will most closely approximate the water-solubility for the
small particle fractions of Pb and Zn. However, it should be kept in
mind that the operational definition will overestimate the
water-solubility of Pb and Zn in large particle fractions and in the
total aerosol. Similarly, discussions of the available or
environmentally mobile concentrations of elements in the atmosphere
should be read with this in mind. However, since such harsh extraction
procedures (5.3 N HNO3 + 4 N HC1) are rarely encountered in the

environment, the consideration of available metal concentrations is
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valid, especially as related to element cycling and mechanisms of both
wet and dry deposition. In addition, the operational definition
remains useful for all elements for the purpose of sample to sample

comparisons.

Analytical Procedure

A11 samples for trace metal determinations were analyzed using
graphite furnace atomic absorption spectrophotometry (GFAAS), employing
the standard additions method on each sample. The details of the
technique, including considerable discussion of quality control, are
described in Appendix A, while results of a four laboratory
intercalibration study are described in Turner and Lindberg (1976).

Sulfate was determined using an automated colorimetric procedure
employing the improved method of McSwain et al. (1974). A detailed
discussion of the technique and an evaluation of its accuracy and
precision are described in Appendix A. The sulfate technique resulted
in a mean accuracy of + 1% and a mean precision of + 4% for samples in
the 1-5 mg/1 range (most commonly encountered concentration in
extraction samples). The GFAAS technique resulted in mean accuracies
generally between + 1 to + 3% with precision ranging from = 4 to + 10%

for concentrations in the ug/1 range.

Sampling Reliability and Reproducibility

Efficiency of Impaction Surface

A number of experiments were run during the developmental period
of this research to test the reliability of the sample collection

design and to determine overall sampling plus analytical precision.
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Prior to checking the overall reproducibility between replicate
impactor runs, total aerosol runs, and between the concentrations
determined by the total filter compared to the sum of the impactor
stages, it was necessary to evaluate the utility of the nuclepore
membranes as impaction surfaces. The problem of particle bounce in
cascade impactors is well known but not easily solved (Dzubay et al.,
1976). 1In several applications glass slides or stainless steel
jmpaction plates have been used for sample collection when covered by
an additional impaction surface such as polyethylene foils or films
(Heindryckx, 1976; Martens et al., 1973). As previously discussed,
because of the need to maintain low blank levels, and to find a
substrate of low tare weight which was amenable to the leaching
procedures, Nuclepore membranes were chosen.

Various membrane films have previously been used in particle size
analysis, but were generally coated with a sticky material (Berg, 1976;
Dzubay et al., 1976). Since the sticky substance could obviously not
be used in this application, it was necessary to compare untreated
Nuclepore membranes with sticky membranes. As experiment was designed
wherein 2 samplers were operated simultaneously above the forest canopy
for 96 hours. One sampler contained untreated membranes as described
above while the other contained similar membranes coated with a thin
layer of Apiezon L, a hydrocarbon grease previously used by Berg
(1976). The atmospheric conditions during this experiment were
characterized by low relative humidities (< 50%) and strong, persistent
westerly winds. These conditions should have enhanced the possibility

of particle bounce because of the relatively high suspended loads and
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significant large particle fractions associated with turbulent winds,
in addition to the low humidities (Winkler, 1974). The samples were
analyzed directly by neutron activation analysis, primarily for
aluminum, using the methods described in Bate et al. (1976). This
element was chosen because of its ubiquity in both soil dust and fly
ash, its tendency to occur on larger particles, and its Tow density,
all characteristics conducive to increased particle bounce. The
results of the experiment may be represented by the uncoated/coated
impaction plate aluminum concentration ratios for each particle size

class as follows:

0.94 (8.2 um, aerodynamic diameter), 0.84 (5.4 um), 1.09
(3.8 ym), 0.86 (2.4 um), 1.15 (1.2 um), 1.0 (0.76 um).

This data suggests a somewhat Tower collection efficiency for the large

particle stages with uncoated slides and somewhat higher collection
efficiency for smaller particle stages with uncoated slides. Thus
there is some evidence of particle bounce, but these 10 to 15%
differences were not judged sufficient to sacrifice the solubility
experiments by using the treated surfaces. In addition the major
experimental work with the impactors was performed during the summer
months when the mean relative humidity ranged from 65 to 90%, values
conducive to enhanced particle retention by impaction surfaces,

especially for the water soluble fraction of aerosols (Winkler, 1974).
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Compariability of Sampling Techniques

The overall reproducibility of the sampling plus analytical
techniques was determined by two methods. The air concentration
determined by analysis of the total air filter was compared with the
sum of the impactor stages. These values are summarized in Table 2 as
the ratio of the sum of the impactor stages to the total aerosol
concentrations for each experiment. Although for any given element in
any given sampling period the sum of the impactor stages can either
under- or overestimate the concentration measured by the total filter,
the ratios of these values show an overall average close to 1 for the
total suspended particulate load (TSP), SOZ, Mn, and Pb. A
similar agreement was recently reported by Lawson and Winchester (1978)
for the major aerosol constituents S, K, Fe, and Ca, although such
comparisons are not routinely reported in the literature. However, the
elements Cd and Zn show a tendency toward concentration overestimates
by the sum of the Anderson stages relative to the total filter,
although there was not a consistent bias such as might be indicative of
a systematic contamination. For this reason the impactor data will be
used primarily as an indication of the relative size distribution of
each element, the total filter data being considered a better measure
of the air concentration.

The reproducibility of replicate impactor runs was determined on
two occasions. However, more than simple reproducibility was actually
assessed. Immediately prior to the aerosol experiments a series of
papers appeared in the literature pertaining to the large particle

collection efficiency of the standard 8 stage Anderson impactor
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Table 2. Comparison of total air concentrations determined from the sum of the in-
dividual impactor stage concentrations and from the total aerosol filter

sample.
B
](concentration per impactor stage)/total aerosol filter concentration)

Sample Tspd S04 cd Mn Pb n
Wi 1.2 1.1 2.1 0.3 0.9 1.6

2 1.2 0.9 1.1 2.1 0.8 1.3

3 0.8 0.8 1.1 0.6 0.8 1.3

4 0.7 0.7 1.0 0.6 0.7 2.3

5 0.7 0.7 1.6 1.1 0.8 2.2

6 1.3 1.1 1.6 0.6 1.2 1.6

7 0.9 1.6 2.3 0.8 1.7 3.2

8 0.7 1.2 0.3 0.8 1.0 1.0

9 1.0 1.4 2.9 0.5 0.8 1.0
10 - < - - - -
11 1.0 1.0 1.5 0.7 0.7 1.5
1M 0.9 0.8 1.3 0.5 0.6 1.5
12 0.7 0.8 2.1 0.8 0.6 1.2
12M 0.7 0.8 2.1 0.8 0.7 1.3
Mean 0.9 1.0 1.6 0.8 0.9 1.6
Standard 0.1 0.1 0.2 0.1 0.1 0.2
Error

310tal suspended particulates.
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(Wedding et al., 1977; McFarland, 1977). The basic conclusion of these
authors was that the standard impactor operating under certain
conditions was subject to low collection efficiencies (v 2%) for
relatively large particles (> 5 um). Our initial contact with the
Anderson Corporation ultimately resulted in procurement of modified
(based on the suggestions of Wedding et al., 1977) upper impaction
stages, impaction plates, and all-weather. sampling inlets for two
impactors, but not until the final weeks of our experiments. The new
samplers were outfitted with the usual impaction surfaces and operated
simultaneously with standard impactors during the final two sampling
periods (W11, 12). The results of these 4 impactor runs are summarized
in Figure 3, which illustrates the concentration ratio for each element
calculated from the sum of the impaction stages (standard/modified),
and the relative particle size distributions in each sample (percent of
total concentration found in each size class). In general there were
no clear trends in the data suggesting more efficient collection by
either sampler. The concentration ratios during W1l were all > 1
except for Zn (= 1), indicating that the standard impactor actually
collected more material. For TSP the ratio for experiment W1l was 1.07
supporting the conclusion. For W12 all the ratios were = 1 (Cd, Pb,
SOZ) or <1 (Mn, Zn) suggesting a somewhat greater trace element
collection by the modified sampler. However the TSP ratio was > 1, as
during W1l. Thus, it is more likely that the differences in absolute
collection between the two samples (generally * 15%) is related as much

to analytical precision as to sampler reproducibility.
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Fig. 3.

Comparison of total air concentrations and relative
concentrations in five size classes of the available fraction
(water soluble plus dilute acid leachable) of several elements
in aerosols collected simultaneously with a standard

(*, dashed line) and a modified (x, solid line) Andersen
impactor. Relative concentration is expressed as percent of
the element collected on any one stage with respect to the
total quantity of the element collected on all stages (i.e.,
[acC - 100/zC]/adp). Particle size classes are approximated
by the following aerodynamic diameters (assuming a 50%
impaction efficiency): B, < 0.44 ym; 4, 0.44 um; 3, 1.1 um;
2, 3.4 um; 1, > 7.2 um. CR = concentration ratio = sum of the
impactor stage concentrations for the standard Andersen
divided by the sum of the impactor stage concentrations for
the modified Andersen impactor. The upper 5 plots are for
data collected during experimental period W1l: the lower 5
plots are for data collected during Wi2.
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The agreement between the particle size distributions determined
from each sampler was reasonable as indicated in Figure 3. If the
modified sampler does collect aerosols in the 5 um size range with a
considerably greater efficiency than the standard impactor, one would
have expected to see relatively higher concentrations of some elements
in size class 1 (impaction stages O + 1, aerodynamic diameter > v 7 um)
and somewhat lower concentrations on the succeeding stages. This trend
was illustrated to some extent by the Cd and Zn data during W1l and by
Mn and SOZ during W12, in that size class 1 and sometimes class 2
exhibited higher relative concentrations in the modified impactor
compared to the standard model. However it is apparent that beyond the
initial 2 size classes the trends for each element are complex. For Cd
during W1l the material gained by the increased efficiency of size
class 1 of the modified impactor appears to have been collected in size
classes 2 + 3 by the standard impactor. For Zn during W1l classes 1 + 2
of the modified collector retained material apparently collected in
size class 3 of the standard sampler. For Mn during W12 the material
collected in size class 1 of the modified samples was collected in size
class 2 of the standard sampler, while for SOZ during W12 the
modified impactor collected relatively more material in classes 1, 2,
and 3 but relatively less in classes 4 and B. Thus there were no
consistent differences for any one element and it is possible that the
minor differences seen are related to sampling and analytical
reproducibility and not the result of sampler design differences. Of
most importance from this experiment was the fact that replication

between duplicate particle size collections and anlyses was sufficient
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to indicate that differences in size distributions on the order of
20% or more between sampling periods can be distinguished using the

methods employed here.
Results and Discussion

General Atmospheric Conditions and Regional Air Quality

The general air quality and weather characteristics of the periods
of aerosol sampling during this study are summarized in Table 3. Since
it was the intent of these experiments to relate aerosol chemistry and
size distributions to the chemistry and deposition rates of particles
removed by both wet and dry processes it is informative to consider the
sampling periods in terms of their general meteorologic and air quality
characteristics. As anticipated, intensive sampling during the summer
months resulted in a variety of such conditions being encountered.
Three parameters are useful in characterizing these periods according
to atmospheric conditions. Three parameters are quantity and duration
of precipitation, which are also generally related to atmospheric
stability, and wind direction frequency. Data relating to
precipitation characteristics was taken from the 5 site, continuously
recording rain gauge network at Walker Branch Watershed (Chapter V), as
well as from a recording wetness sensor operated at the sample
collection site (described in a following section and in Chapter IV).
The frequency distribution of wind speed and direction was determined
from data collected at a 110 m meteorological tower located ~ 10 km WSW
of the watershed. Observations at the tower included a continuous

record of wind speed and direction at 10 m and 110 m heights, and are
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used to calculate mean hourly wind speed and direction and standard
deviation of the hourly mean wind direction. The data is logged,
coded, verified, and summarized by the Tennessee Valley Authority Air
Quality Branch, Muscle Shoals, Alabama. Frequency plots of wind speed
and direction were produced for each of the 10 experimental periods, as
illustrated in Figures 4 and 5 in the form of windroses. Each
experimental period was then classified according to the frequency of
winds from the direction of any of the local coal fired plants (located
in two general directions from the watershed, as illustrated in

Figure 1, Chapter II), or from directions not directly influenced by
local sources.

A summary by similar precipitation characteristics is presented in
Table 4. Two periods were characterized by considerably rainfall
volumes (W5 and 11, both > 8 cm), two by moderate amounts (W4 and 9,
< 1.5 cm) and the remainder by traces of rain (0.24 + 0.10 cm). The
wettest periods were also characterized by multiple events and long
durations of continuous rain, ~ 10% of the total sample period. In
addition, the precipitation began near the start of each period (< 10%
of the time since initiation of sampling) and continued, at least
intermittently, until the end of the sampling period (within 10% of the
time before sampling completion). In general the mean relative
humidity during these periods reflected these conditions.

Atmospheric stability was also related to the precipitation
characteristics as indicated by the frequency of occurrence of stable
or unstable conditions. For purposes of simplification the six

standard stability classes were grouped into two general types of
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W1 wworose, mar 9-16,1977

Windroses for experimental periods W1-W6.
for key to scale.

W2 wmorose, mar 16-20,1977

See Figure 5
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W7 winorose, suLy 18-22,1977 WO winorOSE, AUGUST 11-17,1977

m/s 11.80
6.92 10.0 .
0.g2 2-52 4,52 :i?::

Fig. 5. Windroses for experimental periods W7, W9, W11, Wi2.
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conditions, unstable (Classes A, B, C) and stable (D, E, and F). The
classes were determined from the standard deviation of the mean hourly
wind direction (Slade, 1968).

The rain volume and stability conditions were reflected to some
degree by the general air quality. The least stable, highest
precipitation periods were characterized by the lowest TSP and lowest
frequency of photooxidant concentration violations. Both of these
parameters increased consistently as rain volume and duration
decreased. These observations relate to the increased atmospheric
mixing and dispersion during unstable conditions and to the ability of
precipitation to scavenge particles and gases from the atmosphere. Wet
conditions also result in a general decrease in ground level dust
resuspension,

Classifying the periods by air flow patterns revealed few clear
relationships. The periods were grouped by frequency of winds from any
directions not influenced by the three local power plants. This method
resulted in 3 classes: high (W2, 4, 11; x = 60%); moderate (W1, 6, 9;
x = 50%); and Tow (W3, 5, 7; x = 40%) frequency of winds from quadrants
other than those influenced by the local sources. An effect of wind
direction on TSP was not apparent, the mean TSP for each group ranging
between 37 - 40 ug/m3. Wind direction did not influence the
frequency of photo-oxidant conditions, with mean values ranging from 15

to 18%.



E A E E A E E B B E B A B OB 5 = & Bk K

43

Concentrations and Particle Size Distributions

of Available Metal and Sulfate Fraction:

Relationships to Atmospheric Conditions

The ajr concentration and relative size distribution data for the
available element fractions of Cd, Mn, Pb, Zn, and SOZ in aerosols
collected during each of the 10 sampling periods is summarized in
Table 5. For the initial purpose of comparing the concentrations
measured at WBW with those determined for other areas, the arithmetic
mean and standard deviation, the geometric mean and standard deviation
(the log normal distribution of trace elements in aerosols is well
established; e.g., see Lee et al., 1975), and the range of
concentrations for each component in the total aerosol fraction were
calculated and are presented in Table 6. It is apparent that sulfate
forms a significant fraction of the total aerosol composition,
comprising ~ 25% of the material by weight. Of the remaining elements
only Pb approaches 1% of the aerosol composition (0.33%) followed by Mn
and Zn (0.03%) and Cd (0.0004%). These values are in excellent
agreement with those determined by an earlier neutron activation
analysis (NAA) of aerosols collected in WBW (Andren and Lindberg, 1977)
with the exception of Cd (0.01% in the 1977 paper). This difference
relates primarily to the relatively poor sensitivity of NAA for Cd,
leading to a possible overestimate due to the reporting of "less than"
values. Interestingly, the earlier multielement approach accounted for
an additional 8% of the aerosol composition attributed to Al, Fe, CI,
Ca, and Na, and another 1% due to 28 trace constituents. Combined with

the data in Table 6 this leaves Vv 65% of the aerosol which must be
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Table 5. Summary of "available" metal® and sulfate air concentrations in WBW during the intensive sampling
Shown are the total filter concentrations in mass per unit volume and the relative

experiments.

particle size distributions in percent of total concentration per impactor stage.

Experimental Impactorr Aerodynamic
period stage diameter? TSP cd Mn Pb In S0z
(xm)
W1 total 45.5 pg/m* 0.12 ng/m®> 0.5 ng/m* 92 ng/m® 3.5 ng/m’ 11.8 ug/m?
1 >8.0 17% 18% 20% 2% 14 2
2 3.7 25 33 36 7 16 2
3 1.2 12 18 21 8 19 3
4 0.50 13 18 1 16 18 22
B <0,50 32 13 1 67 35 n
W2 total 64.0 ng/m’ 0.24 ng/m* 2.0 ng/m’ 170 ng/m® 7.4 ng/m? 18.0 ug/m’
i >7.8 18% 6% 22% 1% 8% %
2 3.7 17 16 27 4 7 2
3 1.2 12 23 22 8 m 8
4 0.48 30 10 13 33 8 48
B <0.48 24 44 16 53 66 42
W3 total 38,1 ng/m? 0.13 ng/m*  11.4 ng/m? 85 ng/m? 3.4 ng/m? 10.7 n.g/m?
1 >7.2 14% 8% 8% 1% 1% %
2 3.3 18 1 28 7 1 2
3 1.1 7 13 23 n 18 [3
4 0.44 27 28 Ih 3 49 47
B <0.44 34 40 30 49 32 43
wa total 31.4 ug/m* 0.16 ng/m> 18.0 ng/m* 78 ng/m’ 2.9 ng/m’ 6.88 ug/m’
1 >7.8 10% 1% 45% 2% 2% 1
2 3.7 13 25 14 4 6 1
3 1.2 8 6 16 8 3 4
4 0.48 17 7 16 20 30 23
B <0.48 51 52 8 66 3 72
W5 total 26.0 pg/m? 0.063 ng/m? 7.2 ng/m* 63 ng/m? 2.9 ng/m? 6.60 Lg/m*
1 7.0 6% 25% 15% 2% 3% 2%
2 3.3 18 16 31 7 22 3
3 1.1 21 24 39 14 22 12
4 0.43 43 24 1" 46 35 64
B <0.43 1" 10 4 n 18 19
W6 total 36.3 pg/m? 0.10 ng/m®*  10.0 ng/m’ 97 ng/m* 3.7 ng/m? 11.0 ng/m?
1 >7.8 9% 19% 20% 1% 3% 2%
2 3.7 16 19 31 5 14 3
3 1.2 n 10 27 n 14 6
4 0.49 45 27 15 30 25 61
B <0.49 21 25 6 53 44 28
W7 total 31.5 pg/m? 0.05 ng/m*  13.0 ng/m® 98 ng/m® 3.2 ng/m? 7.00 ug/m?
1 >7.1 1% 132 17% 1% 0% 2%
2 3.3 14 6 30 6 23 2
3 1.1 9 6 17 5 20 4
4 0.44 43 18 13 15 19 39
B <0.44 24 57 23 72 39 52
W9 total 28.9 ug/m’ 0.22 ng/m* 12.0 ng/m? 130 ng/m® 226 ng/m? 5.10 ug/m?
1 >7.8 8% 13% 21% 1% 7% 2%
2 3.7 14 27 23 4 24 2
3 1.2 " 19 24 9 10 5
4 0.48 33 26 23 20 32 52
B <0.48 34 16 9 65 17 38
Wi total 23.6 ug/m? 0.29 ng/m’ 9.8 ng/m? 172 ng/m* 32 ng/m? 7.1 Lg/m’
1 >7.3 7% 9% 12% 2% 7% 3%
2 3.4 12 16 25 8 n 3
3 1.1 16 22 27 14 36 16
4 0.45 LA 36 3t 29 25 55
B <0.45 24 16 5 48 21 24
W12 total 23.0 ug/m? 0.29 ng/m’ $.5 ng/m* 138 ng/m® 30 ng/m* 5.3 ug/m’
1 >7.1 16% 33% 16% 43 5% 2%
2z 3.3 17 9 22 7 9 2
3 1.1 6 n 23 10 4 3
4 0.44 29 35 33 25 32 47
8 <0.44 32z 12 6 55 49 45

Aupvailable” metal = distilled leachable plus dilute acid leachable, as defined in text.

bAssurrn'ng a 50% particle collection efficiency, data supplied by Andersen 2000, Inc.
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attributed primarily to the light elements H, C, N, 0, and Si (Dams et
al., 1975).

In comparing the elemental concentrations of aerosols in WBW no
attempt will be made at an exhaustive Titerature survey of aerosol

composition, this having been done elsewhere (Harris, 1976). Rather,

representative concentrations from various airshed types are summarized

in Table 7 along with our data (keep in mind that the WBW
concentrations are for the available element fractions only, these
being comparable to total element air concentrations for Cd, Mn, and
SOZ, but underestimates for Pb and Zn, as discussed earlier). The
atmospheric concentrations at WBW are what might be expected given the
general location of the area, although the influence of the three local
coal fired power plants is not readily apparent. The concentration of
Cd is considerably below that seen for several other rural and urban
areas. In fact the concentration range of Cd at WBW falls within that
reported by Duce et al. (1975) at remote locations in the N. Atlantic.
A similar situation exists for both Mn and Zn with WBW concentrations
more comparable to remote and rural locations than urban areas. The
levels of both Pb and SOZ in WBW air are considerably enriched

over those measured at remote locations but are similar to
concentrations reported for rural areas.

From this brief comparison it is clear that any general effect of
the three local coal fired plants on WBW air quality is not manifested
in the elemental concentration data in a straightforward manner. This
is an interesting conclusion in light of the fact that these elements

are believed to represent various sources to the WBW aerosol. For
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Table 7. Summary of representative aerosol composition studies at diverse

locations
. Airshed Concentrations (ng/m?)

Location type Cd Mn Pb In S
South Pole? remote - 0.01 0.63 0.03 -
Bo1iviab remote - 0.8-3.4 3.6-7.1 1.2-5.3 65-182
White Mtn., CA®  remote - - 8.0 - -
Squaw Mtn., c09  remote - BD BD BD 121-429
Gulf of Mexico® marine - - - - 1730
N. At'lanticf marine 0.003-0.62 0.05-5.4 0.10-64 0.3-27 -
Chadron, NBY rural 0.57 5.7 45 16 -
New York State rural - - - - 300-24,900
Belgium’ rural 6-16 - 212-594  218-799 -
wBW?J rural to

suburban 0.14 9.2 107 8.5 3000
Pasadena, CAk suburban - - 2140 76 -
Cleveland, OH1 suburban 1.6 66 451 264 ~17,000
New York State® urban - - - - 500-16,700
Cleveland, OH‘ urban 3.9 148 759 413 25,000
St. Louis™ urban - - ~300 ~150 2500
Be'lg'lum1 industrial 14-50 - 791-975 618-3054 -
N. W. Indiana" industrial - 63-390 400-3700 100-1540 -

37011er et al, 1974.

badams et a1, 1977.
CChow et al, 1972.

dLawson and Winchester, 1978. BD described as "less than a few ng/m3 by the
authors.

®Berg, 1976.

fDuce et al, 1975.

9Struempler, 1975.

MGalvin et al, 1978.

Teretzschmar et al, 1977.

J.This study (mean values). Metal concentrations are for the available

fraction only, not total. Sulfur concentration is for the leachable sulfate
fraction (expressed as S).

kHammer]e and Pierson, 1975,

1King et al, 1976.
Myinchester et al, 1974.

nHarrison et al, 1971,



48

example, earlier work has suggested soils as the primary source of Mn,
automobile exhaust as the Pb source, and coal combustion as the primary
SOZ source and an important Zn source, while Cd could not readily

be attributed to any single source (Andren et al., 1975; Lindberg et
al., 1975; Andren and Lindberg, 1977).

The relative size distribution of these elements in the atmosphere
has been used as an indication of source types {Eisenbud and Kneip,
1975). Elements originating indirectly from atmospheric gas-particle
reactions or directly from combustion sources are generally
characterized by high concentrations of small particles (< v 1 um).
Material introduced into the atmosphere by dispersion of surface soil
dust or by industrial grinding and milling processes is generally
characterized by predominance of larger particles (> 1 wum). Although
the relative particle size distributions were somewhat variable from
period to period (Table 5) the average elemental concentrations in each
particle size class are useful as indicators of the general size
distribution type characterizing any given element. Figure 6
summarizes the mean concentrations (* standard deviation) in each
particle size class for the 10 experiments. These generalized size
distributions suggest that the five constituents studied fall roughly
into three categories; (1) monomodel size distribution with a maxima in
the coarse particle mode represented by size classes 1 and 2 (Mn); (2)
monomodal size distribution with a maxima in the fine particle mode,
represented by classes 4 and B (Pb and SOZ); and (3) biomodal size
distribution with maxima in both modes (Cd and Zn). The dominance of

the coarse particle mode for Mn confirms the expectation of a surface
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Fig. 6. Mean ( tstandard error) air concentration of the available
element fraction in five particle size classes for the ten
experiments. Aerodynamic diameters range from B, <v 0.44ym,
to1l, > 7.2um.
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soil dust source. The strong fine particle modes for Pb and SOZ
are expected if the primary sources of each constituent are combustion
processes and/or secondary particle formation in the atmosphere. The
bimodal distributions Cd and Zn suggest two general source types.
Because of the co-geochemical occurrence of both elements (Rankhama and
Sahama, 1950) this similarity in behavior does not seem unusual. Both
elements are known to be emitted during coal combustion and ore
roasting processes, resulting in primarily submicron particles (Van
Hook and Shultz, 1977), and during ore grinding and automobile tire
wear processes, both mechanisms resulting primarily in coarse particles
(Huntzicker and Davidson, 1975). The general multimodel size
distribution of aerosols has been well established (Junge, 1963; Whitby
et al., 1972), while considerable published data exists confirming the
size distributions of the individual elements measured in this study
(e.g., see the review by Harris, 1976; also Lee, 1972; Lee et al.,
1968; Martens et al, 1973; Whitby et al, 1975; Davidson, 1977).

The atmospheric concentrations of each element in 5 particle size
fractions measured during the 10 periods are illustrated in Figures 7
to 9. In general these distributions conform to those of the mean
concentrations just discussed. However, it is apparent from these
figures that there are numerous atmospheric processes influencing the
size distributions of any element during the 10 sample periods. For
example, Cd deviates from a clearly bimodal distribution only during
W1l and perhaps W1, while Zn exhibits other than a bimodal distribution
during W3, 6, and 11. Although Cd and Zn are generally bimodally

distributed, the peak concentrations don't always occur in the same

Fm = P> Y
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size class, generally shifting between classes B and 4 at the low end
and 2 and 1 at the high end. This suggests that, although the primary
sources of Cd and Zn probably generate aerosols with a relatively
constant, characteristic size distribution over the experimental
period, other factors involved during aerosol aging such as
gravitational sedimentation and particle coagulation also influence the
size distributions at the receptor. A similar situation exists for Mn
and SOZ, and, to a lesser extent, for Pb. Manganese is dominated

by the Targe particle mode for 6 of the periods but also exhibits a
significant small particle mode during W2, 3, 7, and 12. Sulfate is
dominated by the fine particle fraction, occurring primarily in size
class B during Wl, 4, 7 but primarily in size class 4 during the
remainder of the periods. Lead is also clearly concentrated in the
smallest particle size mode for every sampling period except W5 when it
occurs primarily in class 4.

Despite these variations two sampling periods exhibit interesting
similarities in the particle size distributions of each element.
During W5 all elements are characterized by relatively low
concentrations in the smallest size class (B), primary concentration
peaks generally occurring in the next larger size range (4). This
period was characterized by relatively high humidities and the largest
amount and longest duration of rainfall occurring during the 10
experiments (Table 3). The period also exhibited the lowest fine
particle contribution to the TSP load (11%). Particle scavenging by
nucleation as well as particle growth by water vapor sorption and by

coagulation could account for the apparent upwards displacement in size
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of the fine particle mode. In contrast during W7, all elements
exhibited significant concentration peaks in size class B. This could
imply a strong influence of a nearby source of fine particle emissions,
a source close enough so that significant particle growth and
coagulation has not occurred by the time the plume has reached the WBW
area. As indicated in Table 3 this period was characterized by very
little precipitation and by the highest wind frequency from the
direction of the three Tlocal coal fired power plants (65%). However,
the wet period W5, discussed above, exhibited a similar wind pattern,
having the second highest wind frequency (59%) from the direction of
these 3 power plants. This suggests that precipitation or general
atmospheric moisture conditions may be a critical factor controlling
the size distribution of all of these elements during this period.
This point will be considered in more detail in the following
discussion. The lack of any other obvious generalization again
suggests that several factors control the concentrations and size
distributions during any given period. These factors which include
relative humidity, wind direction, atmospheric stability, and
precipitation conditions do not necessarily influence the concentration
and size distributions of the various elements in a similar manner.
This is apparent from Figure 6.

In a further attempt to determine the role of various meteorologic
factors in controlling atmospheric concentrations and size
distributions, the data from Tables 3 and 5 were grouped by several
classifications. For ease of comparison the data are also illustrated

in Figure 10, which shows the temporal variability in rainfall amounts,
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Fig. 10. Meteorological and atmospheric chemistry characteristics of

the ten experimental periods during the 1977 growing season.
ITlustrated are the daily precipitation volumes from 4/30 to

10/30/77, the relative wind frequency during each
experimental period from the direction of the local coal

fired power plants (KSP =

Kingston Power Plant; BRSP = Bull

Run Power Plant and Y-12 Power Plant), the relative wind
frequency from directions not directly influenced by the
three local power plants (other), and the tota] air
concentrations and mass median diameters (MMD) of the

available fraction of Cd, Mn, Pb, Zn,

experimental period.

and sulfate during each
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wind direction frequency, and weekly elemental air concentrations and
MMD's. The data were grouped generally into 3 classifications for each
atmsopheric parameter, those exhibiting the highest values of a
parameter (e.g., atmospheric stability), periods with moderate values,
and periods with relatively low values. For each parameter this method
resulted in well defined classes with little overlap in the mean
values. This technique was discussed earlier for rainfall amount and
duration in Table 4. For each classification the mean total air
concentrations and MMD's were determined for each element.
Classification by atmospheric stability, precipitation amount and
duration, and wind direction all resulted in apparent relationships
with either MMD's or atmospheric concentrations. The parameter
resulting in the most consistent trends in the elemental data was air
stagnation. Table 8 summarizes the mean concentrations and MMD's for 3
air stagnation classifications. These classifications are based on the
frequency of the issuance of regional air dispersion statements and air
stagnation alerts by the National Weather Service. These statements

are issued when both vertical stratification and horizontal dispersion
of the atmosphere are such that particles and gases will tend to build
up in concentrations in the atmosphere near ground level. Although it
is difficult to determine significant differences with this limited
data set, several interesting trends are apparent. For the small

particle, combustion source elements Pb and SOZ there is a general

decrease in atmospheric concentration as air stagnation decreases.
This is the result of increased atmospheric dilution during the periods

characterized by more efficient atmospheric mixing. Interestingly the
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air stagnation conditions had little effect on the particle size
distributions, as evidenced by the similar MMD's for Pb and SOZ in
each class. This supports the contention made earlier that both of
these elements are dominated by similar source types, each
characterized by a relatively narrow size distribution at the point of
emission. The generally accepted sources of Pb and SOZ, auto
exhaust and fossil fuel combustion, conform to these size distributions
(Lee et al., 1968; Gordon 1975).

The behavior of Mn during these periods supports the hypothesis of
a soil source. The air concentration increases sharply as air
stagnation decreases while the MMD shows relatively 1ittle change. As
air stagnation decreases the chances for resuspension of surface dusts
rapidly increase due to generally increasing horizontal wind speeds and
increased vertical dispersion (Slade, 1968). The fact that the MMD
shows little change refTects the importance of the soil source of Mn
under varying degrees of atmospheric stability. Although Cd and Zn are
both characterized by biomodal size distributions, they behaved
differently with respect to air stagnation conditions. This difference
provides some evidence of the relative importance of the small and
large particle sources for each element. The concentration of Cd
decreases as air stagnation decreases implying a somewhat greater
importance of the small particle source. As expected there is a trend
of increasing MMD's for Cd as air stagnation decreases and as large
particle material is more efficiently mixed into the atmosphere. Zinc,
on the other hand shows a slight increase in both concentration and MMD

as air stagnation decreases. (Note: the Zn concentration data is
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somewhat difficult to interpret because of the order of mangitude
higher air concentration measured during W9. For these comparisons the
data for W9 was eliminated. Study of the meteorological and general
air quality parameters characterizing W9 revealed no apparent reason
for the high concentrations measured by both the total filter collector
and the Anderson impactor. Since both of these samples were carried
through the laboratory leaching procedure at the same time,
contamination is a possibility). The behavior of Zn concentrations and
MMD's with respect to air stagnation implies that the large particle
source may be somewhat more important relative to the small particle
source over a long time period. In general the trends revealed by
classification of the data according to air stagnation were also
manifested when the data was classified by atmospheric stability
frequencies and mean daily wind speed for each period.

Although variations in precipitation duration and amount did
correlate with some other regional meteorological and air quality
parameters, no general relationships were noted between rain
characteristics and elemental concentrations. The wettest period, WS,
was characterized by relatively lower air concentrations than the other
periods (Table 5), but period Wll, similar in rainfall amount and
duration to W5, exhibited considerably higher concentrations. The
expected general decrease in elemental air concentrations during heavy
precipitation periods was seen only marginally for Cd, there being no
consistent trends for the other elements. Precipitation scavenging
efficiencies, discussed in more detail in Chapter V, are highest for

very small and very large particles. Thus, rainfall effects on the air
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concentrations of Mn, Pb, and SOZ were expected. However, it is

likely that these effects were not seen because of the relatively Tow
time resolution of our sampling (~ 10 times longer than the duration of
the precipitation events). For example, Lawson and Winchester (1978)
recently reported decreased sulfate concentrations during a snowfall
when time sequence samples were collected prior to, during, and
following the event.

Despite the failure to identify consistent air concentration
trends with increasing precipitation amounts there were some
interesting effects on MMD. Except for Mn, all elements exhibited a
general increase in MMD as quantity and duration of precipitation
during a period increased. Thus wet conditions resulted in somewhat
larger particles in the atmosphere, implying relatively efficient
nucleation scavenging of small particles and enhanced particle growth
and coagulation. The role of impaction scavenging in the removal of
large particles was only weakly reflected by a slight decrease in the
MMD for Mn as rainfall amount increased. The data presented by Lawson
and Winchester (1978) did not address the effect of the snowfall on
particle size distributions.

The indication that general atmospheric moisture status has an
influence on particle size distribution was not unexpected. The growth
of aerosols by hydration is well known (Junge, 1963). Rahn et al.
(1971) reported that the occurrence of nocturnal fog was correlated
with a measurable decrease in the concentrations of several elements,
likely by increased settling during particle growth. To investigate

this effect in more detail correlation coefficients were calculated for
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the relationships between the fraction of the total concentration of
each element in the smallest size class (B) and the general atmospheric
moisture status during each experimental period. The atmospheric
moisture condition was previously estimated by the precipitation amount
and duration during each sample period (Table 3). A more accurate
measure is that provided by the atmospheric water vapor saturation as
manifested by the occurrence of radiative fogs. A surface wetness
sensing device was constructed to monitor the degree of leaf wetness as
a measure of particle retention efficiency during the deposition
experiments (Chapter IV). Since the wet sensor records fog, dew and
precipitation wetness, it was necessary to correct the "wetness
duration" measurements to reflect only fog. This was done by matching
the continuous wetness record with simultaneously collected wet and dry
bulb readings and with the continuous record of precipitation duration
determined with both weighing and tipping bucket rain gauges. Since
the shape of the wet sensor trace was indicative of the source of the
induced wetness, only periods following the end of active precipitation
needed to be corrected. If wetness was recorded, the wet/dry bulb
temperatures indicated water vapor saturation, and active precipitation
was no longer occurring, the conditions were assumed to indicate
atmospheric water vapor saturation. The duration of these conditions,
expressed as the percent of the total sampling period were taken as a
general indication of the atmospheric moisture status during the
period. The indicated periods of atmospheric saturation were in

excellent agreement with regional radiative fogs recorded by personal

L il ol B BN B N BN BN BN BN BT



[ 9 _

LY L % 3

- - [ Y

63

observation. In addition atmospheric saturation frequency was

significantly correlated with mean relative humidity (Table 3).

The values of atmospheric moisture status and the relative
elemental concentrations in the backup filter size class (B - also
termed "fine" particle size range) are summarized in Table 9. Also
shown are the correlation coefficients between these two variables.
There is a consistent negative correlation between atmospheric
saturation and fine particle relative concentrations indicating a
general decrease in the fraction of an element in the fine particle
size class (< ™~ 0.5 um) as duration of atmospheric saturation
increases. The correlation coefficients were statistically significant
only for Pb and SOZ, the two elements with the highest relative
concentration in the fine particle range. A plot of this relationship
for SOZ is in Figure 11. The data define a relatively smooth
decrease in the contribution of fine particles to the total SOZ
concentration as frequency of atmospheric saturation increases,
reaching an apparent asymptote at ~ 25%. This could suggest a
kinetically controlled particle growth mechanism where the rate
determining step is not necessarily the physical growth rate of the
particles but the rate of supply to the atmosphere of parent (< 0.5 um)
material. Thus in this case, the rate of fine particle formation
exceeded that of particle growth and coagulation under high moisture
conditions leading to what appears to be a constant minimum fine
particle contribution to the SOZ load. Although this is

speculative without further data, it is interesting hypothesis
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Table 9. Correlations between atmospheric water vapor saturation and the fraction
of the total air concentration of each element collected on the backup
filter (<\0.44um)

Atmospheric

water vapor Relative elemental concentration

saturation in backup filter size class@
Period freczuencyb td Mn Pb In 30,

%) (%) (%) (%) (%) (%)

Wi 3 12 11 67 34 70
W2 10 41 16 53 66 40
W3 8 41 31 49 32 40
W4 1 53 8 66 31 70
W5 55 10 3 29 19 18
W6 40 28 7 53 44 28
W7 6 55 23 73 39 51
W9 17 16 9 65 18 37
Wl 67 16 5 48 22 23
Wiz 16 12 6 55 48 44
Correlation coefficients® -0.53 -0.55 -0.71% -0.40 -0.83**

aExpressed as:_[air concentration on backup filter / total air
concentration]-100.

bExpressed as percent of total sampling period during which saturated condi-
tions occurred.

For the relationship between saturation frequency and relative concentration
in the backup filter size class; * = (P<0.05), ** = (P<0.01).
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concerning mechanisms controlling particle size distributions and,
hence, atmospheric residence times.

One aspect of this relationship which should be noted is its
similarity to a relationship previously presented by Mezaros (1968).
Mezaros studied the correlation between the relative contribution of
water soluble SOZ particles in the Aitken size range to the total
sulfate air concentration and relative humidity. The plot of these
variables was very similar to Figure 11. The author suggested that the
inverse relationship was a strong indication that SOZ particles
were hygroscopic in nature, increasing in size out of the Aitken range
by hydration as relative humidity increased. This conclusion is
supported by our determination that essentially all of the sulfate in
atmospheric particles is readily water soluble. The relationship
between this aspect of particle chemistry and atmospheric conditions is
the subject of a following section. Implicit in the above discussion
is the assumption that the Anderson cascade impactor is able to
separate particles efficiently into several size ranges based on
aerodynamic diameters regardless of atmospheric conditions. There has
been and continues to be considerable debate on this subject (Hu, 1971;
Dzubay et al., 1976; Wedding et al., 1977). If the impactors are
subject to severe particle bounce and wall losses one might expect
these problems to be minimized when sampling a relatively "wet" aerosol
(Winkler, 1974). If this is the case, sampling during wet periods
might lead to better upper stage retention, less particle bounce to
lower stages, and better overall size separation thus resulting in an

apparently larger MMD during the wet period. However particle growth

v
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during wet periods is a well known phenomenon (Junge, 1963) which could
explain these same observations. Without further laboratory and wind
tunnel studies, such is those by Winkler (1974) and Dzubay et al.
(1976), this problem will remain unresolved.

As discussed earlier, these experimental periods can also be
characterized according to frequency of winds from the direction of the
TVA Kingston coal fired power plant (~ 20 km SW), the TVA Bull Run
plant (v 14 km NE), and the DOE Y12 Plant (v 2 km NE), and from all
other directions (see Table 3). The 10 periods were grouped into
classes of high, medium, and low frequency of winds from each of these
directions. Unexpectedly there was no clear influence of the three
local sources on air concentrations. 1In fact, when grouped according
to frequency of winds from directions other than the local coal fired
generating stations, the air concentrations of Cd, Pb, Zn, and SOZ
increased as the frequency of "other" direction winds increased. There
was little effect on Mn concentrations as expected for a predominantly
soil dust associated element. Classification by wind direction did not
result in any clear trends in the elemental MMD's, although it did have
an influence on the overall TSP MMD, as discussed earlier. This was
surprising for the bimodally distributed elements Cd and Zn. Since a
large fraction of the fine particle mode for these elements is expected
to have a combustion source, a high frequency of winds from the
direction of the local power plants might be expected to result in a
downward shift in the MMD's. The lack of any apparent influence of

wind direction on elemental MMD's coupled with the unexpected influence

of wind direction on concentrations, discussed above, jmplicates the
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more distant sources (as manifested by regional air quality) as
influencing atmospheric concentrations and size distributions over

WBW. This hypothesis is in general agreement with the results of an
earlier multielement study of aerosols in WBW (Andren and Lindberg,
1977). A model based on a chemical mass balance approach (Miller et
al., 1972; Friedlander, 1973; Gatz, 1975) was used to estimate the
Tocal coal combustion contribution to the aerosol composition in WBW.
The model accounted for < 1% of the Cd and Pb, 2% of the Mn, and 12% of
the Zn as arising from local coal-fired generating plants. The
calculations indicated that, for the period July, 1974, no more than 5%
of the aerosol load in WBW could have been attributed to local coal
combustion. A similar conclusion was drawn by Gordon et al. (1975) in
their studies at the Chalk Point Generating Station. The authors found
that for most species the concentrations measured upwind and downwind
of the plant were the same. It was assumed that much of the "coal
component" of the aerosol chemistry was probably transported long
distances and was not the result of local emissions.

Briefly summarizing the above observations leads to several
interesting conclusions: (1) elemental air concentrations at WBW do
not reflect a significant influence of local coal combustion, being
more similar to concentrations measured at remote and rural locations
than at urban or industrialized areas, (2) increasing precipitation
volume and duration has the effect of increasing the MMD's of Cd, Pb,
Zn, and SOZ while decreasing that of Mn, (3) as regional air

stagnation increases, the concentrations of Cd, Pb, Zn, and SOZ
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jncrease, while Mn decreases, (4) elemental size distribution and
concentrations and the manner in which they are influenced by various
atmospheric parameters suggest a soil source for Mn, secondary
atmospheric particle and combustion sources for Pb and SOZ, and

both small particle combustion and large particle dispersion sources
for Cd and Zn, and (5) the lack of any apparent wind direction effects
on MMD and the slight increase in concentrations with winds from "other
than local source" directions suggests that atmospheric chemistry over
WBW is more likely the result of regional air transport phenomena

rather than the direct result of local source emissions.

The Water Soluble Nature of Aerosol Associated Trace Metals

General Considerations

The water solubility of atmospheric particles has apparently been
infrequently studied. Yet the property has been regarded as an
important characteristic related to physical growth, nucleation
efficiency, and atmospheric residence times of aerosols. As seen in
the previous discussion there is evidence for particle growth of
aerosol associated SOZ and Pb in the fine particle size range
(size class B). It is possible that this phenomenon is related to the
degree of water solubility of these elements. This has been suggested
by Meszaros (1968) in a study of the size distributions of water
soluble SOZ, NHZ, and C1~ in the atmosphere. Part of the
intent of this discussion will be to determine the relationship between
aerosol solubility and particle size. In addition to physical and

chemical aspects of the suspended particles, water solubility is also



70

related to the efficiency of aerosol capture and retention during
sedimentation and impaction processes (Winkler, 1974; see also the
review by Hosker and Lindberg, 1979) and is thus of interest as related
to mechanisms of dry deposition. Finally the solubility of certain
elements associated with submicrometer particles has received
considerable attention (but Tittle study) from the standpoint of human
health effects. Elements which are highly soluble in Tung fluids are
expected to be potentially more hazardous than elements bound within
the aerosol matrix in an insoluble or unavailable form (Morrow, 1972).
Particle solubility has also been suggested as an important

characteristic affecting lung deposition and retention of aerosols

(Desadalier and Winchester, 1975).

A considerable quantity of the metals studied in air particulates
collected in WBW were soluble in the water-aerosol leachate. Before
considering the data in detail some further discussion regarding the
laboratory procedures is necessary. The distilled water leaching
solution is termed the water-aerosol leachate above for an important
reason. It is obviously not possible to extract any sample as comp lex
and heterogeneous as a natural mixture of ambient aerosols without
significantly altering the initial leaching solution chemistry. Of
most importance from the standpoint of trace metal leaching would be
the simultaneous leaching of strong acid anions, dissolved organic
matter, and free hydrogen jon. Table 10 summarizes typical
characteristics of the initial 2XDW leaching solution and the resultant
distilled water aerosol leachate. It is obvious that there are

substantial changes in the concentrations of these components. The
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extent to which these materials influence the extraction of metals from
the aerosol is unknown. Metal salts of strong acid anions or
metal-organic complexes may form during the extraction, thus increasing
the apparent solubility of the metals in question. Similarly H* may
exchange with surface sorbed metals or react with surficial metal
oxides to increase apparent solubilities. The assumption must be made
in this type of extraction that a quasi-equilibrium is reached (see
Figure 2), a situation approaching that occurring under natural
conditions. Interestingly the highest major element concentrations
measured in the aerosol-water leachate are very similar to typical
precipitation concentrations in this area.

The second point which must be considered is the meaning of the
term relative solubility (RS). As discussed earlier the distilled
water and dilute acid extraction procedures do not result in complete
recovery of the total metal originally present. Thus when the
solubility is expressed in relative terms (RS = water soluble
concentration - 102/avai1ab1e concentration) this value may in some
cases overestimate the solubility defined in more conventional
water-solubility terms (WS = water soluble concentration - 102/tota1
metal originally present). When internal consistency is maintained
comparisons are valid within the sample set. However, for the purpose
of external comparability, the samples which were additionally
subjected to the "total" wet digestion procedure, as previously
discussed in reference to Table 1, can be used to compare the water
leachable to available metal ratios (RS) with the water leachable to

total metal ratios (WS). These data are summarized in Table 11 for one
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Table 11. Comparison of trace metal solubilities in aerosols and fly ash
expressed in terms of relative solubility (RS) and water-solubility (WS)

Sample Cd Mn Pb Zn

Aero§olsa

in size b c

class: RS_ WS” RS WS RS WS RS W
1 77 64 68 55 22 4.3 0 0
2 83 59 75 68 13 2.4 97 54
3 77 55 75 61 39 7.7 71 1
4 56 43 9] 76 76 19 97 65
B 79 79 86 86 77 64 96 65

Stack ashd 32 6 51 18 10 1.2 0

RS/WS Ratios
Pb

cd Mn Pb in
1 1.2 1.2 5.1 -
2 1.4 1.1 5.5 1.8
3 1.4 1.2 5.1 6.5
4 1.3 1.2 4.0 9.7
B 1.0 1.0 1.2 1.5
Stack ash 5.3 2.8 8.3 -
a
Aerosols collected during W7.
brs = (water soluble metal/available metal) +(100) = relative solubility.
Qs = (water soluble metal/total metal) +(100) = water-solubility.
d

"F1y" ash collected in the stack of a large-scale coal-fired power plant.
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set of aerosol samples and one set of stack ash samples collected at a
nearby coal fired generating station. As expected the RS overestimates
the WS in nearly every case. However, the RS is a reasonable
approximation of the WS for both Mn and Cd in all particle size
classes. The solubilities of Pb and Zn in the larger size classes are
overestimated by factors of 2 to 10 by the RS. Conventional
solubilities are best estimated by the relative solubility term for all
elements in the backup filter size class. The metal solubilities in
the stack ash samples were overestimated to the greatest extent using
the RS term, by factors of 3 to 8. When the samples are considered in
terms of their particle size, there is a relationship between size and
RS/WS ratios such that the largest particles reflect the highest
ratios. The possible relationship between elemental solubility and

particle size will be further considered as this discussion continues.

Relative Solubility of Metals in Ambient Aerosols

The air concentrations and relative solubilities measured for the
total aerosol fractions over the 10 week sampling period are summarized
in Table 12. Substantial amounts of each of the available metal
fractions are leachable in DW. Zinc exhibited the largest relative
solubility of the metals followed by Mn, Cd, and Pb. A1l indications
are that essentially 100% of the available SOZ is water soluble as
would be expected given the generally accepted hypotheses that aerosol
sulfate exists largely as (NH4)ZSOZ and acid sulfate
(Meszaros, 1968; Weiss et al., 1977). The pattern of relative trace

metal solubilities (Zn > Mn > ¢d > Pb) is similar to the general order
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Table 12. Air concentrations and relative solubilities of the distilled
water leachable fractions of the total aerosol

Parameter Element X o} Range
Air concentration Cd 0.14 0.08 0.04-.25
of water-leachable Mn 8.6 3.8 1.7-17
fractjon ) ’ )
(ng/m3) Pb 84.0 34 43-140

In 8.9 11 2.5-308

0T (ug/m’) 8.9 4.0 5.1-18
Re1ativg Cd 82 14 47-91
ST Mn 83 6 70-92

Pb 76 10 55-88

n 89 6 74-95

S0 ~100 1 98-100

37n concentrations for W9 were not included (see text).



76

of the solubilities of the most probable salts of these elements
occurring in airborne particles (i.e., SOZ, N0§, and C1~

salts; Dams et al., 1975). Although the general relationships between
the elemental relative solubilities is not geochemically unusual, the
indication that Pb exhibits a similar relative solubility to the other
elements is surprising. This is particularly true since the more
soluble salts of Pb are believed to account for only a few percent of
the Pb in aged aerosol. Ter Haar and Bayard (1971) identified ~ 77% of
the Pb in an aerosol sample collected at a rural Tlocation as oxides,
carbonates, and oxycarbonates, all of which are less soluble than the
strong acid anion salts of Pb. The reported chemical solubilities of
the possible occurring Pb salts are 5 to 10 times lower than those for
Cd, Mn, and Zn.

Unfortunately, there are no literature values with which the
results in Table 12 are directly comparable. However by applying a
factor to these values to account for the difference between relative
and conventional solubility (Table 11) these results may be compared
with recent studies by Hodge et al. (1978) and Eisenbud and Kneip
(1975). The normalization factors were determined by calculating a
mass weighted mean RS/WS ratio from the data in Table 11 and the
average relative concentrations of each element in the five size

classes (Table 5). These factors were as follows:
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WScd = RScg/1.2
WSMn = RSMn/l.l ’
WSpy = RSpp/2.6 , and
WSZn = RSZn/4.7 .

The resulting water-solubilities were as follows:
Mn (75%) > Cd (68%) > Pb (28%) > Zn (19%).

The aerosol leaching studies by Hodge et al. (1978) involved a
water extraction step similar to that used in the present study but
followed by a wet digestion involving an HNO3 - HC]O4 extraction
followed by HC1 - HF digestion of the residue. The values are thus
expressed in water-solubility terms. Samples were collected at Scripps
Institute and at Ensenoda, Mexico. The mean water soluble element
concentrations at Scripps Pier were (in ng/m3): Pb = 220, Zn = 17,

Mn = 5.2, Cd = 0.21, while those at the remote coastal site in Ensenada
were: Pb = 20, Mn = 16, Zn = 4.4, Cd = 0.16. The water soluble
concentrations measured at WBW (Table 12), when compared to the above
support the earlier indication that atmospheric trace metal levels are
generally in Tine with those measured in rural or remote areas. The
concentrations of soluble Pb, Mn, and Zn are between the two mean
values reported by Hodge et al. while Cd is somewhat lower than both.
The means and ranges in aerosol elemental solubilities reported for the
Scripps Pier station were as follows: Cd 84% (69-91%); Zn 68%
(44-82%); Mn 47% (32-54%); and Pb 39% (17-54%). The solubilities at

the Ensenada station were generally lower, averaging 80% (63-90) for



78

Cd, 35% (23-58) for Mn, 24% (10-60) for Zn, and 17% (6-29) for Pb. It
is apparent that there are considerable differences in the solubilities
between the marine aerosols collected by Hodge et al. and the
continental aerosols collected over WBW, although the soluble aerosol
concentrations are similar.

Eisenbud and Kneip (1975) recently reported the results of similar
leaching experiments on aerosols collected in New York City. The
aerosol filters were extracted with hot distilled water for 24 hrs in a
Soxhlett apparatus followed by a HNO3 - HC]O4 digest of the
residue; as such the reported solubilities are directly comparable to
the water solubilities reported here and by Hodge et al. The results
of these extractions on several samples collected over a 2 year period
indicate the following order of water-solubilities (means and ranges):
Cd 85% (68-100); Zn 64% (41-100); Mn 62% (55-68); Pb 9.4% (5-13). Once
again both the measured solubilities and their relative ranking are
different from those measured at WBW. Both the marine aerosols
collected by Hodge et al. and the urban aerosol collected by Eisenbud
and Kneip showed Cd to be considerably more soluble (~ 85%) than the
next most soluble metal Zn (~ 65%), followed closely by Mn (~ 55%)
which was considerably more soluble than Pb (~ 10-40%). However it is
apparent from the ranges reported for each element that there is
considerable variability at each site. With the exception of Mn, the
solubility ranges of the marine and urban aerosols encompass the values
measured at WBW. Since the water-solubilities values were originally
determined for only one set of WBW aerosols, these differences are not

surprising.
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The considerably higher apparent solubility of Mn in WBW aerosols
suggests both a source and particle size effect. Although the
solubility data was not discussed in any detail by Hodge et al.,
Eisenbud and Kneip did speculate that the considerable range in Zn
solubilities reflected variable sources over the 2 year study period.
Because of the indication from the data in Table 11 that solubility,
expressed in both relative and water-solubility terms, may be a
function of particle size, it is possible that the differences between
the water-solubilities of aerosols in WBW and those collected elsewhere
are simply related to differences in particle size distributions. Size
distributions were not measured by Hodge et al., nor were solubilities
of various particle size ranges reported by Eisenbud and Kneip. The
latter authors did, however, discuss size distributions for a Timited
number of samples for Mn, Pb, and Zn. The relative concentrations of
these three elements were determined for the following size ranges:
>4 ym, 2.5-4 ym, 1.5-2.5 pym, 0.5-1.5 um, and < 0.5 um, which roughly
correspond to the size classes 1, 2, 3, 4, and B, respectively, as
reported here. To simplify comparison, the relative concentrations
were grouped by size classes 4 and B (< v 1.5 um) and classes 1, 2, and
3 (> v 1.5 ym), for both sets of samples. The results for the relative

concentration of each metal in the < 1.5 um size range are as follows:

urban: Mn 16%, Pb 47%, In 27%
WBW: Mn 30%, Pb 82%, Zn 62%

Both Mn and Pb in WBW had considerably higher small particle fractions

compared to the urban aerosols. This observation and the indication
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that solubility increases for these two elements as particle size
decreases (Table 11) could explain the higher Pb and Mn solubilities
measured for the WBW aersols. However, this does not explain the lower
solubility of Zn in WBW aerosols for which a higher proportion also
occurred in the small particle size range. The difference in Zn may be
more strongly related to differences in the sources of both submicron
and supermicron Zn containing particles. One possible Zn source in the
WBW area is a Zn mining and milling facility which may release large
quantities of highly insoluble ZnS dust.

The relationships between particle size and relative solubility in
the WBW aerosols are illustrated in Figure 12, showing the mean RS of
each particle size class and its associated standard deviation. As
originally noted in Table 11 there is a trend of decreasing relative
solubilities with increasing particle size as well as an increase in
the variance of the data as particle size increases. This trend does
not appear to be related to the particle size distribution of the
specific elements since similar patterns in RS occur for Mn, Pb, and
Zn, which exhibit a monomodal large particle size distribution, a
monomodal small particle size distribution, and a bimodal size
distribution, respectively. However, in the case of Cd, the RS does
behave similarly to the concentration of Cd, showing a bimodal
distribution with a lower solubility for the material in size class 3.
Because of the large degree of variability in the solubilities for each
size class, it is tenuous to gener