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The SIses o£ Particiuilafte Trace Elements lo the
Atmosphere—A Review

Jana B. Milford, Cliff I. Davidson
Carnegie-Mellon University

Pittsburgh, Pennsylvania

Size distributions of 38 trace elements reported in the literature over the past two decades
have been summarized. Those elements with aerodynamic mass median diameter less than 2
jum generally have bimodal distributions: the dominant peak occurs in the range 0.5-1 /mi,
with a smaller peak at about 3-5 /mi. Elements with larger mass median diameter have a
single peak, with relatively little mass below 1 /mi. Overall, the individual distributions of
many of the elements are surprisingly consistent, despite different sampling locations, time
periods, and experimental methods.

Size and chemical composition are
among the most important parameters
influencing the way in which airborne
particles interact with the environ-
ment. Deposition from the atmosphere
onto soil, vegetation, and other sur-
faces is a function of particle size. Once
deposited, the fate of the particles de-
pends on their size and composition.
The extent to which airborne particles
penetrate the human respiratory sys-
tem is determined mainly by size, with
possible health effects resulting from
the presence of toxic substances. Visi-
bility degradation is known to be a
function of both size and composition
of airborne particles. Cloud formation,
warming of the earth's surface by solar
radiation, and other meteorological
phenomena are also affected by parti-
cle characteristics.

Because of the importance of parti-
cle size and composition, a large num-
ber of studies have been devoted to air-
borne particle characterization. Many
of these studies have focused on trace
elements: over 60 separate investiga-
tions have produced roughly two thou-
sand size distributions since 1960, in-
cluding data for more than 40 ele-
ments. Previous literature reviews
have summarized trace element size
data up to the mid-1970s1-2 but a
wealth of new data has appeared since
then.

In this article, we discuss trace ele-
ment size distributions reported in the
literature from some of the earliest

studies up through 1985. Details of the
measurement methods are presented
first, focusing on experimental errors
and resulting uncertainty in the data.
Overall average size distribution plots
for 38 elements are then given, with a
detailed examination of the distribu-
tions for Al, Na, and Pb. Finally, the
utility of these distributions is dis-
cussed; as examples, the data for sever-
al potentially toxic elements have been
used to calculate deposition in the hu-
man lung, and dry deposition velocities
for natural grassland have been calcu-
lated for all of the elements. A compan-
ion paper currently in preparation will
discuss size distributions of airborne
nitrate and sulfate.

Measurement Methods and
Experimental Error

Nearly all of the size distribution
data reported in the literature have
been obtained with cascade impactors.
These devices collect atmospheric
aerosols by inertial impaction, deposit-
ing particles of decreasing size on con-
secutively cascaded stages. A final
backup filter is normally used to cap-
ture particles that are too small to be
collected by inertial deposition. While
providing a convenient method of frac-
tionating aerosols for subsequent ele-
mental analysis, impactors are highly
imperfect.

Obtaining a representative sample
requires that the impactor inlet be

faced directly into the wind and that
the inlet air speed be identical to the
ambient wind speed (isokinetic sam-
pling). Several investigators have
shown that size distributions measured
with commercial impactors tend to un-
derestimate particle concentrations in
the largest size ranges due to noniso-
kinetic sampling.3^6 Supermicron par-
ticles are also more likely than smaller
particles to deposit on walls of the inlet
and on internal walls of the impac-
tor.7-10

Particles may bounce off impaction
surfaces, becoming reentrained in the
flow and depositing on lower stages.
This problem is usually minimized by
applying adhesive coatings, although
some particle bounce may still occur
and the coatings may interfere with
subsequent chemical analysis.11-12 Re-
cent studies have shown that the sever-
ity of bounceoff depends on particle
characteristics, relative humidity, and
other factors; for example, hygroscopic
seaspray aerosols are retained on dry
surfaces better than soil-derived ele-
ments.5-13 Adhesive-coated surfaces
have been used in many of the studies
reported here, although few investiga-
tors have attempted to quantify the ef-
fect of bounceoff on their own data.

Aside from the difficulties discussed
above, the fractionation of particles
into desired size ranges is imperfect:
small particles may be collected to a
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certain extent on the upper stages,
while some of the large particles may
not be impacted until reaching the low-
er stages. Such problems are the result
of nonideal air flow through the impac-
tor, particularly variations in the air
velocity across each jet.14'15 To define
their size ranges, many researchers
have merely adopted the manufactur-
ers' suggested cutoff diameters which
are often based on ideal air flow. In
only a few instances have investigators
attempted to calibrate their impactors
with monodisperse particles under
conditions similar to those of their field
experiments.

Another potential problem with the
data reported here is the error associat-
ed with analytical results. Of primary
importance is possible contamination
during sampling, sample handling, and
analysis. Recent work by Patterson and
coworkers16"18 has demonstrated that
measurement of Pb concentrations in
environmental samples is extremely
difficult; minimizing contamination of
air samples analyzed for other trace
metals may also pose a challenge.19 The
potential for contamination is particu-
larly high in impactor sampling, since
the small amount of total airborne ma-
terial is fractionated by size into even
smaller samples for analysis. Other an-
alytical problems include difficulties
specific to the method of analysis. For
example, atomic absorption analysis
may be complicated by interferences
from other metals or from organic ma-
terial in the samples.20-21 Neutron acti-
vation suffers from uncertainties in the
position of the samples with respect to
the detector, and from counting statis-
tics limitations.22 Both X-ray fluores-
cence and proton induced X-ray emis-
sion analyses are prone to errors if the
sample is too thick or not uniformly
deposited on the substrate.23-24 All ana-
lytical methods are highly uncertain
when the mass of material approaches
the limit of detection, a situation often
encountered during analysis of size-
fractionated aerosol samples. Although
some recent studies have included
quality assurance procedures such as
interlaboratory comparisons of analyt-
ical results, most of the studies summa-
rized here contain little or no discus-
sion of quality control.

Finally, the small number of experi-
ments conducted in many of the stud-
ies suggests that the representativeness
of the data must be questioned. Many
of the investigations involved only one
or two experiments. Even the most ex-
tensive studies included 10-20 sepa-
rate sampling periods, a relatively
small number compared with total air-
borne concentration monitoring pro-
grams.

All of these problems suggest that
most of the size distribution data in the
literature is subject to considerable un-

certainty. Widely varying sampling pe-
riods and locations, as well as differ-
ences in the aerosol collection and anal-
ysis techniques, further suggest the
difficulty in averaging the results of the
independent studies. Nevertheless, the
data show consistencies which imply
characteristic shapes in the distribu-
tions of certain elements. The next sec-
tion presents the average distributions,
and discusses characteristic spectra for
several of the elements.

Presentation of Average Size
Distributions

Figure 1 shows overall average size
distributions for 38 elements. The ordi-
nate is the normalized mass distribu-
tion function (AC/C-rVAlog dp, where
AC is the airborne mass concentration
of the element in a given size range
(which extends from dp m;n to dp max),
CT is the total concentration of the ele-
ment in all size ranges, and Alog dp is
the difference log dp max - log dp min.
The aerodynamic diameter of a parti-
cle dp represents the size of a unit den-
sity sphere with aerodynamic transport
characteristics which are identical to
those of the original particle. Note that
the area under the curve between any
two particle diameters is proportional
to the fraction of airborne mass in that
size interval.

For consistency, overall minimum
and maximum aerodynamic diameters
of 0.05 and 40 /mi, respectively, have
been assumed after Hidy25 and David-
son.3 Airborne particles as large as 40
jiim have been documented in the liter-
ature,3-26 although such large particles
were probably sampled with low effi-
ciency in the studies reported here.
Much of the mass reported for the larg-
est size ranges in Figure 1 may repre-
sent smaller particles collected by the
nonideal upper impactor stages.

All distributions have been plotted
as though the particles are uniformly
distributed in log dp in each size range.
The resulting histograms are thus only
approximations to the actual smooth-
curve distributions. Although tech-
niques for estimating the true size
spectra have been reported in the liter-
ature,27"29 this style of graphing has
been chosen to allow direct observation
of those size ranges containing the bulk
of the airborne mass, and to emphasize
differences in the shapes of the distri-
butions.

Data to construct these graphs were
obtained from differential or cumula-
tive distribution plots, or from tables,
in the original references. Personal
communication with the authors was
necessary in some instances to clarify
or update the data. Sets of measure-
ments including fewer than four size
ranges were excluded, as were those
which did not incorporate a backup fil-

ter (except where this omission was
considered insignificant).

The final set of data from each sepa-
rate investigation was used to con-
struct a histogram plot for each ele-
ment reported. The intervals of the
composite histogram were defined by
initiating a new interval at each cutoff
diameter reported in any of the sepa-
rate investigations. The values of
(AC/CT)/Alog dp for all of the distribu-
tions for a given element were then
combined to provide an arithmetic av-
erage and standard deviation for each
size range. The heavy line in each plot
represents the average of (AC/CiO/Alog
dp. The light lines show corresponding
values one standard deviation above
and below the average. Note that the
elements are arranged in order of in-
creasing aerodynamic mass median di-
ameter (MMD). Values of MMD are
shown on each graph, as are the num-
ber of the independent sets of size dis-
tributions (N) reporting data for that
particular element. Only elements for
which N > 2 have been included.

It is interesting to consider the dis-
tributions for Pb, Na, and Al in greater
detail. These elements are commonly
used as tracers of anthropogenic emis-
sions, seaspray, and soil dust, respec-
tively. For each of the three elements,
the overall average distribution in Fig-
ure 1 has been divided into separate
categories depending on sampling loca-
tion. The average urban distribution
represents data collected in populated
regions or near industrial sources.
"Nonurban continental" refers to rural
and remote areas somewhat removed
from major sources. The marine cate-
gory pertains to coastal and island sam-
pling sites and to data collected from
ships, where seaspray aerosol is expect-
ed to dominate. The average values of
(AC/CT)/Alog dp for each category are
shown in Figure 2.

Table I lists detailed information for
the studies represented in the average
distributions of Figures 1 and 2. The
authors, sampling dates and locations,
and elements analyzed for each study
are given in the table.

Discussion

Several features of the distributions in
Figure 1 merit attention. The first 18
elements have MMD below 2 ^m; many
of these elements show bimodal spec-
tra. The primary mode generally occurs
in the range 0.5-1 nm, with a smaller
peak at approximately 3-5 ^m. The
mass of these species is more broadly
distributed than the mass of elements
with larger MMD. The 20 elements
with MMD greater than 2 fxm generally
show a dominant peak at 3-5 ^m. Most
elements in this category have relative-
ly little mass below 1 /*m.

The distributions in Figure 1 are
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Figure 1. Airborne mass size distributions for 38 trace ele-
ments. The heavy line is the average distribution; the light lines
represent one standard deviation above and below the average
in each size interval. The number of distributions averaged (N)
and the mass median aerodynamic diameter in nm (MMD) are
shown for each element.
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consistent with bimodal spectra for to-
tal aerosol mass reported in the litera-
ture.30"34 The dominant peak generally
occurs below 1 nm, with a second peak
above 3 fim. The data of Figure 1 show
that some elements contribute mainly
to the submicron peak while other ele-
ments contribute primarily to the su-
permicron peak in total aerosol mass. It
should be noted, however, that some of
the most abundant contributors of sub-
micron material, such as carbon, sulfur,
and nitrogen species, are not included
in Figure 1.

Many of the original investigations
represented in Figure 1 have discussed
sources of the various elements. Those
with MMD smaller than about 2 ̂ m are
commonly associated with high tem-
perature anthropogenic processes,
such as welding and soldering, smelting
of metals, and combustion of fossil fu-
els.1'35'36 A variety of natural sources
including combustion (e.g. forest fires
and volcanic eruptions) and noncom-
bustion processes (e.g. erosion of the
earth's crust, production of seaspray
aerosol, and biological mobilization)
may also be significant.2-37-38 In con-
trast, elements with MMD greater than
2 urn are emitted mainly by natural
processes such as crustal erosion and
production of seaspray. Soil erosion
generally produces particles with mass
distributions which peak in the range
1-20 Mm.39 Bubble bursting at the
ocean surface produces particles of
similar sizes.40"42 Some anthropogenic
activities may also contribute to air-
borne concentrations of large particles
on a local scale; examples include agri-
cultural and construction activities,
material handling, and certain com-
bustion processes.

Zoller et al?1 have explained these
different source categories in terms of
relative volatilities. Elements with low
boiling points are likely to be emitted
as submicron particles or gases during
combustion processes; many of the gas-
es may later condense to form addi-
tional submicron particles. Elements
with high boiling points, emitted as fly
ash during combustion, are more likely
to be contained by particulate control
devices because of the larger particle
sizes involved. Consistent with this dis-
cussion, the predominantly submicron
elements in Figure 1 generally have
lower boiling points than those with
larger MMD.

The relative influences of natural
and anthropogenic sources of airborne
trace elements can be assessed through
the mobilization factor MF and the
crustal enrichment factor EF. The for-
mer is defined by43:

Total emission rate
iyrp _ from anthropogenic sources

Total emission rate
from natural sources

Table I. Summary of the individual studies contributing to the average distributions in
Figures 1 and 2. Only those dates, locations, and elements analyzed which have been used to
construct Figures 1 and 2 are given in this listing; some of the studies included additional
data which have been excluded for various reasons (see text).

Reference
No.

64

65

66

67

68

69

70

71

72

73
3

74

75

76

77

78

51

Authors

Andreae, 1982

Appel et al., 1980a

Berg and
Winchester,
1977

Bernstein and
Rahn, 1979

Boueres and
Patterson, 1981

Caruso et al., 1981

Cawse et al., 1974

Cholak et al, 1968

Crecelius et al.,
1980

Daines et al., 1970
Davidson, 1977

Davidson et al.,
1981a

Davidson et al.,
1981b

Davidson et al.,
1983

Davidson et al.,
1985

Duce et al., 1976

Duce et al., 1983

Sampling
dates

Sept. 1979

Jul.-Oct.
1973

Mar. 1976

Aug. 1976

May 1979

1977-1979

Jul.-Dec. 1973

Apr. 1968

May-Sept.
1975

1968
May and
Jul. 1975

Jul.-Sept.
1979

Dec. 1979

Jun.1980

Jul. 1980

May-Jul. 1975

Apr.-May,
1979,
wet season;

Jun.-Aug., 1979,
dry season

Sampling
locations

Cape Grim, Tasmania;
Townsville,
Queensland

Los Angeles, CA,
average
of 4 sites

Gulf of Mexico, 4 km
from N. Florida
shore

New York, NY, roof of
10-story building

Kosovo, Yugoslavia,
downwind of
industrial complex

Milan, Italy

Chilton, England

Cincinnati, OH,
average
from three sites,
3.3-10.4 km from
1-75

Colstrip, MT

New Brunswick, NJ
Pasadena, CA,

roof of
4-story building

Pittsburgh, PA

Nepal, Himalayas,
elevation 3962 m

Export, PA

Olympic National
Park,
Hurricane Ridge;
Packwood, WA;
Gifford Pinchot Natl.
Forest; Great Smoky
Mountains National
Park, Clingman's
Dome

Bermuda

Marshall Islands,
Enewetok Atoll,
Bokandretok Islands

Elements
analyzed

Br,Ca,Cl,K,Si .

Br,Ca,Fe,K,
Mn,Ni,
Pb,Ti

Cl

Al,As,Ba,Br,
Cl,Co,Cr,Cs,
Cu,Fe,Hg,
I.In.K.Mn,
Na,Pb,Sb,
Sc,Se,Sm,
Ti,V,Zn

Na,Ca

Br,Ca,Fe,
Pb,V,Zn

Fe,Mn,Pb,
Zn

Pb

Al,As,Br,
Co,Cr,Cs,
Eu,Fe,Hf,
K,Mn,Na,
Sc,Se,Th,
V,Zn

Pb
Cd,Pb,Zn

As.Cd.Cu,
Fe,Mn,Ni,
Pb,V

Pb

Al,As,Ba,
Cd,Cu,Fe,
Mg,Mn,Ni,
Pb,V,Zn

Al,Ca,Cd,
Cu,K,Mg,
Mn,Na,Pb,
Zn

Al,As,Cd,
Co,Cu,Fe,
Hg,Na,Pb,
Sb.Sc.Se,
Th,Zn

Al,Ba,Br,
Ca,Ce,Cl,
Co,Cs,Cu,
Eu,Fe,Hg,
I,K,Mn,
Mg,Na,Pb,
Sb.Sc.Se,
Ta,Th,V,Zn
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Table I. Continued.

Reference
No.

79

80
81

82

83

84

85

86

87

88

89

90

91

92

93
94

95

96

97

98

99
100

101

102

103

104

Authors

Gillette and
Winchester, 1972

Hardy et al, 1976
Harrison et al,

1971
Harrison and

Williams, 1982
Heindryckx, 1976

Huntzicker et al.,
1975

Kadowaki, 1979

Khandekar et al.,
1980

Lawson and
Winchester, 1978

Lawson and
Winchester, 1979

Lee et al., 1968

Lee et al., 1969

Lee et al., 1972

Lindberg and
Harriss, 1983

Lundgren, 1970
McDonald and

Duncan, 1979

Maenhaut et al.,
1983

Martens et al.,
1973

Meinert and
Winchester, 1977

Nifong et al.,
1972
Orsini et al, 1977
Orsini et al, 1982

Paciga, 1976

Pacyna et al, 1984

Pattenden et al,
1974

Patterson and
Wagman, 1977

Sampling
dates

Oct. 1968

Summer 1974
Apr. 1968

Apr. 1978-
Mar. 1979

Sept. 1971-
Nov. 1973

May, 1973;
Feb.1974

Mar. 1977;
May 1978

Dec. 1977-
Jan.1979

Apr. 1976

Summer 1977

Sept. 1966
Feb.1967

Aug. 1965-Apr.
1966

1970

May-Oct. 1977

Nov. 1968
Jun.1975

Apr.-Oct. 1979

Jul. 1971

Oct.-Nov.
1973

Jul. 1969-
Feb.1970

Feb. 1974
Aug.-Sep.

1980
Summer 1973;

winter
1973-1974

Mar.-Apr.
1983

May-Aug.
1973

Sep.-Oct. 1970

Sampling
locations

Ann Arbor, MI;
Chicago, IL;
Lincoln, NE

Miami, FL
Ann Arbor, MI

Hazlerigg, England;
Lancaster, England

Gent, Belgium

Los Angeles, CA,
freeway shoulder;
Pasadena, CA

Nagoya, Japan

Bombay, India, average
from three sites

Squaw Mountain, CO

Zongo, Bolivia;
Manaus, Brazil,
dense tropical
vegetation

Cincinnati, OH;
Fairfax, OH
Fairfax, OH;
Cincinnati, OH;
Philadelphia, PA;
Chicago, IL

Chicago, IL; Cincinnati,
OH; Denver, CO;
Philadelphia, PA;
St. Louis, MO;
Washington, D.C.

E. Tennessee, Walker
Branch Watershed

Los Angeles, CA
Glasgow, Scotland

ITC zone—close to S.
American continent;
trade wind
region—further
from continent

San Francsico, CA

Hamilton Island,
Bermuda

Chicago, IL; Gary, IN

St. Louis, MO
Manaus, Brazil

Toronto, Canada, near
battery recycling
plant; U. of Toronto

Ny-Alesund,
Spitsbergen

Trebanos, England

Secaucus, NJ

Elements
analyzed

Pb

Fe,Mn,Zn
Cd,Cu,Pb

Cd,Pb,Zn

Al,As,Br,
Ca,Ce,Cl,
Co,Cs,Cu,
Hg,I,In,K,
Mg,Mn,Na,
Sb,Sc,Se,
Sm,Ti,V,Zn

Pb

Al.Si

Pb

Ca,Fe,K,Ti

Fe,K

Cd,Cu,Cr,
Fe,Pb

Cd,Cl

Cu,Fe,Mn,
Ni,Pb,V,Zn

Cd,Pb,Zn

Fe,Pb
Al,Cd,Cr,

Cu,Fe,Mn,
Ni,Pb,Zn

Br,Ca,Cl,
Fe,K,Mn,Si

Br,Pb

Ca,Fe,K,Zn

Al,Cu,Fe,
Mn,Sb,Zn

C1,K
Ca,Cl,Fe,

K,Si
Al,As,Br,

Cl,Pb,Sb

Cr,Cu,Mn,
Ni,Zn

Cu,Fe,Mn,
Pb,Zn

Fe,Mg,Pb,
Zn

and hence gives a direct indication of
the relative importance of man's activi-
ties on a global scale. Enrichment fac-
tors, on the other hand, provide an in-
dication of the importance of crustal
erosion at a particular sampling site37:

EF = (1)

{Continued on next page)

where Xa;r refers to the airborne con-
centration of any element X, Ala{T is the
airborne concentration of Al, Xcrust is
the average concentration of element X
in the earth's crust, and Alcmst is the
average concentration of Al in the
earth's crust. Values of EF near unity
suggest crustal weathering as the pre-
dominant source of element X, while
much greater values of EF suggest oth-
er, noncrustal, sources. Difficulties in
obtaining reliable estimates of source
emissions and in interpreting crustal
enrichment data2 suggest that values of
MF and EF can provide, at best, only
rough indications of sources influenc-
ing airborne concentrations of a partic-
ular trace element.

Table II lists values of MF and EF
from published literature surveys.2'43

Also given for each element are values
of the geometric mean and standard
deviation of the airborne concentra-
tions associated with the size distribu-
tions of Figure 1, as well as the range in
concentrations. The trends in the Ta-
ble II values are consistent with the
preceding discussion: elements with
small MMD and large MF have the
greatest enrichments, suggesting non-
crustal sources. The less volatile ele-
ments with larger MMD have crustal
enrichments near unity, suggesting
crustal erosion as the predominant
source.

The standard deviations shown in
Figure 1 must be interpreted with cau-
tion. Twenty-one of the elements have
N < 10, indicating a very small data
base. Even for those elements with iV >
10, the data may not represent the wide
range of environmental conditions
likely to influence the size distribu-
tions.

Nevertheless, differences in the
standard deviations for some of the ele-
ments are informative. Pb is a notable
example of an element with relatively
small standard deviations. On a global
scale, nearly 70 percent of the total Pb
emitted to the atmosphere in 1975 was
derived from the combustion of leaded
gasoline; most of the remaining 30 per-
cent was emitted from the smelting of
lead, iron, copper, and zinc.44-45 These
processes produce significant amounts
of submicron particles,46 resulting in
similarity among the individual Pb dis-
tributions. Note that the shapes of the
urban, nonurban continental, and ma-
rine distributions for Pb in Figure 2 are
nearly identical.
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Table I. Continued.

Reference
No.

105

106

2

107

108

109

110

111

112

5

113

114

Authors

Peden,1977

Ragaini et al.,
1980

Rahn, 1976

Sadisivan, 1978

Sadisivan, 1981

Savoie and
Prospero, 1982

Tanaka et al., 1980

U.S. EPA,
1973,1974

Wangen, 1981

Wesolowski et al.,
1980

Winchester et al.,
1979

Winchester et al.,
1981

Sampling
dates

summer 1975

Sept. 1973

Apr.-May
1972

May-Jun. 1973

Nov.-Dec.
1976

1974 and 1981

Nov.
1978-Jan.
1979

Apr. 1973-
Jan.1974

June 1977-
Jan.1978

Jul.-Aug.
1972

Apr. 1976

Mar. 1980

Sampling
locations

Illinois, average from
six locations

Los Angeles, CA

Liege, Belgium

Arabian Sea

Trombay,
Bombay,
India

Miami, FL; Sal Island,
Cape Verde Islands;
Barbados,
West Indies
Tallahassee, FL

Kellogg, ID near Pb
smelter
NW New Mexico

Berkeley, CA; San Jose,
CA; Pasadena, CA;
Fresno-Visalia, CA

Los Alamos, NM;
40 km w of
St. Louis, MO;
St. Louis, MO;
Hubbard Brook,
NH
Beijing, China

Elements
analyzed

Cd,Mn,Pb

Al,Br,Cl,Na

Cd,Cu,Fe,
Mn,Zn

Br,Cl,Cr,
Fe,I,Mn,Na,
Sb,Sc,Zn

Co,Cr,Fe,
Hg,Sb,Sc

Na

Pb

Cd

Al,As,Ba,
Br,Ca,Ce,
Cl,Co,Cr,
Cu,Fe,Ga,
Hf,I,In,K,
Mn,Mg,Na,
Sb,Sc,Se,
Sr,Ta,Th,
Ti,U,V,
W,Zn

Al,Br,Na,V

Ca,Fe,K,
Si,Zn

Ca,Cl,K

Several of the elements showing
large variability are also of interest. Ni
and V show the greatest variability for
very small and very large particles,
with minimal variability in the mid-
size ranges. Combustion of fuel oil,
which produces primarily submicron
particles, is a major anthropogenic
source of both elements.47*48 Also sig-
nificant are emissions of these ele-
ments from crustal erosion,48"50 which
produces mostly large particles. A
number of other anthropogenic and
natural sources, producing a wide
range of particle sizes, may also be sig-
nificant. The resulting distributions
for these elements represent averages •
of spectra which are primarily submi-
cron at some sites and supermicron at
others, depending on the relative influ-
ences of the various source categories. ,

Insight into the variations in the dis-
tributions for Na and Al is provided by
Figure 2. The urban area distributions
have the most mass associated with
large particles, while nonurban conti-

nental and marine spectra show pro-
gressively smaller sizes. It is likely that
urban activities such as construction
and industrial emissions produce large
particles containing Na, Al, and a vari-
ety of other elements. Nonurban conti-
nental sites are probably influenced
most by soil erosion, with mass distri-
butions that peak in the range 5-10 ^m
according to Figure 2. Finally, the ma-
rine distributions for these two ele-
ments show peaks at 1-5 nm. As with
many of the elements in Figure 1, the
widely varying spectra for Na and Al
are the result of averaging over a num-
ber of dissimilar distributions.

As examples of the utility of the trace
element size distributions, the data
summarized in this paper have been
used to perform two types of calcula-
tions. In the first set of calculations, the
fractional deposition in each compart-
ment of the human respiratory tract
has been estimated for several poten-
tially toxic elements. In the second set,
the overall dry deposition velocity for a

natural grass surface under specific
meteorological conditions has been es-
timated for each of the 38 elements.
Both sets of estimates have been de-
rived using the data of Figure 1 with
various size-dependent models, using
methods established previously.51

For the compartments of the human
respiratory tract, the overall deposition
fraction is:

(2)

where /; is the mass deposition fraction
in a compartment of the lung corre-
sponding to size range i, and AQ is the
airborne mass concentration in that
size range. The mass median diameter
for each size interval has been used to
determine /;. Values of F thus calculat-
ed represent the total mass of an ele-
ment deposited in a specific compart-
ment of the respiratory system, divided
by the total mass of metal inhaled.

Values of /; have been taken from
recent lung deposition studies52"54

summarized by the U.S. Environmen-
tal Protection Agency.42 Data are avail-
able for the extrathoracic (ET), tra-
cheobronchial (TB), and pulmonary
(P) regions. Because of wide variations
in data for the pulmonary region, high
and low deposition estimates were es-
tablished using two curves which en-
velop the data. All of the data pertain
to mouth breathing at respiration rates
of 7.5—30 liters per minute. Tidal vol-
umes are generally in the range 1.0-1.5
liters. The curves for /; constructed by
the EPA are shown in Figure 3.

Values of F for the ET, TB and P
compartments have been calculated for
Pb, Hg, Se, Cd, Sb, Ni, As, Cr, Zn, and
V. Some concern about potential toxic-
ity at concentrations found in the am-
bient atmosphere has been expressed
for each of these elements.55"58 Calcula-
tions for Al and Fe, elements which are
associated with larger particles than
the elements listed above, are included
for comparison. The values of F have
been calculated for each original distri-
bution, then averaged across all of the
distributions for an element to give the
results shown in Table III.

Total deposition fractions for the el-
ements increase with MMD, reflecting
greater deposition efficiencies for larg-
er particles in the ET and TB regions.
Deposition in the P region is remark-
ably consistent across all of the ele-
ments. Al and Pb, for example, have
the highest and lowest total deposition
fractions, respectively, yet virtually
identical pulmonary deposition char-
acteristics. The amount of mass in the
size range 1-5 ^m, which has the great-
est pulmonary deposition efficiency, is
about the same for all of these ele-
ments.

The results shown in Table III differ
from previous estimates of lung deposi-
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Table II. Parameters associated with the size distribution data averaged in Figure 1.
Elements are arranged in order of increasing MMD. Values of EFcrust are overall geometric
means for urban, rural, and remote areas from Rahn2; values of MF are from Galloway et
a/.43

Element

W
Pb
Hg
Se
Cd
Sb
Br
Ni '
I
As
Cr
Zn
Cu
V
U
In
Ta
Cs
Mn
Eu
Co
Th
Sm
Cl
Ba
Fe
K
Na
Si
Sc
Al
Ca
Ce
Ga
Mg
Ti
Hf
Sr

Range
ofCT
ng/m3

0.29-0.80
0.11-14000
0.08-81
0.12-8.6
0.05-1000

0.003-680
2.1-6500
1.5-630

0.28-9.3
0.27-290
0.74-130

1.8-2800
0.03-400
0.05-1200
0.21-0.92
0.01-0.07

0.0004-1.5
0.0007-0.41

0.07-290
0.0009-0.02
0.002-4.8

0.0009-4.2
0.03-0.35
110-13000
0.5-250
2.7-6100
19-4000

250-12000
21-5300

0.008-2.3
2.3-5000
14-9200

0.008-22
0.80-6.9
340-8100
3.9-800

0.0007-3.6
16-100

Geometric
mean Ci

ng/m3

0.48
310

1.9
1.1
3.7
2.3

94
33

2.0
4.3
6.4

68
24

4.7
0.44
0.03
0.08
0.04

20
0.0031
0.77
0.07
0.12

610
19

430
180

1100
680

0.25
530
330

6.4
2.4

980
42
0.10

40

Geometric
standard
deviation

2.0
11
31

9.4
10
22

5.7
5.7
2.7
2.8
4.1
7.9
8.8
6.2
2.8
4.0

30
10
3.2
5.8
7.2

i i
4.0

10
10
4.3
3.0
4.0
6.2
3.4
8.7
3.8
2.9
4.6
4.2
4.0

29
3.7

MMD
Aim

0.43
0.55
0.61
0.68
0.84
0.86
0.89
0.98
1.03
1.11
1.11
1.13
1.29
1.44
1.56
1.75
1.77
1.89
2.06
2.59
2.63
2.73
2.76
3.04
3.31
3.42
3.76
3.78
3.90
4.39
4.54
4.64
5.10
6.00
6.34
6.52
7.65

11.9

EFcrust

19
1500
560 "

3100
1900
1400
1900

32
510
310

8.1
260
100
14
2.9

90
1.1

12
3.9
2.7
3.5
1.8
2.1

740
5.5
2.1
2.0
4.4
0.79
1.2
1.0
2.8
2.6
2.5
2.4
1.4
2.0
1.5

MF

340
280

34
19
39

3.5

28
1.6

23
14
3.2

0.52

0.63

tion by Natusch and Wallace.59 These
investigators used a model developed
by the Task Group on Lung Dynam-
ics60 with lognormal distributions fit to
particle size data to estimate deposi-
tion fractions. The fractions for Pb in
the ET, TB, and P compartments were
estimated as 0.17, 0.06, and 0.32, re-
spectively, and for Fe as 0.48, 0.07 and

0.22. The estimates primarily reflect
differences between the curves of Fig-
ure 3 and the Task Group model; the
latter predicts greater deposition effi-
ciencies for submicron particles in the
pulmonary region, smaller efficiencies
over most sizes in the tracheobronchial
region, and greater efficiencies for su-
permicron particles in the extrathora-

cic region. The Pb and Fe size distribu-
tion data used by Natusch and Wallace
were not significantly different from
the average Pb and Fe distributions re-
ported in the present study.

For estimating dry deposition veloci-
ties, the relevant equation is:

(3)

Values of v& have been taken from the
model of Davidson et al.ei for deposi-
tion to a field of Dactylus glomerata
(L) (orchard grass). The model uses
equations of particle transport by dif-
fusion, interception, impaction and
sedimentation with data for the geome-
try of the vegetation and windfield
characteristics above and within the
canopy. The final curve of v^ versus
particle diameter for Dactylus glomer-
ata is shown in Figure 4. For compari-
son, curves representing the models of
Sehmel and Hodgson62 and Slinn63 are
also shown in the figure.

For each element, the average and
standard deviation of the deposition
velocities calculated for each of the in-
dividual distributions is given in Table
IV. Average values range from 0.48 cm
s"1 for Se (MMD = 0.68 Mm) to 4.4 cm
s"1 for Sr (MMD = 11.9 /an), and in-
crease roughly with increasing MMD
for all of the elements. Variations in
MMD do not completely explain the
differences in deposition velocity, how-
ever, because Vd is more sensitive to
the fraction of large particles in a dis-
tribution than to overall MMD. Re-
sults of these calculations must be con-
sidered with caution since dry deposi-
tion velocity increases rapidly with
particle size, while the distributions of
Figure 1 are highly uncertain in the up-
permost size ranges. In addition, the
curves of Figure 4 are rough estimates •
which have not been verified experi-
mentally.61 When the size distributions
are used with the deposition velocity
curves of Sehmel and Hodgson62 and of
Slinn,63 the resulting average deposi-
tion velocities are 0.23 and 0.37 cm s"1

respectively for Pb, and 0.75 and 1.5 cm

Table III. Fraction of inhaled mass deposited in the pulmonary, tracheobronchial, and extrathoracic compartments of the human
respiratory tract, based on the size distributions of Figure 1 and the deposition curves of Figure 3. High and low estimates of pulmonary
compartment deposition are given. Values shown are arithmetic averages and standard deviations.

Element

Pb
Hg
Se
Cd
Sb
Ni
As
Cr
Zn
V
Fe
Al

N

41
5
8

17
12
11
10
10
39
15
44
21

Pulmonary
(low)

0.11 ±0.01
0.11 ± 0.02
0.12 ± 0.03
0.11 ± 0.03
0.11 ± 0.02
0.12 ± 0.03
0.10 ± 0.02
0.11 ±0.03
0.12 ± 0.03
0.10 ± 0.03
0.12 ± 0.04
0.10 ± 0.04

Pulmonary
(high)

0.26 ± 0.03
0.27 ± 0.04
0.28 ± 0.06
0.27 ± 0.06
0.29 ± 0.06
0.27 ± 0.03
0.26 ± 0.05
0.28 ± 0.05
0.27 ± 0.06
0.25 ± 0.06
0.28 ± 0.08
0.27 ± 0.08

Tracheo-
bronchial

0.07 ± 0.03
0.09 ± 0.05
0.08 ± 0.03
0.09 ± 0.03
0.09 ± 0.03
0.10 ± 0.04
0.10 ± 0.04
0.10 ± 0.06
0.09 ± 0.02
0.11 ± 0.05
0.15 ± 0.04
0.15 ± 0.06

Extra-
thoracic

0.11 ±0.07
0.H ± 0.09
0.10 ± 0.05
0.18 ± 0.15
0.14 ± 0.11
0.14 ±0.08
0.20 ± 0.17
0.18 ±0.12
0.18 ± 0.14
0.23 ± 0.18
0.34 ± 0.16
0.38 ± 0.20

Total
(low)

0.29 ± 0.08
0.31 ± 0.10
0.30 ± 0.07
0.38 ± 0.15
0.35 ± 0.12
0.36 ± 0.10
0.40 ± 0.18
0.39 ± 0.13
0.39 ± 0.15
0.44 ± 0.19
0.61 ± 0.17
0.63 ± 0.21

Total
(high)

0.44 ± 0.08
0.47 ± 0.10
0.46 ± 0.08
0.54 ± 0.16
0.52 ± 0.13
0.50 ±0.10
0.56 ± 0.18
0.56 ± 0.14
0.54 ± 0.16
0.59 ± 0.19
0.76 ± 0.18
0.80 ± 0.22

December 1985 Volume 35, No. 12 1255

D
ow

nl
oa

de
d 

by
 [

M
C

Y
S 

/ M
C

SS
] 

at
 0

6:
53

 0
9 

Ju
ly

 2
01

4 



2.0

1.5

1.0

0.5

0.0

2.0

- ^ 1.0

<

Q.

o

2.0

1.5

1.0

0.5

0.0
001

PB
N = 32,3,6

Urban
Marine
Nonurban
Continental

'•*••?:- • " ; . . - ! "
:

- - i i . ,

NA
N=9,6,3

AL
f- N=I5,3,3

0.

dD,/xm
Figure. 2. Mass size distributions for Pb, Na and Al averaged according to sampling site
category. The number of distributions averaged in the urban, marine, and nonurban continental
categories, respectively, is indicated.

peak in the range of 0.5-1 pm and a
smaller peak at 3-5 nm. Elements with
larger mass median diameter generally
have a single peak, with relatively little
mass below 1 nm.

Some of the elements show surpris-
ing uniformity among the original dis-
tributions; Pb, with emissions on a
global scale dominated by anthropo-
genic combustion activities, is the most
notable example. Elements influenced
by a multiplicity of source categories
show greater variability.

As an example of the utility of the
size distributions, the data for several
elements which are potentially toxic
have been used to estimate fractional
deposition in the human respiratory
system. In addition, velocities of dry
deposition onto a wild grass canopy
have been calculated for all of the ele-
ments. The results indicate that frac-
tional deposition in the pulmonary
compartment of the lung is nearly
identical for a wide variety of trace ele-
ments, although deposition in the tra-
cheobronchial and extrathoracic com-
partments is greater for elements with
larger mass median diameter. Veloci-
ties of dry deposition onto the grass
canopy are also greater for elements
with larger mass median diameter. It is
important to note, however, that the
actual distributions of the mass of the
elements, as well as their MMDs, affect
the calculations of deposition fractions
in the respiratory tract and the calcula-
tions of dry deposition velocities.
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s"1 respectively for Al. These values il-
lustrate the dependence of estimated
deposition velocities on the choice of
model, as well as on characteristics of
the size distribution used as input data.

Summary

Particle size distributions for 38
trace elements reported in the litera-
ture have been reviewed. Represented
in this collection of data are the results
of field sampling programs conducted
in urban, rural, and remote areas.

Previous research has shown that
volatile elements, which have anthro-

pogenic and natural combustion pro-
cesses as predominant sources, are gen-
erally associated with submicron parti-
cles. Less volatile elements are
associated with larger particles, pro-
duced by soil erosion, dispersion of sea
salt, and other mechanical processes.
The average size distribution data re-
ported here are consistent with these
findings: elements with small mass me-
dian diameters have greater mobiliza-
tion factors and crustal enrichment
factors than elements associated pri-
marily with larger particles.

Many of the elements with mass me-
dian diameter less than 2 ^m have bi-
modal distributions, with a dominant
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Table IV. Dry deposition velocity for a field of Dactylus
glomerata (L), based on the size distributions of Figure 1 and the
appropriate deposition curve in Figure 4. Values shown are
arithmetic averages and standard deviations.

Element N
Dry deposition
velocity (cm/s)

>>

tn
o
ex

W
Pb
Hg
Se
Cd
Sb
Br
Ni
I
As
Cr
Zn
Cu
V
U
In
Ta
Cs
Mn
Eu
Co
Th
Sm
Cl
Ba
Fe
K
Na
Si
Sc
Al
Ca
Ce
Ga
Mg
Ti
Hf
Sr

2
41
5
8

17
12
21
11
6

10
10
39
25
15
2
4
3
4

32
2
9
5
2

21
5

44
24
18
7
9

21
20
4
2
8
6
4
2

1.5 ± 1.6
0.57 ± 0.46
0.64 ± 0.56
0.48 ± 0.31
1.0
0.81

±
±

0.9
0.71

0.88 ± 1.0
0.66 ± 0.53
1.0
1.2
1.1
1.0
0.98
1.4
1.6
1.2
1.6
1.0
1.3
0.98
1.7
1.7
1.4
1.8
1.7
1.8
2.0
2.0
2.0
2.3
2.4
2.2
2.8
2.8
2.5
2.8
3.4
4.4

±0.5
±
±
±
±
±

1.1
0.78
1.1
0.80
1.3

±1.0
±0.5
±
±
±
±
±
±
±
±

1.0
0.6
0.9
0.70
1.1
2.0
0.3
1.0

±0.9
±
±
±
±
±
±
±
±

1.1
1.2
1.3
0.8
1.6
1.4
1.0
2.3

±0.8
±
±
±
±

1.5
1.4
2.6
1.3

100
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Figure. 4. Calculated dry deposition velocity as a function of particle diameter for several
models. The solid curve represents a model of dry deposition to a canopy of Dactylus
glomerata (L), (canopy height = 57 cm, friction velocity = 64 cm s~\ roughness height = 5
cm, and zero plane displacement height = 14 cm.)61 The dashed curve represents the model
of Sehmel and Hodgson62 based on wind tunnel data (friction velocity = 30 cm s~1, roughness
height = 3 cm). The deposition velocity curve of Slinn,63 based on calculations for a
Eucalyptus forest (canopy height = 27.4 m, friction velocity = 75 cm s~1, roughness height =
1.86 m, zero plane displacement = 21.6 m) is shown as the dotted curve. The relationship
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