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ABSTRACT
SOURCES OF TRACE ELEMENTS IN AEROSOLS -
AN APPROACH TO CLEAN AIR
by
. Kenneth Albert Rahn

Co-Chairmen: - A. Nelson Dingle
~John W. Winchester

The objective of this research was to assess the 1mpact
of distant (anthropogenlc) aerosol sources on the trace
element compos;tlen of surface air in remote regions of North
Americe. An eétimized nondestrucfive neutren activation
analytical.technique was -developed for determination of some
30 trace.eiemehfs and was tested with three pilot studies.
These studies, one of the areawide eoncentratioh variations
and two of diurnal variations, also served to'document‘some
features of tyéieal source areas. ‘Final-sempling teok place
at seven loeefions, ranging from lower Michigahfto Northwest
Canada. | |

By use of ﬁotal elemental concentrations (from filter
samples) andibarticle size distributions (frem'Andersen
cascade impaeters) the following results were”achieved:

1) Sourees or source . process types were‘identified for

eaqﬁ eiement at each location.
2)A The‘felative importance of long?range £ransport was

estimeted for the different elemente“

xxi



3) The relative importance of various agihé.and removal
processes on the chemical composition of the aerosol
was observed.

4) Baseline concentration data were established.'

5) A new assessment of the limits of composition and
relativeviocation of clean air over North America
was made. |

Most elements are associated with the largef aerosol par-
ticles and appeai to have soil and soil dust as their main
source. Remote lécations show more elements of this type'than'
‘do'urban‘areas, and at a given location the soil influence was
less in Wintef than in summer. These large-particle elemen£s
are usually light metals or rare earths, though aAfew other
heavy metals are‘aiso in this group. |

Many atmospheric elements have major non—soil'sources even
when observed in-the most remote regions. These eléments,
USuélly associated with the smaller particles, Véry'more in
concentration and.size—distribution shape from populous to
remote regions than do the soil-derived elements. They tend to
be nonmetals or heavy.metals, and often have relétively volatile
compounds.

Multielement long4range transport can be inferred clearly
in two instances, one for industrial emissions traVeling prob-
ably a few hundrea.km to Algonquin Provincial Park, Ontario, the
'other for marine aerosol traveling probably a few thousand km to

Fort Smith, NWT. In the latter case the aerosol rappears ‘
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unchanged ekéépt for a ten-fold dilution and a loss of Cl from
the sméllest éarticles. |

| Gas?parﬁicle interactions are inferred fof Br, but most
other eVoluﬁionary procésses appear £o be physical in nature.

Although the ﬁore remote areas showed ggngfally decreas-

ing proportions of pollution products, certéin’elements
remained anoﬁélbusly high at these locations.> "Clean” air,
meahing air free of'anthropogenically-defived aerosol particles,

was therefore approached but not seen in this work.
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PART I

REMOTE CONTINENTAL MEASUREMENTS
CHAPTER I

STATEMENT OF THE PROBLEM

A, Introduction

The focus of attention in this investigafion is the
measurement of trace elements in aerosbl particle Samplés‘
from surface continental air remote from urban or industrial
sources. .Since this}problem has received little attention
up to the present time, a balance has been struck between a
specialized study of specific processes and a general survey
intended to'provide baseline data and to revéal new lines of
inquiry not previously recognized. For this in&estigation a
new neutron activation analysis procedure has been devéloped
for obtaining high quality measurements of more than 30
trace elements in particle samples, and special sampling
procedureé.éuitable to this technique have been tested.
Pilot studies in and near an urban source region have been
‘conducted in order to permit preliminary evaluation of
several possible chemical and étmospheric rélationships'of
interest. Then a major study of sﬁrface aerosols from nor-
thern and'Western Canada and rural Michigan was conductéa,

These distinct phases'of the invéstigation are treated in



detail in the Appendix, in Part II, and in Part I, respec-
tively. This chapter presents some background information
‘"germane to the investigation and a full statement of the

problem.

B. Limitations of Previous Investigations

Most of the previous studies of atmosphericltrace
elements'have been confined to urban source regions. - - The
Natiqnal Air Sampling Network (U.S. Department of,Health,'
Education, and Welfare, 1968) uses emission spectroscopy to
determine 16 metals at 200 locations in the United States.
Lee and Jervis (1968) analyzed Toronto air for 13 trace
elements, using neutron activation.

Hashimoto andlwinchester (1967) determined'Se'in rain
and snow sampleeifrom Cambridge, Massachusetts. Lininger
et al. (1966) suggestlan escape of Br from particles into
theAair of Cambridge, Massachusetts. Kneip et aim (1969)
determined several trace elements at 3 locations in New York
City, and related concentretion trends to seasonal and
shorter-period variables. |

Brar et al. (1970) determined 20 trace elements'in
Chicago surface air by instrumental neutron activation anal-
ysis. Lee et al. (1968) used atomic absorption'epeetroscopy
and Andersen Samplers to measure particle size‘distribﬁtions
of 6 metals in.Cincinnati and Fairfax, Ohio. Keane and
Fisher.(l968) have used nondestructivelneutron ectivation

N .

analysis to determine 7 elements in air over England.




Harfisoh (1970) studied the areawide distribution of Pb,
Cu, and C4 in;air over Northwest Indiana by means of anodic
stripping voltammetry.' Nifong (l970)’used nondestructive
neutron activation analysis to measure the éarticle size
distributiohjof 29 elements, also in Northwest Indiana.
| A few stﬁdies-have been perforﬁed on tracé elements in
very remote locations. Murozumi et al.(1969ihaveneasured Pb imr
Antarctic snow and ice. Chow et al. (1969) have measured Pb
in air over remote Pacific Ocean locations and claim . to see
effects of transport from continental areas. Weiss et al.
(1971) determined S and Se in a Greenland ice sheet and found
S but not Se to be relatively enriched during the last
century. | |

In contrast to the above, only a very few studies have
been performed on trace elements in less remote locations
subject tovpbllution aerosol influence. Egorov et al. (1970)
studied 9 tréce elements in aerosols of the USSR, at‘sités
ranging from urban to polar. Hoffman et al. (1969) measured
Na, Cu, Al, and V over the Pacific Ocean between North America
and Hawaii. But little systematic multielemental work seems

to exist for remote continental areas.

C. Some Properties of Aerosols

Aerosols are suspensions of solid or liquid particles
and are the carriers of the trace elements of interest in this
investigation. Stable atmospheric aerosols cbntéin-particles

which range in size from diameters of 0.01 um to 100 um, or



four orders of magnitude. Particles emaller than 0.01 ym
rapidly coagulate, and those larger than 100 Hm are quickly
removed by sedimentation. Within the stable range tropo-
spheric lifetimes may vary from minutes to months, depending
on size, water solubility, and chemical reactivity.

'The dlstrlbutlon of an aerosol particle pOpulatJon is
defined by

n(r) = dN/d(log r)

where N is the total concentration of aerosol particles of

‘radius less than r. Because of the large size range involved,

the use of log r rather than r is preferred. Junge (196 3)
has observed that for a wide range of 51zes (0.1 ym<r <10 pm)
the tropospheric aerosol over populated contlnental areas has

an average distribution function very close to
n(r) = cr B

where C is a constant and 8 is emplrlcally % 3. Recent work
(Junge, 1969) has extended the upper limit of this dependence
to r & 100 um.

Aerosols haQe a mUltiplicity of significant_natural and
anthropogenic sourees. This topic is treated in detail else?
where (Fletcher, 1966), and specific eources will'be con-
sidered in later chapters{

Aerosol generation processes are often regarded to be of

two basic types, dispersion and condensation. Dispersion




refers to meohanical subdivision, and tends. to produce par-
ticles larger than about 0.1 pym in diameter. This lower

limit may arise from the increasingly large amounts of surface
free energy associated with smaller particle sizes. Condensa-
tion from the vapor phase, on the other hand, may produce
particles initially of diameter less than 0.1 pym. However,

in the real world aerosol particles may result from a complex
series of interactions which may become more fully understood
through the results of this present 1nvestigation of chemical
composition.

Once generated, several processes act to modify the
atmospheric‘aerosol population. Brownian coagulation, the
theory of which was formulated by Smoluchowski (1916), is said
by Junge (1963) to be the most effeotive mechanism‘for reduc-
ing the concentration of small particles in the atmosphere.

Sedimentation, or dry fallout, is determined by particle-
size, shape,'and density. For unit density spheres of 10 um
radius, the settling velocity is about 1 cm/sec, varying with
the square of the radius. For radii > 10 pm sedimentation may
be the.dominant removal mechanism in quiet near—surface air;
for smaller particles it rapidly becomes 1nSign1ficant ‘with
decreasing particle size.

Friedlander (1960) proposed a dimensional argument similar
to the type used in turbulence theory to explain the observed
particle-number distributions over populated continental areas.

For the subrange'r > 0.1 ym he invoked Brownian coagulation



and sedimentation as the only effective modification mechan-
isms, showing thaf any initial distribution with @ass entering
at the lower size end by coagulation and leaving at the upper
end by sedimentation would eventually lead to a final steady
state. This'uniqué final steady state would have a particle-
number distribution similar to the "Junge" distribution.

Junge (1963), however, explains this distribution in
terms of superposition of many spectra, each arising from a
single process (probably with a log-normal shape); The
resultant mixture.would be variable, as is actually seen, but
should on the average produce a broad log-normai distribution
similar to the "Junge" distribution. Junge (1969f_also shows
that the dynamic equilibrium proposed by Friedlander cannot
generally be approached within the time scale of_mefeorolog—
ical changes than in the troposphere.

Dry impaction may be an effective mechanism for removal
of particles smailer than lQ um. The effects of éiectrical
charges and turbulence on this process are, however, poorly
understood (Slade, 1968).

Wet removal of particies from the atmosphere may proceed
by cloud droplet nucleation (rainout) or washout beneath the
cloud. Rainout is particularly effective for soluble partic-
les and those with diameters greaterithan a few tenths of a
micron, while washout is a purely physical mechanism effective

for particles with diameters > 1 um (Fletcher, 1966).



Size Distributions. The number distribution over par-

ticle size (n(r)) and the volume distribution v(r) have

been étudied dften for the total aerosol (Junge, 1963).
Correspondiﬂg studiés of mass or volume distribution for thé
individual chemical components are much less abundant, and
represent the focus of much of thié work. -

Knowledge of thé mass distribution ove# pérticle size
(referred to below as "particle size distribution") of the
elements is already recognized as important bécause of the
particle size deéendence of processes such'as cloud droplet
nucleation (Fletcher, 1966), deposition in the respiratory
tract (Cadle; 1965)( and catalysis of atmospheric reactions,

including the'oxidation of SO, (Johnstone and Moll, 1960).

2
In addition, this work demonstrates the utiiity of particle
'size distributions for source identification and assessment
of transport and removal processes. .

All particle_size distributions in this investigation
were obtained’using the Andersen Sampler (Model 0203), modi-
fied by additidn of a seventh impaction stage. For some of
the earlier work an in;line backup filter was also added.

The principles of operation of the Andersen Sampler have been
discussed elsewhere (Nifong, 1970). |

The "cutoff" diameter, or the particle Size for which 50
percent of thé partiéles will be impacted on a stage, is com-
monly used és‘the‘minimum collection diameter. It may be

calculated by the formula
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min = 361d
mov
where D_. = minimum diameter

min

U = air viscosity

0 = particle density

V = particle velocity

d = minimum width of an air'streaﬁline

Empirical calibrations of the Andersen Samplef are re-
ported by Andersen (1966), Flesch et al. (1967), and May
(quoted in Flesch et al., 1967). Their results are shown
in Table I-1. .

.Gillette (1970) calculated the cutoff diameﬁer'for stage
7 from the above equation, and found it to be 0.40 -um.

All the above cutoff diameters apply only to~the optimum
sampling rate of 1.7 m3/hr (1.0 cfm).  Occasionally it is
~ desirable to opefate the impactor at higher flow rates, and
the above equatibn shows that the cutoff diametér-varies in-
versely as the square root of the flow rate. Figﬁré.I;l
shows these variations over some practical flow rates.

It is important to keep in mind the performance difference
beﬁween the "inner" and "outer" stages of an Andersen Sampler.
Stages 2-7 collect differential ranges, while stage 1 and the
backup filter collect everything above and below a:given size,
thus being equivalent to more than one of the inhéf[stages.

Gillette (1970) has calculated how a "Junge" distribution



should be iﬁpacted by the Andersen Sampler (Table I-2). Here
it is seen that stage 1 and the filter show peaks, but that
the other stages collect approximately equal masées, a con-
sequence of their cutoff radius ratios of about a factor of
two from stage to stage. Thus an element with equal mass in
equal log-radius increments of the aerosol will indeed show

nearly a "flat" distribution in our results.

D. Analytical Techniques

The very low concentrations of individual trace elements
in rural and remote surface air (lO3 - lOf3 ng/m3) place a
great premiuh on sensitivity of the ahalytical method. 1In
addition, the chemical complexity of the aerosol requires
extremevspecificity~to sufficiently reduce interferences. The
large numbers of samples requiring analysis in any environ-
mental study demand a rapid method.

’To meet these conditions we have developed a computer-
assisted nondestructive (instrumental) neutron activation
analytical'technique, optimized for analysis of airborne
particles on inorganically clean filters and impaction sur-
faces (Appendix 2a). It combines the proven sensitivity of
neutron activation with the recent advances in solid-state
Ge(Li) gamma-ray detectors to allow routine detection of some
30 trace elements in most samples.

The high quality of data obtained with this technique

(many elements have precisions of measurements as low as 10
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percent) makes possible a detailed study of relative elemental
composition both of the total aerosol and of size fractions
within the aerosol. The resulting information finds much use
as an indicator of atmospheric geochemical processes.

In spite of the analytical success achieved here, there
is still room for much greater sensitivity. Remote measure-
ments still are difficult because of the low concéntrations
_involved, especially with the Andersen Sampler (Appendix 1lb).
Time-variation studies, where short-period sampleé are par-
ticularly desirable, are at present restricted to i-2 hours
per sample. Improvements ih'the present technique, or

developments of companion techniques would be desirable.

E. ~ Pilot Studies

Part II contains detailed descriptions of three pilot
studies{ each of which bears on the major remote study of
Part I. The Northwest Indiana sur&ey provided the first full-
scale test of the analytical technique under heaVily,polluted
conditions, and demonstrated the detectability and‘reproduci—
bility of approximately 30 elements. These elements showed
large differences in source patterns, and could be grouped
according to source strengths. In addition, elemental péirings
and gfoupings could be established based on the areawide con-
centration patterns. A number of elements kNa,-K,.Eu, Sm, Ti)
were seen to have predominantly natural sources, while several

others (Cu, W, Fe, Zn, Sb, Ag, Hg) showed strong, localized

pollution sources. _ o *
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The Niles, Mlchlgan diurnal variations study revealed
differences in. patterns among the elements. .Seberal elements,
such as Al- K and Na, showed parallel variations suggestive
of elevated pollutlon sources at a distance. '~ Br, on the other
hand, varied with local traffic density. Several of the
elements showed rapid removal at night, possibly related to
involvement Qith nucleation during formation of local ground
fog.

The Livermore, California diurnal variations study again
revealed differences in behavior among the elements. Several
showed'patterns in accord with a local soil:origin (the same
elements whlch at Niles showed distant pollutlon sources) ,
while Zn, Sb, and Br appeared to have pollutlon sources. Na
and Cl appeared to be marine in origin.

Finally;pit should be pointed out that the present inves-
tigation was oarried out in cooperation with other workers in
the same laboratory conducting related Unlver51ty of Michigan
Ph.D. dlssertatlon 1nvestlgatlons. The completed dissertations
which bear most directly on the present 1nvest1gat10n are:

Gordon D. leong, Particle Size Distributions of Trace

Elements in Pollution Aerosols, Auéﬁst 1970.

Paul R.'Harrison, Area-Wide Distributionnof Lead, Copper,

Cadmlum, and Bismuth in Atmospheric Partlcles in

Chicago and Northwest Indiana: A Mult1 Sample

Application and. Anodic Stripping Voltammetry, May

1970.
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Completed dissertations which also relate closely to the

present investigation are:

February 1970.

Ronald H. Loucks, Particle Size Distributions of Chlorine

and Bromine in Mid-Continent Aerosols from the Great

Lakes Basin, August 1969.

The interested reader is referred to these dissertations for

many findings pertinent to the present investigation.

‘F. Objectives of This Research

The fundamental objective of this research iéifo'assess
the impact of disﬁant (anthropogenic) aerosol‘sdurces on the
air of remote‘regions of North America. By obséiVing the
"change of conceﬁtration and particle size distribution of the
vérious elements in air over increasingly remote.qdhtineptal
aféés it was hoped to | |

| 1) identify sources (or source process types) for each
eleﬁent at each.location,

2) estimate-the relative importance of longéiange trans-
port ambng,the elements,

3) observe the relative importance of variOus aging and
removal processes on the chemical compésition of the
aerosol, |

4) establish‘remote-arga chemical baseline~data'f§r 1970,

5) estimate the degree of approach to "clean" air

exhibited over northern North America.



TABLE I-1. Calibration of the Andersen Sampler

50 Percent Cutoff Diameters, um .. .. . .
Stage - 1 2 3 4 5.1, 6 7
Andersen 9.2 | 5.5 |3.3 (2.0 |1.0 |=-== | ---
Flesch (avgd.) ~—- | 5.35 {3.28 |1.76 | 0.89 | 0.54 | -—-
May | --- | 5.5 3.5 2.6 |1l.1 |--- | ---

TABLE I-2. Percent of Total Mass vs. Andersen
Sampler Stage for the "Jungen Distribution
(after Gillette, 1970)

AS Stage | Percent of Total Mass
1 25.0
2 9.8
3 9.8
4 9.8
5 11.1
6 9.8
7 8.4
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CHAPTER II
EXPERIMENTAL DESIGN AND SUMMARY OF RESULTS

A. Introductioh

The Northwest Indiana survey, presented in Part II, pro-
vided a general picture of the areawide variation patterns of
some 30 trace elements for a major industrial area. Strohg
sources for several of these elements (Cu, W,'Cr; Zn, Sb, Br,
Ag, Fe, Mn, Hg, As,Aand Se) were seen but were fewer in
number for each element and more restricted in area of influ-
ence than had been anticipated. Several of the light metals
and rare earths (Na, X, Al, Ca, Sm, and Eu) shéwed only weak
sources, approximately as expected.

One surprising result was the'height of the concentration
levels at Niles. Though well outside of the Ndrthwest'Indianav
urban area, Niles had levels less than an order of magnitude
below the highest urban network values of most elements, in-
cluding some of fhose with strong sources (Table VI-10). For
pollution elements such as Cu, As, Se, etc., this effect was
possibly due‘tO'nearby sources in the South Behd, Indiana area,
but for the more common ones it seemed to refléct the presence
of the same high background levels which masked the weaker

Northwest Indiana sources.

15
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Urban-industrial measurements represented only part of our

ultlmate experimental goals. Complementary to the Northwest
Indiana study was to be a series of similar measﬁrehents in
areas relatively free of anthropogenic effects.i.The_Niles
station had served as a test of the distance scaiehto the
"background" regions, with the result that the high-concentra-
tions found here clearly dictated an upward revision of our
minimum sampling seoaration from the tens of km of Niles—
Northwest Indiana to something more like hundreds or thousands
of km. |

A number of results might be expected from sqch'remote
meaSurements. tcOmEarison of concentration levels‘miéht reveal
elements with area sources too diffuse to stand out_clearly in
a érid the size of that used in Northwest Indiana. . Particle
' size measurements mlght afford assessment of systematlc aging
effects on the aerosol population, since the aerosol of remote
areas could be expected to be more aged than thatlnear major
source areas. Relative contributions of natural sources (soil,
for example) and pollution sources to the aerosol might also be
estlmated by comparisons of particle size dlstrlbutlons at
' dlfferent locatlons. Flnally, the effect of source particle
size distributions.on long—range transport might be evaluated,
for the smaller particles should not be removed from the atmos-
phere as rapldly as the larger ones.

With these as typical goals, a series ofvexperiments was

undertaken, as described below.
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B. Site Selection and Sampling

Sampling was conducted in three phases, considered in

detail below:

1. Mackinac Island Experiment - Site Selection

The first phase, called the Mackinac Island Experiment,
 took place during January and February 1970 and inﬁolved'
four locations in Indiana and Michigan. Two sites in East
Chicago, Indiana, were chosen as heavily industrialized
locations, namely Markstown Park and’East Chicago Central Fire
Station. The Markstown Park site is near tHe Lake ‘Michigan
shoreline (Figure II-1) and in particular near to the grounds
of two major steel éorporationsi The Central Fire Station
site is nearer the.cehter of East Chicago and is surrounded
-by an oil refinery, a foundry, a chemical company,Aand.a
refractories operation.

The Michigan sites were Ann Arbor (roof of the School of
Public Health Building, The University of Michiéan) and
Mackinac Island;A Ann Arbor is a small city (population
100,000) with little heavy industry, chosen to be intermediate
in character betﬁeen East Chicago and Mackinac Island. The
remote location was:chosen to be Mackinac Island, Michigan,
located some 500 km north of Ann Arbor.

Mackinac Islénd has several features which make it
desirable for trace element sampling. The nearby mainland

has a low populationﬁdensity, with the nearest heaVy‘ihdustry
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80 km north in Sault Ste. Marie. Most of the i#land is the
Mackinac Island Sfate Park, from which all autos are banned,
this restricti6h4in practice limiting autos froﬁ:the entire
island. Thus, auto exhaust products measured by neutron
activation analysis (Cl and Br) cannot here haye'automotive
sources nearer than the town of St. Ignace, a few'miles away.
The low winter population of the island assures a'minimum of
local emissions of fossil fuel combustion prodﬁcts (home
heating is by o0il and electric heat). ‘4

The Mackinac Island State Park Commission méintains a
full staff on the island during the winter, someléf'whom
assisted with the sampling. Travel requirements to and from
‘the site were'thefeby.minimized and kept to a wofkable level.

The island is roughly 500 km NNE of the.soufqe regions
of Milwaukee, Chicago, and Northwest Indiana. As suggested
by the annual wind rose for Midway Airport, Chicago (Figure
VI-2), the mean air trajectory starting from thesé‘sources is
toward Mackinac Island. Study of the actual wind patterns
during the sambling period confirms that some of the air sam-
pled at the island may indeed have previously pésSed ovér

these source regions.

2. Sampling Program

This experiment was composed of two 3-week segments. Dur-
ing the first of these, 7-stage Andersen Samplers (impaction
surfaces of Durethene polyethylene, no backup filter) were run

simultaneously at Ann Arbor and Mackinac Island. Only a
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single run was made at each location, the 3-week duration
being calculated from estimated atmospheric concentratiqns

as necessary to aécumulate enough aerosol mass per stagé to
guarantee an analytical precision of the long-lived isotopes
comparable to that of the short-lived species'(see Appendix
1b for remarks on prbbiems of determination.of long-1lived
isotopes in Andersen samples). In spite of the increased
precision obtained from these longer-period samples, séparate
filter samples were still judged to better estimate the ﬁotal
elemental concentrations in the aerosol, because of their
greater easé of replication and much larger aerosol masses
than individuél Andersen stages. To this end, three l-week

filter samples (Microsorban, 47 mm diameter) were taken in

~parallel with the first impactor run at Mackinac Island.

All impactor runs in this series of remote experiments
were taken without backup filters. Introduction of such a
filter into the'sYstem, while highly desirable because it
extends the collection range down to particles of diameter
well under 0.1 um, causes a tenfold increase in the pressure
drop compared to the impactor alone. Flow rates will then be
very sensitive to the condition of the filter, and as it
clogs the flow rate decreases. The collection propertiés of
each stage then change,_"smearing out" the observed size dis-
tributions'with time. |

The pumps used here (Gelman Twin Cylinder) have enough

reserve vacuum to compensate for the clogging and maintain
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constant flow rate, but this requifes manual adjuétment of a
flow control, attention to two gauges, and use'oan flow rate
correction chart; .Such an operation is quicklyrperformed by
a trained worker, but should be done at least dally It was
felt that this was too much to expect from the 1nexper1enced
volunteers at the various fleld locations. The backup fil-
ters were therefore eliminated, and the samplihé procedure
greatly simplified. N

Lack of a backup filter obviously entailed‘thé.sacrifice
of important information on elements normélly fouﬁd with a
significant fraction of their mass oh this stagé'(such as Br
and V). Because these smallest particles are thé'ones most
affected by coagulation processes, filter information would
" have been highly useful. In future studies this problém
warrants more conéideration.

During the second three-week period impactbr.éamples
wére taken at each of the four locétions; but no.fotal filters
were ruﬁ. Details of the sampling sequence are listed in

Table II-1.

- .. 3. .Canadian.Summer -Experiment.-.Site .Selection

The sécond phase of the remote sampling program extended
both the scale and remoteness of the experiment('seven stations
being used from lower Michigan into Northern Canéda. Canada
‘was chosen as the site of the remote locations both because of

1ts low population den51ty and its-behavior as a source
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region forvai:Amasses which subsequently move southeastward
into the United States. For these reasons the air sampled
in Canada's.ﬁofth has not recently passed over major sources
of pollution, and so should show minimal anthropogenic -
effects. | |

By sampling a series of locations varying in character
ffom.semi—ufban to highly remote it was considered possible
that smooth pétterns of concentration dropoff would be seen,
Which might indicate the extent to which a true continental
"background% had been achieved or was achievable. Such trends
would also be useful in guiding future experiments designed to
meésure th;é background. |

In adaition, the concentration levels themselves are
significant as reference points for future measurements,’serv—'
ing- as bencﬁmarks against which trends with time can be
determined. Though conclusions in fhis regard cannot be drawn
from a single study,.it is clearly important to establish the
reference levéls as soon as the technology warrants.

The se?eﬁ'station sites are shown in Figure II-2, and
described below.

1) Niles, Michigan

This'is the Same station used in»thé,Nbrthwest
Indiaﬂabstudy and is located on a farm in‘fhe southwest
cornerth Michigan. Though thé immediate eﬁvirons-are
rural, it is only 15 km north of South Bend, Indiana and

100 km ENE of Gary, Indiana. Results of,the previous
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experiment suggest that the site might be better classed
as semiurban. It was chosen to represent a typical
United States midwestern environment and was expected to

give the highest concentrations of the network.

'2) Mackinac Island, Michigan

This is the same site described in the preceding

section.

3) Algonquin Provincial Park, Ontario

Located some 350 km north of Toronto, this site was
chbsen to represent continental eastern Caﬁaaa. The
sampler was ioéated at the Algonguin Radio Ob$ervatory
in the northeast corner of the corner of the park. A
'site was selected in a small meadow at the western
(typically upwind) end of the observatory grounds, about
100 m from the‘nearest building. Access to the observa-
tory is gained via some 80 km of gravel roads, but all
roads on the grounds ére paved to facilitate moving of
delicate equipment and road dust fallout seemed negli-
gible. The park as a whole is heavily forested and
logging operations cénstitute the major actiyity other

than recreation.

4)° Riding Mountain National Park, Wasagaming, Manitoba

This park is located in southern Manitoba atop a
major. escarpment rising above the surrounding prairie.

The sample site was at the McKinnon Creek Warden Station
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at thé7ex£reme eastern extent of the pérk and at the
base Qf'fhe escarpment. The sampler was placed behind
a smailléarage in such a position that free air circu-
lation wés maintained. To the immediate west of the
site is forested park, with the praifie beginning just
east of the site. The area is not dengely populated,
but nearly all the prairie land in the immediate vicinity-
is under cultivation. The nearest large cities are
Winnipég (200 km east) and Regina, Saskaféhewan (300 km
West). North of the park the farm land rapidly gives
way to forest and lakes.

5) Prince Albert National Park, Waskesiu Lake,
Saskatchewan.

This park is in central Saskatchewan and is con-
51derably more remote than.is Riding Mountaln, belng
completely north of the major farming areas. The nearest
large c1t1es are Saskatoon (150 km south) and Edmonton,
Alberta (300 km west). Sampling equipment was located
at Blue Bell Lookout Tower, on a hill 100 m above the

surrounding country.

6) Jasper National Park, Jasper, Alberta

This is the only mountainous station 6f the network,
the sitéAbeing at Maligne Lake (2000 m‘abbve sea level).
Becausefthé warden station here is located some 50 km by
road ffom the Jasper townsite, land liné éiectric power

is not available and a diesel generétor is used instead.
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The sampler was located as nearly upwind ffom the
generator as could be determined, and about 75 m away
from it. In spite of the eleqtric power hapdiéap, this
site appeared to offer the most desirable combination
of remotenéssrfeafures of any comparable lécation in
the park. The only industry near Jasper is a .pulp pro-
cessing plant some 30-40 km east, and though'advection
of éffluent from this industry to Maligne Lake is
éossible, the circuitous route required présuﬁably
would afford much dilution. | o

7) Twin Gorges Hydroelectric Project, Northwest
Territories '

From all appearances this site is the most remote of
the network and was indeed chosen for this ﬁurpose. It
is at a small’power dam facility 50 km north of Ft.
Smith, NWT, a toWn of 2,500 people which is iocated'just‘
north.of the Alberta NWT border, 60° North latitude.
Population density is very lpw this far north, with towns
being generally under 3,000 in population and separated
by 100-200 km at the minimum. The next nearest town to the
site is Hay River, population 3,000, about 200 km west.
There is some mining activity in the area (af Pine Point,
for example, 150 km west), and the Yellowknife region to
the northwest is so named from its gold depésits. A

smelter at Yellowknife is said to operate intermittently.
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Other than the above, the area is almost completely
undeveloped.

Thé location of the sampler here was among the best
of the network. It was placed on a platform abbve the
water intake, free from any spray and away from land by
20 m or so. Prevailing winds are light and off the
lake. The site is accessible only byiair, with the
nearest.roads being at Ft. Smith. The only local vehic-

ular traffic is a pickup truck used for maintenance.

4. Samplihg Program

As in the Mackinac Island experiment, impactors andvtptal
filters were both used. Each station followed the identical
sampling sequence, namely, a 3-week Andersen Sampler run
followed by four 2-week filter samples (47 mm diameter). The
duration of £he fiiter samples was lengthenea to two weeks
in an atteﬁpf to compensate for the lower elementai concentra-
tions expectea in these more remote areas. The 47 mm filﬁer
size was chosen because it provides greater flow rates than
‘does the 25'mm_size, as well as decreased clogging caused by
dust loading. As before, the impaction surfaces were Dure-
thene polyethylene but the filter material was now Whatman
No. 41. The use of this new filter materia; was dictated by
a combination-éf decreasing supply of Microsorban, and by our
experiments on Whatman No. 41, which had shown it to be a com-
pletely acceptable substitute for, and in éome ways even

superiof to the Microsorban (Appendix la).
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The impactor sample was taken first so that the writer

could make the exact flow rate adjustments (1.0 cfm is optimum)

‘at the time of installation of equipment at a Sife. At the
conclusion of the fun, the impactor was removed byAthe local
volunteer, sealed, and set aside until the end of ﬁhe summer
when it was unloaded by the writer. For the filter runs
(with the same pump) the volunteer simpiy turned the flow rate
control to maximum and left it there for the remainder of 'the
summer, recording initial and final readings of the gauges for
later computation of true flow rates and air volume§ of each
sample. The performance of filters, of course, is Qery much
less dependent on the flow rate than is the Andeﬁéen Sampler
(Lindeken at al., 1963), and no attempt was made to}stand—
ardize flow rates other than to achieve the maxiﬁum at each
location.

Table II-2 lists the sampling sequence for fhe differenf
locations. |

5. Canadian Winter Experiment - Site Selection and
Sampling Program

Three of the summer sites were retained for a brief winter
experiment (November and December, 1970). Twin Gorées (NWT)
was chosen for its remoteness and ideal local quaiities, while
Mackinac Island and Algonquin were selected for their accessi-
bility. At eacﬁ location a 3-week Andersen sample was taken,
followed by a l-week 20x25 cm high volume'filterf. Problems

arose in connection with the filters, however, and they were ‘
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not analyzed. At the Twin Gorges site a 4-day impactor sample
with backup filter was run, after completion of the 3-week

run. Sampling details appear in Table II-3.

C. .Analytical

The Andersen stages.were anaiyzed accdrding to the usual
séquence of ‘two irradiations and four counts (Appendix 2a). No
replicationé'were made on any of these stages, though the
final counté on the Twin Gorges and Jasper summer samples were
each repeated because of the extremely 1ow.activities present.
For the same reason counting times for the long-lived iso-
topes in thelAndersen stages from both Canadian ex?eriments_‘
were lengthéned from.4000 seconds to 20,000 (sometimes 40,000)
seconds. | | | |

The filters, on the other hand, collected such larger
amounts of aefosol that they could easily be subdiVided for
,replication'pﬁrposes. For eaée of handling ahd counting a
third irradiation‘of 1/2 to 1 hour duration in the reactor
core was added to the above sequence for the count after one
day's cooling} Generally, 1/8 of a filter was used for this
and for the 5-minute pneumatic tube irradiation (usually the
same piece), and each of theée analyses was duplicated. The
remaining 3/4 filter was then irradiated for 3‘houfs in the
core and cbunféd after 3 weeks forAthe long-lived isotopes,

with no replication possible here.
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D. Summary of Results

Oout of 31 trace elements sought, approximately 29 could
-be detected at most locations. Certain elements near to the
limit of detection,_such as In, W, and Hg, were sometimes not
detected in the remote locations, suggesting local pollution
sources for them in the regions where they can be'seen. ~On
the other hand,»ﬁhe borderline element iodine shpwéd up most
clearly in the‘TWin Gorges samples, possibly because.of én
increased marine natufe of the aerosol there. The_next para-
graphs present a summary of the most important conclusions
reached, considered.in detail in the following chapters.

The major éource of many atmospheric large-particle
elements appears to be the soil. Most elements at most loca-
tions (at least in summer) are associated with the lérger
aerosol particles, suggesting a widespread disperéion—type
source for them. Soil and/or humanly-generated duét seem to
‘meet these reéuirements, for they are’ common and are injected
into the atmosphere via dispersion procésses (saltation for
the soil and a vériety of mechanisms for humanly;éenerated
dust). The more remote locations show a larger number of
elements associated with the large particles. At a'giveh
loéation the numbér of large-particle elements decréases
significantly in the winter, and may be associated with the
presence of local snow cover. |

These large-particle elements tend to be found in refrac--
tory materials and are usually either light metals or rare q

earths, though a few heavy metal refractories are in this
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group. Almést without exception, these large¥particle elemeﬁts
show aerosol/éoil concentration enrichments nearly equal to
those of iroﬁ( an element abundant in soils. They also.show a
greater degreé of particle size distribution shape constancy
from place to place than do the other elements, at least in
summer. Theybtend to have lower concentrations in winter than
in summer,'and their concentration variétion over the network
(summer) tend§ alﬁo to be much smaller than for the other
elements.

Confirming evidence for their soil origin comes from the
Livermore, California diurnal variations experiment (Chapter
VIII), where several of these same elements showed patterns
linked with wind speed and suggestive of a daily cycle of
generation ;hd removal.

On the other hand, many airborne elements appear to have
major sources other'than the soil. These are. the elements
which are aésociated with the smaller particles. They often
have relatively volatile compounds, and tend to be heavy
metals or nonmetals. Their aerosol/soil enrichments range
from 10 to 10,000 times those of iron, and are much more
variable with Iocatiqn than those of the soil elements, as are
also their éarticle size distribution shapes; They usually show
higher concentrations in winter than in summer, though this is
strongly location-dependent, and their variation over the net-
work is much greater than for the soil elements.

Evolutioﬁary effects on alteration of size spectra due to

aging are in most cases not clear-cut, possibly -aggravated by
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the lack of backup filters on the impactors. C1l and Br appear
involved with gas-particle interactions, but the other ele-
ments do not show regular size distribution shépe'aiterations.
The uniform preferential large-particle removal of the ele-
ments in the Mackinec Island experiment suggests.physical
removal processes to be more important here thanAehose based
on chemicel properties. The near constancy of the indium
spectrum under all conditions suggests only smalleaging
effects, though ﬁossible rapid alteration immediately upon
emission into the atmosphefe is not excluded.

A very sfrong Zn-Sb concentration coherence is seen in
all experiments, which may be related to their generally
similar origins and particle size distributions. A somewhat
less distinct cehefence is seen for In-As-Se.

The ARO samples appear to reveal the preseneerf a very
strong single pollution source for many elements, suepected
to be the nickel-zinc smelters 250 km to the west in Sudbury,
Ontario. The summer vs. winter size distribution cohtrast is

especially striking here for several elements.



TABLE II-1.

Sampling Program - Mackinac Island Experiment

Location_r Type Sample* Designation.4.. ... Dates.. ... .. | Volume,. '

| Mackinac Islénd;' AS  Mfl '13/1/70 ;‘3/2/70 857
F MI1F 13/1/70 - 19/1/70 326

F MI2F 19/1/70 - 26/1/70 388

F MI3F 26/1/70'- 3/2/70 433

AS MI2 3/2/70 - 23/2/70 816

Ann Arbor AS AAl 13/1/70 - 3/2/70 867
AS AA2. 3/2/70 - 23/2/70 692

East Chicago AS CFS1 9/2/70 - 24/2/70 459

| AS MKT1 '9/2/70 - 24/2/70 459

tr
"

AS ='7—Stagé[Anderseh‘Sampler

47 mm diameter filter

1€



TABLE II-2.

Sampling Program - Canadian Summer Experiment

Sample Type

. 3 . 3 No. Successful
Loc§tlon (Designation) Dates Vol. m Samples, Stages, Notes
............... and Filters TR
Twin Gorges AS (TGl) 15/6-9/7 997 7
F (TGF1l) 9/7 =-23/7 1240
F (TGF2) 23/7-11/8 1570 4
F (TGF3) 11/8-25/8 1260
: F (TGF4) 25/8-7/9 1260 : S
Jasper As (J1) 12/6-9/7 1089 6 - Stage 1 Tost
F (JFl) 9/7 -20/7 796 ‘
F (JF2) 20/7-3/8 1080 3
F (JF3) - 3/8 -17/8 982 4th filter not run
Prince Albert AS (PAl) - - - AS tampered with before
F (PAFl) 6/7 -20/7 1130 sampling - all stages
F (PAF2) 20/7-3/8 1050 4 unusable.
F (PAF3) 3/8 -17/8 1070 Final flow rates of fil-
F (PAF4) 17/8-31/8 1030 ters were estimated
Riding AS (RM1) 15/16-6/7 665 7 Shelter roof open during
Mountain F (RMF1) 6/7 - 20/7 968 Andersen Sampler possi-
F (RMF2) 20/7-3/8 900 4 bly during first filter.
F (RMF3) 3/8 -18/8 993 Rain may have entered
F (RMF4) 18/8-3/9 1050 Andersen. o
Algonguin /AS (ARO1) 15/6-6/7) 1600 7 As run at approx. 2 cfm
F (AROF1) 6/7 - 20/7 1010
F (AROF2) 20/7-3/8 1030 4
F (AROF3) | 3/8 -17/8 1100 E
F (AROF4) 17/8-26/10 3600 '
Mackinac AS (MI3) 15/6-6/7 1300 7 Pump burned out before
Island F (MIF4) 6/7 =19/7 690 1 end of first filter.
Niles AS (N1) 15/6-6/7 818 7 : '
F (NF1l) 6/7 -20/7 869
F (NF2) 20/7-17/8 930 4
F (NF3) 3/8 -17/8 535
F (NF4) 17/8-31/8 707

(45



TABLE II-3.

.Location 'Tyée Sample . Designati.oni Dates - .-Volume,
Twin Gorges AS TG2 23/11 - 15/12 1840
AS TG3 16/12 - 20/12 260

Algonquin Radio
Observatory AS ARO2 23/11 - 15/12 890
Mackinac Island AS MI4 30/11 - 15/12 560

¢¢
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Figure II-1 Sampling Locations - Mackinac Island Experiment
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CHAPTER III

ORIGINS OF THE AEROSOL

A. Size Distribution Shape Classes

In an attempt to focus on major trends rather than on

small differences’among the elements at the various locations,

.qualitative judgments have been made by the writer concerning

size distribution patterns. On the basis of the totality of

results from this experiment, the observed size.diétributions

were ‘divided into five broad classes:

1)

2)

3)
4)

5)

mass mostly associated with large'partiéles
(abbreviated "L"),
mass mostly associated with medium-sized particles (M),

mass mostly associated with small-sizedvparticles (s),

"flat" mass distribution, approximately equally

divided among the size ranges (F),
"mixed" distributions, where two or more of the first
three types are present with approximately equal

weights (LS, for. example).

Idealized forms of each of these distributions are shown

in Figure III-1l. . In cases where the data were inadequate to

properly type the distribution of an element, it was called

indeterminate (I).

The size distribution of each element in each of the 16

Andersen samples of this experiment has been assigned to one

36



37

of these categories by the writer (Tables III~1 through
III-6). Fof comparison purposes, 20 runs of Nifong‘from East

Chicago and Gary, Indiana (Table III-7) were similarly ana-

lyzed (Table III-8). All results are summarized in Table
I11-9.
B. Canadian Summer Experiment Size Distributions

Consiaer first the results of the Canadian summer experi-
meht[ Tablé IIi-3.' Extensive éroups of L—type-eleﬁents appear
here, while nolsuch groups are evident for fhe4other size
classes. Table III-4 summarizés tﬁe populations of each claSs
at each station, showing that in terms of ﬁheydetectable
eléments (percentages given in the table for all 31 elements;
whether detected or not) at a typical summer station nearly
3/4 of them were found mostly on large particles (L-type).

Next in frequency but much lower (13%) are the small-particle
(S-type) elements. Somewhat less abundant (Q%i are the M-

type e}ementsi followed by the "flat" (F-type) elements (4%)

and those wiéh mixed (e.g., LS-type) trends (1%). This average
pattern is followed closely, 5 of the 6 stations (ARO excepted)
agreeing qualitatively with the above order.

The ind;vidual stations seem to fall roﬁghly into two
classes--the more remote stations of Twin Gorges, Jasper, and
Riding Mountain versus the more'nearby or "polluted" Algonquin,
Mackinac Isiaﬁq, and Niles. Averages of these subgroupé show
distinct differences, with the remote stations having 40 per-

cent more detectable L-type elements than the proximate
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locations (bottom line, Table III-4). Individual stations
show little variation from the group average.

This overall association of proximity to sources with
size aistributions other than L-type is confirmed-by data from
Nifong (Table III-8), which shows the source area of Northwest
Indiana to have only half the detectable elemeﬂts associéted
with large particles, compared to nearly 3/4 in the summer
study. | -

The number of L-type elements appears to be smaller in
winter (Tables III—l,S). This is quantized in Tabie III-9
where it is seen to be about one-half the totalfdetectable.

Seasonal effects on these size distribution frequencies
: -
are summarized in Table III-10, where the percentages of.
i—type elements are listed by season for the thfee stations
where direct winter-summer comparisons are available. At
Mackinac Island the L-type frequency decreases by about one-
half in winter; at fwin Gorges it decreases to about one-
third of its summer valué; and at ARO not a single element
is seen with an L-type distribution in winter. Each of these
three winter situations will be discussed later in more
detail.

These L-type elements share a certain chemical similarity.
From Table III-3, where the elements are ordered by atomic
number, two broad bands of L-type elements can bé'seen, the
light metals and the rare earths, respectively near the top

and bottom of the table. They are highly reproducible in size

~ distribution pattern, with 12 elements (Na, Mg} Al, Cl1, K, Ti,
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La, Ce, Sm,iEus being L-type at all locations. 'In addition,
Fe and Co, heavier metals, and Th, an actinide, show similar
behavior.

There is a further physico-chemical contrast between the
L-type elements and the others. The former have refréctory
compounds, especially oxides and silicates, in.which forms
they are often found in soils and minerals. - Table III-11
lists the melting and boiling points of a number of compounds
of the elements in this study, and the contrast between ele-
ments may be clearly seen. For the refractory elements
important gas-phase reactions would not be expected, even in
high-temperatufe industrial processes, in agreement.with their
typically-observed L-type distributions.

Conversely, several other elements have common compoundé
which are more volatile. 1In particular, the oxides of arsenic
and selenium, and to a lesser degree various compounds of
antimony and mercury readily volatilize. The result of such a
process might'be a vapor condensation onto the.ambient aerosol
which, if "Junge" (F-type in total mass) distributed, wouid
produce larger concentrations of these elements in the smaller
size ranges,ijpst the shape observed for sevéral of them.

Further iﬁspection of Table III-3 reveals.a number of
elements, such as Mn, 2n, Cu, Ga, and Sb, which are L-type
only in the most remote regions, suggesting that their size
distributions are responding to the lack of nearby pollution
sources. In this regard it is interesting to note that no

elements show the reverse trend, that is, L-type distributions
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-only in the less remote areas.

The L-type. elements appear to be more consfant in size
distribution pattern than the others. For example, there are
21 elements in this class at 3 or more of the G:étations, and
15 (71%) of these are identical in type at all ététions. In
contrast, only 4 élements ére S-type at 3 or méfe stations,
while hone of these shows the same pattern at ali.6 stations.

In order to help. visualize the actual variatibnsoin size
distribution consistency shown by the various eiéments, the
distributiqns'of‘Al, Fe, Sm, In, and Br have beén plotted for
the 6 sites (Figures III-2, 3, 4, 5, 6). Indium Was below
the detection limit at Jasper and Twin Gorges, §o is only
plotted four times. |

Al, Fe, and Sm, chosen as typical L-type elements, not
only show a great similarity in the.shapé of theif curves at
the various locations but also show a positive correlation
with each other in-total concentration from stat%qn to station.
Niles ciearly has the highest concentrations for gli three,
especially ovér sfages 2-6, while all the other stations are
bunched together with values a few times lower than Niles.
Inspection of the-tébuiated data in Appendix 3 sth this same
behavior to be followed by most of the other large—particle
elements as well.

The indium blot is quite different from the previous ones,
for its total concentration variation among stafibns is

greater than for”the L-type elements, with the ARO &alues

being highest, greater even than those from Niles 'by a factor
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of 2. Though hot plotted, upper liﬁits from Jasper and Twin
Gorges suggest lower concentrations than at Riding Mountain,
the lowest station values plotted, implying a total spread
in concentration of nearly 100 times.

Bromine,‘though mentioned earlier to have not quite as
constant a size distribution as these other elements, never-
theless shows some similarity from station to'station. Each
of the plots for this element shows and large-‘ahd a small-
particle concentration maximum, with a wellfdefined dip in
betweén. vin common with indium there is quite a large varia-
tién in totalAconcéntration, the ratio between Niles and
Jasper/Twin:éorges being about 50. |

There are four elements which are observéd to display
size distributions which shift from one extreme to the other,
Ga(L,S,F), éb(L,M,S), vV(L,S), and zn(L,M,M(S)). Experimental
4uncertainties for Ga are large, and its variation may there-
fore be illusory; but it is definitely real for the others.
Plots of the other three appear as Figure III-7,8,9.

The size distribution pattern of Sb at Twin Gorges is
definitelva;type, while at all ﬁhe others.it is S- or M-type.
Vanadium is stfongly L-type at the western Canada locations,
somewhat leés'so at Niies, and S-type at Mackinac island and
Algongquin. ‘Zinc is L-type at Twin Groges,; .LS at Jasper,. LM
at Riding Mouﬁtain, and strongly M-type at the‘remaining three
locations.. Each of these three elements thus shows a shift
toward smali-td—medium particle dominance with increasing

proximity to human activity.
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On t@e whdle} the other elements in Table IiI;3 show only
moderate shifts ih size distribution. They inclpde Cr, Mn,
Cu, As, Se, I, and W. Figures III-10 through III-13 are plots
of Mn, As, Se, and Cr for the six locations. As'expected, the
other features of these plots are also intermediaﬁevin character.

The tbtality of the above observations suggests that the
L-type elements originate from a widespread dispe?éion-tyge
source. 'This~idea.is not incompatible with soii énd the'éalt—
ation process, where wind-generated airborne partiéles of
diameters typically l00 pm impact back onto the ;oil, blasting
loose the finer éarticles which take much longer to settle
(Battarn, ;966). These dispersion fragments may-prbdﬁce the -
L-type distribution.

| On the dthéf hand, the remaining elements appéar to have

sources other than the soil. The variabilify of their éize
distributions may reflect either a variety of source processes
or the effect of aging. Those elements associated With small
particles may have passed through a vapor cqndenéation process,

especially those elements having volatile compounds.

C. Aerosol/Soil Enrichments

The mere presence of an L-type particle size distribution
for an eleﬁent hay not necessarily be evidence for its soil
origin. Some industrial sources emit elements with' this spec-
tral shape (Nifbng, 1970), and the highly soluble ﬁarine aerosol
may grow from M—tYpe to L-type by repeated cycles‘bf cloud drop-

let nucleation, coalescence, and evaporation. Each of these

¢
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proceéses woﬁid not only cause an incorrect assignment of the'

_ element to the soil-derived group but would also mask'the con-
tributions of the other source types. Such contributions can

- be rather'aCcurately assessed'in this work because the number
of data points provided by the multielemental method allows

the discrimination of small non-soil contfibutions to the total
aerosol,

High discrimination in turn requires good soil data. It
was felt that the best soil reference is a continent-wide
average (Vinogradov, 1959)'rather than a few iocal analyses
performed b§4us. Therefore no local soil samples were analyzed.

Usingvfhis average soil composition, a scheme was devised
whereby the soil contribution to the total concentration of a
given element could be accurately correéted for, thereby
possibly unmasking the anomalies due to remote (pollution)
sources. The total elemental concentrations- (from the filter
data) at each location were averaged to give a mean summer
value, represéntative in most cases of 8 weeks in July and
August (Appernidix 3 and Table III-12). For each.element at
each station an "enrichment factor" of aerosollconcentrétion
relative to soii concentration was calculated, according to

the formula:

X C
X
where Fx = enrichment factor of element X,
Xg = aerosol concentration of X, ppm, and
C_ = soil concentration of X, ppm.

X
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Use of trace_element concentrations in soil rather than in
in crustal rock‘was considered perferable for this calculation,
because the weathering of rock to soil systematically alters
its trace elemeﬁt content. Comparison of elemental concentra-
tions in North American and European soils with average crustal
rock values (Table III-13) reveals that while mahy.elements are
nearly equally abuﬁdant in both materials, the soluble ones
like Na; Mg, K, Ca, etc., are depleted in soil (presumably due
to leaching during weathering), and certain nonmetallic ele-
ments like Br, I, and As are enriched in soils Kpassibly from
fallout of volcanic debris).

The calculation of trace element aerosol concentrations
in ppm of aerosol requires a knowledge of the total aerosol
méssAconcentration, a variable not measured in this experiment.”
This difficulty can, however, be overcome by assuming a reason-
able aerosol cohcentration, calculating the enrichments, then
hbrmalizihg each enrichment to that of a reference element
‘'whose principal source is known, or at least strongly sus-
pected, to be the soil. The:result of this normalization will
be a set of relative enrichment factors with other soil-
derived elements having values of approximately unity, inde-
pendent of of theif'initial atmospheric concentrations.

The two lbgical choices of soil reference eleménts here
are Al and Fe, .for several reasons: |

1) <they both are ébundant in soil (Table III-13);

2) they both show L-type size distribution;

3) they both are determined well by activation analysis;
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4) théir-concentrations decrease only slowly with
réﬁoteness (Table III-12, Figures IIi-2,3);
5) Junge (1965) cites Fe and Al as coming princi-
pally from the soil, as do Egorov et al. (1970).
Following the lead of Egorov et ai.,'Fe was chosen as
the reference element, and all enrichments wére normalized

to it:

X
S L
Fe re XFe

cFe

where FXn normalized enrichment factor of element x

K = C/Cre

This division step removes all dependence ofAthe final
or normalized enrichment on the original guess for the total
aerosol concentration, making interstation‘éomparisons nearly
as valid as!if'the total aerosol levels had been exactly
known. The one hazard introducéd by this procedure is the
greater importance placed on the accuracy of the Fe concentra-
tion, for any error in this number at a givén_location will
have an equiValent effect on every other enriéhment at the
same locationﬂ"Sunh perturbations may be of two types, a
grossly incéfiect analytical number for Fe (cnances of which
are minimalvin our procedure) or a major pollution contribution
in addition tobthe soil-derived fraction. This.iast possibility

also seems Slight, in spite of the fact that the Northwest
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Indiana study disclosed strong Fe sources in Gary and East

Chicago. The concentration map for Fe (Figure VI;lO) shows
that the steel mills were strong sources, but thé.high Fe
background lowered the source/background rétio téba moderate
6/1. |

Keeping in mind these possible difficulties iﬁ normaliza-
tion, the results shown in Table III-14 and Figure III-14 may

now be considered.

l. Large-Particle Elements

Figure III-14 is a plot of the normalized enrichments
for each element at each of the 7 summer stations. ‘The most
striking feature of this plot is its vertical extent, up to
an ordinate of 10,000 for Se at Mackinac Island éhd down to
0.2-0.3 for Ga, Ti, and Cr at several stations, a spread of
nearly 5 orders of magnitude. Equally noticeable is the
uneven element distribution along the verfical, with a.major
clustering for éach station occurring near 1, the value for
Fe. At every location Fe falls inside the body of this
clustering, usually near the geometric center but sometimes
(PA, ARO) somewhat below center. The group stability of the
elements in these clusters is noteworthy (as is also the
stability of elements in other parts of the plot), the lists
including Na, K, Ca, Mg, Al, Sc, Th, Fe, Co, Mn,'V, Ti, Ce,
Eu, La, and Sm.

The correlatiqn between.these elements and the L-type

" elements of Table III-3 is remarkable. To a first approximation
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the two groﬁpslare identical. Except for Cr, V, and Mn,
every element‘of £he above list is also an L-type element at
each of the 6 stations, and these three elements only deviate
at 1, 2, and 2 stétions, respectively. Furthermore, there is
only one L;type, Cc1, thch is sufficiently enriched to lie
outside of this major clustering.

In summary, then, the argument for a'soil dust origin of
the L-type elements, though remaining circumstantial, is con-
.siderably enhanced by their common enrichment factors. These
values are roughly equal to those of Fe, an element very
likely to be mainly soil-derived. 1In additioﬂ, the other
presumed soil'element, Al, also lies within this group, thoggh
consistently.near the bottom of the cluster. .

This behavior of Al (and Ti) is of interest, for it is.
consistently followed at all 7 locations. The reason may be
related to thé'presence of Al and Ti in the clay or weathered
fraction bf the soil, as opposed to Fe, which‘exists heavily
-in the oxide,fraction (Callender, 1971). Though not ade-
quately exp;aiped at present, the phenomenon seems real at
least for Al,4for it is confirmed by measurements of Egorov
et al. (1970) on trace element atmospheric cdncentfations in
the USSR.. |

Of the. ni‘ne elements for wﬁich they present data, six
(Fe, Al, Cue Mn, Cr, and Ni (Ni done with much mdre sensitivity
than in this WOrk» are also determined by our method. The |

concentrétions of these six at several locations in the USSR.
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are listed in Table III-15, along with comparison figures for
the geometric avéfage of stations 1-10 of the.Northwest
Indiana survey, and the summer and winter averagéé of the
remote Twin Gorges Canadian station of this chapter. The
Russian numbers represent annual averages, qnd'afevseen to vary
over a wide range between the polar 1ocations,apd'the inland
cities. The polar locations, considerably fartﬁér north than
even our Twin Gorges station, show lower concenﬁtétidns for
Fe and Al, but values nearly equivalent to TwinAGQfges‘for Cu,
Mn, aﬁd Cr. Niqkel at Twin Gorges was below our aetection
" limit and so cannot be directly'compared with the Russian
values. The Russian continental cities, on thé‘other hand,
appear to be unusuaily high in Cu, Mn, Cr, and Ni; often ex-
ceeding the Northwest Indiana values. |

Table III—lG'and Figure III-15 show the normalized
énrichments for these elements at the eight Russiaﬁ locations
for which they could be computed. This'figure shows the
same low AlAenriéhment as observed in our study,~a£-both the,
land and ocean stations, suggesting its generality as a

natural phenomenon.

2. Small-Particle Elements

A number of elements lie consisténtly above the Fe clus-
ter on the enrichment plot. On fhe basisAof the'ébove soil
interpretation; they would'seem to have some major source other
than the soil. With the exception of C1, these élements also

have size distributions other than L-type. This trend is seen

o
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most clearly beginning at enrichments of roughly 10, above
which are found As, Zn, Cu, Br, Se, Sb, and Hg (sometimes
also W). As seen from Table III-3, these are the elements
found on medium-sized and small particles at most or all
locations. The vaporphase condensation or high-temperature
dispersion processes implied here suggest éoliution sources
for these eiéments.

Confirming evidence for this idea again comes from
Nifong (1976). His measurements of particle size distribu-
tions for these elements in Northwest Indiana showed strong

small-particle enrichments for Zn, Br, As, Sb, and Hg.

3. Compafison with Northwest Indiana Sdurce Results

It is intéresting to pursue the degree of correlation
between the elements showing large enrichmenté and those with
strong sources.iﬁ Northwest Indiana. By the coefficient of
variation criterion of Figure VI-29, the ten elements with
strongest sources would be Cu, W, Sb, Zn, Cr,.Br, Ga, Fe,
Ag, and Ce. The end of this list coincided with a natural
break in the plot, beyond which the elements were considered
to have only medium and weak sources. Conspicuously absent
from this lis;, however, are Hg, As,.and Se, which appear in
the upper pbrtion of the enrichment plot and thus would seem
to have strpngvsources. On the other hand, elements such as
Cr, Ce, and:fe which have strong sources in Nofthwest Indiana
do not appeér enriched on the plots, so in this respect the
overlap between the two experiments seems incomplete and

inconclusive.
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There are two possible explanations for this lack of
agreement. First, the list of strong sources for Northwest
Indiana should be considered to be a minimum list, primarily
because the southwest wind of the sampling period advected
the steel industry plumes out over Lake Michigaq éhd rendered
direct sampling of steel mill effluents impossiblé. In spite
of this, most of the elements still showed their maxima at
Markstown Park (station 6), the station nearest to‘the steel
mills, and it is likely that more direct sampling of this
effluent would have revealed other elements to have strong
sources here. Second, the elements Hé; As, and Se may become
relatively more enriched with advection away from the source
because their small-particle size distribution causes less
rapid removal by‘natural processes. In this Vein,ANifong has
found the size distribution of the effluent in the vicinity
of the sinter plant at Inland Steel to be heavily weighted
toward the largest particles, particles which wquld fall out
rapidly and so could not transport the effects of the source
over any great distance. It thus may be more thén.coinci—'
aence that the threé elements Fe, Cr, and Ce, which are on
the strong source list but not highly enriched at some distance
away, all have this large-particle distribution. Of these, at
least Fe and Cr‘were found by Nifong to show this extreme

large-particle component at the sinter plant.

'D. Network Concentration Variations

The large-particle elements appear as a group to have

lower concentration variations over the network than do the
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other elements. Table III-17 showé that the aVerage Niles/
Twin Gorges concentration ratio for 7 typicél L-type elements
is about 4 times lower than the corresponding ratio for 5 S-
and M-type elements.

Another way of presenting this behaviorAis in terms of
the enrichment plot. Specific groups of elements showing or
expected to show similar behavior were formed and plotted,
as listed below:

1) Né;VK, Al; Ce, La, Sm, Eu (Figure III-16)

2) The halogens Cl, Br, and I (Figure III-17)

3) The heavy metals Cu, V, and Ga (Figuré III-18)

4) Se, As, In (Figure III-19)

5) Zn, Sb (Figure III-20)

As anticipated, the common metals Na, K, and Al behave
quite similarly, with no apparent pattern. In'this way they
are joined by the rare earths Ce, La, Sm, and Eu, exqept
that Eu is unusually enriched at Niles.

The halogens are more complicated. Bromine shows evi-
“dence of being'a pollution element directly related to popula-
tion densiﬁy;'for it decreases smoothly in enrichment from the
most populated to the most remote environments{ Chlo;ine, on
the other hand, is much more nearly constant o&er the network,
except for'a low point at Algongquin. Iodine is different
still, showing a definite enrichment maximum at Twin Gorges
‘and a fairly constant but 4-fold lower profile at the other
stations, which seems to decrease further at Niles. The

explanation of this enrichment maximum at the northernmost
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station may be related to an increased marine nature of the

aerosol there, a possibility raised by results of winter
sampling at this location and considered in Chaﬁter Iv.
Though'all three halogens show definite enrichmeﬁts, Cl seems
to pose the biggest intefpretation problem. As nbted earlier,
it is the only eiement to be both consistently aésociated
with large particles and enriched by more than,an'order.of
magnitude over the soil. The possibility of a sea-salt Qrigin
of the extra Cl will be considered.

Even though the absolute values of the enrichments of
the heavy metals Cu, V, an Ga suggest differenf 6rigihs for
fhem (Vv and Ga from soil, Cu from pollution), their enrich-
ment patterns from station to station are roughiy parallel, .
having highest values at Mackinac Island, Algonquin, and Niles.
Parallelism is also shown by Se, As, and In, but té a much
greater extent than for Cu, V, and Ga, and withAmore.pro-
nounced méxima at Mackinac Island and Algonquin. The paral-
lelism here is really gquite sfriking, and attestgvto the
commonness of soﬁrges that might be suggested by the similar
size -distributions of these elements. In contrast, it was
also noted that Zn and Sb, while having similar size distribu-
tions to Se, As, and In, have enrichment profiles'which are
somewhat different from them but very close to one another.
This closeness may be caused by a nearly complete‘sourceA
identity withih the two groups, but with only a partial over-

lap between group sources.
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E. Seasonal Trends

EvidenCeAuseful for separating source types by seasonal
conCentratiqn trends is rather complicated and mixed. The
summer and winter Canadian experiments contained three stations
in common (Twin Gorges, Algongquin, and MacKinac Island), and’
direct comparison of total concentrations aré best made using
the totals of the Andersen sample results (Table IIT-18,
Figure III;21).

The'Maékinac Island case is the most sﬁraightforward.

The soil—défived elements are nearly all more abundant in
summer, in keeping with the effect of exposed soil vs. snow
cover. The small value of this summer/winter concentration
ratio is surprising, though, between 1 and 2 in most cases.
Only in the anomalous cases of Ca and Mg, where the values
are abouf 5,;are any soil elements significantly above 2.

On the other hand, the ratios for the pollution elements
seem to be usually less than 1, indicating higher winter con-
centrations. This probably reflects the influence of meteoro-
logical raﬁher than source variables, for snow cover and
decreased insolation reduce mixing heightslin winter while the
industrial outputs should remain about the same. Using the
aVeragé of the elements Zn, As, Se, Cu, and In, this meteoro-
logical facfof seems to be about 2 in valdé.v When reapplied
to the soil elements, it suggests that their'soil;derived com-
ponent is really about 3 times higher in suﬁmer} more nearly

what is intuitively expected.
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The Algonquin data do not show these easily interpret-
able trends. -Pollution and soil-derived elements are inter-
spersed, indicating a more complex situation. :Thé'other data
from here bear this out, and Algonquin will be treated later
in much more detail.

The Twin Gorges data shows the greater diépersion expected
from thevlarger analytical uncertainties here,-and like
Algonquin appears to be another unusual case. Particularly
néteworthy are the high summer values for Al, Sc,:Mn, and Ce,
soil elements subject to small analytical uncertaiﬁties, and
equally low values for Na, Cl, and Fe. The high winter
enrichments of Na and Cl are associated with an apparent influx
of marine air in the winter; this unﬁsual situétion will again

be discussed later.

F. Other Evidence for Source Type

Chapter VIII reports on a diurnal variations experiment
from Livermore, Célifornia, where the daily paﬁterns of Al,
Mn, Fe, V, and Sc were adequately explained only by the soil
hypothesis. Their concentrations correlated closely with
Qind speed, rising sharply after sunrise and falling after
sunset, a pattern quite unlike that previously observéd for
these same elemenfs at Niles, Michigan (Chapter VII), and
there attributea to the effects of elevated pollution sources
at a distance. |

Gillette and Blifford (1970), in a series of measurements

of trace element concentrations with height in the troposphere

P
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conélude thétffhe close correlétion'of Ti, K, éndfCa with Si
(even overfaAPacific offshore site) supporté'the idea of their
soil origin:"Nifong (1970) found evidence that'Al and‘the
rare earths héd'substantial "backgrognd" gourceS‘around
Northwest Indiana, and that at least for Al the pollution
sources appeafed to contribute.extra mass mainly in the
vicinity of 1 um particle diéméter (stage 5 on the Andersen

Sampler).



TABLE III-1.

56

Particle Size Distribution Shapes—
Mackinac: Island Experlment

l R 4
MI1l AAl MI2 AA2 CFS1 . |. . MKT1 .

Na M L M L L. L
Mg L L M(I) L L L
Al L S L L L L L
Cl L "L L L L - L
K F(S) - L(S) S M L L
Ca L L L L L L
Sc L L L L L L
Ti L L L L L L (M)
\Y S S S S MS S (M)
Cr M L S (F) L L L
Mn .S S S M ML M
Fe M L M L L L
Co L L F L L L
Ni I I I I I I
Cu M L M(S) L M(L) M
Zn M L S L M M
Ga S _L(8) S S(I) "M S
As .8 S S M(S) - M. M
Se S 8 S M(S) M .8
Br . 8 - S S M "M S
Ag I I I I oI I
In M -8 M M "M M
- 8b S S S M M - M
I S I S CLS(I) | 1 S
La L M M(S) "L "M M
Ce - L . L(S) S L S L (M) .M
Sm "L _L(S) M(S) L M L
Eu L L L (M) L "L I
17} L L S I I I
Hg I S S I M I
Th L M M(I) L M - L .
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PABLE III-2. Particle Size Summary
Mackinac Island Experiment

MI1| AAl| MI2| AA2 | CFS1 | MKT1 Total

L 13 18 . 6 17 13 13 80 (43%)
M 6 2 8 7 | 12 8 43 (23%)
s 8 8 14 2 0 4 36 (19%) |
F 1 0 1 0 0 0 2 (1%)
Mixed 0 0 0 1 2 | 0 3 (28)

I 3 3 2 4 | a4 | . 6 22 (12%)
Total 31 31| 31 31 |31 31 | 186. (100%)
*L/ (Tot-1I) . .

Percent 46 64 21 63 48 .'452 B 49

* Lo L
Large-particle fraction of detectable elements
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Particle Size Distribution Shapes

Canadian Summer Experiment

TABLE III-3.
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TABLE III-4.

Particle Size Summary - Canadian

-Summer Experiment

TGl Jl RM1 ARO1l MI3 N1 TGl+Jl+RMlA AROl+MI3+Nl Total

L 23 21 | 24 17 | 1S 19 168}(73%)' 51 (55%) . 119 (54%),:ﬁ'
M BT T B 7 03 | 2 3 ( 3%) 12 (13%) 15 ( 8%)

s 1 4| 2 3 7 4 7 ( 7%) 14 (15%) 21 (11%)

F 0 o | o 1 2 3 0 ( 0%) 6 ( 6%) 6 ( 3%)
"Mixed 1 o | o 0 1 0 1 ( 1%) 1 ( 1%) 2 ( 1%9)

I 5 6 | 3 3 3 3 | 14 (159%) 9 (10%) 23 (12%)
Total 31 | 31| 31 31 | ;1 i3 | 93 93 186

*L/ (Tot-1) | | | |
Percent 88 84 86 61 54 68 86 61 73

*

“Large-particle fraction of

detéctablé,elements

69
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TABLE. III-5. Particle Size Distribution Shapes -
' " Canadian Winter Experiment ‘ «
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TABLE III-6.. Particle Si
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Ze Summary - Canad

ian Winter

Experiment ‘
TG2 ARO2 MI4 Total
L 7 0 9 16 (17%)
M 17 19 7 43 (46%)
S 0 5 10 15 (16%)
F 0 0 1 1 ( 1%)
Mixed 1 0 1 2 ( 2%)
I 6 7 3. o600 (17%)
Total 31 31 31 93 (100%)
*T, ' 1.
TTBEET:I)’% 28 0 32 2

*

Large-particle fraction of detectable elements

TABLE III-7. Andersen Sampler Runs of Nifong (1970)

K]
Volume, m

Run (s) Location
2-4 Open hearth 107
7-10 Sinter 150
15-17 ECCFS 120
20 MKT 40.8
21 " MKT 37.5
23-26 FS 162
31-34 GA 154
ECCFS = East'Chiéago.Central“Fire Station
MKT. = Markstown Park,.East Chicago
FS = Field School, East Chicago
GA = Gary Airport
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-
TABLE III-8. Particle Size Summary - Selected Nifong Runs ' !
Run(s) | 2-4 | 7-10 [ 15-17 |20 | 21 | 23-26 |31-34 | ~ " Total !
L 10| 13 | 11 10| 6| 11 | 12 | 73 (34%)
M .3 o | 3 4| 6 0 2 i8 (8%)
s 8| 7| 6 6| 5| 11 - 5 | 48 (22%)
F 0 0 0 il o 0 0 1.( 1%)
Mixed | 2| 2| o ol 1 o | 3 | 8 (48)
1 |- 8| 9o |11 |10]13 9 9 | 69 (329)
- - - - /
Total | 31| 31 | 3t |31}31 ] 31 | 31 |217 (100%)
- n |243] s9 | s5 48|33 | 50 54 | 49 |
(Tot-1I) ‘ ' ‘
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Table III—9.Q Partlcle Slze Summary. - All Experlments

Mackinac Canadian Canadian;.-AVérage:}Nw.Indiana‘
Island. (Summer) | (Winter) L Nifong,
(Winter) - B ... .| . Selected
L* 49 . 73 21 53 49
Mx 7260 9 | 56 .25 12
sx | 22 13 19 18 32
Fro | 1 4 1|2 1
Mixed* | . 2 1 3 17 5
Total**| 164 163 77 - . 148

*As percent of determinable elements

**Total number of determinations

TABLE III-10. Seasonal Particle Size Comparisén - Percentage
of Determinable Elements with L-type Distributions

. : T 1
Jan-Feb 1970| June-July 1970| Nov-Dec 1970

TG o -- 88 28
MI o 33 sa | 32

ARO - SRR - 61 o




TABLE III-11. Melting and Boiling Points of Selected Chemical Compounds

Compound . . T _(°C).  -I,_(°C) {F .. Compound” = I (°C).. . T (PC)
SbBr , . 97 280 Al,0, ‘ 2045 2980
SbCl, 73 283 La,0, 2315 4200
Sby04 - . - 656 subl.1550 MgO o .. 2800 3600
As,0; . o315 --- | Mn o : 1244 . .2097
CaAl,Si, O 1551 -— MnCl, - 650 1190
(nat anorthite) o MnO2 ' -0,535 -
Caso,, 1450 --- || HgO - d 500 B
ca0 2580 2850 HgS subl. 583 -
| cry0, | 2435 - 4000 | xc1 776 subl.1500
Co0 . 1935 —— KBr 730 1380
‘Cu 1083 2595 SeBrCl, : 190 ——-
Cu,0 - , 1235 -0,1800 seCl, subl. 170-196 d 288
| cuso, 200 d 650 se0, subl. 315-317 -
CaAs 1238 - NaCl © 801 1413
GaSe 960 L —— NaBr 755 1390
InAs -~ - . 943 . .. . --- |} Tio, - 1830 -1850 2500-3000
In203 _ I | ."_‘.‘_‘__ vqlat. 850 V,0¢ ST '6:90 S d 750 -
Fe =~ 1535 3000 WO, R 1473 -
Fe 0y . 1565 - Zn . . 419 907
FeCly - 282 315 Zno. A 1975 -
Al 600 2467 ZznCl, 262 732

7o
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TABLE III-12. Total Elemental Concentrations (ng/m3) - Canadian. Summer Experiment
TG J PA RM ARO MI N
Na 18 36 43 56 69 44 120
Mg- 16 . 53 60 130 40 470 160
Al 66 145 150 330 240 ‘230 580
Cl 9 13 11 28 4 35 . 46.
K 54 106 112 175 170 150 340
Ca 40 150 130 360 160 i 1150 650
Sc 0.044 0.082 0.12 0.16 0.14 | 0.12 0.49
Ti 5 8 9 12 15 ‘ 11 35
v 0.21 0.33 0.42 0.73 1.9 1.8 3.6
Cr 0.59 0.32 1.1 0.92 1.9 0.91 3.8
- Mn 1.5 5.3 5.9 8.7 12 9.2 41
Fe 71 220 180 270 310 250 950
Co 0.042 0.059 0.085 0.11 0.16 0.17 0.34
Ni <2 <2 <2 <2 5 <3 <7
Cu 0.9 3.8 0.9 4.4 7.9 10 15
Zn 3.8 5.2 13 15 40 22 130
Ga 0.026 0.042 0.035 0.056 0.14 0.15 0.35
As 0.31 0.27 0.32 0.45 4.7 3.2 4.6
Se 0.043 0.033 0.063 0.18 0.63 0.67 0.89
Br 0.54 2.0 2.9 3.1 5.7 7.2 94
Ag <0.15 <0.15 <0.2 <0.2 <0.4 <0.5 <0.7
In 0.0013 <0.003 0.0020 0.0029 0.039 0.024 0.017
Sb 0.13 0.13 0.16 0.21 -0.60 0.40 1.9
I 0.20 0.21 0.13 0.18 0.27 <0.2 <0.5
La 0.091 0.12 0.10 0.19 0.30 0.17 0.76
Ce 0.24 0.25 0.32 0.31 0.69 0.41 1.6
Sm 0.013 0.017 0.018 0.035 0.051 0.030 0.11
Eu 0.0017 0.0037 0.0036 0.0082 0.0090 0.0080 0.019.
W 0.016 0.035 <0.03 <0.05 0.041 0.30 0.12
Hg 0.06 0.17 <0.3 0.41 0.19 0.38 0.61
Th 0.052 0.036 0.040 0.058 0.056 0.018 0.11




TABLE ITI-13.

Elemental Concentrations in Crus
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tal Rock,

[ A

Soil, and Sea Water
Crustal Rock | Avg. Soil | Sea Water Sea Salt
Abundance Abundance | Abundance Abundance

ppm(1l) ppm(2) g/ton (1) ppm(1l)
Na 28,300 6,300 10,556 324,000
Mg 20,900 6,300 1,272 39,200
Al 81,300 71,300 0.1 : 3
Cl 130 100 18,980 584,000
K 25,900 13,600 380 12,000
Ca 36,300 ~13,700 400 12,000
Sc 22 7 0.00004 0.0012
Ti 4,400 4,600 0.005 0.15
\Y 135 100 0.005 0.15
Cr 100 200 0.002 0.06
Mn 950 850 0.0008 0.025
Fe 50,000 38,000 0.0034 - 0.105
Co 25 o 8 0.0001 -0.003
Ni 75 40 0.005 0.15
Cu 55 20 0.002 0.06
Zn 70 50 - 0.015 0.45
Ga 15 30 0.0005 0.015
As 1.8 ‘ 5 0.003 0.09
Se -0.05 0.01 0.004 0.12
Br 2.5 5 65 . 2,000
Ag 0.07 (0.1) 0.0002 -~ 0.006
In 0.1 S - -— ===
Sb 0.2 -—- 0.0002 0.006
I 0.5 5 0.05 1.5
La 30 (40) 0.0003 -0.009
Ce 60 (50) 0.0004 - 0.012
Sm . 6.0 -—- -=- -
Eu 1.2 -— - ‘ -—-
W 1.5 -—- 0.0001 - 0.003
Hg 0.08 0.01 0.00003 0.0009
Th 7.2 6 0.000005 0.00015

(1)
(2)

Mason (1966)

Vinogradov (1959)
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ATABLE III- 14 Aerosol -Soil Normallzed Enrichments. - Canadlan
. Summer. Experiment

: — e
6 | 3 | PA | RM | _ARO|. MI | N
Na 1.5 0.98 1.4 1.3 1.3 1.1 0.76
Mg 1.3 1.4 2.0 | 2.9 0.8 | 11 1.0
Al 0.49 0.34 0.46| 0.65| 0.42[ "0.45 | 0.32
c1 47 22 23 41 5 | s1 18
K 2.1 1.3 1.7 | 1.9 | " 1.5| 1.7 1.0
ca 1.5 1.9 2.0 | 3.8 1.4 | 13 1.9
Sc 3.3 2.1| 3.6 3.2 2.5| 2.6 2.8
Ti 0.58| 0.29| 0.41| 0.38| 0.40. 0.42 0.30
Y 1.1 0.57 0.87| 1.1 2.4 | 2.7 1.4
Ccr 1.6 0.28f ~ 1.1 | 0.68]| 1.2| 0.67 | 0.76
Mn 0.95/ 1.1| 1.5 | 1.5 1.8 1.6 1.9
Fe | .1 1 1 1 1 | 1 1
Co 2.8 1.3 2.2 | 2.0 |  2.5]| 3.0 1.7
Ni <26 <8.6 | <10 <7.4 | 15 <11 <6.8
Cu 24 33 9.7 | 32 a7 |- 76 30
Zn 0. | 17 54 44 100 | 67 100
Ga 0.46 0.24 0.24| 0.27| 0.58  .0.70 0.48
As 33 9.3 | 13 13 110 97 37
se 2300 570 1300  [2600 7700 | 10,000 |2700
Br 58 69 120 88 140 220 760
Ag <790  |<260  |[420 <290 |<500 <760  £280
In - 6.8 | 5.2 2.2 4.1 | 47 36 6.8
sb 340 110 170 150 370 300 | 380
I 21 7.2 5.4 | 5.3 6.5| <6 <4
La 1.2 0.52 0.54| 0.65| 0.92] 0.63 | 0.76
Ce 2.5 0.86 1.3 | 0.88] 1.7| 1.2 1.3
sm 1.2 0.48 0.62| 0.82 1.0 0.75 0.72
Eu 0.74| 0.53 0.62| 1 0.92 1.0 6.4
W 5.8 4.0 | <4.2 | <5 3.3 30 3.2
Hg 3200 | 2900 [<6200 (5900 2200 | 5800 2400
Th 4.6 1.0 1.4 1.4 1.2 0.45 0.72




" TABLE ITI-15. .Eleméntal.Concentrationswin,the.USSR

Location ‘\\Patituqi///» Comments . Fe" ; a1* l..Cp:::: jMnffi:erf;: Nif
Cape of Desire 75 | Polar Island 4,3 1.7| 0.61| 0.25| 0.34] 0.38
(Novaya Zemlya) _ -
Dickson Island Polar 24 8.3 2.9 1.1 -—— 1.3
Salehard . 67 | Polar, Inland 21 7.9 2.9 1.7 1.6 2.4
Sevastopol 45 | .On Black Sea © | 160 130 14 14' 6.7 |15
Petropavlbvsk, 53 City on Okhotsk Sea, |-390 86' -— 12 2.7 5.9
Kamchatka Pacific. Oecean :
Magadan 60 -City of Okhotsk Sea,. 410 86 13 21 6.0 7.2

Pacific Ocean _
Tien Shan . Continental City —— ---12500 380 94 97
Novosibirsk 55 Continental City -—— - —— 200 120 150
Novosibirsk 55 Continental City -——— -—-—1] 660 430 120 72
Tashkent 42 | Continental City -—- ---1 110 140 92 160
Tashkent 42 Continental City -— ---11500 270 140 160
Semipalatinsk 51 Continental City -—= -—- --- 170 59 68
Indian Ocean, N. Lat.| == | =—=--c—mmcmmcmooo 180 120 12 7.9 | 7.2 | 2.9
Indian Ocean, S. Lat. - ittt bttty ] 7.0 12 ¢ 2.1 | 0.24] 0.23] 0.35
NW Ind. Stas. 1-10 42| Highly polluted urban|6500 . |1900 . |.380 ~. |.180 | 54 |50 .
TG, Summer (Winter) 60 | Most remote of 7 71/ .66/ : 0;9/"2_1.5/ 0.59/] <2/
Stations (810) (38) (2.2) (0.7) (1.1) [(<2)
*Concentration, ng/m3
' \ ad oy
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TABLE III-15. Normalized Enrichments in the USSR

- 'Indian

vElement nNovayg 1Dickson Salehérd Sevas- Petropav- MagadAn Ocean éggézn
Zemlya Island topol lovsk . North . South
Al 0.23 0.18 0.14 0.38 0.17 0.083 -0.029 0.66
Cr. ' 19 - 17 12 1.7 2.4 14 4.0
Mn 3.8 2.0. 3.4 3.6 1.6 1.9 2.0 2.4
Fe 1 1 1 1l 1 1 1 1
Ni 88 48 150 91 22 14 22 47
Cu 290 260 190 150 190 52 130 400

H
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TABLE III-17. Niles/Twin Gorges Concentration Ratios

70

Large-Particle - | .. Concentrations  (ng/m>). | N/TG Ratio
Elements ~ — : :
- Niles - Twin Gorges
Fe 950 71 13
Al 580 66 8.8
Sc 0.49 0.044 11.1
Sm 0.11 0.013 8.5
Cr ‘3.8 0.59 6.4
Ce 1.6 0.24 6.6
Na ..120 18 6.7
Geometric Average 8.4
Small-Particle
Elements.
Br - 94 0.54 170
As 4.6 0.31 15
Sb 1.9 0.13 15
Se 0.89 0.043 21
2n 130 3.8 34
| 31

Geometric Average

Data from Table III-12.




TABLE III-18. Seasonal Concentration Comparisons - TG, ARO, MI

TGl TG2 ' ‘ARO1 ~ ARO2 MI3 | MI4 '
Summer.., WinterA?ql/¢ggfffff$ﬁmmer Winterﬂ‘fi:AROl/AROZf.Summér‘,'wihter M;Q/MI4
Na - 49 290 0.17. . { . 65 . 099 0.66 . 48 - 96 - 0.50
Mg |- 41 37. 1.1 : 47 33: 1.4 370 - - 70 ©5.3
Al 170 -} 38 | 4.5. 1240 .| 250 1.0 - 250 180 - 1.4
Ccl 7.8 . 310 0.025 6.9 21 0.33 15 11 1.4
K 83 .41 2.0 140 44 3.2 190 75 2.5
Ca 120 48 2.5 120 38 3.2 880 200 4.4
Sc 0.065 |0.016 4.1 0.11 - 0.033 3.2 0.12 0.089 1.3
Ti 14 2.7 5.2 12 5.1 2.4 12 12 1.0
\Y 0.32 0.37 0.87 1.3 2.5 0.52 1.4 0.88 1.6
Cr 2.5 1.1 2.3 0.88 1.3 0.68 1.1 1.2 0.9
Mn 3.1 0.73 4.2 9.5 7.1 1.3 8.1 7.1 1.1
Fe | 96 810 0.12 230 300 0.77 240 250 1.0
Co 0.087 |0.037 1} 2.4 0.11 0.086 1.3 0.4 0.26 0.54
Ni - - - - - - - - -
Cu | 0.84 2.2 0.38 4.9 13 0.38 1.8 8.7 0.21
Zn 4.1 2.8 1.5 36 © 30 1.2 23 © 32 ©0.72
Ga 0.026 |o0.18 0.14 0.12 0.11 1.1 0.19 0.095 | -~ 2.0
As 0.22 0.77 0.29 4.7 2.2 2.1 5.1 . 8.0 . 0.64
Se 0.038 [0.164 | 0.59 ' 0.43 0.34 1.3 0.38 1.2 S 0.32
Br 1.1 2.7 0.41 2.9 3.7 0.78 6.0 5.7 - 1.1
Ag . -_— -— -_— 1. =--= | == - -—- Ce—= -—-
 In | <0.0018 0.0039| <0.46 - 0.074 |- 0.071 1.0 0.011 | 0.061 0.18
Sb '0.078 [0.085 | 0.92 0.71 0.28 2.5 0.54 0.38 1.4
I . 0.24 0.35 0.69 0.11 0.26 0.42 0.17 0.37 0. 46
La 0.20 0.10 2.0 0.33 0.065 5.1 0.29 0.17 1.7
Ce 0.45 0.11 4.1 0.58 0.16 3.6 0.35 0.38 0.92
Sm . 0.024 {0.020 | 1.2 0.050 0.012 4.2 0.035 | 0.021 1.7
Eu ! 0.0039 | 0.0064] 0.61 0.0086] 0.0040 2.1 0.0058, 0.0047 1.2
W <0.027 | 0.12 <0.23 0.043 0.045 1.0 '0.062 | 0.038 1.6
Hg 0.34 |o0.048 | 7.1 . 0.19 0.19 1.0 0.46 0.90 0.51
Th 0.076 | 0.030 2.5 0.044 0.0071 6.2 0.033 | 0.028 1.2

TL
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CHAPTER IV
EVOLUTION OF THE AEROSOL

A, Summary of Implications

Aerosol partiéle size distributions méy be modified by
coagulation, éedimentation, impaction, rainout, washout,
vapor-phase .transfer, aﬁd cycling through condensation-
evaporationistages in cloud processes. Of these, only coagu-
lation is impossible to observe here, because the particles
affected areitéo small to be caught by the Andersen Sampler
without baékup.filter. The foliowing paragraphs summarize by
précess the implications of the data of this investigation;
the femainder of this chapter presents the relevant observa-

tions in detail.

Sedimentation and Impaction

Effects of sedimentation and impaction are most clearly
implied in the Mackinac Island experiment, though only in-
directly. fA systematic preferential depletion 6f large
particles is séen for nearly all elements between source
regions (East Chicago and Ann Arbor) and Mackinac Island.

When quantified, this removal is seen to be‘ﬁea;ly independent
of elementai’chemical propertiés, suggesting purely physical
removal mechanisms such as sedimentétion and impaction'(possi—

bly also washout).

83
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The Twin Gorges w1nter samples (TG2 and TG3) reveal marine
aerosol which has penetrated some thousands of kilometers in-
land. Because the Na-size spectrum remains nearlyvunaltered
from that of fresh marine aerosol, it is speculated that
physical removal processes have been largely ineffective in the
0.4 - 4 ym diameter size range, even over a period_of days.

On the other hand removal processes may’ be effective"i
over' a period of hours for locally w1nd—generated aerosol as
suggested by the Livermore, California experiment (Chapter
VIII), The similar variations of wind speed and COncentrations
of several elements there may be due to saltation of very
large particles during the day followed by rapid fallout of
these same particles as the wind decreases at night. However,
particle size data were not obtained in this experiment}
.making these conclusions somewhat tentative. Sedimentation“
velocities should allow such rapid fallout for the largest
particles, for a 10 um diameter particle has a fall veloc1ty
of 1 cm/sec, which varies with the square of the<diameter.
| The Niles, Michigan diurnal variations experiment (Chap-
ter VII) suggests that large-particle elements may be prefer-
entially removed during ground fog, possibly due.to}their
activation as condensation nuclei, growth, and remoyal by

sedimentation/impaction.

.Rainout and Washout

Little can be said here, except as concerns the case of

indium. This element always has the M-type distribution, no
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matter how remote or proximate the location, suggesting that
at least this size range is nearly unaffected by every modi-

fication process, including rainout and washout.

The major source of continental Br may be auto exhaust
(Loucks and Winchester, 1969). Br is rarely observed to have
a parallel size distribution with Pb (as measured by Gillette,
1970). Br often shows an S-type distribution extending well
into the larger size range, suggesting a vapor-phase transfer
mechanism. Coagulation seems to be excluded here because of
the sizes inQolved. |

The clearest evidence for vapor-phase processes comes
from the Twin Gorges winter samples. Iodine bears a nearly
r © relation to Na, the expected result if the I were surface-
distributed on the Na-containing particles. Cl follows Na in
the larger sizes, with nearly the sea-salt ratio, but is
heavily depleted in the smaller-sized particles. Br also

shows major differences from its summer spectrum, but does

not quite follow Na in shape.

B. Physical Removal in the Mackinac Island Experiment

The specific size distribution results from the first
3-week period of the Mackinac Island experiment (January) will
now be considered (samples AAl and MIl). Because the nature

of the argument to be developed involves the data from many
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elements, they will be presented in some detail. The Ann
Arbor size distributions are plotted in Figures IV-1 through
IV-4, with like distribution shapes grouped together for
quick comparison. The Mackinac Island results are handled
similarly ianigures IV-5 through IV-9. Tables IV—1,2 pre-

sent total concentrations for both phases of the experiment.

Ann Arbor Size Distribution Patterns

*

In Ann Arbor the majority of the elements are found with
L-type shapes, and within this large group there are second-
order'gradations. For example, Sc, Fe, Zn, Al;‘gnd Cu are
strongly associated with the larger sizes, while La appears
with somewhat smaller particles and Ga ana K haye pronounced
small-particle components.> But the overall treﬁd is clear
and suggests the source processes for these elements to be of
the dispersion type. The soil and industrial sources are

immediate possibilities.

Mackinac Island Patterns

The size distribution patterns of the simultaneous
Mackinac Island sample are more complex but apparently not
independent of the Ann Arbor trends. There are considerably
fewer elements associated with the largest particle sizes but
each one that is is similarly found at Ann Arbor.

The four e;ements Fe, Cr, Cu, and K are here either flat
in size distribqtion or somewhat M-type in shape, and again

each of these had an L-type shape at Ann Arbor.
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Na, Zﬁ; and In peak similarly in the smaller interme-
diate sizes, while Mn, As, Br, vV, I, Sb, Se, and Ga have S-
type patterns. Again there is a definite relatién between
the two locations, for with the exception of Na and Ga these
elements were in the same Ann Arbor group (S). (Iodiﬂe was
determined only for some stages at Ann Arbor, but the four

reported values point to a strong small-particle associatidn.)

Mackinac Island - Ann Arbor - East Chicago Comparison

During- the second 3-week period (February) simultaneous. .-
Andersen samples were taken.in all four locations. The
repeated samples at the Michigan locations show size distri-
butions highly similar to the first 3-week period (Tablé
III-1). There are some elements, though, such as Cu, K, and
the rare earths Ce, La, and Sm, which show.peaks at smaller
partiéle sizes than béfore, but the size distributions of
the majorit§ Qf elements closely resemble those of the first
period, and-the elements may be placed into the same size
groub. For example, the large-particle groﬁp still contains
Sc, Ca, Cl;‘Ti, and Th, while Mn, As, Se, V, Hg, I, In, 2n,
Br, and Sb'are still associated with small particles. A com-
parison of:fhé two Ann Arbor samples confirms these constant
tendencies for this location also. There is no case of an |
element shifting radically from small to lafge particles or
in the opposite direction from the first sample to the second
at the same location.

The two East Chicago Andersen runs again show a remark-

able similarity to the Michigan runs. The particle size trend
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of a given element is generally very similar at all four
sites, but with the expected higher concentrationé in East
Chicago.

o Figures IV-10 through IV-17 present comparative particle
size distribution plots for eight elements at éaCh’of the
four locations. The three urban locations appéar_much more
similar to each other both in total concentration and size
distribution than they are‘to Mackinac Island, and differ-
ences between #he urban locations are not usually great.

Fe and Al are shown as representatives of soil-derived
eléments which may also have pollution sources, aﬁd again
show the preferential association with.large partiéles noted
for the first 3-week period. Manganese is similar, except
that it shows stronger tendencies than iron. qumine,
ﬁsually considered to originate primar;ly from transportation
sources, shows a possible industrial éource neaf the Central
Fire Station as revealed by the concentration peak>at stage 4
(rarely seen for Bf but shown by several other elements
there), but at the other stations shows the usual S-type
pattern. (Note that the "industrial" Br does not show up at
Markstown Park, suggesting that it is not from the steel
industry.)  In general, thé urban Mackinac Island déncentra—
tion ratios of B;’at the three urban locations are émong tﬁe
highest for the elementé 6f this experiment, prpbaﬁly a re-

flection of the unusually low values at Mackinac'island.

The other four elements shown, Zn, Sb, As, .and In, behave ‘

similarly to the above examples, but for Zn there appears. to
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be a stroné dispersion source in Ann Arbor, éuggested by
Nifong (1970) to be fly ash from power plants and incinera-
tors. This is the only case where we have ébserved a pure
L—typé shape for Zn. The majority of source processes seem
to give rise to M- and S-type patterns for this element.

Indium-is interesting because of the high degree of
similarity among its size distributions, more so than for the
- other elements. This is treated in more»detail_below.

The arsenic plot is unusual for its similarity of con-
céntrations between Mackinac Island and the other locations.
This cannot be some effect of its size distribution alone,
for the same S-type distribution is shown by a number of other .
elements with much larger concentration differences between
locations. It also appears not to be related to volatility,
since Hg is‘aiso volatile and shows 1arger.urban/Mackinac
Island ratibs. The éther (most likely) explanation is that of
a source of As near Mackinac Island, possibly in the indus-
trialized Sault Ste. Marie area.

In summary, then, the addition of the East Chicago
stations seems to add little to the total picture being developed
other than higher concentrations and the knowledge of the degree

of similarity between source and remote regions.

Mackinac Island - Ann Arbor Comparisons’
A detailed comparison of the Ann Arbor size distributions

with those of Mackinac Island during the same period reveals a
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remarkable regularity of large-particle preferential enrich-

ment at Ann Arbor (or large-particle preferehtial depletion

at Mackinac Islénd). This seems to be valid for.nearly all
the elements, iﬁdependent of their chemical nature, supposed
formation process, or observed particle size diétribution,
and holds true'to a comparable extent during thh:sampling
periods. Figures IV-18 through IV-22.show somg.fepresentative
Mackinac Island-Ann Arbor comparisons for the firét 3-week -
period. Typical elements are Al and Fe. Alumiﬁum, a large-
particle element at both locations, has the bulk of its extra
mass ét Ann Arbor on stages 1-4, while étages 6-7 are more
nearly equal and stage 5 is essentially the same at both loca-
tions. Other large-particle elements showing Simiiar behavior
include Na, Cu, Cr, and Fe. Iron is noteworthy fbr the sharp
divergence of behavior at stage 4. Arsenic, though heavily
associated with small particles at Mackinac Island and much
less so at Ann Arbor, nevertheless show this same relative
enrichment, alsq beginning sharplyvat stage 4. As mentioned
earlier, this behavior may be partially cauéed by a loéal
‘source. Br shows this effect less strongly, while V, Mn, and
Se ha&e nearly identical patterns at both sites.

In an attempt to quantify the above observations, the Ann
Arbor/Mackinac- Island concentration ratio was calculated for
each element on each stage, then normalized to stage 7 as 1.0.
For each stage the geometric mean ratio over 23 elements (Mg,

I, Ga, W, Hg, Th, omitted because of large uncertainties) was
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determined, with the results shown in Figure IV-23 and Tables
Iv-3,4. Figﬁfe IV-23 shows tha£ the mean normalized stage
ratios show the same 1ncrea81ng trend with 1ncrea51ng partlcle
size during both sampling periods, but the enrichments are
larger during'the second of these.

In order to learn whether this enrichment pattern was a
function of the size distribution shape itself, the above
sequence was,repeated for 3 elemental subgroups, roughly
those contéining S-type elements, F-type eléménts, and L-type
elements. The geometric mean normalized concentration ratibs
for these cases are given in Tables IV-5,6, and displayed in
Figure 1IV-24, where it appears that the enrichment pattern is
size-distribution independent.

The'exélanation for this phenomenon is ndt immediately
clear. The fact that most elements show both éoncentration'
dropoffs andAequal alterations of their size-distribution
shapes between Mackinac Island and Ann Arbor suggests a com-
bination of diiution plus removal. The removal process seems
to act on a certain fraction of the particleé in a given size
range, independent of their chemical nature. Examples of
such physical processes are dry impaction, fallout, and wash-
out. Cloud dfoplet nucleation per se would not change the
spectra in this way, for its effect may depend on the solu-
bility of tﬁelindividual particles, and should show up in
preferential“removal of large soluble particles' compared to

small insoluble ones. The observed large particle removal
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is in agreement with cloud droplet nucleation tendencies, but

there seems to be little solubility effect seen here.

C. Vapor-phase Redistribution of Bromine

In inland areas the major source of both atﬁéspheric Pb
and Br'appears to be combustion of leaded gasolines (Gillette,
1970; Loucks and Winchester, 1969). The ethyl fluid additive
confains Pb, Cl, and Br, with Pb approximately 2 g/gallon and
mass ratios Br/Cl = 1.15 and Br/Pb = 0.39. The major emission
product is believed to be PbBrCl. If this is corréct, the
initial particle size distributions of Pb andBr should be
iaentical.

The size distribution of atmospheric lead is well-known
(Gillette, 1970), and appears not to change significantly with
aging of the aerosol. Approximately 50 percent ofithe Pb is
found on the backup filter, with the other 50.percent divided
roughly equally among the impaction étages. |

Our size spectra for Br show definite and fairly reproducf
ible differences from the typical Pb spectra. Broﬁine tends
more to an Setypé distribution at many of the more populated
locations, especially where aging of some hours' duration’may
be involved. However, because of the lack of a backup filter
and direct Pb meaéurements here, any conclusions must be highly
tentative.

Consider the various Br spectra of this,experiment (Figures
III-6 and IV-14,22,25). Runs N1, MKT1l, MIl, MI2, MI3, MI4,
ARO1, and ARO2 show definite S-type tendencies, with well-

defined maxima on the later impaction stages. This behavior
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is explainable either in terms of coagulation cr vapor—phaae
transport, except for the cases where particle sizes are
affected which are too large to be influenced'by coagulation.
(MI1, MI2, MI4, ARO2). Since Br is known to be lost from
automotive combustion aerosols (Lininget et al., 1966;
Winchester‘and Duce, 1967), such a vaporfphaSe transfer
mechanism seems a strong possibility here. Nifong (1970) also
finds evidehce that Br quickly becomes associated with par-
ticles of diameter 1-2 pm (Andersen stages 4—5)

The summer Br spectra from the western Canadlan loca-
tions are hlghly similar to one another and dlfferent from
the previously-discussed examples. Each has a broad minimum
at stages>5 and 6, with the large-particle end nearly as high
as the smali?particle end. This behavior at stage 7 can be
understood'ih terms of vapor-phase transfer from smaller
combustionfaerosols, but the reasons for the increase in con-
centration at the larger sizes are not clear. These flrst'
stages cannot reflect soil contributions,; for the aerosol/
soil enrichment factor even at these remote locations is too
high (50—100}. Industrial processes seem to be eliminated
because of the remoteness and lack of'confirming observations
by Nifong (1970) anywhere in Northwest Indiana.

A poséibie explanation may be multiple cycles of cloud
droplet nucleatlon, coalescence, and evaporatlon Several
nuclei would then be combined into one for each cycle, and
the result of several cycles would be.a considerably enlarged

nucleus. Inorganic bromine compounds tend to be soluble,
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thus favoring their participation in such processes before

eventual removal from the atmosphere.

D. Constancy of Indium Particle Size Distributions

Indium is the only element observed in this study to
invariably exhibit an M-type distribution. Its,reﬁroducibility
is even better than this alone would indicate,‘fqr the Andersen
étage with maximum concentration is always that corresponding
to particle diameters of about 1l ym, usually stagé 5. The
extent of this similarity can be seen from Figures IV-26,27
and Figures III-5, IV-17. |

Measurements of Nifong (1970) generally confirm this
oﬁservation, thoﬁgh they show a wider range of beha&ior nearer
to sources. Specifically, indium occasionally peéked on
stages 6 or 7, and more frequently on the backup fiiter.

This size distribution regularity suggests fhat indium
has only one or a very few major source processes; " The small
size may indicate avhigh—energy dispersion source féther than
a condensation type, but this source cannot be the soil.

More importantly, the In spectra do not appear to vary
significantly with remoteness, perhaps because the sources are
wideséread and none of the sampling sites was reé}ly remote
from them. It may also be explained in terms of the peakAposi-
tion of 1 micron diameter being in just the.size‘range which
is affected sighificantly by neither coagulation nor precipita-
tion processes. In any event, In spectra do not appear to be

highly altered through-aging.

c



95

E. Aging Effects on a Marine Aerosol

The winﬁeﬁ aerosol at Twin Gorges, NWT; is remarkable.
Because of.its unusual aspects all elemental size spectra
are shown (Figures IV-28 through IV-32).

Most of the size distributioné are nearly‘as expected.
Al, Co, Cr, Th, Sc, Ce, and La are strongly L-type. Fe, K,
Ca, Sb, Mn; and Sm are nearly L-type, but with a peak on stage
4 of 5. Cu, V, Zn, As, Ga, In, and Se are M-type.

The surprise comes in the Na and Cl spectra (Figure
. IVv-32). Sodium, with its very large peak at stages 4 and 5,
is here unliké any element seen before, and in particular
unlike any of the other Na spectra of this experimenﬁ (Figufes
Iv-33,34). The resemblance'to the AROZ spectrum is fortuitous,
as will be developed later. Chlorine is very:similar to H
sodium, especiélly at theclarger particle sizes, again being
different froﬁ'its norm (Figures IV-35,36). Mg and Br show
some resemblanée to Na and Cl, each déviating.from its more
normal pattern.

This Na paftern (which because of its apaiyticalprecision
will serve as.the reference shape) strongly resémbles the shape
of Cl and Br 'in fresh Hawaiian marine air (Duce. et al., 1967)
(Figure IV—4Q),land leads to the inference th§t actual marine
aerosol is béing observed here. [Note that iﬁ Figure IV-40
stage A représents the‘largest particles. The'particle
diameter at the Na maxima (1.5 pm) is also quite close to the

comparable Cl figures of Duce et al. (4 um). This CI/Na
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behavior is apparently reproducible, reappearing-in Andersen
'sample TG3 (Figure IV-37).
| Further éonfirmation for the marine aerosol idea comes

from the seasona;-variatiohs, which show Cl and Na enriched
over their summer values by 40 and 5.9 times, respectively,
while a soil element likeAAl is 4.5 times lower fhan its
summer level (Figure III-21).  In addition, the‘Ci/Nalratio
ihcreases from a summer value of 0.16 to 1.1 invwihter,
approaching the sea water value of 1.8.

| If the sea-salt origin'of the NaAand Cl hefe is accepted,
other ideas immediately follow. First, the aeroséi hasv under-
gone an order-of-magnitude dilution siﬁce its genérétion, for
typical Na concentrations ﬁear the ocean are a few,ug/m3}
while the total Na here is 290 ng/m3. This dilution may
involve mixing Wifh more continental air contaihing the L-
and M-type elements observed here.

Secondly, though some of the marine aerosol may have been
removed from the atmosphere during transit, the‘apparent near
preservation of its original shape suggest this to be a small
effect, since removal processes may be size-dependent. 1In
view of the small particle sizes of this aerosol, minimal re-
moval seems physically reasonable.

Other elemental ratios are of interest. Table IV-7
shows that the Mg/Na ratib is nearly the same és'the sea water
value, suggestihg along with its size distributibn'that it is
of marine origin. Next to Na, Mg is the4ﬁost abundant cation

in sea water (Table III-13). The Br/Na ratio is slightly above
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that for sea water, possibly because of a longer mean atmos-

pheric residence time of Br or because of pollution sources;

The I/Na ratio is 260 times greater than the sea water value,
consistent with the well-known iodine marine aerosol énrich—

ment (Wincﬁester and- Duce, 19665.

But the Cl/Na ratio is of greatest interest (figures
Iv-38,39; Table IV-8). In the larger particles it is very
close to the sea water ratio of 1.8, and the somewhat lower
ratio for stage 1 can easily be accounted for by soil-derived
Na admixture._ In the smallest particles Cl/Na is far below"
the sea water ratio . and suggests Cl loss from small particles
in the atmosphere during aging. (Previous observations
(Chapter VIII; Junge, 1963) have noted a Cl loss with time in
filter samples taken without size discrimination.) Since the
‘travel distances from the open ocean may be thousands of
kilometers the aging times ﬁay be days or longer; depending
on specific air trajectories of sampled air. Apparently
there is little change in the Cl/Na ratio in larger particles

during this time.
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TABLE IV-1l. Elemental Concentrations

Mackinac Island Experiment

. Na

MIl(ng/m3) AAl(ng/m3) - AA1l/MI1
78 360 4.6

Mg 15-35 90 3.6
Al 140 570 4.1
cl 16 450 28

K 80 . 200 - 2.5
Ca 110 440 4.0
Sc 0.098 0.50 5.1
Ti 12 53 4.4
\ 1.0 3.4 3.4
Cr 1.6 7.8 - 4.9
Mn 10 41 4.1
Fe 410 1300 3.2
Co 0.16 0.61 3.8
Ni -- -- -
Cu 9.9 150 15
Zn 23 420 18
Ga 0.17 0.82 4.8
As 6.4 4.9 . 0.77
Se 0.31 0.90 2.9
Br 5.9 80 14
Ag 0.09-0.22 0.41 2.7
In 0.01 0.037 3.7
Sb 0.56 2.7 4.8
I 0.47 - -
La 0.16 1.9 12
Ce 0.39 1.9 4.9
Sm 0.021 0.10 4.8
Eu 0.005 0.016 3.2
W 0.08 0.57 7.1
Hg <0.21 0.6 >2.9
Th 0.019 0.10 5.3




a
TABLE IV-2. Elemental Concentrations — Mackinac Island Experiment
MI2(ng/m>)|AA2 (ng/m>) |CFS1 (ng/m>) | MKTI(ng/m>) | MI2/MI2|AA2/MI2|CFS1/MI2 |MKT1/MI2

Na 110 1300 950 750 1.0 12 8.6 6.8
Mg 42 220 520 460 1.0 5.2 12 11
Al 160 700 960 1000 1.0 4.4 6.0 6.3
cl 14 1700 1500 920 1.0 120 110 66
1K 81 260 ; 320 400 1.0 3.2 4.0 5.0
Ca 150 800 ‘1300 1200 1.0 5.3 8.7 8.0
Sc 0.10 0.77 0.72 0.68 1.0 7.7 7.2 6.8
Ti 12 62 48 68 1.0 5.2 4.0 5.7
\Y 1.3 5.8 30 41 1.0 4.5 23 32
Cr 1.3 5.6 18 24 1.0 4.3 14 18
Mn 9.6 36 75 84 1.0 3.7 7.8 8.8
Fe 330 1200 2100 2500 1.0 3.6 6.4 7.6
Co 0.13 0.47 1.3 1.0 1.0 3.6 10 7.7
Ni - -- -- -- -- -- - --
Cu 6.6 60 24 340 1.0 9.1 3.6 52
7Zn . 29 1000 750 480 1.0 35 26 17
Ga 0.14 0.85 1.3 1.2 1.0 6.1 9.3 8.6
As 4.5 7.4 10 8.8 1.0 1.6 2.2 2.0
Se 0.74 1.5 1.4 1.6 1.0 2.0 1.9 2.2
Br 5.3 73 96 80 1.0 14 18 15
Ag -- 0.19 - -- - -- - --
In 0.018 0.083 0.31 0.073 1.0 4.6 17 4.1
Sb 1.1 4.4 27 12 1.0 4.0 25 11
I 0.42 -— 10 3.7 . 1.0 - 24 8.8
La 0.26 1.0 2.5 10 1.0 3.8 9.6 38
Ce 0.48 1.8, 2.5 7.9 1.0 3.7 5.2 le6
Sm 0.067 0.92 0.16 0.39 1.0 14 2.4 5.8
En 0.0062 0.033 0.037 0.06 1.0 5.3 6.0 9.7
W -- <0.8 0.36 0.56 -- - - --
Hg 0.11 0.28 2.3 1.2 1.0 2.5 21 11
Th 0.029 0.097 0.23 0.27 1.0 3.3 7.9 9.3

66



TABLE IV-3.

Normalized

Concentration Ratios, AAl/MIl

5

.8(1.7)

7 6 5 4 3 1

Na 1.0(0.2) 1.2(0.3) 0.55(0.10) 1.7(0.3) 2.9(0.5) 4.5(0.8) 6.4(1.2)
Mg 1.0(2.1) 1.4(2.8) 2.1(2.7) 5.1(5.1) 2.1(2.5) 3.7(6.6) 3.2(4.4)
Al 1.0(0.3) 0.66(0.12) 0.37(0.07) 0.94(0.14) 1.3(0.3) 1.6(0.3) 1.9(0.4)
Cl-1.0(0.4) 4.3(4.4) 0.86(0.32) 1.2(0.3) 2.8(0.5) 2.9(0.5) 3.2(0.6)
K 1.0(0.2) 0.68(0.13) 0.42(0.09) 1.0(0.2) 1.4(0.3) 1.0(0.2) 1.8(0.3)
Ca 1.0(0.7) 1.7(1.2) 0.92(0.38) . 1.7(0.6) 2.7(0.9) 2.3(0.8)  6.0(1.6)
Sc 1.0(0.5) 1.8(0.8) 0.9(0.2) . 2.6(0.6) - 3.4(0.9) 2.8(0.5) 6.0(3.2)
Ti 1.0(1.3) - 8.6(9.8) 1.2(0.9) - 4.4(2.6) 6.2(3.8) 3.4(1.3)  4.9(1.8)

1.0(0.2) 1.1(0.2) 0.81(0.16) 1.0(0.2) 1.3(0.3) 1.4(0.3) 1.9(0.4)
Cr 1.0(0.3) 1.0(0.2) 1.0(0.2) 2.5(0.7) 2.4(0.5) 3.7(1.3) 4.3(0.8)
Mn 1.0(0.2) 1.9(0.5) 1.2(0.2) 2.0(0.5) 1.6(0.4) 1.7(0.3) 3.0(0.5)
Fe 1.0(0.4) 1.0(0.3) 1.3(0.3) 3.7(0.7) 6.1(1.2) 6.0(1.1) 15(3)
Co 1.0(0.6) 0.72(0.55) 0.47(0.26) 1.3(0.7) 2.4(0.9) 1.3(0.6) 2.1(0.9)
Ni - - - - - - -
Cu 1.0(0.2) 0.87(0.21) 0.57(0.16) 2.1(0.4) 3.9(0.9) 7.9(1.9) 73 (16)
Zn 1.0(0.2) 0.98(0.17) 1.4(0.3) 4.9(0.9) 12(3) 14(3) 26(5)
‘Ga 1.0(0.3) 1.5(0.8) 0.54(0.62) 1.9(1.1) 1.8(1.0) 3.0(2.1) 2.7(3.1)
As 1.0(0.3) 0.89(0.25) 0.98(0.25) 5.0(1.7) - 5.5(2.5) 4.2(2.9) 11(10)
Se 1.0(0.4) 1.3(0.4) 1.1(0.4) 1.3(0.9) 3.4(4.2) 2.0(2.2). 1.1(1.2)
Br 1.0(0.3) 1.2(0.3) 0.96(0.20) 2.3(0.6) 2.3(0.5) 2.1(0.6) 2.9(0.9)
Ag -- -~ - | -- -- o -- : --
In 1.0(0.6) 0.88(0.27) 0.50(0.19) 0.79(0.39) 0.93(0.37 0.41(0.26) 0.30(0.28)
Sb 1.0(0.2) 1.4(0.3) 0.99(0.26) 1.30(0.3)  1.3(0.3) 0.96(0.36) 0.96(0.30)
I 1.0(0.4) ~0.62(0.36) 2.7(3.0) 3.4(4.0) 0.54(0.68) 1.5(2.0) 0.68(0.76)
La - 1.0(1.0) 0.61(0.64) 0.42(0.28) 0.28(0.08) 0.24(0.06) 0.094(0.037)0.14(0.07)
Ce ~1.0(0.8)  0.92(1.00) 0.30(0.20) 0.58(0.25) 0.88(0.23) 0.83.(0.40) 1.1(0.5)
Sm 1.0(L.9) ~ 0.57(0.61) 0.18(0.07) 0.12(0.05) 0.17(0.04)  0.14(0.04  0.25(0.08)
Eu 1.0(1.0)  0.33(0.58) 0.27(0.36) 0.52(0.46) 0.72(0.49) 0.35(0.26) 1.0(1.2)
W 1.0(3.2) 2.5(3.6) 2.2(2.6) 1.4(1.3) - 5.0(4.2) 4.2(2.9) 13(14)
Hg 1.0(1.2) 0.53(0.67) 0.59(0.76) 0.24(0.30) 0.15(0.21) 0.18(0.19) 0.53(0.69)
Th 1.0(1.7) 1.0(1.7) 0.67(0.60) 1.4(0.8) 2 0.83(0.59) 3.3(2.5)
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TABLE IV-4. Normalized Concentration Ratios, AA2/MI2

7 6. 5 4 3 2 1
Na 1.0(0.3) 0.56(0.11) 1.1(0.2 4.1(0.7) 11(3) 31(6) 75(15)
Mg 1.0(l.4) 0.7(1.0) 1.4(0.8) 1.8(3.8) 1.6(2.7) 11(16) 7.7(4.5)
Al 1.0(0.2) 0.58(0.09) 1.2(0.2) 2.6(0.4) 3.0(0.5) 3.2(0.6) 5.3(0.8)
Cl 1.0(1.0) 0.8(0.7) 1.5(0.6) 6.0(2.0) 5.9(1.0) 12 (3) 17(3)
K 1.0(0.2) 1.9(0.4) 3.7(0.7). 2.8(0.5) 2.0(0.4) 2.4(0.4) 5.0(1.1)
Ca 1.0(0.6) 0.40(0.18) 0.47(0.20) 0.76(0.24) 2.4(0.7) 1.6(0.5) 2.6(0.8)
Sc 1.0(0.5) 1.2(0.5) 2.2(0.5) 3.9(0.7) 16 (3) 5.5(1.3) 10(2)
Ti  1.0(1.5) 0.33(0.56) 0.19(0.22) 0.17(0.10) 0.73(0.35) 0.88(0.51) 0.86(0.47)
\% 1.0(0.3) 1.0(0.2) 1.7(0.4) 1.2(0.2) 1.3(0.2) 1.3(0.3) 1.9(0.4)
Cr 1.0(0.6) 6.1(1.1) 13(3) 27(9) 21(5) 12(3) 34 (9)
Mn .1.0(0.2) - 1.1(0.2) 4.1(0.8) 3.7(0.6) 2.4(0.4) 2.8(0.6) 4.5(1.0)
Fe 1.0(0.3) 1.2(0.2) 2.7(0.5) 4.2(0.8) 6.5(1.0) 7.4(1.3) 12(2)
Co 1.0(0.2) 3.3(0.8) 4.1(0.8) 5.1(1.3) 8.6(1.9) 7.2(1.4) 12(3)
Ni - -— -- - - - ——
Cu 1.0(0.4) 1.3(0.4) 2.9(0.8) 5.9(1.7) 8.3(2.2) 14 (5) 52(18)
Zn 1.0(0.2) 3.1(0.5) 12(2) 60(13) 170 (40) 240 (60) 290 (60)
Ga 1.0(0.7) 9.4(9.5) 1.4(2.0) 1.4(0.6) 0.93(0.81) 1.4(2.0) 4.2(5.0)
As 1.0(0.3) 0.58(0.14) 2.1(0.4) 1.7(0.8) 0.82(0. 76) 1.9(1.4) 5.6(4.0)
Se 1.0(0.2) 6.4(1.2) 14(3) 8.2(3.1) 5.8(2.6) 1.7(2.1) ‘8.0(5.0)
Br 1.0(0.3) 0.97(0.28) 3.2(0.6)" 4,9(1.1) 4.1(0.8) 4.3(0.8) 9.1(1.7)
Ag  -- -- - ‘ -- -- - -- .
In 1.0(0.3) 0.67(0.13) 1.4(0.2): 1.5(0.6) 1.8(0.8) 1.3(1.1) 3.1(3.0)
Sb 1.0(0.2) 5.7(1.0) 9.5(2.3) 9.9(1.8) 16 (3) - 9.0(1.5) 10(2)
I 1.0(0.4) 1.2(0.6) 10(16) 9 (11) 9(13) 10(9) ' 7(5)
La 1.0(0.3) 1.3(0.9) 1.6(0.6) 2.3(0.8) 2.4(0.7) 3:.1(1.5) 6.5(4.5)
Ce 1.0(0.2) 20(21) 4.9(1.0) 6.5(1.4) 13(3) 11(3) 18 (5) .
Sm 1.0(0.3). 1.3(0.6) 3.4(0.4). 13(3) 41(7) - 91(17) 220 (40)
Eu 1.0(1.0) 0.94(0.96) 1.1(1.3) 1.2(1.2) 2.8(2.7) 4.3(5.2) 7(11)
W 1.0(1.1) 2.2(2.7) 9(12) . 10(14) 7.8(6.5) 26 (37) 260 (250)
Hg 1.0(0.8) 1.7(1.2) 2.4(2.8) 0.5(0.5) 0.5(1.0) 6.7(6.5) 0.8(0.8)
Th 1.0(1.2) 0.45(0.57) 0.16(0.10) 2.9(1.6) 1.3(0.7) 2.7(1.3) 3.8(1.4)

101
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' TABLE IV-5. Normalized Cohcentration Ratios
: by Subgroup, AAl/MI1

7 6 5 4 3 2 1

Small-Particle Elements

Br . 1.0 1.2 0.96 2.3 2.3 2.1 2.9

As 1.0 0.89  0.98 5.0 5.5 4.2 11

sb 1.0 1.4 0.99 1.3 1.3 0.96 0.96

Se - 1.0~ 1.3 1.1 1.3 3.4 2.0 1.1

v 1.0 1.1 0.81 1.0° . 1.3 1.4 1.9

Geom. , . :

Avg. 1.0 1.2 1.0 1.8 2.4 1.9 2.3
M _ Lafge-Particle Elements N

ca 1.0 1.7 0.92 1.7 2.7 2.3

Al 1.0 0.66  0.37 0.94 1.3 1.6

cl 1.0 4.3 0.86 1.2 2.8 2.9 3.

‘Sc 1.0 1.8 0.9 2.6 . 3.4 2.8 .

Ti . 1.0 8.6 1.2 4.4 6.2 3.4

Geom. . ,

Avg. 1.0 2.4 0.79 1.9 2.9 2.5 4.0

,. _ ‘ "Flat" Elements

Co 1.0  0.72 0.47 1.3 2.4 1.3 2.1

K . 1.0 0.68 0.42 1.0 1.4 1.0 . 1.8

La -~ 1.0 0.61 0.42  0.28 0.24 0.094 0.14

Fe 1.0 1.0 1.3 3.7 6.1 6.0 15

Geom. .

Avg. 1.0 0.74 0.57 1.1 . 1.5 0.93 1.7




Normalized Concentratioh
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Ratios

TABLE IV-6.
by Subgroup, AA2/MI2
7 6 5 4 3 1
Small-Particle Elements
Br 0.97 3.2 4.9 4.1 4.3 9.1
As 0.58 2.1 1.7 0.82 - 1.9 5.6
sb 5.7 9.5 9.9 16 - 9.0 10
Se 6.4 14 8.2 5.8 1.7 8.0
v 1.0 1.7 C1.2 1.3 1.3 1.9
Geom. )
Avg. 1.0 1.8 4.3 3.8 3.3 2.8 6.0
' Large-Particle Elements
Ca 0.40 0.47 0.76 2.4 1.6 2.6
Al . 0.58 1.2 2.6 3.0 3.2 5.3
cl 0.8 1.5 6.0 5.9 12 17
Sc 1.0 1.2 2.2 3.9 16 .5 10
Ti 1.0 0.33 0.19 0.17 0.73 0.88 0.86
Geom.
Avg. 1.0 0.59 0.84 1.5 3.5 3.1 4.6
"Flat" Elements
Co 3.3 4.1 5.1 8.6 7.2 12
K 1. 3.7 2.8 2.0 2.4 5.0
La 1.3 1.6 2.3 2.4 3.1 6.5
Fe 1.2 2.7 4.2 6.5 7.4 12
Geom. _
1.0 1.8 2.8 3.4 4.0 4.5 8.5

Avg.
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Table IV-7. Comparison of Aerosol Elemental
Ratlos with Sea Water Values

Ratio : Aerosol (TG2), Winter Sea Water
Mg/Na - 0.13 ©0.12
Cl/Na 1.1 1.8
Br/Na | . . .0.01 o © . 0.006
'I/Na E 1.2x1073 4.6x106

TABLE IV-8. Cl/Na Ratios — Winter Samples TG2, TG3

Stage 1 2 |3 | 4 5 | 6 7 |F

TG2 0.63 | 1.3 [1.6 | 1.5 | <0.62 | <0.01 | 0.08 | --

TG3 0.42 | 1.3 1.7 | 1.6 |.<0.025 <o;094'{2.7 1 1.4
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CHAPTER .V
SPECIAL ELEMENTAL CORRELATIONS

A, ARO: A Strong Pollution Source in a Clean Area

Summexr

The summer Andersen sample at Algonguin (AROlj reveals
an unusual péraiLelism in size distribution patterns for the
elements 2n, Mn, As, Cu, Se, Sb, and In (FigureAV—l). Each
shows a strong maximﬁm at stége 5 or vicinity, falling off by
ﬁp to an order Qf magnitude on either side. Though M-type
distributions are common for these elements in summer (Table
- III-3), this degree of.parallelism in a single sample is
unique. Also, the number of M-type elemenﬁs here is by far
thé highest of the summer stations (Table III—4);"Of the
above elements, Zn and Se are highly enriched heré, and As and
" In are the most highly enriched of any location in the network
(Table III-14).

| Most of the other elements are normal in pattern. Figure

V;2 shéws that Fe,'Al, Na, and K are clear-cut Lftypés, while

Cr has an apparent LM combination. , .

Winter
The winter Andersen sample (ARO2) shows nearly identical
spectra for 5 of the 7 M-type elements listed above (Se, Sb .

vary slightly and are shown in Figu:e V-6), but this 1list is
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augmented by Fe, Al, Na, K, Cr, Ga, and possibly Sm (Plgures
V-3,4). Several other elements (C1, ce, Co, Sc, Th, Eu) show
peaks on larger particle sizes (Figure V-5), but not a single
element can be considered L-type. Though a somewhat similar
winter situation was also seen at Mackinac Island, comparison
with Figures IV-5 to IV-9 and Tables III-2,6 will show ba51c
differences between the two sites.

S-type behavior ig strongly shown by Br, V, and I, and
to a lesser extent by Se and sb (Figure Vv-6). This sets Se
and Sb somewhat apart from the M-type elements with which they
were classified in summer, but even then they also tended more
toward an S- ~type shape than did the others (Flgure v-1). The
shift of V to a strong S~type shape may be from local fuel oil
combustion at the Algonquin Radio Observatory. Part of the. Se
shift may also be explained in this way, because of its. occur-
rence with S in fossil fuels. Some of the Se may be from
background advected from the Mackinac Island V1c1n1ty, also‘

strongly S- type (Figure III-2).

Sources: Industrial vs. Soil

A number of considerations Suggest the M-type elements
to be of industrial origin. Several (zn, As, Cu, In, Se, Sb)
have high aerosol/501l enrichment factors (Flgure III-14,
Table III- 14) at all stations, and some (As, In) show their
highest actual concentratlons here. Harkins and Swain (1908)
report detection of major amounts of As, Sb, Cu, Pb, Zn, Mn,

Fe, and Al in smelter smoke, with their list bearing a striking
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resemblance to the unusual elements here at ARO. Pb is of
course not determined in this work, and Fe, Mn, and Al are
Ahefe seen to have major soil contributions as well.

Indeed, the mejor heavy industry in the surrounding area
is the mining and smelting of Ni-Cu-2Zn ores in the vicinity
of. Sudbury, Ontario, some 250 km NW. There‘arevthree Ni-Cu
smelters near Sudbury, as well as an electrolytic copper
refinery. Both therdetection of Ni in the summer filters at
ARO, the only station in the network where it was abeve the
'detection limit, and its aerosql/soil enrichment factor of 15
reinforce the idea of the link between the acti&ities at
Sudbury and the non-soil elements at ARO.

The strength of the hypothesized industrial source is
demonstrated by the winter particle size distributiens
(Figures V-3,4), where soil contributions to Fe, Al, Na, K,
and Cr are overshadowed by those from the pollution source.
There seems to be e_delicate balance of source strengths for
these elements, with the soil dominating in summer and the
industrial source in winter. On the other hand, neither com-
pleteiy overshadows the other. The summer plots (Figure V-2)
show shoulders at stage 5 for Fe, K, Na, and Cr, while the
- winter plots (Figure V-3) show Fe, Al, and K with higher levels
at stages 1, 2, and 3 than for the more volatile, purely pollu-

" tion elements.

Source Characteristics

A single source type is strongly suggested by the size

distribution shapes of the M-type elements. The remarkable
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number of elements with stage 5 maxima (14 ‘of 24 in winter)
apd their similarity of shape indicate‘thaf they‘are npt only
ffom'the same source but also probably associated with the
same particles. The elements would appear to be volume-
rather than surface-distributed in most cases, because of the
unusual similarity between elements normally quite different
vin particle size distribution. For exaﬁple, Fe and'Zn have
Winter size distributions that differ only slightly in the
first 2-3 stages (Figure V-3). The peak is at stage 5 for
both, with highly similar shapes. This is to be contrasted
with the results of Nifong (1970) for Northwest Indiana.
These show Fe always L-type, and Zn was nearly always M- or
S-type, even hear strong sources. The Zn-Fe difference in
Indiana can be attributed in part to source process differ-
ences, but also in part to volatility differences which

made Zn a condensation aerosol. 'At ARO, hewever, the similar
size distributions suggest little or no condensation to have
occurred, or else systematic differences would have been seen
between the refractory and the volaﬁile elements.

The expected nature of such spectrallshape differences
can be seen from the equations describing an aerosol number
distribution. For a number distribution n(r) = dN/d(log r),
where N is the total number of particles of radius less than
r, correspondihg surface and volume distributiens willvbe,

respectively,

s(r) = 412 n(r)

~S<
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v(r) =‘41rr3 n(r)
These are simply related:

s(r) a % v(r)

independent of the form of n(r). Given two elements, one
surface-distributed on an aerosol and the other Qélume—dis—
t;ibuted in that same aerosol, the surfaée-distributed
élement will be relatively more abundant on the smaller
particles. |

Consider a log-normél éarticle-number distribution,
typically thé resuit of a dispersive process (Fletcher, 1966)"
and béaring a certain resemblance to the ARO spedtra. If the.

number maximum is at radius ror the following equations apply:

‘n(r) = dN/r(log r) ~ exp f; [log(r/ro)]z}
s(r) = 41rr2 n(r) =~ r2 n(r)
v(r) = 4 nr3 n(r) ~ f3 n(r)

3
These are plotted in Figure V-7.
If r and r are respectively the radii of maximum
S max vV max .

concentrations of surface- and volume-distributed elements,

differentiation of the above equations shows that

|
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o
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r =
VvV max O

|
N
~
a]

I = 2.7 1
S max o
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r r = 1.7
v max/ s max

In other words, an element which is volume distributed
in a log—nofmal particle-number aerosol will have its mass
disfribution maximum at a radius of 4.5 times the radius of
number maximum, or about 2 Andersen Sampler stages higher.
Similarly, a surface-distributed element in this same aerosol
will show its concentration maximum about one Anderseﬁ stage
higher than the true number maximum, or 1 stage lower than
the volume—distributed element. Note that, though s(r) and
v(r) are each slightly skewed toward smaller r, the overall
resemblance to the log-normal n(r) is very close.

Inspection of the AROl and ARO2 plots for families of
elements with maxima separated by one stage reveals nothing
conclusive. Elements such as Fe, Al, As, and Zn show sys-
tematic but very small differences in £he expected direction,
but these may bé due to background slopé differences of L-
vs M- or S-type distributions. One of three»choices would
then seem to be preferred. Either all the elements have
Qaporized, or none have, or else énti—éollution devices on
the stacks have removed so many of the largest particles thaﬁ ‘
the original distributions are no longer recognizable. Of
these, the second seems most likely.

On the'other hand, the long-raﬁge transport to ARO will
allow many of the largest partiéles to settle out,thus tending

to shape the refractory products more like the volatiles, but
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this effect cannot be quantitatively evaluated without a

knowiedge of the original size distributions.

The question of condensation vs. dispersiqn origin is
further resolved by work of Nifong. On the basis of size
distribution déta he finds Mn in Northwest Indiana to be IL-
distributed as éxpected for dispersion aerosolg, and to a
lesser extent the same is observed for Cu. In summer at ARQ
these two elements are similar to the volatiles, éuggesting
a dispersion source process for all.

On the othér hand, the inferred r, for the dispefsioﬁ

process is very small. The stage 5 maximum implies

dvmax = 1.5/4.5 = 0.3 um, near to the lower limit of disper-
sive processés. This would suggest a high-energy dispersive
process (such as at high temperature), implying a greater
degree of vaporiéation than that inferred from the size

distributions of typically volatile elements. At the present

this dilemma remains unresolved.

B. The Coherence of Zn and Sb

Zinc and antimony show a high source correlation £hrough—‘
out all our measurements. In the Canadian summef study their
- aerosol/soil enrichments, though several times higher for
antimony than for zinc, were in a nearly constant ratio for
all seven Stations (Figure III-20). Their parficle size dis-
tributions are almost always quite similar, but with Sb

usually being relatively more abundant on stages-6 and 7 ﬁ

(Figure V-1, for example).
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The Northwest Indiana survey (Part II) revealed Zn and
Sb to have the third largest iinear correlafion coefficient
of any of the elemental parts, 0.91 + 6.04. Visual inspecfion
of the rele?ént concentration maps will verify this conclusion,
for the isopleths aré guite similar in appearance.

The diurnal variatiohs study for Livermore, Califdrnia
(Part II) shows that Zn and Sb generally follow the trace of

the other elements, except for a short excursion of some 12

hours in length when they together rose in concentration by a

factor of 5 while all the others (except Na, Cl, and Br) were
falling by a factor of 2. This unusual behavior suggesfed a
simultaneoﬁs temporary emission of Zn and Sb into the atmos-
phere at some point upwind, which perhaps only coincidentally
began after dark and ceased in early morning. |

Though it is very common, the closé behavioral correla-
tion betweén.Zn and Sb is not universal. In Ann Arbor in |
winter Zn and Sb almost certainly have different sources,
because heré'the Sb has its usual size distribution (small
particles) but the 2Zn shows a clear, strong large-particle
dispersion source, the only case of its kind we have seen.

Nifong (1970) noticed in the Northwest Indiana indus-‘
trial area a generally high but not universal degree of
parallelism in the particle size distributions of Zn and Sb,
in agreement with our more remote méasurements.

The reasons for this source and size distribution coher-

ence appear to originate from a combination of physical and
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geochemical similarities between the elements. Both are

classed by Mason (1966) as chalcophiles, elemenfs-favoring

a sulfide rather than silicate or basic iron phéée of a melt.
They will thus Ee_found together in minerals such as
sphalerite, ZnS.. Their similarity of volatility causes the

commonness of particle size distributions observed.
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PART II
STUDIES NEAR URBAN-INDUSTRIAL SOURCE REGIONS
CHAPTER VI
NORTHWEST INDIANA: THE STUDY OF

AN INDUSTRIAL SOURCE AREA*

A, Introduction

Proper.interpretation of data taken in rural aﬁd remote‘
regions depehds heavily on an understanding of conditions for
the same trace elements in source regions. Since portions of
many of the elements appearing in remote regions probably
originate in major industrial areas, a study of at ieast one
such source region was deemed desirable.

Few detailed data are available for most elements in
cities. Some numbers are published, typified by quarterly
and yearly averages of 16 elements issued by the National Air
Sampling Network (U.S. Department of Health, Education, and
Welfare, 1968) for about 100 urban locationé, usually one per
city. Our goals demand more specialized measurements—a compre-

hensive short-term multielement areawide survey throughout

*

Publication of the data portion of this work is planned under
the authorship of P.R. Harrison, K.A. Rahn, R. Dams, J.A.
Robbins, J.W. Winchester, S$.S. Brar, and D.M. Nelson. The
statistical analysis portion will be published in Nuclear
Technigues in Environmental Pollution. International

Atomic Energy Agency, Vienna, under the authorship of R. Dams,
J.A. Robbins, K.A. Rahn, and J.W. Winchester.~
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* the whole of a major source area. A sufficiently dense samp-
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ling grid should reveal which of the elements have strong
pollution sources, and pefhaps afford some estimate of their
nature and location. With knowledge of source patterns and
general concentrafion*levels as a starting poinf, comparisons

with remote locations can be made more meaningful.

B. Experimental

1. Site Selection

The Hammona—East Chicago—Géry-Whiting metropolitan complex
(pictured in Figure VI-1, and reférred to below simply as
.Northwest Indiana) was chosen for the site of this study for
séveral reasons. It is one of the nation's biggest industrial
areas, with three large steel mills and.four petrqleum refin-
eries situated along the Lake Michigan shoreline. Other
important industries are foundries, steel fabricators, chemicall
plants, a cement manufacturing plant, and two sizable power
utilities. The "Air Pollution Inventory" (Ozolins et al.,
1968) of the area shows that particulate emission from indus-
'£rial processes aécounts_for 76 percent of the total partiéulate
emissions in the area. We felt that tﬁis compact clustering of
major sources might provide both high concentrations and strong
épatial variations ‘of trace elements. Furthermore, the variety
of source processes'should tend to maximize the number of detec-
table frace éleménts, thus providing a maximum of information.

Harrison (1970) had demonstrated the existence of a very

strong Cu concentration maximum in East Chicago which was
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reproducibly found on each of his six sample days and was
apparently a permanent feature in the area. This aroused our
interest in the possibility of major sources of other trace

elements in the area, perhaps related to the copper source.

2. Sampling Program

Each of the four cities runs an active air pollution
monitoring érogram. All of the local sites are equipped with
high volume pumps and 20x25 cm (8x10 in) filter holders, the |
ideal choice for our purposes.

'For thié study a network was formed by combining the
facilities of the four cities with the adjoining Porter and
Lake Counties, as well as Michigan City. Figure VI-3 shows
the location and numerical designation for these 24 sites.
Table VI-1 shows their areas of jurisdiction and name. Where
possible, the stations are 2 to 3 stories above ground, but
at least for station 6 this was not the case. In an effort
to obtain a measure of the more distant background, a sample
was taken at a rural station'(No. 30, Niles, Michigan), located
on a farm some 100 km ENE of the metropolitan area. The sam-
pler here was 1.5 meteré above ground, over short grass.

All filters were 20x25 cm, exposed for 24-hours starting-
11 June, 1969, usually at 0000 hrs but in somé cases at 0900
hrs. They were cut from Microsorban (see Appendix la), a
polystyrene material whose high flow rate, freedom from dust
loading effects, and low analytical blanks make it ideal for

trace element sampling in heavily polluted areas. Its loosely
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woven cottonlike constitution causes a certain portion of the

unexposed edge area to tear off when removed from the filter
holder, precludiﬁg ekact weighing after sampling. For this
reason no total suspended particulate measurements are avail-
able for this Aday.

Figure VI—4>shows the surface weather map for 7 AM EST,
11 June, 1969. A strong soﬁtherly air flow would be expected,
and was generally observed during the period at all area
méteorological stations (Figure VI-3). Other meteordiogical
data of interest are listed in Table VI-2. As expécted from
the strong pressure gradient and 0.9 fractional cloud cover,
thebwind traces were rather steady, hourly extremes,of speed
and direction at Eaét Chicago being 6 to 18 mph éﬁd 180 to

220°, respectively.

3. Analytical

The procedure used here was nearly the same as described
in Appendix 2a, except for the addition of a third'irradiation
of two hours duration in the reactor core. The usual sequence
of four counts was followed, and the entire scheme is shown
in Table VI-3.

It had appeared from previous analyses that replication
was advantageous when maximum accuracy was the goal. Because
of the pilot'stﬁdy nature of this project and the desire to
try to evéiuate realistically all possible sources of error,

évery analysis was performed from two to four times, on
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different sections of the filter, and the results (Appendix
4) represent mean values of these replications. Standard

deviations given in parentheses were determined from the dis-

persion of these individual analyses, and represent approx-

imately the 60 to 70 percent confidence level. Uncertainties
contributing to the reported deviations include filter sub-
division, spatial neutron flux variation dufing irradiation, .
counting géometry and statistics, filter-impurity inhomo-
geneities, and possible inhomogeneities of air flow through

the filter.

C. Results’

| Twenty-eight elements were detected in nearly all the 25
samples, while two other elements (Ag and Ni) could be |
detected only in a limited number of samples, Thg hean values
and standard deviations are listed in Appendix 4. No values
for Cl are giVen because of prohibitively'high impurity levels
in the polystyrene filter used (see Appendix la), while the
concentrations of the elements I and Au were below the detec-
tion limit of urban samples. In subsequént sampling on
Whatman No. ‘41 filter paper and in less polluted areas bofh
Cl and I have been regularly determined.

The concentrations of the elements detected range from
18,000 ng/m3 for S down to 0.04 ng/fn3 for In. In order of
decreasing maximum concentration the list reads: S, Fe, Co,

Cu, Al, Mg, K, Zn, Na, Mn, Br, Ti, Cr, Sb, Vv, Ce, As, La, W,
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Ag, Hg, Se, Ga, Sc, Co, Th, Sm, Eu, and In. Reproducibilities

are reflected in the standard deviations of Appendix 4,
generally in the 10 to 30 percent range but larger for ele-
ments whose concentrations were in the neighborhood of the
urban detection limit (S, In, W, Ga, As, Mg, Ag, Ni). Further
information on sensitivities and reproducibilities is given in

Appendix 2a.

D. Discussion

1. Source Strengths and Locations

A study of the concentration maps (Figures VI-5 through
VI-28) given for 24 of the elements will reveal subjective
- differences in the areawide distribuﬁions (results for Ga, In,
W, As, Ti, and Ni, were not plotted because of their large
uncertainties). As an aid to visualizing patterns and com-
paring element to element, concentration isopleths have been
drawn in a geometric series at 50 percent of the maximum
concentration, 25 percent, 12 percent, 6 percent, and 3 per-
cent. From these and from Appendix 4, it can be seen that
some elements such as K, Ti, Al, Na, Eu, and Sm only show minor
concentration variations throughout the entire 25 station net-
work, reflected in isopleths with little pattern regularity.
On the other hand, certain others such as Cu, Fe, 2n, Sb, Cr,
W, and Br show much larger variations, with their isopleths
révealing well-defined and offen similar concentration patterns.

This correlation of large concentration variations with pat-

terned isopleths suggests that the latter group of elements
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may possess distinct and recognizable sources in Northeast
Indiana.

In an attempt to make thése arguments more quantitative,
Figure VI-29 shows a plot of the coefficient of variation, S,

over the area for each element. It is calculated as follows:

S = % % 2: (xi - §)
i=1

Where N, x; and X are respectively the number'of.stations, tﬁe
concentration at a particular station, and the arithmetic mean
concentration. Although this measure cannot be used to sep-
arate the elements into well-defined groups i; can be seen
that the elements Cu, W, Sb, Zn, Cr, Br, Ga, Fe, Ag, Ce, and .
Mn show large variations indicative of important local sources
while the concentrations of the elements Sm, Na, Eu, Al, Ti,
and K vary only to a comparatively small extent over the area.
Many of the elements Hg, Th, In, As, V, Ca, La, Co, Mg, S, Se,
and Sc, which show intermediate values of the coefficient of
variation, may have local sources in the area, but these
sources either appear to be less important individually as com-
pared to the background or more evenly distributed.‘

It is interesting to note that among the elements showing
pronounced enrichment in the area, only a limited number of.
different concentration.patterns are found, indicating that
although different sources are present, a given group of sources

may be primary for several elements. This is clearly seen in
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Figure VI-30 where the elements are plotted next to the
location of their maximum concentration. Most of the elements
with large concentration gradients have their maximum at |
station 6 in East Chicago, near which the heaviest industry is
located, in particular two large steel mills. Méxima for Fe,
Zn, Cr, W, As, and Co, which might be linked with the steel
production, are féund in this location, with Sb and Ag having
maxima in the immediate neighborhood. The Ca maximum and the
high Mg concentration at this station may originate from the
large amounts of dolomite used in the steel production as well
as frbm a neighboring cement plant. The elements Gé, Hg, Mn,
Ce, La, Sc, and Th also have high conpentrations at this loca-
tion. At station 13 in Gary in the immediate vicinity of
another steel mill, several of the lattér elements'show a
secondary maximum, examples being Fe, Cr, As, Co, W, Ce, Mn,
Cé, and Mg. Station 1 in Hammond,situated near the shoreline,
shows a primary maximum for Mn, Mg, Sc, Na, K, and Ti and a
secondary maximum for Al, La, Sm, Eu, Ce, Th, Ca, Mg, Co, Fe,
S, and Se. The industrial process to which the very high
copper concentration in East Chicago can be linked is not
obvious. A secondary copper maximum is experienced at station
23 in Chesterton.

Another way to apprqach the problem of elemental sources
is by comparing.the mean particle composition in the most
heavily industrialized area to the composition in the outlying

areas. Because some elements show concentration variations of
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an order of magnitude or more, geometric rathér than arith-
metic means were preferred for use. These have the feature
of suppressing the effect on the mean of an isolated high
value while retaining equal weight for very low values.
Table VI-4 gives the geometric mean concentrations over all
stations, over.stations 1-10, and ovexr stations 14-25. A
comparison Between the means in the industrialized versus the
semi-rural neighborhood indicates the presence of sources in
the former afea for roughly the same elements as mentioned
before, namely Cu, Sb, Zn, Cr, Br, Fe, Ag, Ce, Mn, Ca, Mg,
La, Sc¢, Co, Th, and In.

There'are three gfoups of elements where observed atmos-
pheric elemental ratios may help confirm the nature of the
source. For.example, Table VI-5 compares the concentration‘
rétios of the rare earths Ce, La, Eu and Sm, in air ?articu—
lates to their.concentration ratios in a number of sediments
which are believed to be reasonably representative of the
minerals used in industry and for the soil contribution to the
aerosol. The agreement with the geometric mean concentration
over all stations is very good. For the heavily industrialized

. area (stations 1-10) the elements La and Ce, which appear to |
have local sources, are slightly enriched.

The most important emission sources of Ca and Mg in the
area are the cement and steel industries and the combustion
of coal. Table VI-6 provides the Ca-Mg ratio in dolomite, used

in these industries, and for the particulate emissions from

coal.
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and fuel oil combustion. The Ca-Mg ratio in the aerosol is
close\to the dolomite value because this represents more than
'65 percent of the emissions for both elements (Winchester and
Nifong, 1969). It is, however, increased by the chtributiOn
of fly ash which is enriched in .Ca relative to Mé;

Because S and. Se originate primarily from the combustion
of éoal and fuel oil, the Se/S ratio in these materials should
be indicative of the ratio of fhe material when emitted into
the air. Table IV-7 summarizes these ratios. According to
the pollﬁtion inventory of Winchester‘and Nifoné (1969) the
sulfur pollutants from coal are about four times the levels
resulting from oil. Thus, the Se/S ratio of 2.2x10_4 found
" in the air particulates agrees with the source ratio.

This agreement may be partially fortuitous, though, be-
cause of two cancelling factors. The combustion product
SeO2 is only a vapor above 315°C, and a smaller-perCentage of
.itAthan of S should be emitted into the atmosphere. (Weiss
et al. (1971) confirm this idea from measurements of Se and S
in Greenland ice, where § but'not Se has increased_during the
last hundred years.) On the other hand, a larger percentage
will condense and be caught, as shown by Pillay and Thomas
(1969), who found that on the average 44 percent of the selenium
in the air is captured by a filter paper having good efficiency
down to 0.1 Pm, while this fraction is generally lower for

sulfur.
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Repeated smaller-scale sampling in this area (Nifong,
1970) has revealed considerably higher concentrations fof
several elements'at stations 6 and 9'and nearer the shoreline .
steel mills. Two suggestions follows:A

a) Abéolute concentration maxima reported here may. be
lower than the average for this area. The reasons
for this may be twofold. The unusually steady and
brisk south-southwest wind during the.sampling
périod caused a situation of high ventilation, pfo-
ducing lower-than-normal concentrations of those
elements having nearby sources. Secondly, tﬁé,wind
direction was such as to transport a large fraction
of the shoreline steel and cement plant emissions
ditectly out over the lake, making downwing sampling
impossible. Since the stéel and cement manufacturing
industries emit respectively about 85 percent and
12.5 percent of the industrial particulate emissions
in this area Ozolins et al., 1968), this wind direc-
tion'may have caused the observed concentrations to
be significantly lower than normai.,'

b) Higher concentrations found in the immediate
neighborhood of open hearth and sintering piants
confirm the previous suggestion that the source of
several elements is linked with the steel production

(Nifong, 1970).
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Inspection of the concentration méps for those elements
with large variations often reveals a solitary makimum sur-
rounded by stations all having much lower values, with no
clear-cut plume. This pattern is not shared by the total
particﬁlate (Figure VI-3l) and presumably reflects a point
source for the element in question. The presenqe‘of such
.large éoncentration changes between stations often éeparated
by as little as 2 km may be attributed in part to the extremely
steady prevailing wind during the sampling period,'but more
probably represents the grosser features of a permanént fine
stfucture on a scale smaller than that revealed by the preéent
network. A follow—up study with more closely—spaced stations

would be desirable.

2. Elemental Areawide Pair Correlations

It was pointed out previously that a first view of the
isopleths reveals that a number of elements which are expectea
to have common sources in East Chicago show very similar dis-
tribution patterns. It is interesting to note that the distri-
butions of Cr, Fe, and Ce,»as reflected in the isopleths, are
quite similar to each other, as are those of Sb and Zn, Sc
and Co, and Sm and Eu. It may also be worthwhiie to compare
the distribution of the elements S and Se which are known to
have common sources (burning'of coal and fuel_oil). Although
the analytical resﬁlts for sulfur arc éf low quality and bear

a large uncertainty, the two sets of isopleths still show some
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similarity. - To find possible objecﬁive correlétions between
the elements, their sources and their atmospheric behavior, a
étatistical analysis of the data was performed (Dams et al.,
1970), with the results as summarized below.

Linear correlation coefficients were computed between all

possible pairs of elements as follows:

—

Xy - Xy

\/§2_ (%) 2\/37?' (';) 2

where x and y represent the concentrations of both elements. to

r
Xy

be correlated. Standard deviations of the correlation coef-
ficients were calculated from the analytical standard deviations

of x and y as follows:

N
2
_ Sr
Iy - ﬁg dx.)

2
Gx.) +
i
Xy

The use of this expression for 0. of course assumes that x
and y are independent variables aﬁg is thus not strictly correct.
Nevertheless ‘it provides a measure of the extent of uncertainty
in the compUted correlation coefficients baséd'on assumed indé—
pendent errors in measurement of x and v.

Table VI-8 summarizes the most significant correlations
in order of decreasing significance. Out of 435 computed éor—
relation coefficients, 25 are larger than 0.795 and 105 are

larger than 0.60, with no significant negative correlations

being found. Inspection of this table reveals the highly
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interesting fact that most of the significant correlations
are between elgments having only'moderate and weak sources,
and not between’fhose with strong sources. In fact, out of
the list of strong-source elements (Cu, W, Sb, 2n, Cr, Br,
Ga, Fe, Ag, Ce, and Mn) as derived from Figure 29 above, the
elements Cu, W, Br, Ga, and Ag do not correlate with any
other element well enough to appear in Table‘VIf8. 'Of those
that do, Cr does not correlate highly with any other of these
;strong¥source elements. Of the remaining elements, the most
imporfant correléﬁion is betwéén the‘Zn—Sb pair;‘whiéh not
only has the third highest correlation coefficient but is com-
posed of two.elements with very strong sources. This pair of
.eléments has later Eeen observed to display‘great.similarities
in pérticle size distribution, time variation, and areawide
concentration on a;continental scale (see Chapters III,V, and
VIII). | |

Figures VI-32 and Vi-33 graphically illustrate two of
the>best correlating pairs of elements, namely Co~Sc and Zn-5b.
The least squares linear fit and the boundaries as obtained
from the analytical standafd deviations of the concentrations
" are shown, and it is apparent that most of the stations fall
within these boundaries. As an example of two "béckground"
elemenfs (both showing little variation over the ne£work) the
graph of Sm-Eu is also shown (Figure VI—34)._ Though the cérre~

blation.coefficient here is only 0.77, a fact probably due to
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the larger analytical uncertainties for these elements, more-
than 70 percent of the stations fall within the sﬁatistical
uncertainty and the significance of a linear correlation can
be accepted.

‘The fact that elements with strong sources do not corre-
late well with one another likely means that their sources
ére different. An interesting question is the extent of this
difference - whether a low correlation coefficient necéssarily
means that they have only a very small source overlap. To
identify possible perturbing effects on the correlation
coefficient of points with strong sources for only one of the
two elements (where the elemental ratio is mérkédly different
from the geometric mean ratio over the network) a point
regression technique was applied. For the pairs of elements
with a correlation coefficient of at least 0.70, the linear
correlation coefficient was calculated by successively deleting
most statioﬁs for which the concentration relationship deviates
greatly from the calculated linear fit. In Table VI-9 those
calculations which are improved considerably by deleting one
or two statiohs are summarized.

It is obvious from this table that the correlations of
Fe with several other elements increases strongly when station
13 is deleted, which suggests that this station should be near
a source of Fe. This notion is quickly confirmed by the con-
centration map for Fe, Figure VI-10, where the concentration

at station 13 is seen to be some 5-6 times above the values
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at the surrounding stations. As compared to the other elements,
this increase in concentration is unusually higﬁ.' Some of the
other elements, such as Cr, Zn, Sb, and Br, also show local
maxima here, but only Br matches Fe in intensity of enrichment,
and that is probably coincidentally due to the nearness of the
traffic of downtown Gary to this station (Br does not show a
strong enrichment at station 6, also near to the steel indus-
try, either in this experiment or in the Mackinac Island
experiment of the next chapter). Figure VI-35 illustrates

the strength of this Fe source, for the Fe concenfration is
seen to be 3 times higher here than expected from the linear
fit fof Fe-Co. Station 13 also appears to be anomalously
high in magnesium, for when deleted from the Ca—Mg calcula-
tion their correlation coefficient also increases signifi-
cantly (Figﬁre VI-36). Although the analytical uncertainty

of the magnesium concentration is large, Ca and Mg seem to |
correlate linearly.

In agreement with these observations, station 13 is
indeed known to be near to a large steel mill, which is just
north of it on the lake shore.

On the basis of the above observations Figure_VI—37 was
drawn, showing the linear correlations (station 13 deleted)
of the elements presumably linked with industries located in
the East Chicago area. Although not all the large intercorre-

lations are shown on this figure, it is obvious that correla-

tions larger than 0.85 are very frequent in this group. It
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is apparent that most elements of this group are strongly
correlated with Fe. Since iron ié known to bé a major
component of the particulate emissions of the steel mills, it
is believed that most of the elements are linked with the
local steel and supporting industries. Side elements in this
figure, such as V and In, may however have other important
sources in the area. The elementé Cu and to some extent Ag
Seem to have a separate major source which cannot from this
study aloné be correlated with the steel manufaéturing.

In order to further investigate possible similarities
bétween groups of elements a "cluster analysis" was performea,
described elseWhere (Dams et al., 1970). This attempted to
delineate groups of elements from their variation patterns,
and resultan£;groups included Co-Sc-Th-Ce and erZn—Sb with
high reliability_scéres, as well as In-Mn-Fe-Mg-Ca-La-V and
Cu-Ag showihg a more loose linkage. It is perhaps significant
fhat all these elements were also found to have sources within
the industrialized area. As expected on the basis of the
coefficients of variation the elements Na~K-Sm-Eu, apparently

not associated with industrialized sources, form a cluster.

3. Meteorological Effects

There do not seem to be clear-cut meteorological effects
noted in this study, partially because the wind direction was
such as to blow the greatest mass of particulate material over

the lake where downwind effects could not be sﬁudied. In spite



156

of this hindrance, however, some effect of wind direction may
be evident in the general NNE orientation of isopleths of
elements which show large concenération gradients, such as Cu,
Zn, Cr, Sb, and Fe. On the other hand, it is impossible solely
on the basis of a one-day study to rule out the possible
coincidental alignment of éources with wind direétion. There

4is some hint of strong concentration gradients on the downwind
side of sources; especially for Cu, but this is not clearly
defined.

The.presence of strong maxima for steel-related elements
at stations 6, 9, and 13, which for this day were upwind of !
the mills, is here tentatively interpreted as arising from
fé—entraiﬁment of surface dust previously having fallen out
from the effluent of the mills. Turbulent backwash of the
plﬁmes'seems higﬁly unlikely both because of the stack heights

and upwind distances involved.

4. Total Suspended Particulate

A correlation of elemental éoncentration patterns with
the variation of total suspended particulate over the network
would be highly desirable. As mentioned above,'such correla-
tion is not directly possible for this sampling day because
of the use of polystyrene filter material. It is possible,
though, to approximate the distribution of total particulate
by using-data from Harrison (1970).for a day of similar wind,

June 6, 1968. These data (Figure VI-31) reveal a maximum
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variation of 2.4x over the network, but a somewhat anomélous
maximum near station 2 in Hammond. (Inspection. of Harrison's.
data for other days commonly reveals broad maxima cenﬁered |
over northern East Chicago or vicinify, the region here found
to contain the maxima of most individual elements. These data
also suggest that the range of total particulafe may ﬁary from
1.5-4 over the network.)

The significance of this data is of course that the total
particﬁlaté of an area, having originated with a variety of
sources, tends to show much smoother areawide variations than
do the individual elements. It should not be used as a guidé

for these elements, for it may be very misleading.

5. Control Station

Originally it was hoped that the "control" station at
Niles would be of some value in assessing long-range effects
such as differential'transport of the elements, but relatively
high concentrations were found there for S, Se, Cu, Sb, As,
and Ga (Table IV-10). These may be partially ascribed to the
influence of South Bend, Indiana, some 15 km to the south, but
may more generally represent normal variations in the trace’
element background of the region. In any evenf, we were sur-
prised by these high concentrations in a region that appeared
quite rural and removed from immediate pollution sources.

Subsequen£ meésurements (Chapters IiI, IV) have disclosed

that most of the elements listed above as being unusually
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enriched at Niles (S, Se, Sb, and As) almost:invariably are
found in the atmosphere principally associated with the small
particles (Cu and Ga-less frequently so) which would not fall
out rapidly during tranéport. Thus the possibility exists
that their high éoncentrations at Niles may'indeed result
from advection from some distant source area, but with South

Bend so close this may not be required.

E. Conclusions

In summary;'then, a number of conclusions can be drawn
from this study. Northwest indianavshows a variety of
elemental source strengths, with a number of é'lementsk strongly a
enriched loéally, but a comparable number having little vari- gl
ation over the‘network. The pollution-derived elements seem
to be the heavier metals (Cu, Sb, Zn, Cr, Fé, Ag, Ce, Mn,
Br), while the "background" elements are ofﬁen fhe light
metals and rare earths (Na, K, Ti, Eu; Sm) .

Most elements show their strongest sources with the steel
industry, a conclusion which is in agreement with the large
quantities of particulate matter emitted by this industry in
the area.

~Several of the pollution—derived elements show strong
correlation in their areawide distributions, especially Zn
and Sb.

A number of other elements show strong sources which do

not appear to be steel-industry related. Examples are Cu, Ag,

Br, and V.
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The number‘of strong sources for a giVen'elemeht is very
small, at legst to the degree of resolution offéred by the
present network.

Variation of total'particulaﬁe over the area is much
smoother than fhe variation'of most individual elements,
because the total particulate effectively integrafes the
various elemental patterns.

The baékérognd a£ the Niles control station'was not.as'
low as expected for a number of elements, most of which are
pollution—dérived and usually present on small particles.

- A true "backgrOund station" should apparently be located much -

farther from the Northwest Indiana area than is Niles.
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11.
12.
.13,
14.
15.
16.

TABLE VI-1.

HAMMOND
Water Works-
Goldblatt's
City Hall
WHITING

Fire Station

.  South Side School

EAST CHICAGO

" Marktown

Central Fire Station -
Roxanna School

Field School
Franklin School

GARY

-Airport

Ivanhoe

Fire Station
Williams School
Kuny School
Wirt
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Station Key

17.
18.
19.

21.
22,
23.
24,

26A.
30.

LAKE COUNTY

Highland .
Hobart
Crown Point

PORTER COUNTY

Ogden Dunes
South Haven
Chesterton
Valparaiso

OTHER

Michigan City
Niles, Michigan
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TABLE VI-2. Summary of Meteorological Data
.  Sky Avg. |Wind Speed | Prevail. °C . °C | Precipitation

Location Cover¥* mph m/s Direct.** max. min. mm
O'Hare Field 9-.9 10.4 4.6 170 31 16 1
Univ. of Chicago| --- - -— - 33 17 -—
Midway 9-.8 13.6 6.1 180 33 18 Trace
East Chicago -— 10.7 4.8 200 -- -- -—=
Michigan City - 10.8 4.8 170 -- -- ---

*

* %

Sunrise-sunset and sunset-sunrise

Measured in degrees East of North

191
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5 _|E - .

“5la - 4 O 5

4 E|J]Om™ 0 -A —~ N +

o 81> E " 5H = E S 5 Isotopes Measured

S * g 8 3 : S

-L,: 5 E'H ~ oA ~ = =

0.8 5 5 mi P 2 10l2 3 min 400 sec 28 52 66 51 37 49

. min neum .0Xx i | Al; v; cu; T S Ca;
15 min 1000 sec 27Mg; 80Br; 38Cl; 128I; 56Mn;
24Na; ll6mIn
13 :

1.6 |10 2-5 hrs Core 1.5x10 18-36 hr{ 2000 sec 42K; 64Cu, 69mZn; 82Br; 76As;

72Ga; lzZSb; 140La; lSBSm;
) lSZmEu; 187W; 198Au;

13.0 |.80 2—5 hrs Core 1.5x%x10 20-30 dal| 4000 sec 46Sc; 51Cr; 59Fe; 60Co; 58Co;
GSZn; 7SSe; llOmAg; 124Sb; 141Ce;
203Hg; 233Pa

- - w

91
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TABLE VI-4. Geometric Mean Concentrations in Air Particulates.

Geometric Means ng/m3

air
Element . : )
All Stations Stations 1-10 Stations 14-35
1-25 Industrialized. |- Semi-rural

s 10,000 11,500 9,000
Ca 2,800 3,950 2,150
Al 1,950 1,850 2,000
\ 7.4 9.3 6.4
Cu 180 380 120 Y
Ti 175 190 170
In 0.06 0.07 0.045
Br 66 94 45
Mn 130 180 100
Mg 1,100 1,350 900
Na 285 285 275
Sm 0.34 0.34 0.33
Zn 270 510 175
Sb 6.3 12.4 4.2
W 0.65 0.8 0.5
Ga 0.85 0.75 0.95
Eu 0.09 0.10 0.085
As 4.4 4.2 4.3
K 1,150 1,250 1,100
La 2.4 3.4 1.9
Co 1.1 1.5 0.9
Fe 3,900 6,500 2,500
Sc 1.6 2.1 1.35
Cr 21 54 11
Hg 2.0 2.5 1.9
Se 2.2 2.6 2.1
Th 0.42 0.57 0.35
Ce 3.8 6.1 2.5
Ag <1.5 1.9 <1
Ni <30 < 50 <25




TABLE VI-5. Comparison Between Rare Earth Ratios in Air Particulates and in Sediments

: . V>Concentration Ratio - Concentratiop Rati
Element | Correlation Air Particulates North American| Sandstone? Limestone>
Ratio . Coefficient . : - : 1 :
: : All Stations{Stations 1-10 . Shales Glauconite Lannon
1-25

Ce/La 0.81+0.04 1.6 1.8 2.0 2.7 -
Ce/Eu 0.76+0.13 42 60 - 38 59 -
Ce/Sm 0.5140.12 11 | 18 11 12 _—
La/Eu 0.68+0.17 27 | 33 20 21 30
La/Sm 0.62t0.l4 ' 7 10 5.6 4.3 8.2
Eu/Sm O.77i0.l3 0.27 0.30 ' 0.29 0.20 0.27

lComposité of 40 American shales, Haskin et al. (1966)
2Glauconite bearing sandstoﬁe,‘Haskin et al. (1966)

3Limestone from MilWaukee, Wiscthin, Haskin et al. (1966)

20!
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TABLE VI-6.

~r

Comparison between Ca-Mg ratios

in Air Particulates and Industrial Sources

Air Particulates Ash Analyses** Particulate
3 o , ‘ of U.S.A. Emission-
(ng/m”) (Geometric Means) Limestone** Bituminous From Fuel 0il
- Dolomite Coals Combustion*
All Stations Stations 1-10 (Percent) (Percent) (Percent)
Industrialized .
Ca 2,800 3,950 31 1-15 0.4
Mg 1,100 1,350 18 0.2-2.5 0.3
Ratio Ca/Mg 2.5 2.9 1.7 5-6 1.3

*
Winchester and Nifong (1969)

* %

Lewis and Crocker (1969)

GI1



TABLE VI-7. Comparison Between Ratio Se/S in Air
Particulates and Combustion Material

Concentration in Air Particulates
Element ng/m3 Average .
Concentrations %
All Stations Industrialized
N.W. Indiana Coal Crude 0il
1-25 Stations’ 1-10
S 10,000 11,500 2.4% -
Se 2.2 2.6 -——— ———
. -4 -4 -4 A -4
Se/S Ratio 2.2x10 2.3x10 3x10 0.5x10

"pillay et al. (1969)

991
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TABLE VI-8. Linear Correlation Coefficients Between

. Linear Stand. Dev. on - Ratio
Elements Correlation Linear Correlat. Geometric Means
Coefficient Coefficient X
X Y ) er OrXY _;?ﬂ
g

co | sc 0.96 0.03 - 6.8x107t
sc | h 0.92 0.09 3.8

zn | sb 0.91 0.04 | 4.3x10%
co|l T |  o0.89 0.08 2.6x107 T
sc | ce 0.85 0.04  4.2x107t
Eu | K . 0.85 0.10 7.9x10°
sm| K 0.85 0.07 2.9x1074
Zzn | Co 0.84 0.07 _ _2.5x102
Fe | ce |- 0.84 0.04  1.0x10°
Th | Ce 0.84 0.07 1.1x1071
Mn | ce |- 0.84 0.06 3.4x10?!
ca| co| 0.84 0.04 2.6x10°
La Sc ' 0.83 0.06 1.5

Co Fe |- 0.83 0.05 - 2.8x107%
La| Th [ & 0.83 0.07 5.8

Fe | Sc |- 0.82 0.05 2.4x10°
Mn | Fe | 0.82 0.06 ' 3.4x1072
co| cr | o0.82 . 0.04 © 5.1x1072
Mg | Fe | : 0.82 ' 0.11 . 2.8x107t
In| mn | 0.81 . 0.19 - 4.ax107?
La| ce | ‘0.8l : 0.04 -~ 6.4ax107t
Fe | .Th | 0.80 | 0.07 . 9.2x10"
Zzn |l cr |- 0.80 : 0.04 - 1.3x107
Zn | Fe | 0.80 f 0.06 1 6.9x10 2
co| ce | 0.80 i 0.05  2.9x1071




TABLE VI-9.
After Deletion of One or Two Sampling Stations

Linear Correlation Coefficients of Tface'Elements

Correlation Coefficients

Elements : Sampling Station(s).

Correlated Original A;:gieggiggon Deleted
Fe Zn 0.80 0.92 13
Fe Cr 0.78 0.94 13, 10
Fe Sc 0.82 0.91 13
Fe Co 0.83 0.94 13

Fe Ce 0.84 0.90 13, 2
Fe Th 0.80 0.91 13
Fe Ca 0.74 0.84 13, 10
Mg Ca 0.74 0.87 13

La Ca 0.72 0.83 2, 7
La Co 0.77 " 0.85 2
La Th 0.83 0.90 2

La \ 0.73 0.80 2

La Sc 0.83 ~0.89 2 -

Zn Th 0.78 - 0.87 7

Zn W 0.73 0.88 7, 1
Th W 0.74 0.82 1

\ Sb 0.73 0.83 7

891



TABLE VI-10.

Concentrations at Maximum, Minimum, and Control Station

Concentration Ratios

<<-~Concentrationsvng/m34

Element T — T T
- - Maxlmum . . Minimum - - -+ Niles - Max/Min - - - |- - . Max/Niles
S 18,000(10,000) | 3,00(3,000) 11,000(5,000)| 6(9) 1.6(1.0)
Fe 13,000 (3,000) | 1,420(120 1,900 (100) {9,7(3) 7.2(2.0)
Ca 7,000 (700) - 1,410 (200) 1,000 (200) {5.0(0.7) 7.0(1.5)
Cu 4,000 (200) 25 (4) 280 (20) 160 (30) 14(1.5)
Al 3,100 (300) 1,375 (70) 1,200 (70) 2.3 (0.3) 2.6(0.3)
Mg 2,700 (1,000) 530 (300) 500 (300) |{5.1 (3) 5.4(3)
K 1,860 (110) 730 (90) 720 (50) 2.5 (0.4). 2.4(0.3)
Zn 1,550 (200) 100 (12) 160 (20) 16 (2) 9.6(1.4)
Na ‘ 500 (50) 160 (20) 170 (20) 3.1 (0.4) 2.9(0.4)
Mn 390 (50) 63 (3) 62 (3) 6.2 (1) 6.3(1.0)
Br 300 (30) 26 (2) 38 (6) 12 (1.5) 8.1(2)
Ti 280 (50) 120 (25) 120 (25) 2.3 (0.7) 2.3(0.7)
Cr 113 (20) 6.2 (0.8). 9.5(0.8) 18 (3) - 12(2)
Sb 31 (3) 2.2 (0.2) 6.0(0.3) 14 (2) © 0 5.3(0.7)
\Y 18.1(1.5) 4.01 (1.0) 5.0(0.3) 4.5 (1.2) - 3.6(0.4)
Ce 13 (1.5) 1.4(0.1) 0.82(0.06)}9.3 (1) .16 (4)
As 12(2) 2(1) 4.6 (2) 6 (4) T 2.6(1.2)
La 5.9(0.4) 0.9(0.3) 1.3 (0.3) }6.6(2.5) - 4.5(1.0)
W 5.6 (1) 0.3(0.3) 0.4(0.2) 19 (19) .. 14(7)
Ag 5(2) 0.5 1 10 5 :
Hg 4.9(0.9) 0.8(0.3) 1.8(0.3) 6.1(3) 2.6(0.7)
Se 4.4(1.2) 0.8(0.5) 2.5(0.5) 5.5(3) 1.5(0.6)
Ga 3.5(1.0) 0.25(0.15) 0.9(0.4) 14(10) - - 3.9(1.2)
Sc 3.1(0.3) 0.92(0.1) 1.2(0.1) 3.4(0.4) 2.6(0.3)
Co 2.6(0.6) 0.47(0.06) 0.95(0.1) | 5.5(1) 2.7(0.7)
Th 1.3(0.4) 0.17(0.02) 0.27(0.08){ 7.6(2) 3.1(1.0)
Sm 0.65(0.20) 0.17(0.02) 0.24(0.03)] 3.8(1.5) 2.0(0.4)
Eu 0.17(0.03) 0.06(0.01) 0.055(002)] 2.8(0.5) 3.0(0.5)
In 0.15(0.06) 0.03(0.03) 0.04(0.03)] 5(5) 3.7(3).

691
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Figure VI-10 Concentration Distribution of Iron.
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Figure VI-18 Concentration Distribution of Selenium
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Figure VI-22 Concentration Distribution of Calcium
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Figure VI-25 Concentration Distribution of Europium
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Figure VI-26 Concentration Distribution of Sodium
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Figure VI-27 Concentration Distribution of Potassium
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Figure VI-28 Concentration Distribution of Aluminum
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Figure VI-31 Concentration Distribution of Suspended Particulate

and Wind Direction for 6 June 1968
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Figure VI-32 Concentration Correlation of Co/Sc Over All 25 Sampling Stations



186

" =
& L
g L =z ./
8 L /. /e A/=0.91 t 0.04
/ /
2 / o
o /
"/
/
/
10 | N -
10% 10°
- ’ Zn ng/m3

Figure VI-33 Concentration Correlation of Zn/Sb Over All 25 Sampling Stations

K-

- % o2
N 2 S
E O.I+ s _~ 072;45'2:.
g — S~ el w2
| )
3 — / Bl:” .22/56A
Iy [ ) /'_'°/"°
- .'6 /
7 e N=077:0.13
7 -
— /7
0.03 SN T E A .
0.1 - | 10
Sm ng/m3 N

Figure VI-34 Concentration Correlation of Sm/Eu Over All 25 Sampling Stations



187

13
j L A= 0.83%005
| Station 13 deleted 4/ = 0.94 ¢ 0.05
()J3 1 1 1 11 1§ 11 >

3
10 . 10
| Fe ng/m3
Figure VI-35 Concentratlon Correlation of Co/Fe Over 2k Sampllng Statlons,
Station 13 Deleted

|

n
£
AN
g
g
f 2 =074+0.15
Station /=087 0.3
I3deletedﬂ/ 08720
2 ] Loyt -
10 >
10° 10?
Ca ng/m3

Figure VI-36 Concentration Correlation of Ca/Mg Over 24 Sampllng Stations,
Station 13 Deleted



AN

A
—

In——M'n// \\ /

| Ca
=100>72085 = ——085>22080

881

Figure VI-37 Map of Elemental Correlations Over 24 Sampling Stationms,

Station 13 Deleted




CHAPTER VII
DIURNAL VARIATIONS I - NILES, MICHIGAN

A studf of the diurnal concentration variations of
atmospheric trace elements has recently been begunAas part of
- a larger study of their general atmospheric behavior. Pre-
vious investigations of daily patterns of pbllution concentra-
tions have been both theoretical (Hewson, 1960; U.S. Department
of Health, Education, and Welfare, 1965) and empirical
(Commins, 1967; Munn, 1959; Summers, 1966; Weisman, 1969; U.S.
Department of Health, Education, and Welfare, 1968) where in
the latter cases soiling index, smoke, sulfur dioxide,
nitrogen oxides and total particulate_have.served as indica-
tors. To bur knowledge,_however, daily variations of
individual trace elements have not yet been reported. Previous
studies have all been in urban areas, whereas a rural settin§
was chosen for this investigation in an attempt to minimize
the effects of source processes and urban micrometeorology
relative to the mesometeorology.

This study was made possible by the recent development
by the authors of a technique for nondestructive neutfon

activation analysis of aerosols collected on a high purity

N .
- This work will be published in Atmospheric Environment under
the authorship of K.A. Rahn, R. Dams, J.A. Robbins, and J.W. -
Winchester. '
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filter (Dams et al., 1970) in which up to 33 elements may be
determined from 24-hour samples, many of which are recognized
as being of poilution origin. Diurnal studies require sample
lengths as short as possible, and the extreme sensitivity of
this technique allows the determination of at least 15 ele-
ments in samﬁles collected for és short a time as 90 minutes.
In an effort to better correlate time variation pétterns from
element to element, particle size distributions were measured

simultaneously.

Sampling

Sequential 90-minute filter samples were taken throughout
the period, using a polystyrene material (Dams et al., 1971)
which combines good filtering performance with feasonably high
purity. A high flow rate per unit surface area was achieved
through the combination of a high vacuum pump (Gelman twin
cylinder) and 25 mm diameter filter holders. Such a system
produces flow rates through the polystyrene of 12 l—min_l-cm_z,
as opposed to the figure of 4.5 l1-min"‘-cm™? obtained with a
high‘volume sampleY (20 x 25 cm filter and low vacuum pump).
Each sample consisted of aerosols from approximately 4 m3 of
air.

Particle size disﬁribution of the elements were determined
by use of an Andersen Cascade Impactor, which separates aero-

sols into 7 fractions ranging from radii of roughly 8um down to

0.1 um. Highly pure polyethylene sheets were used as impaction
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surfaces and analyzed in the same manner as the filters. A
backup polystyrene filter (25 mm diameter) was used ﬁo catch
the smaller particles. ﬁecause of the low flow rate of this
instrumentl(28 l-min—l) only one size distribution sample
was taken throughout the experimenti All samples were taken
in a ventilated instrument shelter 1.5 meters above grouﬁd,
over short grass.

Sampling was performed in a rural area 5 km west of Niles,

Michigan and 15 km north of South Bend, Indiana. It is

approximateiy 45 km east of Lake Michigan and 100 km northeast
of the heavily industrialized Northwest Indiana area. Samples
were taken auring 34 hours on 21 and 22 August, 1969, when the
entire north central and noftheastern U.S. was under the
influence of a broad Canadian high pressure area. Winds dur-
ing this pefiod varied from calm at night to 6.5 m/sec during
the afternoon, and the extreme stability of the air mass pre-
vented any clouds from forming. Light ground fog was'observed
during the early morning hours of the second day; Figures
VII-1 and ViI—Z give some of the meteorological conditions
recorded at ESSA WBAS South Bend, Indiana. Figures VII-3 and
VII-4 show surface weather conditions for 7 AM EST on both

sampling days.

Analysis

The techhique as described earlier (Dams et al., 1970)

was applied. The complete filter (25 mm diameter) or the
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complete polyethylene sheet was irradiated twice with slow
neutrons in the Fbrd Nuclear Reactor at The University of
Michigan,'first for 5 minutes, later for 4 hours. ' Each sample
was counted 4 times, at 3 and 15 minutes after the first irra-
diation, and 20 hours and 20 days after the second'irradiation.
Counting was performed with a 30 cm3 Ge(Li) high resolution
gamma ray detector coupled to a 4096 channel pulée height
analyzer. A digital computer program was used to integrate
photopeaks of the sample, compare them with stanaafd spectra,
subtract blank values, calculate concentrations of fhe ele-

ments in air and standard deviations on the obtained results.

Results

The results are summarized in Table VII-1l. They reveal
that 15 elements could be determined in nearly all of the
samples, namely Al, V, Br, Na, K, Mn, Ti, Sm, Eu, La, Sc,
Zn, Fe, Co, and Cx. A half dozen others (Sb, As, Ga, Mg, Cu,
ana Ce) could only beldetermined in some samples. Due td
their incompleteness the results for the latter 6,elements‘are
not very useful aﬁd are not given in Table VII-1l. The behavior
of a number‘of representative elements is shown in Figure VII-S5.
Particle size distributions of 18 elements are suﬁmarized in
Table VII-2 and 9 of of these are plotted in Figdreé 6 and 7.
Standard deviations are given in parentheses. If high count

rates were obtained these standard deviations may be as low as

10 percent. Because of the short sampling times the concentra-

tions of several elements were at or near the limit of
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detection, and standard deviations of these results are much
higher. On some stages of the Andersen impactor only an upper

limit could be set for the concentration of several elements.

Discussion

It is obvious that very large variations'occur in the
concentrations of several elements during a 24-hour period.
The behavior of aluminum, shown in Figure VII-5, is repre-
sentative Qf a number of other elements such as Ti, Mg, Sc
and the raré'eérths, Sm, Eu, and La. Concentration variations
by a factor of up to 10 occur within a few hou;s. A number
of other elements such as Na, K, Fe, Co, and Cr show less
prominent variations, on the order of 2.5 rather than 10. Thé
behavior of Mn seems to be in between these two extreme groups.

How can ‘this consistent behavior pattern for a large
number of eléments be understobd? Smoke, SOZ’ NO, N02, Co,
total oxidants, total hydrocarbons and visibility measurementé
have also shown consistent diurnal patterns, bdﬁvﬁjjlaverage
variations of at most a factor of three (Commins and Walter,
1967; Munn-and Katz, 1959; Summers, 1966; Weisman et al., 1969;
USPHS, 1968). Being urban measurements, these variations were
mostly related to variations in local source processes and
city ventilation. In the present case, one deals with a rural
area, and méasures primarily distant sources, and diurnal
ﬁeteorological variations should thus be more iﬁportant. The
pattern found is indeed consistent with the predicted variations

of ground—levél concentrations from elevated sources (HEW, 1965).
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With the previous considerations in mind thé‘following
tentative explanation is offered. Particulate‘pﬁllutants
released at stack height during the fair weathéﬁ nocturnal
temperature inversion conditions ‘tend t0'remain‘a£ stack
height until after sunrise. Daylight hours bring ground heat-
ing and generation of turbulent motions which buiid rapidly
upwards until the pollutant layer is reached some ohe to three
hours after sunrise. Eddy transport of these poliutants to
the surface (Hewson fumigation type I) causes the Steep morn-
ing peak. Continued increase of the maximum mixin§ level
until the midafternoon further dilutes concentrations, after
which the lowering mixing level and increasing thermal stabil-
ity initiates the gradual concentration increase of late
afternodn and early evening.

The concentration levels of evening, being’effectiQely
cut off from elevated sources by the temperature inversion,
might be expected to decrease slightly during the_night.
Instead, they are in most cases observed to drop rapidly during

.the early morning hours, often reaching the lowest levels of
thé sampling period. Our hypothesis is that local ground fog
at the sampling site was the primary agent responsible for this
decrease, due to fog droplet nucleation, probably predominantly
by the giant parﬁicle component of the éerosol population,
followed by enhanced sedimentation and/or impaction of the en-
larged droplets. Though fog was not recorded at the more urban

South Bend Airport, the temperature there decreased to within
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two degrees-éf the dewpoint, and the relative humidity réached
a maximum.of'93 percent at fhe 4 AM and 8 AM bbservations
(Figure VII-l).

Confirmétion of this idea comes from the.obserQation that
in general those elements showing the largest concentration
variations share two characteristics, namely relatively deep
morning miniﬁa{and masses concentrated on larger particles.
This relation can be verified from the plots of Al and V, and
is also noted for Ti, Mg, Sc, La, Eu, and Sm. On the other
hand, elemenfs like Na, K, Cr, Co, -and Mn, showing smaller
diurnal variations, are more equally distributed over the 0.1
to 10 um size range.

We then Qisualize the fog formation as involving the
larger and more soluble aerosols (i.e., those orindarily
collected oh‘the first stages of the impactor), rapidly grow-
ing to a quasi-equilibrium radius of some 5 to 10 um. Because
the droplet céhﬁentration in typical fogs (100-500 cm_3) is
large relativé to the giant aerosol number density in conti-
nental aerosbls.(l cm—3) (Junge, 1963) but small relative to
the large pafticle component of the same (1000.cm_3), it is
possible thafia majority of the giant particles and a ﬁinority
of the largeAbarticles served as nucleating ageﬁts. Removal
of these droplets would preferentially decrease éoncentrations
of those elements primarily in giant aerosols.

Certain éé the observed elements show diurnal patterns

suggestive of local sources. Br is the clearest example, the
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probable source being automotive exhaust from'th¢ foad some
50 meters distant. Distinct traffic maxima are.observed about
6-7 AM, 3-5 PM,-ahd 11-12 PM, very nearly the time of Br
maxima. Furthef evidence comes from the measured particle size
distribution of Br} where 65 percent of its mass @é-found on
the backup filter (Table VII-2). This is in agreémént with the
very small, condensation aerosol nature of auto éxhéusts, and
indicates the fresh nature of most of the Br (Loucks and’
Winchester, 1970). |

Thé diurnal variation of Zn is not very coﬁéistent with
the other elements, which may be partially due t§ thé low
quality of the analytical results for this elementﬁ It may
however also be correlated with its predominant distribution
on small particleé, probably due to formation via a COndehsa-
tion process. ' |

The steep morning peak makes th V pattern soﬁewhat differ- °
ent from those of the other elements. The most impqrtant
source of V is known to be fuel oils, but because of the August
date this does not seem to provide a sufficient.ekplanation.
Heating of commercial establishments may be related to the
steep morning peak, however. In addition, a considerableAfrac-
tion (30 percent) of this element 'is found on the Very small
particles, pointing toward a condensation formatioﬁ process and

recent age for its Aitken component.
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Conclusion

The‘obtained results demonstrate that ﬁondestructive
neutron activation analysis can very favorably be applied to
the study of“diurnal variations of trace elements in the
atmosphere. The 15 elements which can be measured after samp-

ling times as short as 90 minutes in a rural area show distinct

‘variations in diurnal behavior and should be indicators enough

for the behéVior of most other trace elements. It seems that
the application of this technique in studies of simultaneously
measured toﬁai}concentration variations and particle size
distribution of airborne particulates should lead to signifi-
cant advancés.in the understanding of sourcé processes and
identification.of dilution and removal mechanisms. The
observed size distribution patterns remote from the source
may not only‘feflect differing source processeé.but may also
result in a tendency toward different atmospheric behavior
patterns. This specific investigation was, however, only of
an exploratory nature and further experiments undér different
meteorological conditions are under way in ordér to expand

upon the tentative conclusions reported here.



Begin Sampling ng/m3E1ement
Time
Total Sampling| 8 h 10| 9 h 30 | 11 h 90 12 h 30 14 h 00 15 h 30
Time 80 min 90 min 90 min 90 min 90 min 90 min
107 3xa1 2.9(.3) | 1.9(.2) 2.1(.2) 0.65(.07) 0.88(.09) | 1.1(.1)
| v 11(1) 8.8(.9) 6.2(.7) 1.7(.3) 2.6(.3) 2.0(.4)
Br 160(16) | 105(11) 77(8) 48(5) 160 (16) 125(12)
Na 540(50) | 310(57) 580 (50) 300 (30) 300 (60) 280 (55)
K —- 840 (80) 1040 (100) | 460 (50) 550 (50) 650 (60)
Mn 64(6) 31(3) 49 (5) 20 (2) 29 (3) 27(3)
Ti 260(75) | 185(60) 73(65) 67(45) <47 39 (50)
sm —- 0.30(.04) | 0.30(.03)| 0.055(.025) 0.15(.04) | 0.22(.03)
Eu —- 0.045(.02)| 0.07(.02)| <o0.02 0.05(.02) | 0.025(.015)
La —- 1.7(.4) 2.1(.4) 0.5(.35) 1.0(.3) 1.5(35)
Sc -—- 1.4(.3) 2.4(.4) 0.45(.20) 0.45(.20) | 1.1(.3)
Zn _—- 150 (40) 50 (50) 95 (35) 65 (30) 90 (30)
107 3xre ——— | 2.1(.8) 3.0(.6) <0.9 1.6(.6) . | 1.1(.6)
Co-- —~- 1(.8) . | 2(.81). | 0.8(.8) 0.8(.8) | 1.1(.8)
cr ——- 35(10) 25(10) 24(10) 12 (10) 29 (10)
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TABLE VII-1 (cont'd)

o o

Begin Sampling

ng/m3 of Element

Time 17 h 00 18 h 30 20 h 00 21 h 30 23 h 00 0 h 30
fotal Sampling | 99 min 90 min 90 min 90 min 90 min 90 min
lme . . .
107 3xa1 1.6(.2) 1.9(.2) 2.1(.2) 1.2(.1) 1.6(.2) 1.2(.1)
v 3.5(.4) 4.5(.5) 4.7(.5) 3.0(.5) 3.9(.6) 2.4(.5)
Br 44(5) 122(12) 121(12) 89 (9) 340 (34) 231(23)
Na 290 (30) 320 (45) 405 (40) 230 (50) 320 (40) 345 (35)
K 940 (90) 560 (60) 900 (90) 650 (60) 690 (70) 640 (60)
Mn 41(4) 51(5) 61(6) 51(5) 75 (7) 46 (5)
Ti 72 (50) 155(50) . 75 (55) 130 (55) 140 (65) 150 (55)
Sm 0.25(.03) 0.17(.03) 0.33(.03) | 0:33(.035) | 0.16(.035) | 0.27(.03)
Eu 10.035(.015) | 0.04(.015) | 0.05(.02) | 0.08(.015) | 0.035(.015) | 0.03(.015)
La 2.1(.35) 3.8(.4) 1.9(.3) 1.2(.3) 1.6(.3) 0.8(.3)
Sc 1.4(.3) 1.1(.3) 1.4(.3) 1.35(.3) 1.4(.3) 1.2(.3)
Zn <50 85 (30) 130 (40) 220 (30) 130 (40) 60 (40)
10 3xFe 1.3(.5) 1.7(.6) 1.0(.6) | 1.9(.6) 1.7(.6) 1.8(.6)
. Co 1.0(.8) 1.4(.8) 1.1(.8) 1.2(.8) 0.6(.8) 0.8(.8)
Cr 25(10) 27(10) 29 (8) 15(10) 37(10) 18(8)
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TABLE VII-1 (cont'd)

Begi

n Sampling
Time

Total Sampling

ng/m3 Element

: 2 h oo 3 h 30 "5 h 00 6 h 30 "8 h 00 9 h 00
Time 90 min 90 min 90 min 90 min 90 min 90 min
107%x a1 0.56(.06)| 0.39(.04) 0.51(.05) 1.3(.1) 1.8(.2) 1.3(.1)
v 2.0(.4) | 1.25(.4) 1.9(.4) 6.8(.7) 15.8(1.6) |3.5(.4)
Br - 91(9) 61(6) 34 (4) 970 (90) 120 (12) 53(5)
Na 215 (45) 150 (50) 160 (21) 230 (55) 340 (60) 190 (21)
K 430 (40) 410 (40) 330 (30) 600 (60) 860 (80) 370 (40)
Mn 30 (4) 28(4) 27 (4) 32(3) 46 (3) - 40 (5)
Ti <34 <42 <30 185 (75) 145 (60) 78 (38)
Sm 0.12(.03)| 0.12(.03) 0.16(.02) 0.33(.07) 0.39(.04) |0.21(.03)
Eu 0.02(.01)| 0.025(.015) | 0.02(.01) 0.09(.02) | 0.075(.02)]0.04(.01)
La 1.2(.25) | 0.3(.3) 0.7(.2) 1.1(.3) 1.7(.3) 0.8(.25)
sc 0.50(.20)| 0.90(.20) 0.35(.20) 1.1(.3) 1.3(.3)  [1.3(.3)
Zn 100 (30) 150 (30) 75 (30) 100 (30) 150 (30) 55(25)
107 %% Fe 0.9(.6) | 1.3(.7) 0.5(.5) 1.9(.7) 1.3(.7)  [0.9(.5)
Co <0.7 0.8(.7) 0.5(1.0) | 1.2(.8) 1.3(.8) 0.7(.8)
13(8) 30 (10) 14(7) 21(10) 17(10) 12(8)

Cr

ooc



TABLE VII-1 (cont'd)

Begin Sampling] ng/m3 of Element
TotalTégﬁpling 11 h 00 | 12 h 30 14 h 00 15 h 30 17h00 | 8h 10
Time - 90 min 90 min 90 min 90 min 90 min 34h° 20 min
107 3xa1 0.93(.09) | 1.4(.1) 1.4(.1) 1.5(.1) 2.6(.3) 1.6(.2)
v 31(.5) 3.0(.5) 2.9(.5) 4.2(.6) 5.0(.7) 5.1(.5)
Br 36 (7) 36 (7) 47(6) 52 (8) 59 (9) 141(14)
Na 360 (60) 330 (50) 390 (40) 360 (70) 480 (60) 330 (35)
K 690 (60) 670 (60) 730 (70) - 740 (70) 810 (80) 630 (60)
Mn 35 (4) 38(40) 71 (7) 106 (11) 74(11) 53(5)
Ti 125 (60) <48 68(50) 82 (68) 78(68) 240 (35)
Sm 0.16(.03) | 0.10(.03) 0.22(.03) | 0.39(.03) [0.20(.03) 0.165(.02)
Eu 0.06(.015) | 0.035(.015)| 0.04(.015) | 0.04(.015) [0.035(.015) | 0.035(.015)
La 0.5(.3) 0.3(.3) 0.8(.3) 3.0(.4) 1.1(.3) 1.25(.2)
Sc 0.9(.25) 0.7(.25) 0.8(.25) 0.7(.25) 0.8(.25) 0.9(.25)
. 2n 140 (40) <60 - 120(30)° 80 (30) 130 (30) 120 (30)
10 3xre 0.9(.5) <0.6 1.1(.5) 1.5(.5) 1.0(.5) 1.2(.4)
Cr 24(8) 24(8) 20(7) 23(9) 25(9) 21(7)
Co <0.8 <0.8 <0.9 <0.8 <0.8 0.7(.5)

102



TABLE VII - 2. Particle Size Distributions of Eighteen Elements (ng/m3)

Element | Backup Filter" Stage-Andersen

7 6 5 4
Al 100 (10) 25(2.5) 71(7) 106 (10) 405 (40)
v 0.75(.07) 0.11(.03) 0.077(.033) 0.16(.04) 0.38(.07)
Br 63 (6) 6.4(.6) . 2.3(.5) 4.3(.6) 5.2(.6)
c1 — <11 <10 <10 14 (4)
Na 46 (5) 9.1(1.6) 14(2) 20(2.5) 18(2.5)
K 38(4) 22(2) 13(1.5) 24(2.5) 39 (4)
Mg <80 37(35) 35(33) 42 (30) 120 (40)
Mn 9.0(.9) 5.8(.6) 3.5(.3) 2.3(.2) 2.7(.3)
Ti 14(7) <3 <6 <8 6(6)
Sm - 0.0015(.0015) | 0.002(.001) 0.01(.002) 0.02(.002)
Eu — 0.001(.001) 0.0008(.0008)| 0.0035(.001) | 0.005(.001)
La ——- 0.0%(.01 0.01(.01) 0.05(.03) 0.09(.02)
Ce <0.5 <0.5 <0.5 <0.5 0.75(. 4)
Sc 0.02(.01) 0.01(.01) 0.01(.01) 0.06(.02) 0.12(.02)
Zn 26 (5) 12(2) 10(2) 7.5(2) 3.5(2)
Co 0.08(.08) 0.06(.06) 0.06(.06) <0.08 <0.08
Cr 2(1) 2.3(.8) 3.1(.8) 1.2(.6) 0.6(.6)
Ga — 0.08(.05) 0.04(.04) 1 0.05(.04) 0.10(.04)
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TABLE VII-2 (continued)

Element | Backup Filter Stage-Andersen
, C3 2 1
al 100 (10) 532(55) 438(45) 417(42)
v 0.75(.07) 0.39(.07) 0.44(.07) 0.58(.07)
Br 63(6) 8.5(1.0) 3.7(.5) 2.1(.5)
cl ——- 24(5) 28(5) 28(5)
Na 46 (5) 21(2.5) 30 (4) 49 (5)
K 38(4) 99 (10) 92(9) 154 (15)
Mg 80 110 (48) 190 (50) 220(56)
Mn 9.0(.9) 6.4(.6) 5.1(.5) 7.9(.8)
Ti 14(7) 7(7) 18(7) . 13(7).
~ Sm -—- 0.04(.004) 0.035(.003) | 0.05(.005)
Eu - 0.008(.001) 0.008(.001) 0.01(.0015)
La ——- 0.19(.02) 0.14(.03) 0.27(.03)
Ce 0.5 0.5(.4) 0.6(.4) 1.1(.4)
sc 0.02(.01) 0.3(.04) 0.2(.04) 0.3(.04)
Zn 26 (5) <2 <2 <2.6
. Co 0.08(.08) 0.08(.08) 0.16(.10) <0.08
Cr 2(1) 0.8(.8) 1.3(.8) 1.3(.8)
Ga --- 0.13(.05). 0.16(.05)

0.12(.06)

€02
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Figure VII-2 Wind Speed and Direction During Sampling
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Figure VII-5 Concentration Variations of 6 Elements During Sampling
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CHAPTER VIIT
. . ' .
DIURNAL VARIATIONS II - LIVERMORE, CALIFORNIA

Introduction

The determination of atméspheric aerosol trace element
cbnceﬁfrations poses severe analytical problems becaﬁse of the
very low abundances of most elements. The consequént need for
concentration is usually fulfilled by 24-hour sampling, which
offers the additional advantage of encompassing the natural
diurnal cycle, thereby yielding the most unbiased average for
pbllutant concentrations. The nature of diurnal variation
'cycles for trace elements is, however, of considerable interest.
Unfortunately, bécause of the analytical difficulties intro-
duced by the much smaller‘sample sizes little work has been -
done on trace element variations as a function of time. One
study, by Rahn et al. (1971), has shown that in midwestern
United States air sohe 19 elements can be determined in 90-
minute samples taken on 25-mm diameter'polystyfene filters,

and most of these showed regular in-phase variations approach-

ing and sometimes exceeding an order of magnitude in size.

This work was carried out while the author was a summer
employee during 1970 at Lawrence Radiation Laboratory, Liver-
more, California, and will be published under the authorship
.of K.A. Rahn, J.J. Wesolowski, W. John, and H.R. Ralston.
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Livermore, California, site of one branch of the Lawrence
Radiation Laboratory (LRL), offers a number of interesting
possibilities with respect to trace element diurnal varia-
tions studies. It is located in the Livermore Valley, a small
east-west oriented valley (v16 x 10 km) considered to be part
of the San Francisco Bay area but located to the east of the
majof bay basin and separated from it by a portion of the 500
meters high Pacific Coast Raﬁge. Since the direct flow of sur-
face air from the bay basin to the valley is éignificantly
hindefed by these ridges air transport is mainly accomplished
through natural passes on the western end of the valley, with
two accompanying exits at the eastern end. Well-developed
sea breezes'dccur nearly every summer day because of the tem-
perature differential between the bay basin and inland areas,
particulale-the San Joaquin Valley, much larger than and
somewhat inland from the Livermore Valley. 'Becausé of this
well-known circulation cycle it was thought that diurnal
studies might enable one to follow the influx of marine air by
using the sodium and chlérine‘levels as natural tracers.

Because'of the large meteorological, topogréphical and
industrial source variations over the Bay Area there is no
"typical" commﬁnity or region. Although Livermore enjoys. a
rural setting (about 80 km southeast of San Francisco) it has
had during the past few years a higher frequency of "adverse"
oxidant days than any other location in the Bay Aréa. More-

over, there has been some speculation over the ratio of "local"
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to "imported" smog, i.e., smog due to emissions in the San
Francisco-Oakland area and advected into the Livermore Valley.

By locating our trace element sampling unit next to the 1'
Livermore continuous gas monitoring station of the Bay A;ea

Air Pollution Control District (BAAPCD), we hopéd to see some

correlations between the two.

Sample Collection

A pump was positioned on a tower in downtown Livermore,
approximately‘6 meters above ground, and samples were collected
during a single 58-hour period from 1300 PST Tuesday, 21 July
to 2360 PST Thursday, 23 July 1970. Each of the three days
appeared at the time to be typical summer days, an impression -
confirmed by meteorological data taken at LRL, 5 km east of
the sampler (Figure VIII-1l). Winds were out of thé'westerly q‘
sector during the entire period, énd varied from 1 to 15 mph.
Témperature ranged from 58 to 84°F, and the relative humidity
was at all fimes lower than 68 percent.
Each sample was 2 hours in duration, taken on 29 mm
diameter Whatman No. 41 filter paper using a one-third hp
vacuum pump operated at a constant flow rate of 1.5 cfm (43
lpm). This provided a sample size of 5.1 cubic meters collected
at a linear velocity of 143 cm/sec, at which speed aerosol col-
lection efficiencies exceed 98 percent down to diameters ‘ .

~smaller than O.l)um (Lindeken et al., 1963).
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Analytical Technique

Nondestructive neutron activation employing y-spectro—
scopy was used as the analytical tool because of its deﬁon-
strated sensitivity and specificity. A complete irradiation
and counting'sequence was developed (Table VIII-l), similar to
the one of Dams et al. (1970). In preliminary work an
analysis of 8 x 10-inch Whatman No. 41 hivol air filter
samples of 24ito 48 hours duration taken in Livermore (at
LRL) detected 34 elements. These are listed in Table I.

The gfeafly reduced sample size of a 2-hour diurnal
sample limits the number of determinable elements. to about 15.
Elements with half lives longer than a few days are ﬁost
affected becauéé of the very low count rates obtained and the
inability to lengthén counting times of routine application
beyond a few hours. Included in this group are such inter-
esting heavy elements as Fe, Co, Hg, Zn, Sb, Ni, Ba, Cr, and -
Se, most of which fall below the detection limit in samples of
only a few cubic meters volume. Some, such as Sb and Ba, afe

‘better determined from shorter-lived isotopes..

Results =~

Useful results were obtained for 15 elements. Of these,
the variatibns,of 10 are piotted'in Figure VIII-1l. K, Cr, Ba,
La, and Sm are omitted because of poorer statistics and vari-
ation patterns similar to the other~elements. _In general the

elements Na, Cl, Al, Mn, and Br showed uncertainties of lO'to_
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20 percent, with uncertainties for Sm, Sc, and V in the 20

to 40 percent range, and the others somewhat higher and more
variable. These differences can be seén in the smoothness

- of the curves, the first group generally showing the most
regular variations. Certain irregularities in otherwise
smooth patterns are, however, exhibited by several elements,
such as the brief but sharp peaks at 0400 of 22 July shown by
Al, Mn,{Zn, v, and Sc, which appear to reflect real atmos¥
pheric compoéitioh‘changes. |

Figure VIII-1 also shows variations of the gases CO,

N02, and "oxidant" for the sampling period. Thése hourly
averages were supplied by BAAPCD from the records of their
continuous monitoring station in Livermore. Toﬁal-hydrocarbon
was also measured but was not plotted becausé its hourly
average remained constant at 3 ppm during the period.

These data'show the following principal features:

1) All trace elements measured undergo marked-concen-
tration changes during a diurnal cycle; typically
varying by factors of 3 to 10 or more.

2) There appear'to be only 3 fundamental types of
cycles. These.are listed below under 3), 4), and 5).

3) The cycle for Al, Mn, Fe, Zn, Sb, V, and Sc (Ba, Cr,
La; and Sm behave similarly but are not plotted)
peaks in the afternoon (1200-1400 PST) and reaches a
minimum near or sliéhtly past midnight (0000-0200

PST). The cyclic variations here are quite large,

usually factors of 7-10.
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The Cl-Na cycle is nearly 180° .out oﬁ phase with

the Al-Mn cycle, peaking in the nighf'hburs (appfox-
imatély 0400 PST) and reaching its minimum in the
afternoon (approximately 1400 PST).A Cl varies by a
factor of about 4, Na by a factorlof 2-3. The Cl/Na
ratio is in phase with this cycle, and at its maxi-
mum (1.6) nearly reaches the sea wéter Cl/Na ratio
of 1.8. |

The\Br cycle is less well defined.thah thé other two

cycles. It shows peaks of 2000 PST each of the 3

. evenings, as well as a peak on the first morning.

The peak of the second morning is either absent'
entirely or else is hidden in the'tail of a large
concentration of Br found throughout fﬁe previous
night.

Thé oxidant pattern has a single peak at 1400-1500
PST. 1Its cycle strongly resembles that of the Al-

Mn group but lags it slightly and is somewhat shdrter
in duration.

Wiﬁd speed also is higher in daylight, peaking at

approximately 1600 PST with minima at night.

'Zn_and Sb exhibit similar'positive perturbations.

during 0600-1000 hours of the early morning of Thurs-
day 23 July, with concentration increases of a factor
of 3-5. Br may also show the variation, but not to

such an extent and not in such a clear manner.
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Discussion

The most outstanding trend shown by the trace metal data
is the regular and apparently reproducible transition between
two alternating composition regimes during each diurnal cycle.
The "daytime" regime, beginning soon after sunrise and dying
out around sunset, is markedly continental with its low Na
and Cl content and its high for other elements. The night
regime on the other hand seems marine in character with a
reversal of the above concentrations.

The "continental" elements typified by Al aﬁd Mn show a
diurnal cycle closely linked to wind speed, suggestive of
local wind generation of soil and dust aerosols which are
removed by fallout and impaction when the wind speeds decrease
in the evenings. Such an hypothesis seems reasonable in view
of the extremely dry California summers. It is to be noted
that this diurnal pattern is out of phase with that observed
for the same elements in the midwestern United.States by
Rahn et al. (1971), which were attributed to elevated pollution
sources at a distance.

An alternative explanation for this diurnal pattern of
the Al-Mn group can be seen in mixing patterns. If the air
aloft contained these elements at levels comparable to the
maximum observed at the surface, the increasing concentrations
with wind speed in the morning might be due to the mixing of

this overlying continental air aloft with the surface layer of

marine air accumulated during the night.
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These two conflicting ﬁypotheses might be resolved by
experiment.'bThe first implies a strong partiéle size dis-
tribution change during a cycle, being more heavily weighted
toward large particles during the day: the'secbnd suggééfs
no such diurnal variation.

The contras£ between the first and second nights tends
to confirm the wind generation hypothesis. All the members.
'4of.the Al—Mﬁ group show considerably higher'cdncentrations
during the.second night, when the wind averaged 3-5 mph com-
pared with i;3 mph for the first'night. |

Two éf the elements in the Al-Mn Category; namely Zn and
Sb, show the basic pattern upon which is superimposed a single
'major'excurSion during the early morning hours of the third
day, possibly indicative of a common pollutién source. An
areawide study of Northwest Indiana (Chaptef'VI)_has shown
both these»elements to be among those with the strongest local
sources, and a statistical analysis of these data by Dams ét
al. (1970) has shown a very high correlation between the area-
wide behavior of these two elements.

A third member of the Al-Mn group, V, often recognized to
have a fuel combustion source, shows a deviation froh the
pattern at the. end of the sampling period, where instéad of
falling by a,factor of 5 it increased by a4factbr of 2. |

Several features of the Cl-Na variatioﬂ cycle strongly
suggest a link with fresh marine air from the bay basin. The

most obvious of these is the in-phase increase of both Cl and
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Na during periods of decrease of the other elements (Br
excluded), beginning in the late afternoon and early evening
at or shortly after the westerly winds reach their peak speed.
The order of mégnitude higher Cl1 and Na concenﬁrations rela-
tive to continental air of interior North America imply a
recent marine origin for these elements. Further evidence for
this hypothesis is found in the increasing Cl1l/Na ratio during
the nights and its approach to the sea water value. The fact
that the Cl/Na ratio approaches that of sea water at the time
that the individual Cl and Na concentrations reach their
maximum values suggests that the valley air near the surface
at this time is essentially undiluted fresh mariﬁe air from
" the bay basin.

The valley air into which the fresh marine air from the
west mixes. is deficient in Cl. This result appears to be N
generai, for~preliminary results from 24-hour filters taken
elsewhere in the Bay Area show a Cl/Na ratio cbnsiderably
less than the sea water value. Though the Cl-deficiency of
marine-associated air is well-known and generally attributed
to loss into the gas phase, the present data indicate that
fresh marine air, near the surface shows little or no Cl
depletion.

The third distinct trace element pattern is displayed
solely by Br. Its total variation of a'factor of 3 is the

smallest of the elements except Na, but regularities are still a

seen, as noted in (5) above. The morning maximum suggests
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local sources;fprobably from automobile gasoline combustion
(Br is commonly preéent in leaded gasolines). It is not clear
whether the evening peak is from.local or upwind bay pollﬁtion
sources or both.

In order to lend coherence to the .interpretation of the
present trace element data we suégest the following provisional
circulation model for the Livermore Valley.  During the after-
noon as the wind speed decreases the soil-generated aerésol
(A1l-Mn groub) is removed by fallout and impaction, a fairly'
rapid process because of the large particle sizes involved.

At the same time, as the surféce air is being stabilized by
cooling, fresh Na and Cl-rich marine air enters the valley and
begins to replace the aged air. Because of the basic thermal
stability of both bay basin and valley air, entrance to the
valley is restricted to narrow passes and the flow proceeds
slowly but steadily during the night, accounting for‘the'pro—"
longed gradual rise of Cl and Na levels. Shortly after sun-
rise, however, both Na and especially Cl 1evéls dfop, coinciding
with the increase in Al-Mn group levels and wiﬁd speed. If,

as is suggested, the overlying air mass is mafine, then the
increasing Al-Mn type levels would not be accounted for by
vertical mixing, but must be soil derived. On the other hand,
the sudden drép of Cl and Na levels and the'drbp of the Cl/Na
ratio can be explained by mixing. Also, the timing of thié
drop (0800-1200 PST) suggest a link with the destruction of the

nocturnal surface inversion and mixing with air between
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approximately 100 m and 600 m rather than destruction of the
subsidence inversion aloft. If this is true, then the Na

~and Cl-rich air would be confined to a low-level tongue in

the bottom of the valley, an easily tested hypothesis. During
the heating period of the morning, wind speeds increase and
more soil aerosol is generated, and the diurnal cycle begins
, tO'fepeat itself.

Relationships involving the gases are more ill-defined
than for trace elemenﬁs alone. - For example, NO2 should pre-
cede oxidant if they are photo-chemically related, but the
A-Livermore data'shdw the opposite sequence, a trénd confirmedv
on the other days as well. CO variations are similar to
thosevof NO2

morning peak. There is, however, a reasonable correlation

but not as pronounced, also often lacking a

between Br, NO., and CO, suggesting similar or common sources.

2
Particular features. of note are the regularity and coincidence
of evening peaks, and higher levels during the second night
than during the first.

These relafionships suggest that upstream orlbay basin
sources contribute heévily to Livermore smog and that a large
part of the oxidant observed at Livermore has its origin in
these upstream precursors. This 1s in agreementwith the con-
clusions of a previous study of Livermore smog based on an

~examination of meteorological patterns (Crawfo:d, 1968).

Though any conclusions from a single study such as this

must be considered quite tentative, the highly cyclic nature
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of the traéerelement coﬁcentration‘patterns.dbserved for

these three'tYpical summer days suggest a corfesponding '
reguiarity of the circulation pattern which.ié'theirjcauSe.
Details of the model may be checked by multipoint sampling

in both the hbrizontal and vértical. In a more generalvsense,
however, measurements of diufnal variations of trace elements
have now beén shown to be of value in providing valuable
information leading to better understanding not only of éources
and transport mechaniéms of pollutants,.but al#o of basic

mesoscale meteorological processes.
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TABLE

VITII-1

Irradiation Time, Flux Cooling Time Counting Time Elements Detected
2 minutes 4 minutes 8 minutes Al, v, Cu, Ti, Ca,; S*
2 X 1013 n/cmz—sec
20 minutes 20 minutes Na, Mg, C1l, Mn, Br, I, Ba
10 hours
4.5 x lO12 n/cmzesec 20-30 hours 40 minutes Eu, Br, As, W. Ga, Zn, K,
Cu, Na ’
6-10 days 80 minutes Sm, Au, Hg, La, Sb
20-30 days 600-800 minutes|Fe, Cr, Co, Zn, Hg, Se, Ag,
Sb, Ce, Eu, Sc, Th, Ni, Ta,
_|Hf, Ba, Rb
*NOTE: Because of the small volume of the Ge detector no attempt was made to measure

energies above 2000 keV.
min) were not measured.

Thus S

(3102 kev,

5.1 min) and Ca
Only an upper limit was obtained for Ni.

8.8
In a more

(3083 kev,

industrialized area one might also expect to detect In and Cd.

- O

1144
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PART III
REFLECTIONS

The principal objective of this work was to assess the
impact of anthropogenic aerosol sources on the chemical com-
position of the aerosol of remote continental regions. While
a complete answer to this problem has by no means been given,
a start has been made for some elements. Most importantly,

it appears that the analytical tools presently available may

'be sufficient to eventually resolve the question in much’

more detail.

It is now possible to sample air of the most'femote
regions of North America over periods of weeks and determine
the conceritrations and particle size distributions of some 30
tface elements. The careful use of Andersen cascade impactors
with clean polyethylene impaction surfaces, clean filter paper
such as Whatman No. 41, and neutron activation analysis
Virtﬁally guarantees precise results for many elements. On the
basis of results such as afforded by thisvstudy fhe elements
can be classified aécording to source types, and inferences can
be made about natural vs. anthropogenic sources.

Specifically, thiS investigation shows that evidence for
anthropogenic (industrial) origins abounds in the samples of
most regions studied. It was seen in all samples, even in

those from the Northwest Territories, where the nearest possible

222
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industrial sources are hundreés of kilometers distant, aﬁd
highly scattered. |

On the basis of evidence found for anthropbgenic soufces
in the air of otherwise remote Twin Gorges and Algonquin,
the remoteness problem, i.e., the impaét of sources on thé‘
air of distant areas, emerges as an all-important one. Pro-
vided that the analytical method is Sufficiently sensitive, the
effects of anthropogenic sources in otherwise clean areas are
seen to extend at least overAhundreds'of kilometers. Their
possible effects in the thousands-of-kilometers range in ‘an

obvious extension of this work.

Analytical Techniques

The inherent strength of nondestructive neutron activa-
tion analysis_is demonstrated by the present work. In general,
these results also demonstrate the value of-fhe aéplication of
a highly sensitive multielemental technique to‘eveﬁ a few
carefully—planned~measurements. This is best seen here in the
ARO case, where the presence and nature of a single strong
pollution sQurcé was inferred from only two 3-wéek size dis-
tribution samples.

The preséht study by no means exhausts the full potential
of this ndndestfuétive techniqué. The utilization of still
1arger samplé sizes ﬁay result in more elements being défer—

mined much more precisely.
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A thorough chemical study of remote aerosols can profit-
ably employ a combination of NNAA and other techﬁqiues. Atomic
absorption spectroscopy, anodic stripping voltammetry, and
x-ray fluorescence are immediate possibilities. Each of these
is strong in certain areas where NNAA is weak. |

In addition to other techniques, other types of chemical
measurements might offer valuable information. A thorough
study of atmospheric geochemistry will ultimately ;equire not
only elementa1 concentrations but also alknOWledge of actual
cbmpounds formed by these elements, information which the present
technique does not provide. | |

Physical téchniques also should not be overlooked: i.e.,
stereoscan electron'microscopy combined with microprobe, etc;

must add to knowledge about the particles in question.

Further Interpretation

The massive amount of,data generated by a multielemental
technique quickly creates a problem of interpretation. In |
certain sections of this work, particularly the Mackinac Island
experiment,'much further study remains to be made on the basic
data. No cdmpreﬁensiveness of interpretation is.claimed for

this work.

The Clean Air Problem

'One of the principal results of this work-is that the
northernmost regions of Canada show significantly lowexr concen-

trations of trace elements than do Michigan or Indiana, and
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that the concentrations decrease fairly smoothly with distancgl
 to the north and west. For the soil-derived elements some
asymptotic behévior of the concentration pfofiles was sug-
gested, indicating a possible approach to the background or
at least to baseline conditions, but for many of the pollution
elements a shérper cbntinuing decrease was seen, meaning that
more remote areas, such as over oceans; should show even lower
concentratioﬁslof these elements. The problem of clean air,
ﬁamely its nature and location, is therefore not resolved here
except possibly for the soil elements.

Clean air is very elusive, both in practice and in
theory. Several(problems concerning clean air are illustrated
by the results of this work. First, should cleaﬁ air be
sought at the surface, where local effects are clearly the
largest, or_is clean air the purest available in, say, the.
troposphere? In this régard it should be noted that the Jasper
station, the only one of this study in a mountainous region
(elevation 2000 m), shows aerosol/soil enrichment factors which
for many anthfopogenic elements are the lowest of the network.

Secondly, should clean air be limited to continental air,
which will still show strong soil effects, or should it include
marine air, which may be.low'in anthropogenic substances but
high in sea salt? The answer to this will probably depénd on
the answervto}the third problem, which is‘WhétHer the criteria
for clean air éhould refer simply to total parficulate content

or whether they should relate specifically to anthropogenic
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substances and/or the identity of the materials forming the
particles (marine vs. continental; automotive vs. industrial;
forest fires vs. volcanoes; biologic vs. inorganic; etc.).

In iight of the present work, the answer to.the third
problem seems obvious. Now that reliable multielemental meth-
ods are at hand, cleén air should be defined in terms of the
anthropogenic elements involved, some examples of which appear
to be As, Se, Hg, Zn, Sb, etc;, those elements pfedominantly
found on small particles and having large aerosol/éoil enrich-
ments. On the other hand, the soil-derived elements éuch as
Al, Fe, etc., cannot be ignored over continents,,for there
may also be pollution components in populated areas. These
pollution compénents can be estimated by comparison with the
corresponding concentrations of remote areas, but for clean
air purposes the anthropogenic elements listed above seem to
be the best indicators.

It is the opinion of this writer that clean air has at
‘least a double connotation. Natural air is never clean - over
oceans it contains sea salt and over continents it contains
soil dust. The phrase "clean air" is used here to mean anthro-

pogenically clean, that is, the state in which air would be

found over both continents and oceans in the absence of human
activities. Clearly, continental clean air will be very differ-
ent in composition from marine clean air, and the determination
of each requires separate experiments. This invéstigation
approached continental clean air, but had nothing to do with

marine clean air.




227

Follow-Up Experiments

The nﬁmber of conclusiohs that can be drawn from an
exploratory study such as the present one is severely limited.
At the very least, confirmatory measurements need to be takeﬁ
at or near the same locations before any stidng-statements.
about the représentativeness of the reported numbers may be
made. 1In addiﬁion, the variation of concentrations over other
remote regions needs. study. In particular, the Canadian East
(Quebec) might profitable be included in a future survey. AnA
interesting comparison would be with the western United States,
both the mountainous and plains regions. |

One problem worthy of some scrutiny is the magnitude of
concentration Qariations on a smaller scale than observed hefe.
These scales may range in size from tens of kilometers down to
the micro scale. Stations ARO and TG give evidence for -the
importance of these variations, at least for industrially-
derived elements; The magnitude of local vériations of soil-
derived elements remains unsettled, though the particle size
distribution plots for the summer Canadian study suggest it to
be small. |

A major.problem heeding further investigation is the shift
to L-type size distribution in remote areas of elements which
by their abﬁndance would seem still to be anthropogenic in origin.
For example,'Zn and Sb both showed this effeét at Twin Gorges in

summer, while at the less remote stations they were S- and M-type.
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One possible explanation may lie in repeated cycles of cloud
processes, effective even for the relatively insoluble com-

pounds of these elements. Though this idea is very specula-

tive, it suggests that closer attention to weather variables

may be needed.

~ Several specific smaller experiments are suggested by
these results. The first is a more thorough documentation of
the industrial source at ARO, both because of its inherent
interest and because of the possibilities for the use of this
combination of elements and size distributions as a tracer or
"signature" in mesoscale circulation studies. Such a documenta-
tion might be achieved by grid sampling around suspected
sources, or single point sémpling under varying .wind directions.

A similar study might be undertaken around Twin Gorges,

NWT, for there is again evidence.of a strong pollution source
here, probably in the Yellowknife region. Better knbwledge of
this source should allow future sample sites to be placed more

nearly upwind, so as to give more meaningful background levels

‘for the area.

The apparent aging of the marine aerosol as observed in
the Twin Gorges winter samples might be further investigated.
The Norﬁhwest Territories in winter appears to be an ideal
natural laboratory for long-range transport studies of marine
aerosol. If the Pacific Ocean is indeed thé source of this
aerosol, as seems mést likely from the wind patterns aloft, the

aerosol sampled at intermediate points between Twin Gorges. and
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the Pacific should be younger ‘and show intermédiate aging
effects. |

A numbervdf improvements in sampiing techniqués are pos-
sible. For exémple, now that typical remote concentrations are
Aknowh, it can be seen that the Andersen Samplers need to be run
for months rather than weeks in order to accﬁmulate sufficient
sample to.také full advantage of the neutron activation tech-
nique. Total filter samples could also be profitably run for
more than the two weeks of this experiment. Future Andersen
samples should be taken with backup filters where possible,
because the élogging of the backup filters may not be .as much
of a problém as originally thought. |

There exists a definite need for impactors having both
fine particle size resolution as in the Andersen Sampler and
higher flow.rates, so that sampling times cquld be reduced
considerably from the cumbersome weeks or months as at presént.
Also, bettéf fesolution in the smallest particle sizes would.
be desiréblé,_especially below 0.1 um. Hence néw sampling
techniques need to be used. The range and resolufion of the

Andersen samplef are definitelyvlimited.
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APPENDIX 1la

EVALUATION OF FILTER MATERIALS AND IMPACTION SURFACES FOR
NONDESTRUCTIVE NEUTRON ACTIVATION ANALYSIS OF AEROSOLS*

Introduction
The recent introduction of lithium-drifted germanium
(Ge(Li)) semiconductor gamma-ray detectors has revolutionized

the field of neutron activation analysis. The superior energy
resolution characteristics of these diodes allow discrimina-
tion between gamma rays of energles within a few keV of each
other, greatly reducing mutual interferences between elements
and 1n many cases totally elimlnating the need for post-
irradiation chemical separations; The increased speed and

-enhanced specificity thus obtained combines with the proven

sensitivity and multielemental nature of neutron activation
analysis to make this technique an extremely powerful one 1in
trace element analysis. ' |

‘ In addition, the elimination of chemical manipulations
of the sample opens up the possibility of totally nondestruc-
tive analysis, i.e., where the sample is not removed from 1its
collection matrix or changed in any way during analysis. Sev-
eral advantages accompany nondestructivism: reduction of ana-
lytical uncertalnties associated with sample preparation and
post-irradiation chemistry, availlability of the sample for
analysis by other techniques and other laboratories, determi-
nation of isotopes with half-lives as short as seconds, and
potential automation of the procedure.

The determination of trace element composition of aero-
sols is an ideal application for nondestructive neutron acti-
vation analysis. 1Its sensitivity is needed because of the
very low atmospheric abundance of total aerosol (1 mg—m_3—l
pg—m—3, or 1 ppb-1 ppt by weight) and the consequently lower
elemental levels (103-10-3 ng-m-3). Its multielemental nature

#*This article will be published under the authorship of
R. Dams, K. A. Rahn, and J. W. Winchester.
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and specificity aid in analysis of the chemically complex and
highly variable composition of the aerosol. Furthermore, the
speed of nondestructivism can be used to advantage, for the
general difficulty of controlled sampling in the real atmo-
sphere requires a large number of analyses before valid con-
clusions may be drawn.

A procedure for the nondestructive neutron activation
analysis of aerosols has been developed in our laboratory and
applied to a variety of atmospheric samples (Dams, Robbins,
et al., 1970). These aerosol samples, which may be taken on
highly pure filters or impaction surfaces, are irradiated
twice in a nuclear reactor and are counted four times after
decaying for perlods of 3 minutes to 20 days. Some 30-33
elements may'be detected in a given sample, with half-lives
ranging from minutes to years. Analysis for short-lived iso-
topes 1s rapid - more than 10 elements may be determined with-
in an hour of the time of receipt of the sample.

Table la-1 lists the determinable elements, their detec-
tion limits in typical urban 24-hour filter samples, and rep-
resentative concentrations in a rural area (Niles, Michigan)
and an urban site (East Chicago, Illinois). -In samples  where
the collected aerosol is large relative to filter impurities
the elemental detection limits are predominantly determined
by interferences from other elements in the sample, the situ-
ation for most elements in the above urban samples. When
sample durations become 1-2 hours or less (volumes of a few
cubic meters of air) filter impurity levels become more impor-
tant and indeed may become the 1limiting factor in determining
the detection limits. Such short sampling times, however, are
vital for diurnal variations studles, and have been .shown to
be feasible even for a rural area (Rahn, Dams, et al., 1971)
where samples of 1.5 hours in duration were used to follow
the variations of 15 trace elements during a 36-hour period._
For this type bf study, or for sampling in remote areas where
elemental concentrations may be many times lower than in urban
areas, impurity levels become a major consideration 1n the
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selection of a filter material.

Parkinson and Grant (1963) evaluated impurity levels in
three filter materials and found Whatman No. 42 to be the low-
est in activatable elements, though they do not report indi-
vidual concentrations. Keane and Fisher (1968) have used
nondestructive neutron activation analysis and NaI(Tl) gamma-
ray spectroscopy to determine 7 inorganic impurity levels in -
a number of the commoner filter types. Spurny and Fiser
(1970) quote impurity levels for 7 elements in three filter
papers, also as determined by activation analysis.

Physical Properties of Filters

The 1important physical properties of the commonly-used
filter materials are well-known and have been thoroughly sum-
marized elsewhere (Lockhart and Patterson, 1964). The prin-
cipal ones include collection efficiency as a function of both
particle size and flow rate, flow rate as a function of pres-
sure drop across the filter (called (resistivity" below), and
flow rate decrease during sampling due to the dust loading on
the filter. Of secondary importance are tensile strength,
thickness, weight, and hygroscopicity.

Most filters fall into one of two groups - the fibrous
type which 1s composed of cellulose or synthetic organic fi-
bers, and the membrane type which features circular pores of
a highly reproducible dlameter.

| Experimental

Using the review of Lockhart and Patterson (1964) as a
guide,'we selected for chemical analysis a number of filters
whose physical properties seemed suitable to our sampling
purposes and which were expected to contain only low concen-
trations of interfering inorganic materlals. Representatives
of both.the fibrous type and the membrane type were included
(see Table la-2). These were analyzed by our nondestructive
procedure discussed above, with the results shown 1in Table
la-3. Elements which are generally determinable in aerosols
but which do not appear in this table have concentrations 1in
the filters which are below the detection 1limit, and in
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practice are considered negligible (for Whatman No. A1, the
cleanest filter tested, these include V, Cu, Zn, Mg, In, As,
Ca, La, Sm, Eu, W, Au, Sc, Se, Ce, and Th). Because of the
relatively high impurity levels in membrane filters EHWPOU4T

and GA-6, analysis was restricted to those elements with short-
lived 1sotopes.

Flow rates were measured in the 20x25 cm format (where
filters of this size were avallable) using a General Metal
Works high volume pump, Model GMWL 2000. For the 25 and 47 mm
.slzes flow rates were measured with a Gelman Twin Cylinder

-1 2nd a maximum

pump, having a free air capacity of 68 l-min
vacuum of 66 cm Hg. Table la-U4 shows the results as flow
rates over the exposed or "effective" surface.of the filter.

In addition, the effect of dust loading on flow rate
was investigated for W41, C, and HAWP in Ann Arbor, Michigan
alr, with the results listed in Table la-4.

Because some elements are found to be primarily associl-
ated with the smaller aerosol particle sizes, it 1s of inter-
est to determine the degree of penetration, element by elément,
of actual.aerosols through a filter. A 2thour sampling ex-
periment was performed with two 20x25 cm polystyrene filters
placed on top of each other, a primary (upper) and a backup
(lowef) filter. A maximum of 5% of the Zn, 2.5% of the Br,
5% of the La, and 1% of the Al were found on the backup fil-
ter, with all the other elements essentially completely col-
lected by the primary filter. It appeared, however, that
sheets of this polystyrene were not very homogeneous, and the
observed thickness difference of a factor of two may account
for some of the penetration listed above.

Discussion

Inspection of the filter impurity levels of Table la-3
immediately shows DMS to have extremely high values of Cl1,
Br, Cu, and‘Zn, precluding sensitive determination of these.
elements in samples taken on this filter material. In addi-
tion, irradiation of the filter alone induces high enough
activities (mostly from Cl and Br) to not only raise the
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detection limits of at least 15 other elements by an order of
magnitude (column 4 of Table la-6 does not include this addi-
tional Interference) but also to saturate the counter. This
filter is thus eliminated from further consideration for ac-
tivation analysis purposes. -

The impurity levels of two of the membranes, EHWPOUT
and GA-6, though not prohibitively high, are geherally much
higher than for the remainder of the filters. Unless very
long samples are considered, the impurities here effectively
‘restrict the application of these two materials to sampling
in heavily polluted areas. The membrane filters HA and AA
have lower concentrations of most elements, but Na, Cr, and
Cu could pose prdblems. Most elements are very low in the
polystyrene PS, but Ba and Cl are high enough to prohibit de-
termination of them in samples. 'Fortunately, nelther has a
hligh enough neutron cross section to interfere significantly
~Wwith the other elements. All the impurity levels of W4l com-
pare favorably with PS, especially the Cl (30 times lower)
and Ba. '

Table la-4 displays the sharp contrast in physical
propertlies between the fibrous and membrane types. The latter
generally show high flow resistance, raising minimum sampling
times by as much as a factor of 3. They have extremely high
retentivities at all flow rates, even for small particles,
and though the effect of dust loading on flow rates is con-
slderable it 1is not enough to be a problem. Since retentiv--
ities are so nearly equal between the two pore sizes investi-
gated, the 75% greater flow rate of the 0.8 pm type represents
a real sampling advantage over the 0.45 pm size.

Of the fibrous filter group, the polystyrenes combine
high flow rates, high retentivities, and a very small tendency
to become clogged. Even at lower alr velocities such as some-
times encountered in high volume sampling the elements associ-
ated with the smaller particles are retained with greater than
95% efficiency.

The cellulose filter (C) allows a very high flow rate
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but has a poor flltering performance because of the very low
reteptivity of small pafticles. Its profitéble use seems to
be restricted to less critical applications in those heaviiy
polluted areas where its virtual freedom from clogging can be
employed to greatest advantage.

‘ ‘Whatman No. 41 also allows high flow rates, but has a
somewhat lower retentivity than the polystyrenes or membranes.
This difference is insignificant at high linear velocities
(such as obtained through a 25 mm filter) but may become B
troublesome under other conditions. The effect of dust load-
-ing on flow rate 1s greater for W4l than for any of the other
filters tested The practical consequences of these proper- '
ties will be treated in more detail below.

For a given filter type, Table la-4 also 111ustrates

the effect of varylng pump-filter combinations on flow rates
per unit area. The pumps used here are representative of the
common types currently in use. One type, the modified vacuum
cleaner variety used with 20x25 cm high volume filter holders,
provides very high total flow rates but must be used with low
reslstivity fillters because of its small vacuum. The other
type, such as is used with 25 and 47 mm diameter filter hold-
ers and some lnertial impactors, provides a higher vacuum but
its smaller free air capacity means lower absolute flow rates.
These pumps are used most effectively when "purity"ibf sample,
or high sample/blank ratio 1s desired rather than large total
samples., For highly sensitive analytical methods such as neu-
tron activation this "purity" of signal may be of greater 1im-
portance than the larger but less "pure" sigrial from high
volume pumps, especially for the shorter-lived isotopes whose
detection 1limits are well below atmospheric concentrations

and where absolute sample size is not so important. Indeed,
Table la-4 reveals a threefold difference in flow rate per
surface areé between 25 mm and 20x25 cm sizes, making collec-
tion on the former preferable for the shorter éampling pe'r:L-~
ods. Because they do not depend on air flow for their cool-
ing, the high-vacuum pumps can also be equipped with high
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resistivity filters for specilal applications.

One drawback to the small filters is that their effec-
tive surface area is considerably less than their total area.
For example, using Gelman holders the unexposed edge zone is
25% of the total for a 25 mm filter and 45% for the 47 mm
slze. 1In contrast, the 20x25 cm size is large enough that
samples for analysls can be cut wholly from the exposed in-
terior.

Selection of a particular pump-filter combination 1is
often dictated by the specific goal of the sampling, with the
stringency of the filter impurity requirements increasing as
the sampie time decreases. For example, Table‘la—S shows
that for 24-hour samples on Whatman No. 41 paper there is
little practical difference bctween a 20x25 cm sample and a
25 mm filter, for in each case the sample/blank ratios are
well over 10 for most elements. Under these conditions a
considerably less pure filter could satisfactorily be used.
But when the sampling time is decreased tolroughly 1 hour the
differences 1in impurities and flow rates become much more
critical.

The selection factors of flow rate, clogging, and im-
purity levels can be quantitatively combined into a '"figure
of merit," the sampling time needed to collect an amount of
a given element equal to the amount present as impurity with-
in the filter. Table la-6 gives these numbers for various
filters and the atmospheric concentrations of the Niles,
Michigan sample of Table la-l. Though corresponding numbers
for remote or polluted urban locales may vary from these by
a factor of 10 in either direction, the filter/filter ratios
remain valid. Comparison of Column 2 with the others illus-
trates that the ultimate sensitivity of determlination of sev-

~eral elements in very short period samples is often limlted

by the filter impurity levels rather than by interferences
from other elements in the sample, examples being Cl, Er,

‘Na, Cu, Al, Mn, Zn, and Sb.

In general, W4l shows the lowest values of the figure
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of merit for most elements, with PS slightly higher (its Cl

is much higher), and DMS, HAWP025, and AAWP025 considerably
higher for most elements. For the two membranes HAWPO25 and
AAWPO25 these high values are due in large part to their high
resistivity and consequent low flow rates, while the high DMS
Avalues reflect actual impurity levels. From the standpoint

of activation analysis the membranes have another disadvantage,
for under irradiation they become increasingly brittle and -
highly susceptible to electrostatic charge induction. After
a few hours' irradiation they are nearly impossible to handle,
requiring dissolution in water or acid solution and nullify-
ing the nondestructive aspect of the analysis. Because their
essentlally absolute collection efficiency down to at least a
particle diameter of 0.3 pm does not seem to represent a sig-
nificant sampling advantage over most of the other filters,

we have abandoned the use of membrane filters.

Celluldse or Polystyrene?

The general requirements of activation analysis and our
special interest in short-period samples narrow down the orig-
inal list of possible filters to two types, the tightly—bound
cellulose (W4l) and the polystyrene (PS). Though the highly
pure PS is apparently no 1onger available on a rogtine basis,
there is no reason in principle why it cannot be made, ahd SO
will be considered further below.

Subsequént testing of another cellulose filter, TFA. 810
(The Staplex Company, New York), has shown 1t to be very sim-
ilar to W41l in physical and chemical properties. It thus may
serve as an effective substitute when the somewhat cleaner
W4l is not available. In the following discussion W4l will
be considered the representative of the tightly-bound cellu-
lose filters, which as a class will be referred to simply as

"cellulose." , -
Though the figure of merit listings suggest W41l as th

best filter cholice, other physical properties seem to recome
mend polystyrene. In particular, the comparative DOP effi-
ciencles of Lockhart and Patterson (1964) show WAl to drop
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as low as 61% collection'efficiency (at 0.3 pm diameter) at

. T.3 cm—sec"l face velocity (where Microsorban is still 99.87% ‘
efficient), while rising to 99.98% at 283 cm—sec_l., This evi-

dence may not be as clear-cut as it seems, though, for 3 other
studles of Wil efficiencies exist, with somewhat conflicting

results (Smith and Surprenant (1953), Fitzgerald and Detwiler

(1954), Lindeken, Morgin, et al. (1963)). The lowest effi-

clency was found by Smith and Surprenant, 23% for 0.3 pum DOP

at 10 chSéc—l. Fitzgerald and Detwller used 0;35 pm duralum-

inum at this same velocity, obtaining an efficlency of 91%.

The most detailed measurements, those of Lindeken, Morgin,

et al., were obtalned with solid polystyrene latex aerosols

over a wide range of diameters and flow rates, with all effi-
clencies found to be greater than 74%. This solid aerosol

was chosen to better simulate the natural aerosol than could

liquid DOP, and may account for the higher efficiencles found.
Lockhart and Patterson and Lindeken, Morgin, et al. agree on

the rapid increase of efficiency with flow rate, and at typ-

ical actual sampling velocities of greater than 35 cm—sec"1
(and usually greater than 70 cm—sec_l) they both glve values
in excess of 90%.

Informative as they are, we feel that the above argu-
ments are somewhat unrealistic, however, because they are
based on numbers obtained using clean filters rather than
the dust-loaded filters of an actual sample. Another meas-
urement of Lindeken, Morgin, et al. showed a very rapid in-
crease in the collection efficiency of W41l with time, presum-
ably because of plugging of air passages by the collected
particles. Under their laboratory conditions, which seem
nearly comparable to atmospheric sample accumulation rates,
initial efficiencies of 75% would rise to greater than 95%
in approximately 30 minutes, suggesting that in practice the
results obtained with cellulose and polystyrene fillters
should be nearly indistinguishable.

To check this we collected simultaneous 24-hour 47 mm
PS and W4l filter samples in one of the most industrialized
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areas of East Chicago; Indiana, results of which are shown in
Table la-7. Of 30 elements listed, 25 agreed to within one-
standard deviation, and in the case of Cl the discrepancy 1s
due to its high impurity levels in the PS. For 25 elements
(Cl, S, W, and Hg not included) the W4l/PS atmospheric concen-
tration ratios averaged 1:02 ¥ 0.05, lending weight to the
idea that 1ittle or no efficiency differences can be seen in
actual sampling. In the case of shorter-period samples where
the dust loading may not increase the W4l efficiencles to such
an extent, we prefer to use a 25 mm filter size. Collectlon
velocities here are usually much larger than with the 47 mm
size, bringing even the initial efficiencies into the 95%-or-
greater range.

Another potential problem of cellulose 1s its well-known
hygroscopicity. For applications involving weighing, these
filters must be equilibrated at constant relative humidity
before weighing. That this can be successfully implemented
on a routine basis is demonstrated by the experience of the
Bay Area Air Pollution Control District of San Francisco,
which uses W4l for all its total particulate sampling.

The thinness of cellulose as compared to polystyrene or
glass fiber makes small-sized thickness inhomogeneities more
important, and definite variations in light transmittance
trough a clean filter can be seen. These, however, are of a
size scale very small relative to irradiation aliquots, and
our experience has not shown them to be a problem. For 24-
hour high volume filters the smallest plece needed for irradi-
ation 1s approximately 1 cm2 (for the short irradiation), and
reproducibilities here are usually 10-20% or better.

On the positive side, the thinness of cellulose offers
some distinct advantages over polystyrene. Slnce physical
size of the irradiation aliquot is limited by flux gradients
in the reactor core and the need to simultaneously irradiate
~ several samples and a standard, the 5-6-fold increase in pack-
aging efficiency offered by cellulose over polystyrene repre-
sents a real gain for the long-lived isotopes, where activities
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are lowest and sample size is the limiting factor in many ele-
mental sensitivities. .

Another advantage of the cellulose filters is their high
tensile strength. Not only is routine rough handling during
sampling possible, but much of this tensile stfength remains
after irradiation. The polystyrenes, on the other hand, are
quite fragile and require delicate handling, a property some-
what inconsistént with any proposed wide-scale use by local
agencles. In particular, the polystyrenes cannot be used for

- total particulate determinatlions because of the loss of some

edge material upon removal from the fllter holder after sam-
plingl This property alone eliminates them from considera-
tion for generaliuse.

Summary -~ Need for a Standard Filter

According to our experlence, reasonable criteria for
the selectlion of a single filter for use in all situations

~are: minimum impurities, maximum flow'raté, and ease of han-

dling both before and after irradiation. Of the filters pres-
ently available, Whatman No. 41 (or TFA 810) seems to best
meet these requiréments. Though it is not an 1deal filter,
particularly in its hygroscoplic and dust loading properties,
compensations for these features can satisfactorily be made.
Practical tests, both by our laboratory and others, have
shown the utility of this filter under all types of sampling
conditions.

Now that the means for high-precision trace element
analysis of atmospheric particulates are commensurate with
the increasing interest in this field, we feel it imperative
that local agengies begin regular sampling on inorganically
pure filters, in order to establish a national stockplle for
future analysis. Such a stockpile now exists, but the vast
majority of these samples are on glass fiber filters, all
varieties of which introduce high blanks into the nondestruc-
tive process and render the samples useless 1n this regard. ' -
We feel that a national stockpile should be accumulated on a
standard filter type, and that the need to beglin the
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stockpile supersedes the lack of an ideal filter. Cellulose
Should be adopted temporarily until the development of a
clearly superior type, an event likely to be at least several
years in thé future. Sampling at the local level éould-then
be divided between cellulose and glass fiver filters. Unfor-
tunately, since local sampling is normally used only for total
particulate determination, and cellulose is more difficult to
use and no bétter for this purpose, the work of local agencies
would be complicated with the promise of little or no immedi-
ate gain for them. But in the long run the creation of a na-
tional reservoir of potential trace element data would seem
to be worth such inconveniences, and might spur the develop=

- ment of a new filter type. ' '

Impaction Surfaces

A grbwing number of atmospheric samples are being taken
with inertial impactors, for size distribution both of total
particulate and individual elements. A . major part of our
trace element work has been done with Anderéen Samplers, T-
stage cascade devices where the aerosoi particles impact onto
circular plates some 9.6 cm in diaméter. For nondestructive
purposes we have found it convenient to cover the plates with
a thin polyethylene sheet, which then becomes the actual 1m-
paction surface. The polyethylene circle with its impacted -
aerosol is then analyzed by the.same procedure described above
for the filters. ' i

Since alr does not pass through these circles, physical
properties such as collection efficiency, flow rate, and clog-
ging are removed from conslderation, the oniy remaining impor-
tant one being durability of the material under prolonged ir-
radiation. - On the other hand, elemental impurity levels be-
come even more important because of: - :

1) the relatively low flow rates for impactors (28 1lpm

for the Andersen Sampler, for example) -

2) the partitioning of the sample among several stages

3) the large collection area per stage. '

Of the common organic materials which might be used for
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collection surfaces, we have found Mylar and Teflon to be un- a
satisfactory. The Teflon becomes quite brittle'under long
irradiations,Aand the Mylar has large Mn and Sb impurity

levels.

The best material we have found is polyethylene. Impur-
itles here seem to be associated with the bulk of the material
rather than the surface, making the thinnest sheeting the best.

After analysis of different lots from different.manufacturers
we have settled on Durethene 12010 (Sinclair-Koppers Company,
Chicago, Illinols), thickness 0.001." Impurity levels for
this material are listed in Table la-7. As was the case for
the filters, long-period samples have detection limits deter-
mined primarily by mutual elemental interferences, while for
shorter samples the impurity levels for a few elements may be-
come limiting. The low flow rates and sample division men-
tioned above serve to lengthen the sampling times needed to
achieve the same precision as with filters. Another differ-
ence from the filters is that the elemental interferences

vary greatly from stage to stage because of the Variatioh of
size distribution patterns for the elements.

This polyethylene withstands irradiations of 3x10
n—cm-2, and though 1t 1s more brittle after irradiation it
can still be easlly handled. Impurity levels are low enough
to allow sampling times of less than a day, though other con-
siderations have led us to adopt sample durations of 2-3

17

weeks.

Another feature of thin sheets such as these is their
easy implementation to total particulate measurements. Since
the mass of material per stage will be very small, a collec-
tion surface which is to be weighed before and after sampling
should itself have as little mass as possible. The glass or
stainless steel surfaces included 1in impactors are heavy
enough to cause large errors when determining the difference
between these two large numbers, but use of polyethylene
greatly eases this situation. In addition, polyethylene has J
no hygroscopicity problems. '

s



Table la-1. Nondestructive Activation Analysis of Aerosols
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Element t1rrad1ation tcooling tcounting, Detection Concentration, ng/h3 air
: Second 1limit, ng. Niles, East Chicggo
Michigan@ Indiana
Al - 5 min. 3 min. 400 40 800 1,000
v " 5 min. 3 min. 400 1 3 - 10
Cu 5 min. 3 min. 400 100 30 900
Ti 5 min. 3 min. 400 . 200 100 100
S 5 min. 3 min.. 400 25,000 - 10,000
Ca - 5 min. 3 min. 400 1,000 900 4,000
Mg 5 min. 15 min. 1000 3,000 800 1,000
Br 5 min. 15 min. 1000 . 20 70 - 50
C1 5 min. - 15 min. 1000 500 -——- -——-
Mn 5 min. 15 min. 1000 3 30 100
Na 5 min. 15 min. 1000 . 200 200 300
In 5 min. 15 min. 1000 0.2 0.02 ‘ 0.05
K . 5 hours. 20-30 hours 2000 75 400 . 1,000
Zn 5 hours =~ 20-30 hours 2000 200 50 . 3,000
Br 5 hours 20-30 hours 2000 25 50 70
As 5 hours 20-30 hours 2000 40 - 0.05 10
Ga 5 hours 20-30 hours 2000 i0 -—- 1
La 5 hours 20-30 hours 2000 2 1 6
Sm 5 hours 20-30 hours 2000 0.05 0.1 0.4
Eu 5 hours 20-30 hours 2000 0.1 0.04 . 0.1
Sb 5 hours 20-30 hours 2000 30 1 30
W 5 hours 20~30 hours 2000 5 -—— 6
Au 5 hours  20-30 hours 2000 1 0.1 -——
Sc 5 hours 20-25 days 4000 .3 0.5
Cr 5 hours 20-25 days- 4000 20 .10 100
Co 5 hours 20-25 days 4000 2 0.3 3
Fe 5 hours - 20-25 days 4000 1,500 - 600 10,000
Ni 5 hours 20-25 days 4000 1,500 - -—
Zn 5 hours  20-25 days 4000 100 60 2,000
Se 5 hours 20-25 days 4000 - - 2
Ag 5 hours  20-25 days Lo00 10 - 3
Sb 5 hours 20-25 days 4000 & 2 30
Ce 5 hours 20-25 days 4000 20 2 10
Hg 5 hours 20-25 days 4000 1C -—— 4
Th S hours 20-25 days 4000 3 0.4 1

aAverage concentrations over 35 hours, 21-22 August 1969, 1.5 m above ground,
wind varlable <1 m/sec. at rural location 5 km from Niles, Michigan.

‘bAverage concentrations over 24 hours, 11 Juné 1969, 3 m above ground, wind
south 5-10 m/sec, in industrialasl km from Lake Michigan.



Table 1a-2. Fllter Material Investigated

Specifications

Filter Material" Manufacturer's Name (Key) Manfacturer Comments

Polystyrene Miérosorban, (Ps) Delbag Luftfilter -—— No longer availl-
: (Germany ) able _

Polystyrens Microsorban (pMSs) D2lbag Luftfilter - ———— Presently avail-

_ (Germany) able

Cellulose- Whatman No. 41 (w41) . and R. Balston L Tightly woven

organic binder : Ltd. (Engiand)

Cellulose — (c) C. H. Dexter and Sons’ ———— Loosely woven

(Usa) :

Membrane MF-Millipore (EAWPO25) Millipore Filter Pore size 0.45 um,

celluloze esters . : Corp. (USA) diameter 25mm ————

Membrane MF-Millipore (HAWPO47) Millipore Filter Pore size 0.45 um, ————

cellulose esters Corp. (USA) Aiameter 47mm

Membrane MF-Millipore (AAWPO25) Millipore Filter Pore size 0.8 um, ———-

cellulose esters ~ Corpm. (USA) diameter 25mm

Membtrane - MPP-Millipore " (AAWPOL47) Millipore Filter Fore size 0.8 um, ————

cellulose esters Corp. (U3A) diameter 47mm

Membrane Cellotate (EHWPOM?) Millipore Filter Pore size 0.5 um, ————

cellulose acetate , Corp. (USA) diameter 47mm

Membrane Metricel (GA-3) Gelman Instrument Pore size 0.45 um, ———

cellulose triacetate Co. (UsSA) diameter 47mm

0S¢



S ,__.H-.,?N__._\v-,‘.—_,ﬂ Table la-3 . Filter Impurity . Levels (ng/cmz)

C HAWPO25

0.5  €0.06

€0.05

PS DMS W4l HAWPO47 AAWPO25  AAWPO47 EHWPO47 GA-6
¢l 3,000 27,000 100 300 . 1,000 1,000 1,700 11,000 1,800 600
Br 25. 1,000 .5 20 4 3 s (2 6 4

s -— +30,000 - 6,000 — — 4,800 — -— -—
Na 80 90 150 700 . 600 330 520 400 1,800 - 2,200
K 20 8 15 200 130 100 120 100 -— _—
Mg €200 {1,500 ¢ 80 2,400 <300 <200 400 200 -— —
Ca 300 ang 140 3,800 670 250 500 370 570 1,250
Ba 7,000 {500 <100 ¢ 100 <100 €100 <100 ¢ 100 -— _—
Al 20 20 12 200 20 10 15 10 60 740
Sc 0.04 ¢0.01°  ¢0.05 0.2 ¢0.05 ¢ 0.01 <0.01 £ 0.05 - _—
Ce (0.4 (1 £0.5 ¢0.3 0.5 1 40.5 ¢0.3 — -_—
La ¢0.2 0.1 (0.2 <0.3 «C.1 <0.2 £ 0.5 <0.2 -_— —-
Ti 10 70 10 50 15 5 10 €10 _— —
Fe 100 85 40 300 40 £300 80 40 — —
Mn 1 2 0.5 80 7 2 2.5 2 6 2
Co 0.2 0.2 0.1 0.8 0.2 <1 0.4 0.1 — _—
Ni 25 <25 (10 60 . <8 <50 14 <20 -_— -—
Ag - (2 2 2 3 <4 — <3 <1 -— _—
Cu 10 320 <4 30 20 40 85 60 25 30
Zn 60 515 <25 30 25 20 10 7 — _—
Sb 2.5 1 0.15 0.5 0.5 3 0.4 1 — -
cr 5 2 3 12 15 14 20 “15 - -
Hg 3 1 0.5 3 <0.4 <1 1 0.5 —_ -
v - 0.06 ¢0.6 {0.03 0.09 € 0.05 <0.05

(-) not determined

16¢



Table la-4.

Selected Physical Properties of Filters

W4l

Filter material PS DMS .C  HAWPO025 HAWPOL7 AAWPO25 AAWPOUT7 EHWPOUT GA-6

Flow rate (1-min. ~- '2) 4.5 4.5 4.5 6 -—- ——— — ——- _— _—
. 20x25 em 2
(effective surface 400 cm )
Flow rate (l1-min. ~- cm 2) 6.5 6.5 5.5 7 - 2.6 - 4.8 2.6 2.6
47 mm dliameter 5 o
(effective surface 9.62 cm)
Flow rate (1l-min. - em™2) 12 13 13 17 4.3 —— 7.3 —— —_— o
25 mm diameter > .
(effective surface 3.58& cm®) '
Retention (%) of 0.3 pm 99.96 69.95 99.7 ---399.9S --- 99.97 ——- -—- -
D.C.P. aerosol¥¥x
(25mm diameter)
Retention (%) of 0.3 pm 99.8 <¢©9.7 91 80o*x ___ -— S _—— —— —
D.O.P. aerosol¥*#*
(20x25 cm)
Volume filtered 43 35 2.0 >50% 4.1 b4.1x 6.3 6.3 --- -
at 10% reduction in flow¥** 2.5%
3 2

(m” 412/°1° £41¢er)
Thickness (mm)¥*¥** -— -— 0.25 ~==  -=- - -_—— - — ——
Tensile strength (kg-cm‘l)*** 0.15 0.1% 1.41 - --- -—— 0.29 0.29 -——- ——

*Determined by the authors in Ann Arbor, Michigan

**Determined by Brar et al. (1969) for total particulate oy weight in Chlcago
**#Determined by Lockhart and Patterson (1964

(414
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Table 1a-5. Sample/blank Ratios for 25mm Diameter
‘W41 Pilters, using Niles, Michigan Concentrations

. (Sample/Blank )*

Element Conc. (nglmgl 1 hr sample 4 hr sample . 24 hr sample
c1 100%* 0.6¥ 2. 3%* 10w
Br 70 .8 33 160
Na 200 0.5 3 16
K 400 16 62 310
ca . 900 K 15 75
AL . §00 4O " 160 800
TS 100 6 23 120
Fe 400 9 35 160
Wn 30 35 140 700
Co 0.3 1.8 7.0 ’ | 358
Sb | 2 & 31 160
cr 10 2 8 40
v 3 > 60 > 230 =1200
Cu . 30 > 4 = 17 = 86
Zn 50 © = 1.4 > 5.5 o= 28
wror{ i 4120 T murtapiy by 70130 3

**From cascade impactor data of same period.



254

Table la-G. Sampling Times to Equal Blank Values or Detection Limits

Sampling time at Niles in hours on 25mm filter disc to equal:

Element Detection PS DMS Wi c HAWPO25 AAWPO25
Limit Blank Blank Blank Blank Blank Blank

c1 2 60 500 1.7 4 50 - 50
Br 0.15 0.8 29 0.15 0.4 :0.35 ---
Na 0.5 1 0.9 1.5 5 18 9
K 0.1 0.1 0.04 0.085 0.8 2.2, 1
Mg 1.5 -——- - -— 4 e 1.5
Ca 0.5 0.7 0.6 0.25 5.5 3.8 1.7
Al 0.02 0.05 0.04 0.025 0.3 C.15 0.06
T4 0.4 0.2 1 0.1 0.5 0.7. 0.35
e 1 0.3 0.25 0.1 0.5 0.35 0.4
Mn 0.05 0.08 0.15 0.035 i 1.5 0.3
Co 2.8 1.5 1 0.6 3.3 3.5 4
Cu 2 1 25 - 5 5 12
Zn 0.7 2.5 .18 .- 0.75  2;5 0.6
Sb 2 3.5 1.5 0.2 0.5 2 1
cr 0.8 1 0.35 - 0.5 1.5 7.5 6

(-) If for the blank value only a higher limit was f
determined.

ound or if 1t was not
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Table la-7. Polystyrene-Cellulose Efficlency Comparison -

Elemént Atmospheric Concentration (ng/h3),' Concentration Ratilo
: Polystyrene tYhatman No. 41 What. No. L1/ Poly.
Cl 4400 (500)* 7500 (500) 1.70
Be . . 350 (90) 500 (50) 1.3
S .- 715 (15) 43 (25) - - 2.87
Na '900 (150) 1300 (200) 1.4
K 4000 (400) 4200 (200) - . 1.05
Mg ' 730 (400) 760 (150) . 1.04
Ca 4100 (800) 3900 (500) B 0.95
Al 2300 (400) 2800 (200) 1.22
Ga ' 4.5 (1.0) 4.6 (1.5) ‘ 1.62
se 4.9 (0.6) 3.4 (0.5) 0.69
Ce 17 (3) 12 (2) : 0.71
La 4.5 (0.5) 4.6 (0.5) 1.00.
Sm 0.67 (0.10) 2.67 (0.10) - ' 1.00
Fu - 0.18 (0.04) 0.13 (0.03) 0.72
T1 170 {50) 280 (80) _ 1.65
Fe 22,000 (4,000) 15,000 (3,000) 0.68
Mn 240 {40) 280 (30) S 1.12
Co 3.9 (0.5) 2.9 (0.4) 0.74
Ni : 55 (55) 70 (60) 1.27
W "~ 1.5 (0.7) <2 SR
Ag . 3(3) 2.5 (2.0) ©0.83
Cu " 130 (20) 160 (20) 1.3
Zn 4400 (200) 4300 (200) 0.98
As 29 (7) 35 (8) Sol.21
Sb .21 (5) 21 (5) © 1.00
Cr 90 (15) 70 (15) . 0.78
He 1.7 (1.1) < 1.5 : ———
v - 58 (%) 66 (5) B 1.14
Se .16 (3) 14 (3) 0.88
Th 1.0 (0.2) 0.8 (0.2) _ 0.80

#Large filter impurity correction
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-

Table la-8. Impurity levels in Durethene polethylene, No. 12010

Element Concentration (ng-cm-e)
c1 8 (2)

Br 1.0 (0.5)

" Na _ 2.5 (0.4)
K 1.2 (0.3)
Mg 6 (6)

Al 6.8 (1.0)
Sc : < 0.006

Ce < 0.009

La - < 0.04-

Ti 11 (6)

Fe <11

Mn 0.10 (0.02)
Co 0.02 (0.01)

- Ni < 1.3
Ag < 0.3
Cu : ' 1.0 (0.5)
Zn , 2 (1)

Sb 0.04 (0.01)
Cr | < 0.3
Hg < 0.1

v E ' 0.010 (0.003)
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APPENDIX 1b
REMARKS ON SAMPLING TECHNIQUES

A number of special problems arise in sampling for
‘eventual analysis by nondestructive neutron activation tech-
niques. Sampling procedures are often dependent on the spe-
cific analytical technique, and it is important to beaf in
mind that the following discussion is concerned solely with
problems related to NNAA.

The Andersen Sampler

From the standpoint of nondestructive neutron activa-
tion analysis, sampling with the Andersen impactor for ele-
ments with short-lived isotopes 1s easy. ' Any 2U-hour sample
~will do quite well for the first and second. counts (short
irradiation) and nearly as well for the third count (long
irradiation). But the fourth count (long-lived isotopes) is
very difficult here, simply because the sample mass is not
great enough to provide adequate decay rates (see results of
" sample Al, Table 5-2). | '

The reasons for this are twofold: the low flow rate of
the Andersen.Sampler (28 1lpm is optimum) and division of the
sample among the seven stages and filter. o

To alleviate this problem the total counts accumulated
in the long-lived spectrum must be increased by more than an
order of magnitude over the number obtained from the stand-
ard 24-hour sample. Possible solutions include increasing
irradiation time, counting time, or sample size. Irradia-
tion time cannot be significantly increased, for it is al-
ready at the 1limit for polyethylene (5 hours in the core).
Other methods of encapsulation, such as quartz tublng, are
much more time-consuming and complicated, thbugh they remain
an option. Counting time can perhaps be doubled or tripled
from the nominal 4000 seconds, but the number of samples
needing processing precludes an order-of-magnitude lncrease.

The third approach was therefore incorporated, namely,
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a great increase in the sample size. This was first tried in
the Mackinac Island Experiment (3-week samples), with high-
quality size distributions for such interesting long-lived
elements as Fe, Co, Cr, Hg, Se, Zn, Sc, and Sb being obtained
for the first time. These results were so satisfactory that
the 3-week period was adopted for the duration of the remote
sampling. _ 4
" Long-term samples have other advantages over the 24-
hour variety. Because of their fewer numbers they decrease
the analytical bufden, and the average values obtained may
well be more significant for most elements than the more
variable daily averages. In addition, the experimenter plan-

'ning a small number of long samples is encouraged to focus
his efforts on optimization of sampling and analysis rather
than on needless repetition of shorter samples

As discussed in Chapter II, the disadvantage of the
long-period sample 1s the elimination of the backup filter.
Though this sacrifice is necessary in the midwestern U.S.
it may be possible to circumvent it in the more remote re-
glons. Future experiments should investigate this matter
further.. |

Diurnal Studies

The essence of a diurnal variations study lies in re-

vealing the extent of concentration variations in as much
detall as possible. Since atmospheric concentration changes
may occur with time scales of minutes or tens of:minutes
(fumigation, for example), short sample times constitute the
primary goal. But shorter samples have lower sample/blank
fatios on the filter paper, and times shorter than about 1
hour introduce large uncertainties for those elements with
significant blanks. In addition, the smaller mass collected
reduces the decay rates, most critically affecting the me-
dium- aﬁd long-lived isotopes. A

Our results have shown that for sample times on the
order of 1-2 hours with a 25 mm filter and Gelman Twin Cyl-
inder pump the elements Mn, Al, V, Br, Na, Cl, K, and Sm may
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be reliably determined in midwestern rural areas, in approxi-
mately that order of decreasing sensitivity. It is important
to note that this 1list only contains two elements (K,Sm) which
come from counts other than the first two, and these elements
are among the least well-determined of the better ones. No
long-lived elements are oh this 1list.

There is a temptation to try to extend the 1list by in-
creasing the sample times to 4 hours or so. This may well
add some elements, but at the price of time resolution. It
is the feeling of this writer that the time resolution as-
pects of a diurnal experiment supersede the number of ele-
ments followed, especially because 1) the above list is near-
ly always found, and 2) our results have shown that a great
deal of parallelism usually exists in the behavior of the
elements, so that some of the better-determined ones can
serve effectively as indicators for others. For example,
determination of the rare earths is not so important when Al
is also found, for they all seem to have the soil (or indus-
trial soil dust) as their principal source. Zn will parallel
Sb in most cases, and As and In will usually be parallel.

On the other hand, there is no inherent limitation to
this small 1list of well-determined elements. Lérger pumps
and larger filters can collect greater samples in the same
time (the linear air velocity should remain as high as for
the 25 mm filter) and should allow routine detefmination of
severél of the more sensitive long-1lived elements.



Nondestructive Neutron Activation Analysis of -

Air Pollution Particulates

- R. Dams,' J. A. Robbins, K. A. Rahn, and J. W. Winchester*
Dept. of Meteorology & Oceanography and Great Lakes Research Divislon, University of Michigan, Ann Arbor, Mich. 48104

A nondestructive and computer assisted neutron ac-
tivation analytical procedure for the determination of
up to 33 elements In air pollution particulates has
been designed and tested in studies of samples taken in
and near the Northwest Indiana industrial area. Sam-
ples are counted after (1) 3 minutes, (2) 15 minutes,
(3) 20-30 hours, and (1) 20-30 days following neutron
irradiation for (1) Ca, T, V, Cu, Al, S, (2) Na, Mg, Mn,
In, Ci, Br, |, (3& K, La, Sm, Eu, Cu, Zn, W, Au, Ga, As,
- Sb, Br, (4) Sc, Ce, Th, Cr, Fe, Co, Ni, Ag, Zn, Hg, Sb, Se
using a Ge(Li) detector.

ELEMENTAL ANALYSIS of pollution aerosols requires a precise
yet sensitive method if the results are to be used for study of
source identification or atmospheric transport processes. For
studies involving large numbers of samples speed and ease of

analysis are necessary, and selectivity in the detection of many

elements at the nanogram to microgram level is desirable in
order to permit sampling of only a few cubic meters of air.
Zoller and Gordon (/) have presented a discussion of the
principles and merits of nondestructive neutron activation
analysis in this application, together with an outline of a pro-
cedure and results of several analyses of Cambridge, Massa-
chusetts, air pollution particulate samples for more than 20
elements. In this paper we present a procedure which extends
the method to 33 elements and utilizes a computer data pro-
cessing technique offering a good compromise between speed,
accuracy, and economy. A thorough test of reproducibility
of the procedure is presented by the results of replicate deter-
minations of samples taken in East Chicago, Indiana, and
Niles, Michigan.

The National Air Sampling Network (2) has used an emis-
sion spectrographic technique to analyze for 16 elements—
Be, Bi, Cd, Co, Cr, Cu, Fe, Mn, Mo, Ni, Pb, Sb, Sn, Ti, V,
Zn—using a procedure involving ashing and extracting in
nitric acid. The method requires skilled operators, is not
highly sensitive, and is often limited by high blank values for
several elements. Of the reported values 457 are given only
as upper limits. When the high neutron fluxes of nuclear
reactors are used, neutron activation analysis is an extremely
sensitive method and no blanks due to chemical reagents are
introduced. Several authors (3-5) have applied Nal vy

! Present address, Institute for Nuclear Research, University
of Ghent, Ghent, Belgium.

? Present address, Dept. of Oceanography, Florida State
University, Tallahassee, Fla. 32306
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spectrometry coupled with radiochemistry for resolution of the
7y spectra to the determination of several elements in aerosols.
High resolution Ge(Li) detectors greatly extend the scope of
nondestructive activation analysis so that a very large number
of isotopes can be counted simultaneously. If computer
assisted, this technique can become almost completely auto-
mated. Several authors (I, 6-8) have used Ge(Li) detec-
tors for destructive or nondestructive analysis of aerosols.

Sampling Procedure. Aerosols may be sampled by passing
air through a filter which allows a high flow rate and at the
same time has good particle retentivity down to 0.1 um size.
Glass fiber filters have often been used for the analysis of
organics, sulfate, nitrate, and total particulate, but this filter
must be ruled out for nondestructive activation analysis be-
cause of its high concentrations of trace metals. Although
it is not an ideal filter, polystyrene (9) was used in the present
investigation, combining a good filtering performance with
fairly low blank values. However, the sensitivity of a number
of elements, such as Cl, Na, Al, Ca, Mn, Zn, and Sb, is still
limited by the magnitude of the blank (9), and values for C1
are not reported in the test results described below for this
reason.

Insofar as pumps are concerned, those in common use for
air pollution monitoring are low vacuum, high volume types
used with 20 X 25 cm (8 X 10 inch) filters. In the present
investigation, however, high vacuum, low free air capacity
pumps equipped with 25 mm (or 47 mm) diameter holders were
also used. Where the high volume pumps generate a flow
rate of 4.5 I./min-cm? the high vacuum pumps and 25 mm
holders reach 12 1./min-cm?. In spite of the fact that the
latter holder has an unexposed waste zone at the edge of the
filter (25% of the total area) which decreases the signal to
blank ratio somewhat, this figure is still twice as high as for
the high volume sampler.

Nondestructive Neutron Activation Analysis. A procedure
for the nondestructive analysis of air pollution particulate
matter for up to 33 elements in solid form has been developed,
though it can also be used for the analysis of other types of
environmental samples as well.

For the analysis of elements giving rise to short-lived iso-
topes, each sample in our procedure is packaged in a poly-
ethylene vial, then placed in a rabbit which carries it through
a pneumatic tube to a position. near the core of the Ford
Nuclear Reactor on the campus of the University of Michi-
gan, where it is irradiated for five minutes at a flux of 2 X 1013
neutrons/cm?®sec. At the end of this period it rapidly returns
to the laboratory where it is manually transferred to a count-
ing vial and carried to the counting room. At three minutes

(6) N. D. Dudey, L. E. Ross, and V. E. Noshkin, Proceedings 1968
International Conference “Modern Trends in Activation
Analysis,” Gaithersburg, Maryland, 1969, p 55.
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Table I. Nuclear Properties and Measurement of Short-Lived Isotopes

Element Isotope Half-life Hirsadiate focol. foount. Gamma-rays used, keV
Al BAL 2.31 min. 5 min. 3 min. 400 sec. 1778.9
S s 5.05 min. “ " “ 3102.4
Ca 9Cq 8.8 min, “ “ “ 3083.0
Ti (23 ¢1 5.79 min. “ “ . 320.0
\'% sy 3.76 min, . " “ . 1434.4
Cu “Cu 5.1 min. ' " . 1039.0
Na 1¢Na 15 hr. o 15 min. 1000 sec. 1368.4; 2753.6
Mg Mg - 9.45 min, “ “ * 1014.1
Cl uC| 37.3 min, “ “ " 1642.0; 2166.8
Mn #Mn 2.58 hr. “ * “ 846.9; 1810.7
Br 80Br 17.6 min. “ oo « ) 617.0
In . Mealn 54  min. * “ “o 417.0; 1097.1
1 18] 25  min, “ “ “ 442.7
- Table II. Nuclear Properties and Measurement of Long-Lived Isotopes
Element Isotope Half-life lirradinte teool. feount. Gamma-rays used, keV
K “K 12.52 hr. 2-5 hr. 20-30 hr. 2000 sec. 1524.7
Cu “Cu 12.5 hr. “ “ “ 511.0
Zn %mZn 13.8 hr. “ . * . 438.7
Br 8138 35.9 hr. “ “ . 776.6; 619.0;
1043.9
As BAS 26.3 hr. “ " “ 657.0; 1215.8
Ga 1Ga 14.3 hr. s “ " 630.1; 834.1;
1860.4
Sb 115h 2.75 day " “ o 564.0; 692.5
La ’ Mol g 40.3 hr. * o i “ 486.8; 1595.4
Sm 183§m 47.1 hr. “ “ ' 103.2
Eu - lstoEy 9.35 hr. “ “ “ 121.8;963.5
v mw 24.0 hr. “ . “ 479.3; 685.7
Au 1WAU 2.70 day “ . “ ’ 411.8
Sc #Sc 83.9 day o 20-30 day 4000 sec. 889.4; 1120.3
Cr 81Cr - 27.8 day “ “ “ - 320.0
Fe *Fe 45.1 day “ “ “ 1098.6; 1291.5
Co “Co 5.2 yr. o ‘ o 1173.1; 1332.4
Ni %Co 71.3 day ' “ . : 810.3
Zn . #Zn 245 day " “ “ 1115.4
Se Se 12t day " " “ 136.0; 264.6
Ag 1omAg 253 day . “ b 937.2;1384.0
Sb 14Sh 60.9 day “ w “ 602.6; 1690.7
Ce iCe 32.5 day . u “ 145.4
Hg 103Hg 46.9 day “ . “ ) 279.1
Th 133pg 27.0 day . “ “ 311.8

after irradiation a count of 400 seconds live-time duration is
begun, and this is followed by a count of 1000 seconds live-
time starting 15 minutes after irradiation. Both these and
subsequent counts are performed on a 30 cm® Ge(Li) de-
tector coupled to a 4096 channel analyzer. The detector is
housed in an iron shield and operated in an air conditioned
room at a gain setting of 1 keV/channel. "The observed reso-
lution is 2.5 keV FWHM for the °Co 1332 keV photopeak and
a peak to Compton ratio of 18/1. Table I shows the isotopes
determined by the first two counts.

All spectra are recorded on 7-track magnetic tape for future
data analysis and can also be printed on paper tape. Con-
version of counting rates under the various peaks to concen-
trations is accomplished by subjecting a few standard solu-
tions containing well-known mixtures of these same elements
to the same irradiation and counting sequence. To avoid
possible errors due to coincidence summing or to broadening
of peaks at high counting rates, sample sizes are genera ly
adjusted to make counting rates of sample and standard of
comparable magnitude.

Though all the short irradiations are performed at the same

site in the reactor and under conditions of nearly constant

power, small corrections for variations of both the neutron
flux and rabbit placement from irradiation to irradiation are

862 < ANALYTICAL CHEMISTRY, VOL. 42, NO. 8, JULY 1970

accomplished by co-irradiation of a titanium metal foil flux
monitor with each sample. 1t is counted for 20 seconds at
13 minutes after the end of irradiation, between the two sample
counts. If the analysis rate does not exceed one sample in
40 minutes, the same flux monitor may be used repeatedly,
with less than 17 of the original 5.8-minute 5'Ti remaining
in the next count.  Net counting rates of the sample spectrum
are normalized to an arbitrary Ti activity, equivalent to a
reference neutron flux. Experimentally we have found that
during one 20-day reactor operating cycle the standard
deviation of the flux as determined by means of this flux
monitor was 3%. However, variations of up to 8%, were
experienced between the neutron flux at the irradiation site
during different reactor cycles.

The same sample, or another portion of the same air filter,
is then irradiated at a higher flux (1.5 X 10'? neutrons/cm? sec)
for 2-5 hours in the reactor core. Each is individually heat
sealed in a polyethylenc tube and irradiated together with
eight others plus a standard mixture of elements in a poly-
ethylene bottle, 4 cm in diameter, lowered into the reactor pool.
Cooling of the samples during irradiation is achieved by allow-
ing the pool water to circulate through several holes cut in the
container bottle. Standards are prepared by ‘depositing
100 ul each of two well-balanced mixtures of the appropriate
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Figure 1. Irradiation-counting scheme

elements onto a highly pure substrate (ashless filter paper) and
allowing to dry, then sealing immediately inside polyethylene
tubes. After irradiation, the samples and standards are
transferred to clean containers and counted once for 2000
seconds live-time after 20-30 hours of cooling and then for
4000 seconds live-time after 20-30 days of cooling. Table 1I
shows elements determined from these counts. Horizontal
and vertical flux gradients at the irradiation site in the core
have been measured, and errors due to thermal neutron flux
gradients over the bottle dimensions appear to be less than
5% provided the samples are confined to a single horizontal
layer of vertically oriented tubes at the bottom of the bottle
and the bottle is rotated 180° at half of the irradiation time.
Fast neutron flux gradients at this site are about twicc as large
as thermal gradients, but the only fast neutron reaction used
in our procedure is in the determination of nickel, $8Ni
(n,p) %8Co.

The entire irradiation and counting procedure is illustrated
in Figure 1, and Tables I and If list the v transitions used.
Sometimes the most prominent photopeak of an isotope can-
not be used because of interferences by neighboring peaks of
other isotopes. Examples of unusable peaks include 844 keV
of *Mg (846 keV **Mn) and 559 keV of 7°As (555 keV #2Br and
564 keV 112Sb). The monoenergetic **Hg (279.1 keV) is
interfered with by 7*Se (279.6 keV), but a correction based on
the spectrum of pure "Se can be applied because the inter-
ference is usually less than 207 of the 203Hg activity in the air
pollution samples we have analyzed so far. The measure-
ment of ¢‘Cu (511.0 keV) is interfered with by external pair
prodpction of high energy y-rays. In typical samples 15-hour
#4Na is the most important source of high energy y-rays after
a decay period of 20 hours, and a correction, usually less than
1077, can be applied to the apparent $4Cu activity.

The ratio of thermal to fast neutron flux was determined at
both irradiation sites using the reactions P (n,y) P and
%28 (n,p) **P. The ratios obtained were 7.5 for pneumatic
tube and 4.5 for pool irradiation sites. Interferences by
threshold reactions were calculated and checked experimen-
tally, with the finding that in typical aerosol samples the only
reaction affecting a calculated concentration by more than 2%
is YAl (n,p) ™Mg. Once the aluminum concentration is

A

know, the appropriate correction can be applied to the mag-
nesium concentration. ’ )

Automated Data Reduction. In order that our nondestruc-
tive neutron activation analysis procedure should be ap-
plicable to large numbers of samples, such as in routine
monitoring, some sort of automatic data reduction is necessary.
We feel that accuracy as well as speed is increased by elim-
ination of many human errors, but we have also found that
human judgment should be retained in the examination of
the data and in devising procedures for checking data quality.

In the present investigation a computer program was de-
veloped and used to do the following: (1) qualitatively deter-
mine the presence of isotopes, (2) calculate net peak areas,
(3) convert areas to weights of trace elements, (4) subtract
analytical blanks due to filter materials, (5) calculate concen-
trations of trace elements in the originally sampled air.

The Program. The magnetic tape on which up to 100
v-ray spectra, each of 4096 channels, arc stored is submitted
to the IBM 360/67 computer togcther with a Fortran IV
program typed on cards. The program makes an inventory
of the tape and creates a new compact error-free version, pro-
viding a list with position and tagword of each spectrum on
the final tape.

Initially an approximate energy calibration of the spec-
trometer is required. On this basis the program can refine
and update the calibration for each spectrum by comparing
the observed positions of some prominent peaks with the true
y-ray energies, present as a data library in the program. This
calibration fit can in principle be a polynomial of any order,
but usually a linear or at most quadratic fit suffices.

The main program for obtaining trace element concen-
trations from spectra requires a data set specifying v transition
energies of expected peaks. From this and the above energy
calibration an approximate peak location is computed. The
channel with the greatest number of counts is sought in a
7-channel interval centered on this calculated location. If
this channel occurs at the end of the search interval, such as if
the expected peak is masked by the edge of a nearby large
peak, it fails to qualify as a peak and the program moves on
to the next peak search; otherwise it is taken as the actual peak
location. The net peak area is evaluated by summing counts
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Figure 2. A simplified low diagram of automated spectrum
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over an interval of seven channels centered about the actual
peak position and subtracting base-line counts. The estimate
of the base line under peaks is accomplished by a regression
technique as described by Ralston and Wilcox (10). Not all -
maxima found within the scan intcrval arc associated with
real peaks. Included in the output is a measure of the statis-
tical significance of each net peak area which enables the user
to assess data quality at a glance.

Further data sets are provided in the program. For the
short counts (Table I) these include conversion factors from
peak areas to concentrations (calculated from standard short
lived spectra), and for the longer count data (Table II) they
include concentrations of the elements in the standards, filter
blank values, and isotope half lives. Apart from the above
 data sets, the program requires only one card per spectrum,
containing information about the irradiation and count type,
filter type and fraction of sample irradiated, whether the
sample is a standard, flux monitor, or unknown, and finally
factors used in converting weights of elements to concentra-
tions in air, expressed in any desired units. '

" If the spectrum is a flux monitor, only one net peak area is
determined (320 keV 5'Ti). This value is used to normalize
all peak areas of the unknown (400 and 1000 second counts)
to a reference neutron flux. In an unknown sample the peak
areas are converted to weights. If the spectrumis from a long
count (2000 or 4000 seconds), peak areas are compared to
those of the standard and after decay corrections (arising
because sample and standard are not counted at the same time
after irradiation) weights of the trace elements are calculated.
Appropriate blanks are subtracted, followed by division by
volume of air sampled to give concentrations. A detailed
error analysis gives standard deviatioris of concentrations
based on counting statistics and uncertainties in blank and
standard values. Figure 2 shows-schematically the outline
of the computer program.

In its present form the program does not resolve doublets.
A Gaussian fit treating these cases has been tried successfully
in some cases but the increased running time and consequent
expense does not justify its inclusion as a permanent feature
of the program. For similar reasons the computer technique
is supplemented by manual calculations for °As, 72Ga, '2*Sb,
and 187W where very small photopeaks are located on tails of
neighboring large peaks. Processing of one 4096 channel
spectrum takes about 15 seconds of computer time, and the
turnaround time at the University of Michigan Computing

(10) H. R. Ralston and G. E. Wilcox, Proceedings 1968 Interna-
tional Conference ‘“Modern Trends in Activation Analysis,”
Gaithersburg, Maryland, 1969, p 1238,
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Table III. Sensitivities for Determination
of Trace Elements in Aerosols

Neutron activation Emission
Minimum spectrography
concen- minimum
tration  concentration
in urban air in urban air
Detection . (ug/m?) (sg/m*)
limit 24-hour 24-hour
Element Decay times (ug) sample sample
Al 3 min. 0.04 0.008
S o 25.0 5.0
Ca ¢ 1.0 0.2 ce.
Ti “ 0.2 0.04 0.0024
v “ 0.001 0.002 0.0032
Cu “ 0.1 0.02 0.01
Na 15 min. 0.2 0.04
Mg “ 3.0 0.6
Cl “ 0.5 - 0.1 ...
Mn “ 0.003 0.0006 0.011
Br “ 0.02 0.004 ..
In “ 0.0002 0.00004
1 “ 0.1 . 0.02
K 20-30 hr. 0.075 0.0075 ..
Cu “ 0.05 0.005 0.01
Zn o 0.2 0.02 0.24
Br © 0.025 0.0025 s
As “ 0.04 0.004
Ga “ 0.01 0.001 e
Sb “ 0.03 0.003 0.040
La . 0.002 0.0002 e
Sm " 0.00005 0.000005
Eu . 0.0001 0.00001
w “ 0.005 0.0005
Au “ 0.001 0.0001
Sc 20-30 day 0.003 0.000004 ce
Cr ' 0.02 0.00025 0.0064
Fe “ 1.5 0.02 0.084
Co “ 0.002 0.000025 0.0064
Ni “ 1.5 0.02 0.0064
Zn “ 0.1 0.001 0.24
Se “ 0.01 0.0001
Ag o« 0.1 0.001 ...
Sb “ 0.08 0.001 0.040
Ce “ 0.02 0.00025 ..
Hg “ 0.01 0.0001
Th “ 0.003 0.00004

= Decay time before counting. See Tables I and II.

Center for analysis of a full magnetic tape of up to about 100
spectra may be as short as one hour.

Sensitivity. The sensitivity for the different elements is
often determined by the composition of the sample because
it may be limited by the degree of interference from other
substances. Column 3 of Table III shows the sensitivity
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Table 1V.  Elements Detected in Suspended Particutate from East Chicago, Indlana, ng/m?

Element Ist Anal.2 nd Anal.”
Ca 7700 (1200) 6600 (1000)
Ti 225 (60) 165 (55)

v 20(1.9) 16.1(1.2)
Cu 1020 (100) 1050 (100)
Al 2370 (150) 1980 (130)
S 11,000 (9,000)
Na - 485 (36) 405 (35)
Mg 2600 (750)° 1650 (700)
Man 245 (14) 222(12)

In 0.13 (0.07) 0.06 (0.06)
Br 8t(®» 74(9)

K 1510 (100) 1380 (70)
La 5.8(0.7) 6.0(0.5)
Sm 0.53 (0.06) 0.35(0.04)
Eu . 0.165(0.03) 0.12(0.03)
Cu 1150 (150) 1125 (150)
Zn 1440 (150) 1370 (140)
w 7.6(2) 5.0(hH

Ga 1.3(0.7) 1.4 (0.6)
As 14.5(0.7) 8(2.5)

Sb 25(3) 24(3)

Br 63 (1) 68 (6)

Sc 3.8(0.3) . 3.2(0.5)
Ce 15.2(2.0) 14.2(2.0)
Th 1.4(0.3) 1.2(0.5)
Cr 137 (10) 112 (15)
Fe 17,000 (1200) 13, 500 (1000)
Co 3.35(0.3) 2.6(0.2)
Ni <60

Ag 3.1(2.9) 1.8(2.0)
Zn 2210 (240) 1450 (150)
Hg 5.3(1.9) 4.4(1.3)
Sb 43 (4) 28 (3)

Se 3.0(0.8) 4.6(1.4)

o Standard deviations are based on counting statistics of sample, blank, and standard.
b Standard deviations are based on dispersion of replicate analyses.

Jrd Anale 4th Anal.° Mean*
6650 (1000) ’ 7000 (700)
170 (60) 190 (40)
18.2(1.3)- 18.1(1.5)
1140 (100) 1070 (80)
2200 (150) 2175 (170)
15,000 (9,000) 13,000 (8,000)
470 (40) 455 (40)
2850 (800) 2400 (600)
305 (17) 255 (40)
0.11 (0.07) 0.10 (0.05)
94 (10) 83 (9
1600 (160) 1210 (120) 1415 (150)
6.5(0.6) 5.6(0.7 5.9(0.9)
0.47 (0.04) 0.39(0.05) 0.41 (0.05)
0.17 (0.05) 0.10(0.03) 0.135(0.02)
1200 (150) AALLARAR )Y 1150 110m
1420 (140) 1365 (140) 1400 (100)
56(1) - 5.2(2) 5.8(1)
1.2(0.8) 1.3(0.7) 1.3(0.4)
14 (2) 12.5(3) 12(3)
30(3) 234 25(2)

77 (8) 60 (D 67 (4)
2.1(0.2) 3.1(0.5
8.6(1.5) 13(3)

vee 1.3(0.9)
88 (10) 113 (20)
10,500 (1000) 13,800 (3000)
1.9(0.2) 2.6 (0.6)

e <60 :
2.2(2.9) 2.4(1.5)
1430 (140) 1690 (300)

cee 4.8(1.0)
23(3) 329

.. 3.8(1.0)

obtained by the present procedure for the analysis of typical
inland aerosol samples, expressed in weights of the clements.
The sensitivity obtained by the National Air Sampling Net-
work (2) applying emission spectrography and using 90 cm?
(14 inch?) of a 24-hour high volume sample is expressed in
concentrations of the elements in urban air (column 5). For
convenience the sensitivitics obtained by the present neutron
activation technique were also converted to concentrations in
urban air (column 4) when counting irradiated samples after
the decay times indicated, where 0.8, 0.8, 1.6, and 13 cm? of
the filter were used for the four counts, respectively, corre-
sponding approximately to 5, 5, 10, and 80 m® of air collected
during 24 hours by a high volume sampler. The sensitivities
obtainable in non-urban areas are better for both methods.
It should be borne in mind that the sensitivitics given are not
fixed values for all urban aerosols because they also depend to
a certain extent on the composition of the sample.

APPLICATION

We have applied our procedure to a study of the composi-
tion of aerosols collected in the southern Lake Michigan
basin. As an example the data given in Tables IV and V are
drawn from results of a one-day area-wide survey of the
Northwest Indiana region, June 11, 1969, a full account of
which will be published separately. Each sample was 24
hours in length, taken on a polystyrene 20 X 25 cm (8 X 10
inch) filter. The East Chicago, Indiana, location was chosen
to be illustrative of a heavily polluted industrial area, whereas

the Niles, Michigan, station is in a rural location some 100 km )

to thc ENE. During the sampling period the sky was gener-
ally overcast (0.6-0.9 fractional cloud cover), and scattered
traces of rain fell in the metropolitan area but not at the rural
location. Winds were nearly constant from the south at
5-10 m/sec during the 24 hours.

Tables 1V and V show that the concentrations of 30 ele-
ments in total were investigated, and 4 of these (Cu, Zn, Sb,
Br) were duplicated in different counts. Each analysis was
replicated from two to four times. Standard deviations are
given both for the single measurements as returned by the
computer (bused on counting statistics and uncertainties
in blanks and standards) and for the mean of the values
reported (based on the dispersion of the replicate analyses).

DISCUSSION

Tables 1V and V show the 29 elements that can be deter-
mined, even though some of these are present only in very low
concentrations. Although a much smaller amount of the filter
is used, the sensitivities compare favorably with those obtained
by emission spectrography as performed by the National Air
Sampling Network (2). For most elements at least ten times
better sensitivity is obtained; exceptions are Ti and Ni. In
another application, which will be published elsewhere, we
found that, after a sampling time of only 90 minutes in a rural
location, 15 elements could routinely be determined. In an
industrial or urban area the same number of elements may be
detected after a much shorter sampling time.

For some elements the sensitivity is limited by the purity of
the filter paper, e.g., Cl, Br, Na, and Zn. For at least 15
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Table V. Elements Detected in Suspended Particulate from Niles, Michigan, nAg/m‘4

Element Ist Anal.s
Ca 600 (200)
Ti 105 (35) N
\% 5.0(0.5
Cu 250 (30)
Al 1100 (100)
S 9,000 (6,000)
Na 140 (18)
Mg 350 (400)
Mn 58 (3)
In 0.04 (0.03)
Br 34 (4)
K 740 (40)
La 1.4(0.2)
Sm 0.26 (0.01)
Eu 0.05 (0.017)
Cu 260 (35)
Zn 124 (33)
w 0.4(0.2)
Ga 1.1(0.6)

- As 4.4(2)
Sb 5.4(1)
Br | 46 (2)
Sc 1.2(0.1)
Ce 0.77(0.1)
Th 0.28 (0.04)
Cr 9.1(0.8)
Fe 1900 (100)
Co 1.0(0.1)
Ni v
Ag <1
Zn 185 (10)
Hg 2.0(0.6)
Sb 6.6 (0.7
Se 2.5(0.6)

2nd Anal.s

1100(300)
105 (35)
5.2(0.5)
290 (35)
1240 (8)
9,000 (6,000)
180 (20)
680 400)
62 (4)
0.04 (0.03)
28 (4)

930 (50)
1.7(0.2)
0.30(0.01)
0.065 (0.021)
260 (35)
186 (40)
0.2(0.2)
1.0 (0.6)
5.2(2)
7.0(1)

55 (3)

1.2(0.1)
0.86(0.1)
0.26 (0.04)
10.0(0.8)
1840 (100)
0.90(0.08)

<1

172 (10)
1.7(0.6)
6.1(0.05)
2.5(0.6)

3rd Anal.e 4th Anal.e Meant
1150 (280) 1000 (200)
150 (40) 120 (25)
4.9(0.5) 5.0(0.3)
325 (3N 290 (30)
1280 (85) 1200 (70)
16,000 (8,000) - 11,000 (5,000)
175 (20) 170 (20)
Lo 500 (300)
67 (5) 62 (4)
0.03 (0.03) 0.04 (0.03)
34 (5) 32 (3)
660 (30) 700 (30) 750 (100)
1.1(0.2) 1.0(0.2) 1.3(0.3)
0.21(0.02) - 0.20(0.02) 0.24 (0.03)
0.045 (0.009) 0.06 (0.010) 0.055 (0.008)
245 (35) AR 270 ()
132 (20) 113 (20) 140 (20)
0.55(0.2) . 0.4(0.2) 0.4(0.1)
0.7(0.4) 0.9(0.9) 0.9 (0.4)
4.8(2) 4.0(2) 4.6(2)
5.7(1) 4.7(0.8) 5.8 (0.6)
35(2) 38(2) 43(5)
1.2(0.1)
0.82 (0.10)
0.27 (0.03)
9.5(0.8)
1900 (100)
0.95 (0.10)
<1
180 (10)
1.9¢0.3)
6.3(0.5)
2.5(0.5)

s Standard deviations are based on counting statistics of sample, blank, and standard.

% Standard deviations arc based on dispersion of replicate analyses.

Table VL.

Ratios of Concentrations
Found, East Chicago/Nilcs

3 & 15 min. decay  "20-30 hr decay 20-30 day decay
Ca 70+1.5 K 1.9+£0.3 Sc 2.6+04
Ti 1.6%+0.6 La 4.54+1.2 Ce 16.0 4.0
v 3.6+0.4 Sm 1.7+ 0.3 Th 4.8+ 1.4
Cu 3.7x0.4 Eu 25404 Cr 120 % 2.0
Al 1.8+£0.2 Cu 4.3 0.6 Fe 7.3+ 1.6
S 1.1340.8 Zn 10.04 2.0 Co 2:740.6
Na 2.7+£0.3: W 14.5%45 Ag >24%1.5
Mg 48+30 Ga 1.4 £ 0.7 Zn 9.4x1.7
Mn 4.1 3+0.7 As 26+1.3 Hg 2.5%0.7
In 25+20 Sbh 4.3x+0.5 Sb 5.1x1.5
Br 2.6+0.4 Br 1.5%+0.2 Se 1.5+0.2

elements the sensitivity is affected by the composition of the
sample. The abundant elements Al, Na, and Br give rise to
a large amount of radioactivity, and other clements may be
difficult to detect in their presence. It appears that the large
amount of V found by Zoller and Gordon (/) in their samples
caused a limitation on sensitivity in their short runs. A
destructive technique involving chemical separations may
improve the sensitivity for some elements, e.g., Cu, Zn, Ga,
As, Se, Ce, Sm, Eu, W, Au, Hg, but the nondestructive sensi-

tivities for these elements appear to be adequate for the 24— .

hour samples from urban and rural areas we have examined.

Some increase in sensitivity may be achieved by increasing the
counting time or the neutron dose, although some chemical
separations may still be required to detect clements such as
Sr, Mo, Cd, I, and additional rare earths.

By closc examination of Tables IV and V it can be seen that,
although only trace quantities are determined, from 10-? to
10710 gram, the reproducibility of the determinations is quite
adequate, for the differcnces are generally within the calcu-
lated standard deviations (67 % confidence level) of the single
values. These standard deviations are high (>40%) only
when the concentrations determined are near the limit of
detection.  In cases where the determination of an element is
duplicated in diffcrent counts or in irradiations of different
portions of the air filter sample, good agreement is usually
obtained. This includes the reproducibility of the chemical
analysis, the accuracy in measurement of the filter area taken
for analysis and the possible nonuniform air-flow through the
filter. We conclude that for the determination of most ele-
ments an accuracy of 25%, can readily be obtained from one
analysis. This s sufficient for many monitoring purposes.

A test of the adequacy of the analytical precision obtained
is given in Table VI showing the ratios of concentrations
found in East Chicago to those in Niles, together with the
standard deviations of the ratios. In nearly every case the
ratio is significantly greater than unity, and in gencral the ratio
is not statistically the same for cvery element. A study in-
volving a number of sampling locations over a wide arca may
lead to the identification of local sources characteristic for

866 o ANALYTICAL CHEMISTRY, VOL. 42, NO. 8, JULY 1970
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each element or group of clements. - Such an investigation
is now in progress in our laboratory.
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APPENDIX 2b
REMARKS ON THE ANALYTICAL TECHNIQUE

Any nondestructive analytical technlque 1s a compromise,
for a conscious decision is made to accept the inevitable in-
terferences from other elements in the absence of post-
irradiation chemical separations. Fortunately, Ge(Li) semi-
conductors reduce these interferences to tolerable levels for
many elements. Further compromise 1s 1ntroducea when the non-
destructive approach is made multielemental, as in this inves-
tigation, for the irradiation - cooling - countihg sequence
can then only be optimized for groups of elements: rather than
for any specific ones. ‘

- The strong point of our analytical scheme is the short
irradiation sequence. JSmall sample sizes are least critical
here, because of the rapld decay of the short-lived isotopes.
Aluminum (28A1, 1779 keV, largest peak in the spectrum up to
10 minutes after irradiation) presents an interference, but
1s largely decayed at-15 minutes after irradiation, when the
second (1000 second) count begins. The short counts are eas-
ily replicated when maximum accuracy is desired.

'The necessity for streamlining the short count proce-
dure was recognized as 1ts potential for routine applications
began to emerge. It was for this reason that the fixed sched-
ule of 1rradiation and counting times of Appendix 2a was de-
veloped. Chemical standards are run in this sequence, along
-with a Ti1 flux monitor, and once the appropriate mass/counts
conversion factors have been reproducibly established they
remain vallid over a long period. The flux monitor rather
than the standards are then run with the samples, reducing
the number of spectral peaks generated by nearly one-half, a
substantial gain in efficiency. This technique also allows
longer counts on the short-lived isotopes, for a standard
need not be counted each time. This is especially important
for the shortest-1lived speciles, where counting time is
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clearly at a premium.

These galns are not without their price, however, for
flexibility in irradiation, cooling,Aand counting times 1is
lost, as well as variability in counting geometry; for the
entire sequence must exactly reproduce that of the standards

We have found though that by carefully choosing the sample
| size almost every irradiation can be made to glve useable ac-
tivities, so that the abovevdisadvantages do not seem serious
in practice. | ‘

A simple modification of the technique has added impor-

tant sensitivity for several elements. The first count is
dominated by 29A1 activity, but this decays so rapidly that
by the start of the second count sample activities are well
below optimum levels. When sufficient sample is available,
'We now irradiate 4 times as much as before, and perform the
first count in a position recessed so that the original ac-
tivity remains the same. For the second count the sample 1is
returned to the close position, giving 4 timee,the previous
activity and significantly improving borderline elements such
as I, In, and Mg. ) : .

There are two major weak spots in our technique, the
third and fourth counts. The third count is dominated heav-
ily by 2uNa activity, often resembling a pure 2uNa spectrum.
Elements determined here would show greatly improved sensi-
tivity in the absence of the Na, but in nondestructive appli-
cations this cannot be accomplished For expendable samples, -
though, post-irradiation removal of Na by a hydrated antimony
pentoxide (HAP) column may be desirable.

The fourth count, of long-lived isotopes, also requires
special attention when maximum precision 1s desired. A‘com-
~bination of large sample eizes and long irradiation and count-
ing times is required to make its precision comparable to the
short counts, but, as'discussed in Appendix 1b, problems often
arilse here.' The easiest type of sample to accommodate is .the
2h-hour "hivol" 8x10 in filter paper (Whatman No. 41), where
irradiation of 12 in2 for 3-5 hours at a flux of 1. 5x1013
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n/cmz—sec is Jusﬁ sultable for counting times of 4000 seconds.
(Contrast this with the 1/4 1n2 sample needed for optimum
short counts.) When these large sample sizes are not avail- .
able, counting timés may profitably be extended, though not
on a routine basis.
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TABLE 3-1: MACKINAC ISLAND FILTERS (ng/mS)
MIF1 MIF2 MIF3 MIF
Na 150(25) 90(10) 130(20) 120
Mg 60(50) 55(25) 35(30) 50
Al 200(20) 140(20) 220(30) 190
Cl 90(60) 55(55) 52(50) - 66
K 110(20) 130(20) 120(20) 120
Ca 140(40) 160(30) 240(30) 180
Sc 0.15(0.02) 0.14(0.02) 0.13(0.02) 0.14
T1 21(6) 16(5) 22(5) 20
v 1.6(0.2) 2.0(0.2) 1.6(0.2) 1.7
Cr 3.4(0.4) 2.0(0.2) 1.6(0.2) 2.3
Mn 22(3) 14(2) 18(2) 18
Fe 540(60) 570(60) 390(40) 500
Co 0.22(0.03) 0.22(0.03) 0.16(0.02) 0.20
Ni <5 <5 <5 <5
Cu 10(2) 18(3) 12(2) 13
Zn 50(5) 60(6) ho(u) 50
Ga 0.4(0.1) 0.3(0.1) 0.3(0.1) 0.3
As 11(2) 8(1) 12(2) 10
Se 1.3(0.5) 1.5(0.3) 0.9(0.3) 1.2
Br 12(2) 15(3) 14(2) 14
Ag < 0.4 <0.4 <0.3 <0.4
In 0.004(0.003) 0.012(0.003) 0.013(0.003) 0.010
Sb 1.2(0.2) 1.4(0.2) 0.9(0.1) 1.2
I 1.1(0.2) 1.0(0.3) 1.0(0.3) 1.0
La 0.23(0.04) 0.16(0.06) 0.19(0.05) 0.19
Ce 0.36(0.10) 0.30(0.09) 0.26(0.07) 0.31
Sm - 0.013(0.004) 0.029(0.006) 0.025(0.005) 0.22
Eu 0.006(0.004) 0.007(0.003) 0.009(0.003) 0.007
W 0.1(0.1) < 0.15 0.08(0.06) 0.1
Hg 0.3(0.2) 0.1(0.1) <0.1 0.1
Th 0.04(0.01) 0.05




y

TABLE 3-2: ANN ARBOR ANDERSEN SAMPLE AA1l (ng/m3)

7 6 5 4 3 2 1
Na . 20(2) 35(4) 27(3) 37(4) 65(7) T70(7) 100(10)
Mg 5(9) 9(15) -13(13) 19(14) 18(17) 14(16) <23
Al 5(1) 7(1) 16(2) 79(8) 160(20) 150(20) 150(20)
Cl 14(2) 20(3) 12(2) 41(5) 88(9) - 100(10) 170(20)
K 33(4) 24(3) 14(2) 26(3) ho(u) - 26(3) 41(5) .
Ca 6(3) 8(l) 11(3) 37(10) T4(16) 67(16) 180(30)
Sc 0.005(0.002) 0.009(0.002) 0.018(0.003) 0.077(0.010) 0.16(0.02) 0.093(0.010) 0.14(0.07)
Ti 1.3(1.4) 2.8(1.5) 1.8(0.9) 8.5(2.5) 12(3) 11(3) 15(3)
V  0.70(0.07) 0.57(0.06) 0.33(0.04) 0.45(0.05) 0.55(0.06) 0.38(0.05) 0.41(0.05)
Cr 0.42(0.10) 0.70(0.10) 0.82(0.11) 1.3(0.2) 1.6(0.2) - 1.0(0.2) 2.0(0.2)
Mn 5.9(0.6) 11(2) 7.2(0.8) 5.6(0.6) 4.4(0.5) 2.6(0.3) 4,2(0.5)
Fe 30(10) 54(10) 87(15) 180(20) 320(40) 190(20) 400(40)
Co 0.045(0.020) 0.036(0.020) 0.030(0.010) 0.073(0.015) 0.19(0.04) .0.095(0.025) 0.14(0.04)
Ni 1(1) 1(1) <1l.5 1.5(1.5) < 2.5 <2 <2
Cu 1.8(0.2) 1.7(0.3) 1.7(0.4) 4,5(0.5) 11(2) 13(2) 110(20)
Zn 12(2) 17(2) - 25(3) 49(5) 95(10) 70(8) ,150(20)
Ga 0.18(0.03) 0.09(0.02) 0.03(0.03) 0.11(0.02) 0.16(0.03) 0.14(0.03) 0.11(0.11)
As  1.1(0.2) © 0.72(0.18) 0.70(0.15) 0.81(0.20) 0.61(0.20) 0.40(0.25) 0.57(0.39)
Se 0.25(0.0L4) 0.25(0.04) 0.12(0.03) 0.09(0.04) 0.10(0.07) 0.06(0.04) <0.05
Br 17(3) 14(2) 10(1) 12(2) 13(2) 8(1) 6(1)
Ag <0.07 <0.05 0.08(0.08) 0.08(0.09) < 0.07 0.06(0.06) 0.10(0.10)
I 0.0056 0.0098 0.0084 0.004Y4 0.0052 -~ 0.0023 ~0.0017
1 (0.0010) (0.0016) (0.0014)  (0.0013) (0.0013) (0.0011) (0.0014)
Sb 0.75(0.08) 0.65(0.10) 0.37(0.05) 0.30(0.03) 0.30(0.04) 0.12(0.02) 0.16(0.03)
I 0.43(0.11) - 0.15(0.07) 0.13(0.07) < 0.06 - -
La  0.21(0.03) 0.25(0.03) 0.35(0.04) 0.47(0.05) 0.39(0.04) 0.11(0.03) 0.11(0.03)
Ce 0.18(0.05) 0.11(0.05) 0.08(0.04) 0.28(0.05) 0.53(0.08) 0.30(0.10) 0.40(0.10)
Sm 0.01u(0.goe) 0.008(0.003) 0.006(0.002) 0.011(0.003) o.ozu(05003) o.o%7égégo3) 0.019(0.004)

0.001 0.0025 0.0043 .

Eu 5 0012) < 0.0015 < 0.0015 (0.0015) (0.0020) (0.0015)  <0.0070
W 0.01(0.03) 0.03(0.03) 0.04(0.03) 0.06(0.04) 0.15(0.06) 0.16(0.06) 0.23(0.09)
Hg 0.17(0.09) 0.09(0.07) 0.10(0.08) < 0.07 < 0.10 <0.07 0.12(0.10)

Th 0.003(0.004) 0.003(0.004) 0.004(0.003) ,0'017(0'004) 0.034(0.004) 0.010(0.005) 0.030(0.010)

€Le



MACKINAC ISLAND ANDERSEN SAMPLE MI1l (ng/m3)

Th 0.001(0.001) 0.001(0.001)

o =

0.002(0.001)

0.004(0.002)

0.004(0.002)

0.004(0.002)

TABLE 3-3:
7 6 5 4 3 2 1
1 ' 13(2) 22(3) 10(1) 10(1) 7(1) 7(1)
e oW 5(5) <9 <5 65) 3(4) <6
Al 1.6(0.2) 3.4(0.4) 14(2) 27(3) 39(4) 30(3) 25(3)
Cl 1.2(0.4) 0.4(0.4) 1.2(0.4) 3.0(0.4) 2.7(0.4) 3.0(0.4) 4.5(0.5)
K 13(2) 14(2) 13(2) 10(1) 11(2) 10(1) 9(1)
Ca 5(2) 4(2) 10(3) 18(h) 23(5) 24(5) 25(5)
Sc 0.003(0.001) 0.003(0.001) 0.012(0.002) 0.018(0.003) 0.028(0.006) 0.020(0.003) 0.014(0.002)
™ 1.2(0.7) <0.3 "1.4(0.8) 1.8(0.9) 1.8(1.0) 3.0(0.8) 2.8(0.8)
V. 0.24(0.03  0.17¢0.01)  0.14(0.02)  0.15(0.02)  0.15(0.02)  0.09(0.01) 0.075(0.011)
Cr 0,17(0.03)  0.27(0.03)  0.33(0.04)  0.21(0.04) 0.27(0.04) 0.11(0.03) 0.13(0.03)
Mo 2.3(0.3) 2.2(0.3) 275(0.3) 1.1(0.2) 1.1(0.2) 0.59(0.06) 0.54(0.08)
Fe 4o(5) 70(10) 86(10) 65(8) 70(10) L2(6) 36(6)
Co 0.017(0.005) 0.019(0.010) 0.024(0.010) 0.022(0.010) 0.030(0.008) 0.027(0.010) 0.025(0.008)
N1 <0.3 - - - - - -
Cu  1.2(0.2) 1.3(0.2) 2.0(0.3) 1.4(0.2) 1.9(0.2) 1.1(0.2) 1.0(0.1)
Zn 3.6(0.4) 5.2(0.6) 5.5(0.6) 3.0(0.4) 2.3(0.4) 1.5(0.2) 1.7(0.2)
Ga 0.058(0.013) 0.020(0.010) 0.018(0.010) 0.019(0.010) 0.029(0.015) 0.015(0.010) 0.015(0.007)
As  2.3(0.3) - 1.7(0.2) 1.5(0.2) ~ 0.34(0.08) 0.23(0.07)  0.20(0.06) 0.11(0.06)
Se 0.11(0.04) 0.086(0.018) 0.050(0.015) 0.030(0.015) 0.013(0.013) 0.013(0.011) 0.012(0.010)
Br 1.8(0.3) 1.2(0.2) 1.1(0.2)  0.55(0.10) 0.60(0.06) 0.41(0.09) 0.22(0.05)
Ag  <0.02 < 0.04 0.02(0,02) 0.035(0.030) 0.030(0.030) < 0.035 <0.035
. 0.0010 0.0020 "0 "oy 0.0010 0.0010 0.0010 0.0010
N (0.0005) (0.0005) . . (0.0004) (0.0003) (0.0004) (0.0004)
Sb 0.18(0.02)  0.11(0.01)  0.09(0.02) 0.055(0.008) 0.055(0.008) 0.03(0.01) 0.0k(0.01)
I 0.20(0.05) 0.15(0.04) 0.0256(0.026) 0.018(0.019) 0.026(0.020) 0.018(0.014) 0.034(0.016)
La <0.01 (8'8238) 0.020(0.013) 0.040(0.010) 0.038(0.009) 0.028(0.008) 0.019(0.007)
Ce 0.03(0.02)  0.02(0.02) 0.044(0,020) 0.080(0.030) 0.10(0.02) 0.06(0.02) 0.06(0.02)
S 0.0006 0. 0012 0.001k 0.0040 0.0060 0.0052 0.0033
M (0.0011) <o. . (0.0002) (0.0013) (0.0010) (0.0008) (o.ooog)
0.000 0.000 0.0010 0.0012 0.000
Eu < 0.0005 (0.0006)  <0.0010 (0.0005) (0.0005) (0.0005) (0.0004)
W < 0.01 <0.012 < 0.017  0.021(0.012) 0.015(0.011) 0.019(0.011) 0.009(0.009)
He < 0.02 <0.03 < 0.03 <0.03 0.03(0.03) <0.035 <0.04

0.003(0.002)

bLg



- Ca

Th

< 0.003

<0.004

< 0.003

TABLE 3-4: ANN ARBOR ANDERSEN SAMPLE AA2 (ng/m3)
7 6 5 Y 3 2 1
Na 15(2) 16(2) 50(5) 77(8) 210(30) 290(30) 610(70)
Mg - <13 27(21) 12(20) 18(29) 55(30) 90(10)
Al 2.9(0.3) 4.7(0.5) 39(4) 97(10) 190(20) 170(20) 200(20)
Cl 5(1) . 6(1) 22(3) 98(10) 280(30) 420(50) 900(90)
K 30(3) 31(4) 65(7) 30(3) 32(4) 26(3) 4i(5)
0 gégi 0 gég 33(11) 73(17) 190(20) 200(40) 290(60)
Sc (0.0008) (0.0010) 0.029(0.004) 0.071(0.009) 0.39(0.05) 0.11(0.02) 0.16(0.02)
Ti 1(1) 1(1) 3(3) 6(3) 19(4) 14(2) 18(7)
\' 1.1(0.2) 0.93(0.10) - 1.2(0.2) 0.67(0.07) 0.86(0.09) 0.55(0.06) 0.53(0.08)
Cr 0.07(0.04) 0.45(0.06) 0.96(0.15) 0.96(0.15) 1.0(0.2) 0.93(0.14) 1.2(0.2)
Mn 3.3(0.4) 4.3(0.5) 13(2) 5.2(0.6) 3.8(0.4) 2.6(0.3) 3.5(0.4)
Fe 18(4) 43(5) : 150(20) 160(20) 280(30) 240(30) 350(40)
Co 0.014(0.002) 0. 023(0 003) 0.05L4(0.006) 0.062(0.007) 0.12(0.02) 0.087(0.009) 0.11(0.02)
Ni . - -— . — -
Cu 1.2(0.2) 1.7(0.3) 5.6(1.0) 5.7(0.7) 11(2) 10(3) 25(6)
Zn 6(1) 17(2) T4(10) 120(20) 270(40) 210(30) 300(40)
Ga 0.18(0.02) 0.17(0.02) <0.10 0.15(0.04) 0.10(0.08) <0.10 <0.25
As  1.2(0.3) 1.4(0.3) 2.8(0.3) 0.8(0.3) <0.5 <0.5 0.6(0.4)
Se 0.27(0.03)  0.48(0.05) 0.53(0.06) 0.099(0.017) 0.077(0.028) 0.019(0.021) 0.046(0.006)
Br 10(2) 8(2) 16(2) 11(2) 12(2) 8(1) 8(1)
Ag 0.020(0.007) 0.019(0.010) 0.047(0.018) 0.013(0.021) <0.040 < 0.040 0.050(0.040)
In 0.010(0.001) 0.015(0.002) 0.033(0.003) 0.009(0.002) 0.008(0.002) 0.003(0.002) 0.005(0.003)
Sb 0.50(0.07) 0.82(0.10) 1.1(0.2) 0.52(0.07) 0.62(0.08) 0.54(0.07) 0.33(0.04)
I 0.36(0.10) 0.33(0.10) 0.29(0.12) - _ - 0.33(0.07 0.39(0.18)
La 0.08(0.02) 0.05(0.02) 0.14(0.03) 0.19(0.03) 0.19(0.04) 0.13(0.05) 0.25(0.16)
Ce 0.07(0.01)  0.10(0.02) 0.20(0.03) 0.24(0.04) 0.45(0.06) 0.32(0.05) 0.40(0.05)
Sm 0.009(0.002) 0.005(0.002) 0.046(0.005) 0.037(0.004) 0.17(0.02) 0.20(0.02) -0.45(0.05)
E 0.0016 0.0015 0.0009 0.0028 0.0083 0.0052 0.013(0.018)
Y (0.0011) (0.0012) (0.0023) (0.0024) (0.0075) (0.0051) . .
W <0.02 < 0.02 <0.04 <0.04 < 0.05 < 0.06 0.30(0.20)
Hg 0.058(0.023) 0.054(0.038) 0.064(0.038) <0.035 <0.013 0.065(0.035) <0.03

0.020(0.005) 0.021(0.009) 0.026(0.006) 0.035(0.004)
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MACKINAC ISLAND ANDERSEN SAMPLE MI2 (ng/m3.)

e

TABLE 3-5:
7 6 5 4 3 o2 1
Na 11(2) 21(3) 33(4) 14(2) 14(2) 7(1) 6(1)
Mg <6 6(7) 12(7) 4(5) 7(5) 3(h) 7(4)
Al 1.9(0.2) 5.3(0.6) 22(3) 25(3) h2(5) . 35(4) 25(3)
C1  0.4(0.4) 0.6(0.5) 1.2(0.4) 1.3(0.4) 3.8(0.5) 277(0.4) 4.2(0.5)
K 22(3) 12(2) 13(2) 8(1) 12(2) ' 8(1) 6(1) .
Ca’ 2. 4(()% ;.) 668(()§é8) 21(5) 29(6) 24(6) 38(7) 33(6)
' 0.002 )
Sc (0. 0007) (0.0006) ©-014(0.002) 0.019(0.002) 0.025(0.003) 0.021(0.003) 0.016(0.002)
71 <0.15 0.3(0.4) 1.6(1.0) 3.5(0.9) 2.6(1.1) 1.6(0.9) 2.1(0.8)
V  0.32(0.04) 0.26(0.03) 0.21¢0.03) 0.1620.02; 0.19(0.02) o.1220.02; 0.0850.01;
cr o, 22§ §) 0.23(0.03)  0.23(0.03) 0.11(0.03) 0.15(0.02) 0.26(0.035 ©0:11¢0 03
Mn  2.1(0.3 2.5(0.3) 2.0(0.2) 0.9(0.1) 1.0(0.1) 0.6(0.1) 0.5(0.1)
Fe 24(3) 16 (5) 74(8) 51(6)°  57(6) i3(5) 39(4)
Co 0.022(0.003) 0.011(0.002) 0.021(0.003) 0.013(0.004) 0.022(0.003) 0.013(0.003) 0.015(0.002)
Ni - - - - - - -
Cu  1.0(0.3) 1.1(0.2) 1.6(0.3) 0.8(0.2) 1.1(0.2) 0.6(0.1) 0.4(0.1)
Zzn  7.5(0.8) 9(0.7) 7.9(0.8) 2.5(0.3) 2.0(0.3) 1.1(0.2) 1.3(0.2)
Ga _ 0.05(0.03) <0.01 0.01(0.01)  0.03(0.01) 0.03(0.01) 0.01(0.01) 0.01(0.01)
As  0.89(0.09) 1.8(0.2)  0.97(0.10)  0.34(0.06) 0.27(0.17) 0.12(0.03) 0.08(0.02)
Se 0.47(0.05) 13(0.02) 0.065(0.008) 0.021(0.007) 0.023(0.006) 0.019(0.007) 0.010(0.006)
Br  1.7(0.2) 1.4(0.2)  0.84(0.10) 0.38(0.04) 0.50(0.05) 0.32(0.04) 0.15(0.02)
Ag - - - - - - -
. 0.0025 0.0056 0.0058 0.0015 0.0011 0.0006 0.0004
D (0.0005) (0.0007) (0.0006) (0.000%) (0.0004) (0.0003) (0.0003)
S 0.56(0.07)  0.16(0.02)  0.13(0.02) 0.059(0.007) 0.044(0.005) 0.067(0.007) 0.036(0.005)
I 0.19(0.05)  0.14(0.04) 0.016(0.025) 0.015(0.017) 0.014(0.018) 0.017(0.015) 0.029(0.015)
La 0.046(0.008) 0.022(0.012) 0.049(0.012) 0.047(0.008) 0.046(0.008) 0.024(0.008) 0.022(0.005)
Ce 0.14(0.02) <0.02°  0.082(0.010) 0.074(0.010) 0.072(0.008) 0.060(0.009) 0.045(0.003)
Sm 0.016(0.001) 0.007(0.001) 0.024(0.001) (8:8888) (8:8833) (8:8832) (8:3832)
0.0008 0.0008 <0.0008 0.0012 0.0015 0.0006 0.0009
Eu  (0.0005) . (0.0005) . (0.0005) (0.0005) (0.0004) (0.0004)
W 0.026(0.011) 0.012(0.009)  <0.012 <0.009  0.010(0.005) «<0.006 < 0.005
Hg 0.030(0.018) 0.022(0.013) 0.014(0.014) 0.022(0.013) 0.007(0.012)  <0.009  0.013{0.011)
™ < 0. 002 0.0022 0.0061 0.0034 0.0079 0.0048 0.0046
. (0.0016) (0.0020) (0.0018) (0.0015) (0.0020) (0.0016)

9L¢c
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TABLE 3-6: EAST CHICAGO CENTRAL FIRE STATION ANDERSEN SAMPLE CFS1 (ng/m3)

6 5 4 3 2 1
Na ) T2(8) T78(8) 100(10) 150(20) 190(20) 300(30)
Mg (30 15(35) 30(40) 45(40) 160(40) 100(50) 160(60)
Al (2) 11(2) 45(5) 150(20) 210(30) 230(30) 300(30)
c1 (3) 110(20) 170(20) 190(20) ©230(30) 300(30) 450(50)
K (3). 34(4) 38(4) 55(6) 52(6) 54(6) 66(7)
Ca (8) 15(15) 45(25) 200(40). 230(50) 360(60) by4o(70)
Sc (0.0 0.02(0.03) 0.04(0.02) 0.11(0.02) 0.10(0.01) 0.13(0.02) 0.31(0.04)
" Ti 3(5) 2(5) 5(5) 6(6) 8(6) 14(4) 10(7)
v .2(0.7 3.1(0.4) 3.1(0.4) 5.7(0.6) 4.7(0.5) 3.7(0.4) 3.8(0.4)
Cr .7(0.5 0.2(0.5) 3.2(0.6) 3.0(0.5) 2.0(0.5) 3.9(0.5) 5.3(0.6)
Mn .1(0.9 14(2) 13(2) 11(2) 8.0(0.8) 7.5(0.8) 13(2)
Fe 30(50 40(50) 310(60) 300(60) 330(60) 420(60) 660(70)
Co 6(0.1 0.12(0.10). 0.08(0.10) 0.23(0.10) 0.15(0.10) 0.25(0.10) 0.39(0.10)
Ni - - - - - - -
Cu 2.5(0.5) 3.0(0.6) 3.6(0.7) 3.9(0.8) 3.6(0.7). 3.3(0.6) 4,3(1.0)
Zn 55(20) 150(30) 250(50) 160(30) 65(8) 37(5) 30(5)
Ga 0.11(0.06) 0.14(0.07) 0.21(0.10) 0.38(0.20) 0.17(0.09) 0.14(0.08) 0.13(0.11)
As 1.7(0.5) 2.3(0.6) 3.6(0.8) 1.4(0.5) 0.6(0.4) <0.5 <0.5
Se < 0.40 0.12(0.23) 0.20(0.28) 0.37(0.22) 0.15(0.18) 0.11(0.18) 0.26(0.19)
Er 9(1) 10(1) 16(2) 27(3) 14(2) 11(2) 9(1)
g —-— - - - * - - -
In 0.040(0.004) 0.080(0.010) 0.10(0.01) 0.060(0.010) 0.020(0.005) 0.003(0.003) <0.020
Sb 2.1(0.3) 4.7(0.5) 7.9(0.8) 6.7(0.8) 2.7(0.3) 1.9(0.2) 1.5(0.2)
I <1 <1 <1 <1 : <1 <1 (1)
La <0.03 0.05(0.03) 0.28(0.04) 0.85(0.09) 0.43(0.05) 0.40(0.07) 0.45(0.09)
Ce <0.4 < 0.2 < 0.3 0.47(0.21) 0.39(0.18) 0.26(0.18) 0.96(0.19)
Sm < 0.005 < 0.004 0.013(0.004)0.051(0.006) 0.037(0.004) 0.035(0.005) 0.022(0.006)
Eu <0.001 0.002(0.002) 0.003(0.002)0.003(0.002) 0.003(0.002) 0.011(0.003) 0.014(0.004)
W <0.05 0.02(0.05) 0.08(0.06) 0.08(0.08) < 0.10 < 0.10 <0.10
Hg < 0.4 < 0.2 0.19(0.24) 0.64(0.20) 0.52(0.18) 0.42(0.17) 0.21(0.18)
Th < 0.05 0.02(0.03) 0.05(0.03) 0.07(0.02) 0.02(0.02) 0.03(0.03)

< 0.03
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TABLE 3-7: EAST CHICAGO MARKSTOWN PARK ANDERSEN SAMPLE MKT1 (ng/m3)

7 6 5 Yy 3 2 1
Na 47(5) 32(3) 66(7) 97(10) 170(20) 150(20) 190(20)
Mg <60 25(25) 45(35) 45(30) 90(50) 55(40) 170(50)
Al 8(1) 15(2) 76(8) 200(20) 300(30) 220(30) 210(30)
c1l 10(2) 20(2) 92(10) 96(10) 210(30) 200(20) 290(30)
- K 41(8) 49 (8) 47(8) 46(9) 64(9) 59(9) 92(12)
Ca <15 - <15 40(15) 170(40) 280(50) 290(50) . 390(70)
Sc <0.003 <0.004 0.06(0.02) 0.09(0.02) 0.15(0.02) 0.18(0.02) 0.20(0.02)
Ti <10 <10 . <11 7(6) 20(8) 13(6) 12(6)
' 9.9(1.0) 3.6(0.4) 5.2(0.6) 6.2(0.7) 8.6(0.9) 4,.6(0.5) 3.0(0.3)
Cr 0.7(0.5) 0.9(0.5) 2.8(0.6) 3.8(0.5) 5.0(0.6) 4.2(0.5) 6.5(0.7)
Mn 7(1) 7(1) 15(2) 15(2) 16(2) 10(1) 14(2)
Fe 40 (70) 40(70) 210(70) 240(70) 460(80) 570(80) 920(100)
Co 0.04(¢0.09) 0.04(0.09) 0.12(0.09) 0.10(0.10) 0.26(0.09) 0.14(0.09) 0.34(0.09)
Ni - - - - - - -
Cu 26(6) 47(12) 94(25) 69(15) 40(10) 23(6) 40(10)
Zn 65(20) 95(15) 150(20) 80(10) 42(6) 25(4) 21(4)
‘Ga 0.34(0.09) 0.12(0.08) 0.12(0.10) 0.17(0.10) ©0.14(0.12) 0.16(0.12) <0.20 .
As 1.3(0.5) 1.7(0.4) 2.8(0.5) 1.0(0.6) 1.2(0.6)- 0.5(0.7) 0.3(1.0)
Se 0.7(0.2) 0.1(0.2) <0.3 <0.3 <0.2 <0.2 0.2(0.2)
Br 26(3) 11(2) 10(1) 11(2) 9.5(1.0) 6.8(0.7) 5.8(0.6)
Ag - - - - - - -

I 0.006 0.010 0.030 0.012 0.005 0.006 0.004
n (0.002) (0.002) (0.003) (0.003) (0.004) (0.003) (0.003)
Sb 1.7(0.2) 1.4(0.2) 4,5(0.5) 1.4(0.2) 1.2(0.2) 0.72(0.13) 0.80(0.13)

I 0.7(0.3) . <0.9 . T <€0.9 <0.9 <0.9 <0.9° <0.9
La 0.1(0.1) 0.2(0.1) 1.8(0.2) 3.1(0.4) 2.0(0.2) 1.1(0.2) 1.9(0.2)
" Ce 0.1(0.2) - 0.2(0.2) 1.3(0.2) 2.4(0.3) 1.8(0.2) 0.8(0.2) 1.3(0.2)
Sm <0.01 0.02(0.01) 0.06(0.01) 0.09(0.01) 0.07(0.01) 0.05(0.01) 0.09(0.01)
Eu <0.01 0.01(0.01) 0.01(0.01) 0.01(0.01) 0.01(0.01) 0.01(0.01) <0.01
W 0.08(0.07) 0.09(0.07) 0.07(0.07) 0.06(0.07) 0.14(0.09) <0.10 <0.13 "
Hg 0.25(0.24) < 0.30  0.16(0.24) 0.21(0.22) 0.19(0.22) €0.22 <0,22
0.01(0.02) 0.02(0.02) 0.02(0.02) 0.03(0.03) 0.07(0.02) 0.05(0.02) 0.07(0.02)

Th

-

.
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TABLE 3-8: TWIN GORGES FILTERS (ng/m3)
TGF1 TGF2 TGF3 TGFU4 TGF
Na 29(3) 14(2) 11(2) 18(3) 18(2)
Mg 2u(24) 18(18) 9(9) 13(8) 16(9)
Al 100(10) 49(5) . 41(5) - 76(8) 66(7)
Cl- 16(2) 8(1) 7(1) 7(1) 9(1)
- K 56(6) 69(7) 33(5) 59(6) 54(6)
Ca 80(15) 40(10) 13(2) 29(10) 40 (5)
Sc 0.061(0.007) 0.062(0.007) 0.019(0.002) 0.035(0.004) 0.044(0.005)
Ti 9.4(1.5) 5.6(1.0) 2.0(0.8) bh,3(1.5) 5.3(0.7)
' 0.31(0.04) 0.32(0.04) 0.07(0.02) 0.16(0.03) 0.21(0.03)
Cr 1.1(0.2) 0.59(0.06) 0.39(0.05) 0.28(0.10) 0.59(0.06)
Mn 2.5(0.3) 1.5(0.2) 0.7(0.1) 1.3(0.2) 1.5(0.2)
Fe 110(20) 65(7) 45(5) 65(11) 71(8)
Co 0.076(0.009) 0.048(0.007) 0.018(0.006) 0.028(0.007) 0.042(0.005)
Ni <? <1.5 < 0.8 <1.5 <?2
Cu 1.5(1.0) 1.0(0.2) 0.4(0.1) 0.7(0.1) 0.9(0.3)
in 7.0(1.5) 5.5(1.0) 1.2(0.3) 1.5(0.5) 3.8(0.5)
Ga 0.02(0.02) 0.044(0.018) 0.019(0.019) 0.021(0.021) 0.026(0.010)
As 0.15(0.15) 0.40(0.10) 0.27(0.08) 0.43(0.07) 0.31(0.06)
Se 0.042(0.022) 0.034(0.015) 0.025(0.018) 0.071(0.017) 0.043(0.011)
Br 0.20(0.02) 0.19(0.02) 0.70(0.15) 1.1(0.11) 0.54(0.06)
Ag < 0.15 <0.10 <0.10 <0.10 <0.15
In 0.0027(0.0027) 0.0007(0.0010) <0.0009 0.0013(0.0013) 0.0013(0.0008)
Sb 0.090(0.014) 0.030(0.010) 0.36(0.04) 0.027(0.012) 0.13(0.02)
I 0.31(0.07) 0.30(0.05) 0.12(0.03) 0.09(0.03) 0.20(0.03)
La 0.084(0.009) 0.10(0.01) 0.062(0.007) 0.12(0.02) 0.09(0.010)
Ce 0.35(0.04) 0.25(0.03) 0.14(0.02) 0.21(0.04) 0.24(0.03)
Sm 0.012(0.002) 0.017(0.002) 0.008(0.001) 0.014(0.002) 0.013(0.002)
Eu 0.0015(0.0015) 0.0021(0.0007) 0.0016(0.0007) 0.0017(0.0005) 0.0017(0.0005)
W < 0.02 0.023(0.023) <0.015 0.025(0.025) 0.016(0.016)
Hg 0.059(0.069) < 0.06 <0.06 0.11(0.15) 0.06(0.06)
Th 0.080(0.008) 0.045(0.005) 0.050(0.010) 0.052(0.006)

0.033(0.004)
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TABLE 3-9: JASPER AND MACKINAC ISLAND FILTERS (ng/m3)

JF1 - JF2 JF3 JF MIF
Na 36(4) 31(4) 41(5) 36(4) 44(5)
Mg - 51(25) . 58(20) 51(20) 53(13) 470(50)
Al 130(20) 175(20) 230(30) 150(20) 230(30)
c1 S14(2) 14(2) 12(2) 13(2) 35(4)
K 99(10) 110(15) 110(15) 110(20) 150(20)
Ca 70(30) 220(30) 160(30) 150(20) 1200(200)
Se 0.064(0.007) 0.062(0.007) 0.12(0.02) 0.082(0.009) 0.12(0.02)
Ti 5(1) 12(3) 8(4) 8(3) 11(11)
v 0.31(0.04) 0.33(0.04) 0.35(0.05) 0.33(0.04) 1.8(0.2)
Cr 0.54(0.17) 0.18(0.16) 0.55(0.19) ° 0.32(0.11) 0.91(0.19)
Mn 4,3(0.5) 5.9(0.6) 5.6(0.6) 5.3(0.6) 9.2(1.0)
Fe 130(20) 240(30) 280(30) 220(30) 250(30)
Co 0.052(0.008) 0.053(0.008) 0.072(0.009) 0.059(0.06) 0.17(0.02)
Ni <2 <2 3(2) : < 2 <3
Cu 2.4(0.3) 5.9(0.6) 3.0(0.4) 3.8(0.4) 10(3)
in 4.8(0.5) 2.5(2.0) 8.4(0.9) 5.2(0.8) 22(4)
Ga 0.030(0.020) 0.040(0.040) 0.056(0.030) 0.042(0.020) 0.15(0.04)
As 0.28(0.20) 0.25(0.25) 0.29(0.15) 0.27(0.12) 3.2(0.4)
Se 0.050(0.023) 0.032(0.021) 0.012(0.023) 0.033(0.013) 0.67(0.07)
Br 2.1(0.3) 1.7(0.3) 2.3(0.3) 2.0(0.2) 7.2(1.0)
Ag <0.15 <¢0.15 <0.15 <0.15 <0.5
In <0.003 <0.003 <0.003 <0.003 0.024(0.004)
Sb 0.08(0.02) 0.17(0.03) 0.15(0.02) 0.13(0.02) 0.40(0.04)
I 0.30(0.08) 0.13(0.08) 0.20(0.08) 0.21(0.06) -~ <0.2
La 0.16(0.02) 0.097(0.025) 0.090(0.040) 0.12(0.02). 0.17(0.03)
Ce 0.18(0.07) 0.11(0.06) 0.46(0.07) 0.25(0.04) 0.41(0.08)
Sm 0.015(0.002) 0.017(0.002) 0.019(0.002) 0.017(0.002) 0.030(0.004)
Eu 0.0019(0.0019) 0.0053(0.0006) 0.0040(0.0019) 0.0037(0.0010) 0.0080(0.0008)
W 0.04(0.04) 0.04(0.04) 0.025(0.025) 0.035(0.021) 0.30(0.10)
Hg 0.29(0.20) < 0.2 ~ <€0.25 0.17(0.09) - 0.38(0.22)
Th  0.033(0.013) < 0.015 0.066(0.015) 0.036(0.008) - 0.018(0.012)

-

- .
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0.058(0.011)

TABLE 3-10: PRINCE ALBERT FILTERS (ng/m3)
PAF1 PAF2 PAF3 PAFY4 PAF
Na 51(10) 73(9) 20(2) 27(3) 43
Mg 35(20) 120(30) - 20(20) 55(15) 60
Al 130(20) 230(30) 120(20) 140(20) 150
Cl 8(2) 14(2) “9(2) 15(2). 11
K 80(15) 170(20) 70(7) - 130(20) 112
Ca 100(30) 200(40) 90(20) 130(30) 130
Sc 0.12(0.02) 0.21(0.03) 0.051(0.006) 0.10(0.01) 0.12
Ti 10(10) 11(4) 7(3) 9(3) 9
' 0.35(0.08) 0.68(0.08) 0.29(0.04) 0.36(0.05) 0.42
- Cr +2.2(0.3) 1.5(0.2) 0.23(0.09) 0.56(0.17) 1.1
Mn 5.3(0.7) 8.6(0.9) 4,.3(0.5) 5.4(0.6) 5.9
Fe 200(20) 280(30) 85(15) 140(20) 180
Co 0.094(0.010) 0.13(0.02) 0.028(0.006) 0.089(0.011) 0.085
Ni <2 <2 <1l 3(2) <2
Cu 2.0(0.5) 0.75(0.10) 0.21(0.03) 0.61(0.07) 0.9
in 30(25) 11(2) 3(1) 9(2) 13
Ga <0.035 0.06(0.06) <0.03 0.047(0.010) 0.085
As -0.25(0.25) 0.66(0.12) <0.2 - 0.27(0.06) 0.32
Se 0.039(0.023) 0.13(0.03) 0.031(0.014) 0.054(0.028) 0.063
Br 1.5(0.6) 2.6(0.3) 1.5(0.2) 4,0(0.5) 2.9
Ag <0.2 <0.2 0.12(0.10) <0.2 <0.2
In 0.0037(0.0037) .0026(0.0020) <0.0020 <0.0018 0.0020
Sb 0.085(0.018) 0.22(0.03) 0.14(0.02) 0.19(0.03) 0.16
I 0.090(0.090) 0.24(0.08) 0.098(0.098) 0.089(0.089) 0.13
La 0.09(0.04) 0.17(0.02) 0.06(0.01) 0.10(0.03) 0.10
Ce 0.31(0.05) 0.57(0.06) 0.14(0.03) 0.27(0.06) 0.32
Sm 0.014(0.003) 0.027(0.004) 0.014(0.002) 0.018(0.004) 0.018
Eu 0.0034(0.0010) 0.0046(0.0024) 0.0021(0.0004) 0.0042(0.0005) 0.0036
W < 0.03 <0.05 <0.03 <0.03 < 0.03
Hg 0.31(0.18) <0.2 <0.15 <0.30 <0.3
Th 0.040(0.009) 0.019(0.006) 0.042(0.012) © 0.040

18¢



TABLE 3-11: RIDING MOUNTAIN FILTERS (ng/m3)

RMF 4

RMF1 RMF2 RMF3 RMF
Na 58(8) . 67(9) 61(8) 39(5) 56
Mg 160(50) 120(30) 140(40) 110(30) 130
Al 270(30) 390(40) 390(40) 280(30) 330
c1 140(15)* 39(5) - 19(3) 25(3) 28
K 150(L0) 190(20) 180(20) 180(20) 175
Ca 320(50) © 280(40) 470(60) 360(60) 360
Sc 0.13(0.02) 0.15(0.02) 0.24(0.03) - 0.14(0.02) 0.16
Ti 7(7) 20(5) 11(11) 10(4) 12
v 0.59(0.06) . 0.91(0.10) 0.86(0.09) 0.57(0.10) 0.73
Cr 1.1(0.2) 0.80(0.15) - 1.1(0.2) 0.69(0.14) 0.92
Mn 5.8(0.6) 7.7(0.8) 13(2) 8.3(1.0) 8.7
Fe 220(30) 270(30) 360(40) 250(30) 270
Co 0.11(0.02) 0.095(0.011) 0.14(0.02) 0.11(0.02) 0.11
Ni <2 <2 <3 <2 <2
Cu’ 7.0(2.0) 4,0(3.0) . 3.5(0.5) 3.1(0.5) by
Zn 22(4) 15(2) 12(2) 13(2) 15
Ga 0.060(0.030) 0.057(0.020) - 0.065(0.065) 0.042(0.042) 0.056
As 0.47(0.05) 0.28(0.28) 0.64(0.20) 0.40(0.40) 0.45
Se 0.10(0.02) 0.16(0.03) 0.27(0.03) 0.19(0.03) 0.18
Br 1.6(0.2) 4.9(0.5) 2.5(0.3) 3.3(0.4) 3.1
Ag < 0.2 <0.2 - <0.3 <0.2 <0.,2
In 0.0033(0.0033) < 0.0035 0.0044(0.0044) 0.0021(0.0021) 0.0029
Sb 0.13(0.02) 0.13(0.02) 0.16(0.03) .. 0.42(0.05) 0.21°
I 0.25(0.25) <€0.25 - 0.15(0.15) 0.20(0.10) 0.18
La 0.17(0.04) - 0.25(0.04) 0.19(0.03) 0.16(0.03) ~0.19
Ce 0.33(0.05) - 0.37(0.05) 0.17(0.06) " 0.37(0.05) 0.31
Sm 0.030(0.003) 0.041(0.005) 0.039(0.004) 0.032(0.005) 0.035
Eu 0.0086(0.0020) '0.0098(0.0025) 0.0081(0.0015)" 0.0062(0.0010) 0.0082
W 0.05(0.04) < 0.05 <0.04 . <0.04 < 0.05
Hg 0.28(0.18) 0.80(0.20) <0.3 0.37(0.18) 0.41
Th 0.037(0.010) 0.063(0.011) 0.047(0.010) 0.058

0.085(0.014)
¥Not used in averaging. :
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¢8¢



TABLE 3-12: ALGONQUIN FILTERS (ng/m3)
AROF1 AROF?2 AROF3 AROF4 AROF

Na 68(7) 66(7) 80(8) 61(7) 69
Mg 4o(40) 40(40) 50(30) 4o (u0) 40
Al 270(30) - 230(30). 280(30) 190(20) 240
Cl 5(1) 5(1) 4(1) 3(1) 4
K 180(20) 190(20) 160(20) 140(20) 170
Ca 240(30) 150(20) 175(25) 100(20) 160
Sc 0.19(0.02) 0.13(0.02) 0.17(0.02) 0.09(0.01) 0.14
Ti 17(4) 17(4) 16(5) 11(5) 15
\' 2.7(0.3 1.0(0.1) 1.8(0.2) 2.3(0.3) 1.9
Cr 2.5(0.3) 2.5(0.3) 1.4(0.2) 1.2(0.2) 1.9
Mn 13(2) 13(2) 12(2) 11(2) 12
Fe 330(40) 270(30) 380(40) 250(30) 310
Co 0.16(0.02) 0.16(0.02) 0.20(0.02) 0.11(0.02) 0.16
Ni 4.8(2.5) 8.1(2.4) <3.5 h.,0(1.1) 5.0
Cu 6.0(1.0) 8.0(1.0) 10(3) 7.5(1.0) 7.9
Zn 47(5) 37(4) - ho(4) 36(4) 4o
Ga 0.11(0.03) 0.17(0.04) 0.16(0.03) 0.14(0.02) 0.14
As 2.8(0.3) 4,6(0.5) 6.6(0.7) 4,.8(0.5) .7
Se 0.56(0.06) 0.68(0.07) 0.72(0.08) 0.58(0.06) 0.63
Br 7.5(1.0) 4.5(0.5) 4,2(0.5) 6.5(1.0) 5.7
Ag < 0.2 < 0.3 <0.4 <0.2 0.4
In 0.058(0.008) 0.018(0.002) 0.037(0.004) 0.044(0.005) 0.039
Sb 0.90(0.10) 0.43(0.05) 0.60(0.06) 0.47(0.05) 0.60
I 0.30(0.30) 0.26(0.10) 0.22(0.10) 0.32(0.10)" -0.27
La 0.30(0.05) 0.32(0.04) 0.32(0.04) 0.25(0.04) 0.30
Ce 0.82(0.10) 0.54(0.07) 0.91(0.10) 0.50(0.05) 0.69
Sm 0.049(0.005) 0.054(0.006) 0.062(0.007) 0.041(0.005) 0.051
Eu 0.0092(0.0010) 0.0096(0.0020) 0.010(0.003) 0.0070(0.0040) 0.0090
W 0.075(0.008) 0.030(0.010) 0.025(0.025) 0.036(0.036) 0.041
Hg - 0.16(0.30) 0.37(0.19) 0.18(0.21) 0.05(0.08) 0.19
Th 0.078(0.013) 0.028(0.005) 0.056

0.078(0.020)

0.039(0.011)

€8¢



0.085(0.

016) 0.18(0.

TABLE 3-13: NILES FILTERS (ng/m>)

NF1 NF2 NF3 NFY4 NF
Na 110(10) 100(10) 160(20) 130(20) 120
Mg 190(50) 70(70) 180(100) 210(30) 160
‘AL 510(60) 360(40) 810(90) 630(70) 580
Ccl 4y (8) 29(3) bo(u) 72(8) L6
K 280(30) 240(30) 440 (50) 410(50) 340
Ca 800(150) 530(100) 670(70) 610(70) 650
Sc 0.44(0.05) 0.36(0.04) 0.62(0.07) 0.55(0.06) 0.149
Ti . 30(30) 16 (16) - 60(15) 33(6) 35
v 3.2(0.4) 2.2(0.3) 5.9(0.6) 3.0(0.3) 3.6
Cr 3.7(0.4) 3.1(0.4) 4.7(0.5) -3.9(0.4) 3.8
Mn 43(5) 32(4) 50(5) 41(5) 41
Fe 920(100) 700(70) 1100(150) 1100(150) 950
Co 0.29(0.03) 0.24(0.03) 0.44(0.05) 0.40(0.04) 0.34
Ni 3(h) <5 <8 <7 <7
Cu 10(4) 10(14) 19 (4) 22(5) 15
Zn 90(15) 210(30) 100(15) 120(20) 130
Ga 0.31(0.08) 0.22(0.03) 0.56(0.12) 0.32(0.20) 0.35
As 7.1(0.8) 3.7(0.7) 4.6(0.8) 3.1(0.4) i.6
Se 0.73(0.08) 0.84(0.09) 1.0(0.10) 0.96(0.10). 0.89
Br B0 (4) 75(8) 150(20) 110(20) 94
Ag <0.5 <0.5 <0.9 <0.7 0.7
In 0.014(0-005) 0.009(0.009) 0.018(0.010) 0.027(0.004) 0.017
Sb 1.6(0.2) 1.14(0.2) 2.5(0.3) 2.0(0.2) 1.9
I <0.5 <0.5 0.58(0.20) <0.4 0.5
La 0.91(0.10) 0.51(0.06) 0.72(0.08) 0.91(0.10) 0.76
Ce 2.1(0.3) 1.3(0.2) - 7 1.8(0.2) 1.4(0.2) 1.6
Sm . 0.076(0.010) 0.076(0.009) 0.15(0.02) 0.13(0.02) 0.11
Eu 0.017(0.003) 0.011(0.003) '~ 0.028(0.003) 0.020(0.003) 0.019
W 0.08(0.08) 0.08(0.08) 0.15(0.15) 0.16(0.10) 0.12
Hg 0.82(0.29) 0.65(0.28) <0.5 0.56(0.35) 0.61
Th 017) 0.056(0. 03) 0.13(0.02) 0.11
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TABLE 3-14: TWIN GORGES ANDERSEN SAMPLE TGl (ng/m3)

7 6 5 b 3 2. 1
Na  1.4(0.2) 0.5(0.1) 2.5(0.3) 5.0(0.5) 4.3(0.5) 6.4(0.7) 29(3)
Mg 2.5(2.5) 4.6(3.5) <y <3 5.2(3.3) 4.3(3.4) 21(7)
Al 5.7(0.6) 3.4(0.4) 9.3(1.0) 18(2) 20(2) 28(3) 85(9)
C1 < 0.25 0.20(0.22)  0.27(0.23) 0.45(0.24) 0.25(0.24) 0.35(0.25) 6.1(0.7)
K 3.8(0.4) 1.6(0.2) . 4.5(0.5) 10(1) 10(1) 15(2) - 37(4)
o TR Y & R P (A
0.0011 0.0037 .0091 .00 .0095
Sc (0.0003) (0.0002) (0.0004) (0.0010) (0.0009) (0.0010) 0.031(0.004)
T <0.25 <0.25 <0.25 2.1(0.6) 1.6(0.6) 1.4(0.7) 9.1(1.0)
vV 0.012(0.002) 0.016(0.002) 0.039(0.004) 0.046(0.007) 0.056(0.009) 0.042(0.009) 0.11(0.02)
Cr <0.05 <0.05 0.05(0.04)  0.09(0.04) 0.03(0.04) 0.68(0.07) 1.6(0.2)
Mn 0.050(0.005) 0.065(0.007) 0.15(0.02)  0.31(0.04)  0.47(0.05) 0.59(0.06) 1.5(0.2)
Fe 03ég) 5(2) 9(2)1l 11(2) 12(2) 16(2) 4o (4)
.0050 0.0039 0.005 0.0070 0.0095 0.041
Co (0.0010) (0.0010) (0.0011) (0.0011) (0.0011) 0-015(0.002)  5°q55,
Ni <0.2 <0.2 <0.3 <0.3 <0.3 <0.3 <0.4

Cu 0.025(0.007) 0.039(0.010) 0.29(0.07) 0.10(0.04) 0.10(0.04) 0.16(0.02) 0.13(0.05)
Zn 0.21(0.06) 0.08(0.06) 0.20(0.06) 0.24(0.07) 0.33(0.07) '0.65(0.07) 2.4(0.3)

0.0026 ©70.0028 0.0038 0.0022 0.0112
Ga  (0.000g)  <0.0011 (0.0011) (0.0034) (0.0028) <0.0040 (4 0068)
As 0.023(0.008) 0.021(0.006) 0.046(0.010) 0.054(0.020) 0.039(0.020) 0.014(0.024)0.023(0.008)
Se <0.007 0.013(0.007)  <0.0 <0.008 <0.008 <0.008 <0.009
Br 0.29(0.04)  0.12(0.03) 0.08(0.03) 0.10(0.03) 0.14(0.03) 0.15(0.03) 0.19(0.04)
Ag  <0.02 £0.02 "€0.03 . <0.03 - 7%0.03 <0.02 <0.02
In <0.0002 <0.0002 " <0.0002 <0.0002 <0.0002 <o.oogu <0.0004
0.0070 0.005 0.0090 0.0080 0.023
Sb (0.0023) (0.0022) (0.0024)  9-013(0.003) 0.012(0.003) (0.0030)  (0.004)
I 0.021(0,007) 0.018(0.208) 0'011(06008) 0.024(0.010) <0.016 0.030(0.013) 0-13(0.03)
0.0042 0.003 0.0063 ' T 70,037 0.09
La  (0.0013) (0.0009) (0.0018) 0-027(0.004) 0.024(0.003) - (4”55 (0.010)
Ce <0.020 <0.030 £0.020 0.096(0.016) 0.050(0.015) 0.077(0.014) 0.19(0.02)
s, 0.0006 0.0005 0.0009 0.0029 0.0026 0.0045 0.012

(0.0001) (0.0001) (0.0001) (0.0003) (0.0003) (0.0005) (0.002)

G8¢



TABLE 3-14--Continued

7 6 5 by . 3 2 : 1
. 0.00011 <0.00012 0.00042 0.00080  0.00016  0.00045 0.0019
U (0.00010) . (0.00022) (0.00028) (0.00025) (0.00230) (0.0005)
0.0012 ' 0.0021 0.00 -
W (0.0008) <0.0010 (0.0016) <0.0030. <0.0030 (0.0021)  <0-0065
Hg 0.09(0.04) - <0.05 0.03(0.04) 0.02(0.04)  0.05(0.05) 0.04(0.04) 0.08(0.05)
Th 0.003(0.003) <0.003 0.007(0.003) 0.014(0.003) 0.009(0.003) (8:833) (8:83%)

TABLE 3-15: JASPER ANDERSEN SAMPLE J1 (ng/m3)

Cr
Mn
Fe

Co

Ni
Cu

0.039(0.009)
0.11(0.02
10(2)
0.0032
(0.0009)
< 0.2
0.30(0.10)

7 6 5 Sl 3 2

Na 2.9(0.3) 4.0(0.4) 7.8(0.8) 5.0(0.5) 8.5(0.9) 5.8(0.6) -
Mg <2 2.5 - 5(3) 5(3) 5(4) - 21(4) -
Al 2.4(0.3) 4(1) 16(2) : 18(2) 29(3) 43(2) -
Cl 0.35(0.21) 0.31(0.21) 1.2(0.3) 1.0(0.2) 5.4(0.6) 1.7(0.3) -
K 3.4(0.4) 2.2(0.3) 5.4(0.6) 9(1) 19(2) 27(3) -
Ca 2(1) h(1) 11(2) 13(4) 31(6) 48(7) -

] 0.0003 0.0014 0.0059 -~ 0.0080 0.013 0.018 _
S¢  (0.0002) (0.0003) . (0.0007) (0.0010) (0.002) (0.002)
Ti < 0.2 < 0.2 0.13(0.27) 0.13(0.56) 0.63(0.70) 3.4(0.9) -
Vv 0.022(0.003) 0.012(0.002) 0.024(0.004) 0.039(0.007) 0.044(0.009) 0.086(0.011) -

0.030(0.008) 0.038(0.011) 0.045(0.009) 0.075(0.010) 0.095(0.012) -

0.19(0.02) 0.32(0.02) 0.43(0.05) 0.69(0.07) 1.1(0.2) -
- 20(2) 18(2) 18(2) 23(3) 32(4) -
0.0030 0.0074 0.0082 0.0098 0.015
(0.0009) (0.0010) (0.0010) (0.0011) (0.002) - ~
< 0.2 €0.2 <0.3 <0.3

<0.3
0.093(0.030) 0.16(0.05) 0.098(0.030) 0.14(0.04) 0.15(0.05)

= =
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TABLE 3-15--Continued

Lt

7 6 5 4 3 2

Zn  0.30(0.08)  0.22(0.06)  0.23(0.06)  0.20(0.06)  0.60(0.08) 1.3(0.1)

Ga 0-0023 < 0.0025 <0.0030 0.0031 0.010(0.004) 0.010(0.003)
(0.001%) -002 | . | (0.0021) -010(0. . .

As 0.031(0.010) <0.020 0.033(0.015) 0.024(0.012) <0.025 <0.030

Se <0.0080 <0.0080 <0.0080 <0.0060 0.007(0.006) 0.011(0.007)

Br 0.47(0.06)  0.12(0.02)  0.09(0.02)  0.13(0.03)  0.15(0.03)  0.16(0.03)

Ag  <0.02 <0.03 <0.02 <0.03 <0.03 €0.03
0.0003 0.0003 | »

In (3 0003 (0. 0003) <0.0002 <0.0002 <0.0003 <0.0003

0.0030 0.0040

Sb 0.015(0.003) 0.010(0.003) 0.014(0.003) 0.012(0.003) (6.0030) (0.9539)

I 0.054(0.009) 0.010(0.008) <0.010 <0.012 <0.015 <0.016
0.0020 0.0032 0.0095

Ce (8:883ﬁ) 0.020(0.005) 0.023(0.005) 0.033(0.005) 0.038(0.006) 0.065(0.007)

sy 0.0002 0.0005 0.0013 . 0.0015 0.0040 0.0049
(0.0001) (0.0001) (0.0002) (0.0002) (0.0004) (0.0005)

gy 0.00010 0.00020 0.00050 0.00040 0.00090 0.00082
(0.00028) (0.00025) (0.00028) (0.00020) (0.00035) (0.00035)
0.001 0.0035

Voo o0010, < 0.0020 <0.0025 <0.0025 (0.9032) <0.0040

Hg 0.057(0.021) 0.058(0.019) 0.051(0.021) 0.028(0.021) < 0.045 <0.05

e 0+0009 0.0006 70.0012 0.0021 0.0060 0.0043
(0.0006) (0.0005) (0.0006) ' (0.0006) (0.0008)

(0.0008)
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TABLE 3-16: RIDING MOUNTAIN ANDERSEN SAMPLE RM1 (ng/m‘3)

7 6 5 4 3 2 1
Na  1.7(0.2) 2.2(0.3) 6.0(0.6) -~ 4.5(0.5) 7.4(0.8) 11(2) . 52(6)
Mg 3(3) 1(2) 1(4) 6(4) . 24(6) 35(8) 110(25)
Al 2.5(0.3) 4¢0.5) ©17(2) 23(3) 4 47(5) 77(8) 350(40)
c1 <0.4 <0.4 0.3(0.3 1.4(0.4) 3.2(0.5) 3.9(0.5) 15(2)
K 3(1) 3(1) 9(1) 20(2) 36(4) 29(3) 150(20)
Ca 2(2)6 6(23 18(4) 45(8) 63(10) 86(13) 280(40)
0.003 0.0049 | -
S (070038) (0.0005) ©-017(0.002) 0.024(0.003) 0.051(0.006) 0.067(0.007) 0.31(0.04)
Ti <0.3 <0.3 0.4(0.4) 1.6(0.8) 1.1(1.1) 0.9(1.4) 17(4)
V. 0.017(0.003) 0.015(0.003) 0.045(0.006) 0.053(0.010) 0.11(0.02) 0.12(0.02) 0.47(0.06)
cr <0.06 0.09(0.06)  0.09(0.06) 0.17(0.06) 0.24(0.08) 0.39(0.07) 1.3(0.2)
Mn 0.10(0.02) 0.13(0.02) 0.48(0.05) 0.70(0.07) 1.5(0.2) 2.1(0.3) 6.6(0.7)
Fe 15(3) : 5(3) 25(4) 35(5) _69(7) 78(8) 390(40)
Co 0.015(0.004) 0.014(0.004) 0.024(0.004) 0.023(0.005) 0.031(0.006) 0.047(0.005) 0.17(0.02)
Ni <0.6 <0.6 <0.7 <0.8 <0.9 <0.8 <1l.8
Cu 0.066(0.010) 0.089(0.011) 0.16(0.05) 0.15(.05) 0.23(0.06)  0.19(0.05) 0.85(0.20)
Zn  0.9(0.1) 1.2(0.5) 1.8(0.9) 3.7(1.5) 1.1(1.1) 1.8(0.5) 7.1(3.5)
Ga <0.003 <€0.003 <0.005 0.004(0.005) 0.008(0.006)  <0.015 (8°822)
As 0.080(0.017) 0.088(0.015) 0.10(0.02) 0.030(0.021) 0.032(0.036)  <0.075 <0.16
Se 0.069(0.012) 0.043(0.012) 0.024(0.012) 0.007(0.012) 0.009(0.016) 0.018(0.013) (8:823)
Br 0.29(0.05)  0.14(0.03) 0.11(0.03) 0.28(0.05) 0.26(0.05) 0.22(0.05) 0.49(0.09)
Ag <0.05 <0.06 <0.06 <0.07 <0.08 <0.08 0.41(0.13)
0.0001 - 0.0005 0.0009 0.0005 ~ '

In  (5.0002) (0.0002) .  (0.0003) (0.0004) <0.0003 <0.0007 <0.0015
Sb 0.094(0.008) 0.12(0.02) 0.16(0.01) 0.065(0.009) 0.080(0.015) 0.050(0.010) 0.13(0.02)
I 0.022(0.010) < 0.015 0.024(0.015) 0.018(0.017)  <0.016 0.07(0.03) 0.05(0.07)
La  <0.002  0.004(0.002) 0.017(0.003) 0.022(0.003) 0.026(0.005) 0.044(0.007) 0.23(0.03)
Ce < 0.025 <0.030  0.053(0.024) 0.072(0.025) 0.14(0.03) 0.15(0.03) 0.70(0.05)
. 0.0003 0.0003 0.0015 0.0028 0.0052 0.0063 0.038

M (0.0001) (0.0001) (0.0002) (0.0003) (0.0006) (0.0007) (0.004)

=

-
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TABLE 3-16--Continued

~o

7 6 5 4 3 2 1
| 0.0001 0.0003 0.0006 0.0007 0.0011 0.0099

Eu  <0.0001 (0.0001) (0.0002) (0.0002) (0.0003) (0.0005)  (0.0016)

| | 0.0075 0.0043 - 0.035.
W <0.0020  <0.0020  <0.0030 (0.0028)  (0.0942) <0.008 (0933
Hg 0.090(0:060) 0.078(0.059) < 0.07 . <0.08 <0.08 0.054(0.070) 0.16(0,11)
Th < 0.004 <0.004  0.003(0.004) 0.007(0.004) 0.014(0.005) 0.035(0.005) (8°8§3)

'TABLE 3-17: ALGONQUIN ANDERSEN SAMPLE ARO1 (ng/m3)

7 6 5 4 3 2 1
Na  1.7(0.2) 5.4(0.5) 10(1) 12(2) 12(2) 11(2) 14(2)
Mg <2.5 3(H) <7 14(7) <8 8(6) 12(6)
Al 4(1) 7(1) 19(2) 31(h) 43(5) 51(6) 82(9)
Cl1 0.15(0.15)  0.30(0.20) 0.13(0.30) 0.09(0.25) 0.70(0.25) 0.66(0.25) 4.9(0.5)
K 4(1) 8(1) 16(2) 18(2) 28(3) 30(3) 39(4)
Ca 1(1) 4(3) 6(%) 16(5) 21(5) 30(6) 8852%

0.0012 0.0012 0.0085 .
S (0:0003) (0,000 (0.0009)  0-015(0.002) 0.023(0.003) 0.031(0.004)  §-532,
Ti <0.25 0.22(0.51) .0.71(0.68) 1.4(0.9) 2.0(1.0) 2.9(1.1) u.7(1é3)
V. 0.21(0.03)  0.41(0.05) 0.21(0.03) 0.15(0.02)  0.13(0.02) 0.11(0.02) (0. 018)
Cr  0.052(0.017) 0.11(0.02)  0.18(0.03)  0.13(0.02)  0.13(0.02) 0.11(0.02) 0.17(0.02)
Mn  0.35(0.04) 1.3(0.2) 2.7(0.3) " 1.6(0.2) 1.2(0.2) 1.1(0.2) 1.2(0.2)
Fe 5(1)4 14(2) 31(4) 34(4) 39(4) 51(6) guég;
0.0045 :

C© (0.0010) ©-011(0.002) 0.010(0.002) 0.013(0.002) 0.018(0.002) 0.023(0.003)  J-32%,
NI <0.2 <0.3 <0.4 <0.3 0.20(0.26) <0.4

0.56(0.27)

68¢



TABLE 3-17--Continued -

2

T 6 5 4 3 1
Cu 0.20(0.05) 0.63(0.10) 1.5(0.2) 0.85(0.10) 0.60(0.10) 0.60(0.10) 0.56(0.10)
Zn 1.8(oé2) 5.3(0.6) 15(2) 6.9(0.7) 2.5(0.4) 1.8(0.2) 276(0.3)
0.0080 ' 0.022
Ga  (glpo19) ©-019(0.004) 0.014(0.005) 0.020(0.006) 0.021(0.006) 0.015(0.007)  §-322,
As 0.30(0.03)  0.92(0.10) 2.0(0.2) . 0.80(0.08) 0.37(0.05) _0.16(0.05) 0.11(0.05)
Se 0.060(0.006) 0.14(0.02) 0.14(0.02) 0.033(0.004) 0.013(0.004) 0.019(0.00k4) (g-ggﬁ)
Br 0.44(0.06) 0.92(0.12) 0.52(0.06) 0.14(0.03) 0.28(0.05) 0.24(0.05) 0.33(0.08)
Ag <0.02 <o.gz <0.02 <0.02 0'02(0602) 0.02(0.02) <0.02
0.0033 0.0081 , 0.0062 0.0017 0.0013
In (0.000k) (0.0009) ©0-037(0.00%) 0.016(0.002) ~ (0.0008) (0.0005) (0.0005)
Sb 0.058(0.006) 0.20(0.02) 0.23(0.03) 0.10(0.01) 0.047(0.005) 0.033(0.004) (8'888)
I 0.016(0.009) 0.006(0.016) 0.020(0.022)  <0.025  0.011(0.021) 0.036(0.020) . <0.021
La (8'8822) 0.011(0.003) 0.031(0.004) 0.054(0.006) 0.069(0.007) 0.062(0.007) 0.10(0.01)
Ce 0.015(0.007) 0.010(0.008) o.ouu(o 010) o.o9u(oéglo) 0.14(0.02)  0.14(0.02) 0.14(0.22)
0.0007 0.0009 0.0032 0.00 0.01
Sm (5.0001) (0.0002) (0.0004) (0.0007) 0-011(0.002) 0.011(0.002) 5"505y
Ey <0.0001 0.0003 0.0009 0.0004 0.0017 0.0017 0.0036
u . (o.oogz) (0.0083) (0.0003) (0.0004) (0.0004) (0.0006)
0.0047 0.0081 0.0080 0.005
W (0. 0014) (570034} (0 0038) < 0.0050 0.011(0.005) (0.002) < 0.006
~ Hg 0.032(0.016) 0.028(0.022) 0.047(0.024) 0.012(0.018) 0.047(0.018) 0.011(0.018) <0.02
Th < 0.0015 <0.0020" <0.0020 3(8-8812):‘ 0.011(0.016) 0.012(0.002) ;'(8:835)

062



-

I

0.052(01014) 0.051(0.018) 0.012(0.617)

<0.015

0.020(0.024)

<0.025

TABLE 3-18: MACKINAC ISLAND ANDERSEN SAMPLE MI3 (ng/m3)
7 6 | 5 4 A 3 2 1
Na _ 3.5(0.4) 5.6(0.6) 8.7(0.9) 7.0(0.7) 8.0(0.8) 6.0(0.6)  9.1(1.0)
Mg <4 T(4) 5(4) 14(h) 28(7) 80(9) 230(30)
Al 3.1(0.3) 12(2) 18(2) 33.(4) " 51(6) 53(6) 79(8)
€1 0.4(0.2) 0.4(0.2 0.2(0.2) 0.4(0.2) 275(0.4) 3.8(0.4) - 6.8(0.7)
K 13(2) 23(3) - 23(3) 11(2) 34(4) 29(3) 59(6)
Ca i(2) 3(2)6 8(3)8 26(5) 100(15) 200(20) 5&0(683
0.0002 0.001 0.005 0.0
e (070903) (6 a90m) (0.0006)  0-013(0.002) 0.025(0.003) 0.026(0.003)  (J-S44,
T  <0.3 <0.8 <1.0 1.2(0.7) 3.4(1.2) 2.5(1.2) 3.8(1.6)
v 0.47(0.05)  0.23(0.03)  0.11(0.02) 0.12(0.02) 0.19(0.02  0.15(0.02) 0.15(0.02)
Cr 0.17(0.03)  0.16(0.03)  0.16(0.03) 0.11(0.03) 0.17(0.03) 0.14(0.03) 0.16(0.03)
Mn  0.6(0.1) 1.4¢0.2) 1.5(0.2) 0.8(0.1) 1.1(0.2) 1.0(0.1) 1.7(0.2)
Fe 9(2) 19(2) 29(3) 30(3) b7(5) ‘ 37(4) 70(7)
Co 0.015(0.002) 0.014(0.002) 0.011(0.002) 0.014(0.002) 0.023(0.003) 0.022(0.003) (8'833)
Ni <0.3 <0.3 <0.3 <0.3 <0.4 0.4 < 0.5
Cu 0.30(0.04) <0.008 0.34(0.05)  0.30(0-10)  0.38(0.05) 0.16(0.05) 0.33(0.05)
Zn  2.7(0.3) 5.3(0.6) 5.6(0.6) 2.5(0.3) . 2.5(0.3) 1.6(0.4)  3.0(0.5)
Ga 0.062(0.009) 0.045(0.007) 0.023(0.005) 0.008(0.004) 0.025(0.007) 0.008(0.006) (8:8i8)
As  1.5(0.2) 1.7(0.2)  0.95(0.10)  0.30(0.04)  0.28(0.05) 0.14(0.03) 0.21(0.06)
Se 0.12(0.02)  0.15(0.02) 0.059(0.006) 0.018(0.004) 0.008(0.004) 0.019(0.00k) (8'882)
Br  1.4(0.2) 1.5(0.2) . 0.44(0.06) 0.42(0.06) 0.91(0.11) 0.53(0.07) 0.84(0.11)
Ag <0.02 <0.02 <0.02 €0.02  0.017(0.020) <0.02 <0.03
In  0.001k 0.0023 0.0042 10.0015 " <0.0005 0.0003 0.0009
(0.0003) (0.0004) (0.0006)  (0.0003) ~ <O- - (0.0005) (0.0006)
Sb  0.12(0.02)  0.16(0.02) 0.096(0.010) 0.034(0.004) 0.036(0.004) 0.060(0.006) (8:883)
0.018

(0.029)

16¢



TABLE 3-18--Continued

7T 6 5 y 3 2 1
La 0.014(0.003) 0.011(0.004) 0.028(0.005) 0.031(0.004) 0.068(0.007) 0.038(0.006) (8'822)
Ce 0.012(0.011) 0.032(0.011) 0.021(0.011) 0.040(0.010) 0.067(0.010) 0.062(0.010) 0.12(0.02)
s 0.0011 0.0005 0.0026 0.0033 °  0.0073 0.0058 0.014
M (0.0003) (0.0002) (0.0003) (0.000h). (0.0008) (o.oooﬁ) (0.002)
| 0.0002 0.0002 . 0.0020 0.000 0.0026
Eu  <0.0003 <0.0003 (0.0003) (0.0003): (0.0005) (0.0005)  (0.0007)
y 0.0092 0.0092 o 0050 oo 0.0038 0.0091 0.0022 0.016
(0.0030) (0.0036) . - (0.0028) (0.0053) (0.0041) (0.007)
Hg 0.14(0.05) <0.06 0.036(0.046) 0.022(0.041) 0.024(0.042) 0.101(0.042) (8'83%)
0.0023 0.0040 0.0043 0.0087 0.012
Th  (0.0019) <0.0020 <0.0020 (0.0018) (0.0018) (0.0019) (0.002)
TABLE 3-19: NILES ANDERSEN SAMPLE N1 (ng/m3)
7 6 - 5 y 3 2 1
Na 11(2) : 10(1) 34(4) 36(4) kg9 (5) 26(3) 31(4)
Mg 14(12) <10 <14 <13 . 58(26) 62(18) 84(20)
Al 5(1) 12(2) 78(8) 110(20) . 220(30) 190(20) 230(30)
C1 - 1.3(0.4) 0.7(0.4) 1.5(0.5) 3.5(0.5) . 15(2) 12(2)  13(2)
K 31(3) 20(2) - 46(5) k5(5) 80(8) 78(8) 93(10)
Ca 5(4)u 7(3% 37(8) . . 60(15) 220(40) 200(40) 270(50)
0.003 0.0089 ,
Sc (5.0030) (0.0010) ©0-053(0.006) 0.082(0.009) 0.14(0.02) 0.13(0.02) 0.16(0.02)
Ti <1 <1 1(2) 6(3) 17(5) 13(6) ©21(10)

v 0.36(0.04) 0.15(0.02) 0.31(0.04) 0.39(0.04) 0.58(0.06) 0.53(0.07) 0.62(0.07)
Cr 0.42(0.08) 0.36(0.07) 0.56(0.08) 0.46(0.07) 0.73(0.08) 0.62(0.07) 1.6(0.2)

B

P

414
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TABLE 3-19--Continued

Th

< 0.007

7 6 5 4 3 2 1
Mn  4.1(0.5) 2.8(0.3) 4.7(0.5) 3.5(0.4) 6.3(0.7) 5.0(0.5)  6.1(0.7)
Fe  30(3) 36(5) 120(20) 130(20) . 210(30) 190(20) 270(30)
Co 0.021(0.003) 0.018(0.002) 0.045(0.005) 0.062(0.007) 0.10(0.01) 0.093(0.010) 0.16(0.02)
Ni <0.8 <0.8 <1l.0 <1.0 ¢l.0 <0.9 <0.8
Cu  1.0(0.3) 0.7(0.1) 1.5(0.5) 1.6(0.2) 1.8(0.3) 1.2(0.2) 1.2(0.2)
Zn 16(2) 15(2) 35(4) 14(2) 9(2) 7(2) 6(2)
Ga  <0.015  0.024(0.010) 0.023(0.018) 0.021(0.016) 0.043(0.019) 0.046(0.025) (8°823)
As  0.93(0.12)  0.27(0.08) 0.51(0.13)  0.13(0.12) 0.60(0.17) 0.51(0.17) 0.10(0.10)
Se 0.42(0.05)  0.14(0.02)  0.14(0.02) 0.068(0.010) 0.053(0.010) 0.019(0.009) (8‘8ig)
Br  12(2) 2.9(0.4) 4.6(0.6) 4.8(0.6) 8.1(1.0) 5.1(0.6)  2.8(0.4)
Az <0.06 <0.08 <0.06 <0.05 <0.05 <0.05 <0.07
0.0073 0.0079 0.015 0.0037 0.0063
In (0.001B) (0.0012) (0.002) (0.0011) (0.0021) < 0.0025 <0.0030
Sb 0.50(0.05)  0.24(0.03)  0.22(0.03) 0.11(0.02) 0.14(0.02) 0.11(0.02) -0.10(0.02)
I 0.096(0.053) <0.05 <0.06 <0.05 <0.10 <0.12 <0.14
La 0.19(0.02)  0.03(0.01)  0.21(0.02) 0.19(0.02) 0.27(0.02) 0.16{0.03) 0.18(0.03)
Ce 0.21(0.03) 0.07(0.24) 0.26(0.03)  0.25(0.03) 0.36(0.04) 0.33(0.04) 0.51(0.08)
0.0037 0.002 0.031
M (0 0035) (0.0009) ©0-020(0.002) 0.017(0.002) o.036(oéoou) 0.031(0.004) (o.ogu)
0.0051 0.0051 0.0060 0.0073 0.005
Bu  <0.0010 <0.0008 (570015 (0.0015) (0.0024)  (0.0021) (0.0021)
W 0.050(0.013) 0.010(0.009) .0.027(0.017):0.042(0.019) 0.040(0.020) 0.029(0.017) (8:832)
Hg 0.09(0.19)  0.20(0.15) 0.21(0.17) 0.10(0.15) 0.50(0.17) 0.23(0.15) 0.40(0.17)
<0.006 0.015(0.005) 0.021(0.005) 0.026(0.005) 0.036(0.005) O-042

(0.006)
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TABLE 3-20: TWIN GORGES ANDERSEN SAMPLE TG2 (ng/m3)
7 6 5 L 3 2 1
Na 1.9(0.2) 21(3) 99(10) 100(10) 50(5) 12(2) 4.3(0.5)
Mg <1.5 3(3) 15(7) <12 <10 6(4) 1(2)
A1 0.29(0.03) 0.36(0.04) 2.5(0.3) 4.6(0.5) 10(1) 9.9(1.0) 10(1)
c1 <0.15 <0.2 61(7) 150(20) 79(8) 16(2) 2.7(0.3)
K .0.50(0.18)  1.9(0.8) 12(3) 8.1(4.8) 5.4(1.7) 6.8(0.7)  6.0(0.6)
Ca .0.3(0.4) 1.3(0.5) 14(6) 10(10) 8(8) - B(4) 6.2(1.6)
5 0.0002 0.0003 0.0009 0.0020 0.0036 0.0041 0.0044
¢ (0.0001) (0.0001) (0.0002) (0.0002) (0.0004) (0.0005) (0.0005)
T1 <o.% <0.2 <0.6 <0.9 <0.8 0.6(0.3)  0.7(0.3)°
0.0065 0.031
v (670008)  0-051(0.006) 0.062(0.007) 0.067(0.009) 0.11(0.02  0.039(0.004) 303},
Cr 0.014(0.015) 0.028(0.007) 0.059(0.008) 0.14(0.02) 0.24(0.03) 0.24(0.03) 0.33(0.04)
Mn 0.031(0.004) 0.072(0.008) 0.17(0.02) 0.10(0.01) 0.14(0.02) 0.11(0.02) 0.11(0.02)
Fe 24(7) 70(12) 170(20) 130(20) 130(20) 130(20) 160(20)
. 0.0018 10.0025 0.0043 0.0056 0.0071 0.0058 0.010
©  (0.0007) (0.0008) (0.0009) (0.0010) (0.0009) (0.0009) (0.001)
Ni <0.1 <0.15 <0.2 <0.2 <0.2 <0.2 <0.2
Cu <0.0U4 <0.08 0.4(0.4) 0.9(0.6) <0.6 0.3(0.2)  0.2(0.2)
Zn 0.08(0.04) 0.33(0.05) 0.85(0.10) 0.52(0.07) 0.37(0.05) 0.25(0.05) 0.38(0.05)
Ga 0.006(0.002) " <0.015  0.077(0.048)  <0.09 0.020(0.017) 0.018(0.008) (g'ggg)
As 0.018(0.012) 0.14(0.06) <0.3 €0.7 0.22(0.11) 0.045(0.044) (8'853)
10.007(0.002) 0.026(0.003) 0.019(0.003) 0.007(0.003) < 0.003 <0.003 <0.003
Br 0.12(0.02) 0.57(0.08) 0.61(0.13) 1.1(0.2) 0.15(0.06) 0.090(0.029) (8:852)
Ag <0.008 <0.015 0.018(0.011) <o.012 <0.015 <0.02 <0.02
0.0001 0.0008 0.002 o
In  <0.0001 (070001) . (5-0004) (0.0006) <o.ooou‘ <0.0002  <0.0003
Sb 0.006(0.001) 0.013(0.002) 0.020(0.002) 0.012(0.002) 0.011(0.002) 0.012(0.002) (8°8é%)
I 0.023(0.004) 0.11(0.02) 0.12(0.02) 0.063(0.028). 0.020(0.010) <0.006

<0.030
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TABLE 3-20--Continued

-

7 6 5 4y 3 2 1
0.0013 o 0.026
La (0 0015) <0.01 <0.0l4 <0.05  0.007(0.016) 0.018(0.007) 3'J50
Ce 0.004(0.002) 0.005(0.003) 0.005(0.003) 0.016(0.003) 0.022(0.003) 0.026(0.003) (8'883)
0.0004 ~ 0.004Y 0.0075 " 0.0018 0.0032 0.0024
Sm (0.0001) <0.0007 (0.0031) (0.0048) (0.0012) (0.0005)  (0.0003)
0.0003 ©70.0010 0.0002
0.001
W <0.0025 < 0.009 <0.04 0.074(0.045) <0.02 <0.0070 09932
Hg 0.008(0.006) < 0.012 < 0.009 <0.008 <€0.008 0.006(0.007)  (3'057,
0.0004  0.0069 0.0047 0.0085 0.0093
Th  (0.0003) <0.0004  <0.0007 (0.0007) (0.0005) (0.0003)  (0.0010)
TABLE 3-21: TWIN GORGES ANDERSEN SAMPLE TG3 (ng/m3)
F 7 6 5 4 3 2 1
Na 4.5(0.7) 0.3(0.2) 9.6(1.0) 36(4) 32(3) 16(2) 4.5(0.5) 2.4(0.3)
Mg <8 7(4) 6(6) <11 15(14) 15(9) <6 7.1(4.1)
Al 1.2(0.2) 0.8(0.2) 1.9(0.2) 2.1(0.3) ~ 5.1(0.6) 4.9(0.5) 4.1(0.5) 6.4(0.7)
c1 6.3(0.9) <0.8 0.9 €0.9 51(6) 27(2) 6.0(1.0) 1.0(0.8)
K 2.1(0.6) 0.8(0.3) 5.1(0.7) 8.3(1.8) 2.6(1.6) 4.7(0.9) 1.7(0.5) 3.6(0.h)
Ca 2.0(3.0) 1.7(2.0) 5.0(3.0) 4.0(3.0) <5 3.0(3.0) 5.3(4.1) 5.0(3.0)
Sc Z - - - - - - -
Ti  <0.4 <0.5 <0.5 <0.5 0.7 <0.5 <0.5 0.5
v 0.073 0.024 ¢ 1uco.02y ,0-067 0.032 0.016 0.008 0.004
(0.008)  (o.oo4) O . (0.008)  (0.007)  (0.005)  (0.004)

Cr

G6¢C



TABLE -21--Continued

F 7 6 5 4 3 2 1

Mn 0.10(0.01) 0.12(0.02) 0.26(0.03) 0.27(0.03) 0.37(0.04) 0.20(0.02) 0.06(0.01) 0.10(0.01)
Fe - - - _ - - - - -
Co - - - - - ‘ - - -
Ni | - - - - - - _ _
Cu <0.3 <0.2 0.6(0.3)  0.6(0.3) 0.7(0.5) 0.8(0.4) 0.4(0.3) <0.3
Zn - - - - - - - - -

0.014 0.009 0.011 <0.02 €0.02 0.011 0.011 <0.005

Ga  (0.006) (0.003) - (0.006) (0.008) (0.005) ‘
As 0.03(0.04) 0.04(0.02) 0.27(0.06) 0.31(0.14) 0.53(0.13) 0.75(0.09) 0.33(0.05) 0.07(0.03)
Se

Br 0.85(0.12) O. 43(0 09) 1. 2(0 2) 0. 72(0 13) o. 38(0.10) 0.35(0.09) 0. 29(0 08) 0.20.0.07)
Ag -
In  <0.0005  <0.0003  <0.0005  <0.0005  <0.0008  <0.0006  <0.0003 <0.0003
Sb - - - - - - - -
I 0.16(0.03) 0.02(0.02) 0.12(0.03) 0.06(0.03) <0.0k <0.03  0.02(0.02) 0.02(0.01) £
La <0.007 <0.003 <0.008  <0.020 <0.020 0.009 0.009 0.012

. . . . . (0.009) (0.005) (0.004)
Ce - - - - - - - -

- . 0.0006 0.0009 0.0012
sm  <0.0004  <0.0002 <o.ooog <0.0015  <0.0010 (o.ooog) (010902) (o 0933,
0.000 0.000 -
Eu <0.0004  <0.0002 (070008)  <€0.0015 <o.oo;o 510968y <€0.0003  <0.0002
0.010 ,, » 0.02 0.023

W <0.007 (0.003)  <0-008 <0.020 (0703%)  (0.063)  <0-005 <0.005
Th - - - - - . - -




TABLE 3-22: ALGONQUIN ANDERSEN SAMPLE ARO2 (ng/mS)
7 6 5 4 3 2 1
Na 8.8(0.9) ° 16(2) 39(4) 21(3) 8.1(0.9) 3.8(0.4) 2.2(0.3)
Mg < 6 <10 <13 9(8) <6 <l (k)
Al 3(3) 38(4) 72(8) 43(5) 34(4) 20(2) 16(2)
c1 <0.3 0.5(0.4) 6.8(0.8) 7.14(0.8) 3.3(0.5) 1.5(0.3) 1.4(0.3)
K  6.6(0.7 6.7(0.7) 12(2) 6 6(1.2) 3.6(0.6) 3.6(0.5) 5.3(0.6)
Ca h.5(2. 0) <4 <5 11(5) 5.0(3.0) 7.0(3.0) 5.5(3.0)
S 0.0012 0.0017 0.0058 0.0081 0.0065 0.0051 0.0045
©  (0.0004) (0.0005) (0.0006) (0.0009) (0.0007) (0.0006) (0.0005)
Ti <1 <1l.5 <2 <1l.3 <1.2 <0.9 1.8(8;&)
vV 1.2(0.2) 0.46(0.05) 0.33(0.04) 0.26(0.03) 0.14(0.02) 0.072(0.011) (O:OOZ)
Cr 0.20(0.02) 0.20(0.02) 0.38(0.04) 0.24(0.03) 0.14(0.02) 0.09(0.02) 0.09(0.02)
Mn  1.2(0.2) 1.4(0.2) 2.3(0.3) 1.1(0.2) 0.59(0.06) 0.32(0.04) 0.22(0.03)
Fe "32(4) hy(s5) 80(8) 62(7) 42(5) 25(3) 15(2)
Co 0.010(0.002) 0.010(0.002) 0.013(0.002) 0.016(0.002) 0.015(0.002) 0.011(0.002) (8'835)
Ni  0.3(0.3) <0.3 0.5(0.4) <0.3 <0.3 <0.3 <0.3
Cu  1.3(0.h) 2.0(0.5). 4.5(0.8) 2.7(0-6) 1.3(0.2) 0.8(0.4)  0.3(0.1)
Zn 3.2(0.4) 6.1(0.7) 12(2) 4.5(0.6) 1.8(0.2) 1.2(0.2) 1.0(0.2)
Ga 0.018(0.006) 0.009(0.008) 0.053(0.024)  <0.015  0.012(0.006)  <0.005 <0.005
As 0.31(0.04) 0.40(0.06)  1.2(0.2) 0.15(0.08) 0.076(0.035) 0.028(0.024) (8'833)
Se 0.11(0.02) 0.080(0.010) - 0.10(0.01) 0.032(0.006) 0.010(0.005)  <O0.006 <0.008
Br 1.3(0.3)  0.79(0.15) 0.54(0.20) 0.34(0.15) 0.35(0.15) . 0.24(0.10) 0.13(0.06)
Ag <0.03 <0.03 ¢ 0.04 <0.03 <o.og <0.05 <0.02
0.0052 - 0.0071 0.000 0.0005 0.000
In (g.o007) ©-018(0.002) 0.039(0.004) ;") 540 (0.0005) (0.0003) (0.0003)
Sb 0.085(0.009) 0.069(0.007) 0.068(0.007) 0.023(0.004) 0.019(0.003) 0.011(0.003) (8:832)
I 0.13(0.02) 0.05(0.03) <0.05 <0.04 <0.03 <0.02 <0.02
0.0095 0.0085 0.0042 0.012
La  <0.0070  0.012(0.007) <0.030 (5. 0330) (0.9053) (0.0038) (0. 953)

L6%



TABLE 3-22--Continued

Ce 0.013(0.007) 0.013(0.007) 0.032(0.007) 0.047(0.007) 0.016(0.006) 0.028(0.006) (g'gég)
S 0.0005 0.0016 0.0031 .  0.0021 0.0017 0.0014 0.0013
M (0.000b) (0.0005) (0.0017) (o.ooog) (0.0004) (0.0003)  (0.0002)
L 0.001 0.0007
Eu <0.0004 <0.0004 <0.0016 (0.0008) (0. 0004) <0.0004 €0.0002
W <0.006 <0.008  <0.025  <0.015 <0.005 <0.004 (6.953)
Hg 0.03(0.03) -0.05(0.03) 0.01(0.03) - 0.01(0.02) 0.03(0.02) 0.03(0.02) 0.03(0.02)
. 0.0011 <0.0012 0.0012 0.0018 0.0017 0.0005 0.0002
(0.0010) . | (0.0011) 1(0:0009) (0.0008) (0.0008) (0.0007)
TABLE 3-23: MACKINAC ISLAND ANDERSEN SAMPLE MI4 (ng/m3)
7 6 5 | 4 3 2 1
Na 8.6(0.9) 16(2) 28(3) 16(2) 14(2) 6.5(0.7) 6.5(0.7)
Mg <6 10(7) <8 4(6) 5(6) 7(5) 37(7)
Al 2.7(0.3) h.6(0.5) 17(2) 31(4) L8(5) 33(4) 41(5)
c1 <0.5 0.7(0.5) <0.5 1.7(0.5) 3.2(0.6) 2.5(0.5) 2.3(0.5)
K 9.1(1.0) 10(1) 8.5(1.4) . 7.4(1.0) 15(2) 10(1) 15(2)
Ca 3(3) 2(2)8 10(ug <10 - 35(10) ~39(8) 110(20)
< 0.001 © 0.0083 i 0.020 -
Sc  <0.0006 (070007} (0.0003) 0-014(0.002) 0.028(0.003) 0.017(0.002)  (g"go7,
T1  0.5(0.4) <0.5 1.1(0.5)  0.8(0.9) H.4(1.1) 1.3(1.0) 3.9(1.1)
V. 0.26(0.03) 0.11(0.02) 0.11(0.02) 0.10(0.01) 0.13(0.02) 0.10(0.01) 0.07(0.02)
cr 0.27(0.03) 0.17(0.03) 0.21(0.03) 0.19(0.03) ©0.19(0.03) 0.12(0.03) 0.08(0.03)
Mn  1.3(0.2) 1.3(0.2) 1.1(0.2) 0.80(0.08) 0.98(0.10) 0.72(0.08) 0.90(0.10)
Fe

15(3) . 18(3) 35(4) 38(4) 67(7) ho(4) 39(4)

y ‘ ..

862



TABLE 3-23--Continued

7 6 5 o 3 2 1

Co 0.024(0.004) 0.019(0.003) 0.026(0.004) 0.039(0.004) 0.062(0.007) 0.049(0.005) (8'882§
Ni <0.5 <0.5 ' <0.7 €0.5 1.9(0.5) 0.6(0.4) - 0.3(0.4)
Cu 1.2(0.2) 1.3(0.2) 1.6(0.3) 1.2(0.3) 1.5(0.5) 1.1(0.3)  0.8(0.2)
Zzn  4.7(0.5) 7.1(0.8) 11(2) 3.2(0.4) 2.2(0.3) 1.4(0.2)  2.3(0.3)
Ga 0.024(0.008) 0.019(0.010)  <0.015  0.011(0.009) 0.020(0.009)  <0.007 (8'882)
As  3.1(0.4) 2.4(0.3) 1.4¢0.2)  0.33(0.07) 0.58(0.08) 0.31(0.06) 0.17(0.05)
Se 0.56(0.06)  0.38(0.04)  0.18(0.02) 0.040(0.009) 0.032(0.010) 0.023(0.009)  §:93%,
Br  1.5(0.2)  0.85(0.12) 0.78(0.12) 0.71(0.11) 0.87(0.13) 0.61(0.09) 0.38(0.07)

hg <01 <0.1 <0.1 <0.1 <0.1 0.1 <0.1
0.00 0.003 0.002 0.002 0.0021
In " (0.0008) 0-020(0.002) 0.024(0.003) y"( 56, (0.0005) (0.0005)  (0.0005)
Sb 0.10(0.01) 0.091(0.010) 0.075(0.008) 0.029(0.006) 0.031(0.006) 0.021(0.006) 5528,
I 0.13(0.03) 0.11(0.03) 0.042(0.026) 0.026(0.020) 0.037(0.022)  <0.025 <0.025
La 0.006(0.007) 0.009(0.009) 0.029(0.012) 0.028(0.009) 0.041(0.009) 0.025(0.006) (8:882)
Ce  ¢0.18  0.020(0.012) 0.043(0.013) 0.051(0.011) 0.085(0.012) 0.044(0.011) (8:82g)
oy 0.0022 0.0008 0.0005 0.0035 0.0041 0.0055 0.0046
(0.0007) (0.0008) (0.0010) . (0.0007) (o.ooog) (0.0006)  (0.0005)

' 0.0011 0.000 0.0013
Eu < 0.0010 <0.0010 <0.0010 (o 9008) (09002} <0.0004 (0. 9003)
W <0.010 €0.010 <0.015 <0.014  <0.009 <0.006 ¢0.010
Hg 0.39(0.08) 0.13(0.07) 0.07(0.07) 0.11(0.05) <0.08 0.10(0.06) 0.06(0.05)
0.0018 0.0041 0.0068 0.0044 0.0090

Th  <0.0020 <0.0020 (0.0019) (0.0017) (0.0018) (0.0017) (0.0018)

66¢
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Station
Number

S*
Ca
Al
\

Cu
Ti
In
Br
Mn
Mg
Na
Sm
Zn
Sb
W

Ga
Eu
As
K

La
Co
Fe
Sc
Cr
Hg
Se
Th
Ce
Ag
Ni

15(6)
5450(600)
2450(300)
9.8(0.9)
130(20)
280(50)
0.12(0.06)
180(20)
390(50)
1500(700)
500(50)
0.46(0.06)
750(70)
14(1)

<0.8

<1.0
0.14(0.02)
3(2)
1860(200)
4.4(0.3)
2.4(0.2)
9900(400)
3.1(0.3)
66(4)
4.9(0.9)
2.9(0.6)
0.85(0.25)
10.7(1.0)
1.7(1.5)
<50

*ug/m3

2

11(6)
3000(1000)
2250(500)
8.2(1) -
33(15)
170(35)
0.08(0.05)
170(30)
150(30)
1500(500)
370(100)
0.48(0.06)
350(25)
6.5(1)
0.8(0.3)
0.9(0.3)
0.11(0.04)
3(1)
1500(150)
5.2(0.8)
1.2(0.1)
4550(200)
1.85(0.1)
26(3) .
3.5(1)
3.6(1.3)
0.48(0.1)
8.3(0.5)
1.4(1.3)
<40

3

16(10)

4700 (600)
2350(300)
9.1(1)
93(10)

200 (40)
0.11(0.05)
180(25)
177(30)
1200(400)
300(40)
0.36(0.05)
255(25)
5.2(0.5)
0.5(0.3)
<0.5

0.095(0.03)

3(2)
1370(130)
3.5(0.6)
1.35(0.15)
5500(300)
2.0(0.2)
38(4)
2.8(1)
2.4(1.0)
0.62(0.10)
7.2(1.0)
1.3(1.1)
25(25)

4

8(5)
3100(800)
1550(200)
16.8(3.0)
195(20) -
135(50)
0.07(0.04)
95(15)
215(40)
900(400)
225(18)
0.37(0.04)
740(70)
28(5)
0.8(0.3)
0.8(0.4)

0.115(0.015)

7(3)
1200(150)
3.2(0.4)
1.65(0.1)
7300(400)
2.3(0.2)
58(3)
1.4(0.4)
2.3(0.5)
0.58(0.10)
8.1(1.0)
2(1.5)
30(20)

5

14(8)
3000(600)
1800(200)
11.3(1.0)
100(15)
155(35)
0.12(0.05)
75(8)
300(45)
1300(500)
270(53) -
0.38(0.03)
390(35)
15(2)
0.7(0.3)
0.8(0.4)
0.10(0.01)
2(1)
1260(160)
3.7(0.5)
1.4(0.15)
7250(400)
2.2(6.2)
69(5)
1.9(0.6)
3.4(0.6)
0.70(0.10)
7.6(0.8)
1.7(1.2)

<50

6

13(8)
7000(700)
2175(170) .
18.1(1.5)
1100(100)
190(40)
0.10(0.05)
75(8)
255(40)
2400 (600)
455(55)
0.41(0.08)
1540(150)
28(4)
5.6(1)
1.3(0.4)
0.135(0.02)
12(3)
1415(150)
5.9(0.4)
2.6(0.6)

13,800(3000)

3.1(0.5)
113(20)
4.8(1.0)
3.8(1.0)
1.3(0.4)
13(3)
2.4(1.5)
<40

9(6)
5300(800)
2120(270)
9.8(1.0)
210(15)
185(40)
0.09(0.06)
130(15)
208(12)
1750(500)
335(50)
0.32(0.04)
1120(100)
32(3)
1.0(0.3)
1.3(0.5)

0.10(0.015).

8.5(2)
1390(150)
2.7(0.5)
1.8(0.2)
8300 (600)
1.9(0.2)
55(5)
1.5(0.5)
2.9(0.6)
0.48(0.10)
5.5(0.5)
<2

<80

Table 4-1 Trace Element Concentrations in Nanogram/m3 of Air Sampled at 25 Stations.

14(7)
2300(400)
1400(90)
6.3(1.0)
3100(200)
190(35)
0.04(0.04)
67(5)
125(6)
780(300)
210(15)
0.22(0.04)
250(20)
7.0(0.7)
0.5(0.25)
0.7(0.4)
0.10(0.02)
2(1)
1040(140)
2.5(0.5)
0.92(0.10)
4000 (600)
1.3(0.1)
21(2)
2,8(1.0)
1.8(0.5)
0.28(0.10)
5.1(1.0)
3.0(1.2)
30(25)

o

11(7)
3C50(500)
1375(70)
6.2(0.5)

"3100(200)

260(40)
<0.05
55(7)
105(12)
1250(400)
215(50)
0.27(0.03)
460(70)
13(3)
0.7(0.3)
0.8(0.4)
0.08(0.015)
6.8(1.5)
990(70)
2.3(0.3)
1.5(0.1)
6000 (300)
2.0(0.1)
79(4)
1.9(0.5)

. 2.1(0.5)

0.46(0.05)
2.5(0.2)
5(2)

<30

10

7(5)
5000(1100)

1450(200)

5.2(0.7)
4000(250)
155(30)
0.04(0.03)
40(4)
83(5)
1650(400)
160(20)
0.26(0.04)
320(50)
5.3(0.5)
0.5(0.3)
0.8(0.4)
0.07(0.02)
3.5(1.2)
800(40)
2.5(0.3)
1.3(0.1)
4000(200)
1.7(0.1)
79(4)
2.0(0.4)
1.8(0.3) -
0.45(0.06)
2.1(0.2)
3(2)

<20

10€



Station
Number
g*
Ca
Al
v
Cu
Ti
In
Br
Mn
Mg
Na
Sm
Zn
~ Sb
W
Ga
Eu
As
K
La
Co
" Fe
Sc
Cr
Hg
Se
Th
Ce
Ag
Ni

*ug/m3

11

9(4)

2900(300)
2200(250)
5.5(0.4)
170(10)
185(35)
0.07(0.04)
45(6)
112(10)
700(400)
300(20)
0.28(0.04)
100(12)
2.25(0.4)
0.25(0.2)
0.7(0.3)
0.085(0.015)
4(3)

905 (65)
1.7(0.3)
0.47(0.10)
2025(150)
0.92(0.1)
9(1)
0.8(0.3)
0.8(0.5)
0.17(0.02)
2.4(0.2)
<1l

<20

12

8(3)
1700(200)
1675 (150)
5.3(1.5)
32(10)
130(30)
0.05(0.04)
57(8)
92(12)
1000 (400)
270(30)
0.44(0.05)
160(30)
3.8(0.6)
1.2(0.4)
1.8(1.0)
0.085(0.010)
6.5(3)
1300(150)
2.2(0.4)
0.84(0.08)
2940(250)
1.4(0.2)
13(0.7)
1.5(0.4)
2.3(1.0)
0.42(0.04)
4.2(0.8)
<1l

520

13

15(7)
3600(1000)
2400(300)
8.6(1.0)
75(15)
190(50) -
0.15(0.06)
300(30)
270(40)
2700(400)
380(40)
0.42(0.03)
290(25)
4.1(0.5)
1.2(0.5)
0.25(0.15)
0.09(0.01)
7(3)
1090(60)
2.4(0.3)
1.15(0.15)
12,000(1000)

1.8(0.2)

33(4)
1.5(0.6)
1.1(0.4)
0.43(0.10)
7.2(1.0)
<1.5
14(15)

"Table kL-1

14

8(4)
2100(100)
1900(250)
4,3(1.2)
240(60)

©150(30)

0.04(0.03)
68(7)
98(10)
620(400)
255(20)
0.25(0.03)
135(20)
2.5(0.5)
<0.4
0.55(0.3)
0.08(0.01)
4(2)
1000(60)
1.8(0.3)
0.60(0.1)
2050(200)
1.1(0.2)
10.2(2)
1.6(1.0)
1.7(0.3)
0.25(0.05)
3.0(0.3)
<l

<30

(cont.)

15

9(3)
2250(250)
2600(250)
6.6(0.5)
150 (40) -
240(35)
<0.05
52(7)
130(10)
1000(500)
305(25)
0.23(0.04)
115(20)
3.0(0.8)
0.4(0.3)
0.5(0.3)
0.08(0.02)
3.5(1.5)
990(110)
1.5(0.3)
0.55(0.06)
1420(120)
0.95(0.1)
6.2(0.8)
1.5(0.5)
1.5(0.6)
0.22(0.04)
2.5(0.4)
<1

<20

AQWOHKoH

16

6(4)
1500(300)
1650(150)
4.0(1.0)
75(]10)
150(50)
<0.05
51(6)
92(15)
1000(500)
225(50)
0.17(0.02)
130(15)
3.0(0.5)
0.3(0.3)
3.5(1.0)
0.06(0.01)
4(3)
730(90)
0.9(0.1)
0.70(0.10)
2290(300)
.1(0.1)
.6(0.8)
.2(0.3)
.8(0.5)
.34(0.04)
.1(0.6)
.9(0.8)
20

17

10(5)
4330(400)
2090(150)
17.3(0.8)
32(10)
145(25)
0.04(0.03)
37(5)
101(10)
1350(400)
360(30)
0.45(0.05)
315(20)
11.5(1.0)
0.5(0.3)
0.8(0.3)
0.095(0.01)
3(2)
1250(70)
4.4(0.4)
1.3(0.1)
3300(300)
1.9(0.1)
18(1.5)
0.9(0.5)
1.4(0.5)
0.52(0.04)
3.3(0.2)

<1.5 .

<25

18

6(4)

1430 (400)
1770(140)
4.5(0.4)
26(5)
150(25)

. 0.04(0.03)

26(3)
85(5)
800(300)
305(15)
0.33(0.02)
135(20)
2.2(0.3)
0.5(0.5)
0.9(0.4)
0.07(0.01)
3(2)
1050(85)
2.2(0.2)
0.8(0.1)
2700(180)
1.3(0.1)
8.7(0.5)
0.8(0.4)
1.1(0.4)
0.42(0.06)
1.8(0.2)
<1

<25

19

3(3)

1410 (200)
1590(100)
4.8(0.3)
182(15)
120(25)
0.04(0.03)
35(5)
63(3)
530(300)
290(20)
0.38(0.02)
280(20)
2.7(0.4)
<0.5
0.7(0.4) -
0.085(0.015)
2.7(2)
1320(80)
2.6(0.2)
0.90(0.07)
3000(150)
1.4(0.11)
9.0(0.6)
1.8(0.5)
1.5(0.3)
0.47(0.04)
1.8(0.1)
<1

16(12)

20g



Station
Number

g*
Ca
Al
v
Cu
Ti
In
Br
Mn
Mg
Na

vy

J31Y

Zn
Sb
W
Ga
Eu
As
K
La
Co
Fe
. Sc
Cr
Hg
Se
Th
Ce

Ag
Ni

*ug/m3

21

17(8)
3900 (1000)
3000 (600)
8.2(1.0)
95(15)

265 (80)
0.09(0.06)
70(12)

145 (20)
1150(500)
325(60)
0.65(0.20)
195(15)

- 5.2(0.5)

1.3(0.7)
2.9(1.3)
0.17(0.03)
8(4)
1810(110)
3.6(0.5)
1.6(0.15)
5375(200)
2.55(0.15)
18.2(0.8)
3.45(0.5)
4.4(1.2)
0.68(0.07)
7.0(0.6)
<0.5

<15

22

'7(6)

2260(400)
2260(400)
6.9(1.0)
75(30) -
195(35)
0.04(0.04)
32(7)
115(20)
1200(600)
275(70)
0.31(0.03)
135(15)

. 5.0(0.8)

0.5(0.2)
0.8(0.3)
0.08(0.02)
5(2.5)
1190(100)
1.8(0.2)
0.76(0.1)
2050(200)
1.25(0.15)
10.3(1.5)
2.1(0.6)
2.5(0.5)

©.0.29(0.10)

2.9(0.4)
<1l
<30

23

10(8)
1950(400)
1960(150)
6.2(0.8)
860(60)
180(35)
0.08(0.06)
27 (6)
82(10)
800(600)
230(40)
0.36(0.06)
260 (40)
4.6(1.1)
1.2(0.6)
0.7(0.4)
0.10(0.02)
6(3)
1025(70)"
0.9(0.3)
0.7(0.3)
2050(200)
1.1(0.2)
9.6(1.6)
4.8(1.4)
3.4(2.0)
0.28(0.10)
2.3(0.8)
<4

<15

Table 4-1 (cont.)

24

18(10)
 3400(1000)

3100(300)

110.2(1.0)

43(15)
225(50)
0.05(0.04)
61(12)
160(20)
1350(600)
405 (30)
0.43(0.07)
190(15)
5.9(0.7)
0.75(0.3)
0.65(0.25)
0.10(0.01)
8(3)
1510(150)
2.6(0.5)
1.35(0.20)
3150(250)
1.7(0.2)
13.3(1.8)
3.5(1.0)
2.8(1.0)
0.40(0.10)
4.5(0.5)
1.7(1.0)
250(250)

26A

15(7)
2650(600)
1850(150)
5.9(0.4)
290(25) -
165(25)
0.05(0.03)
75(7)
106(7)
800(400)
255(40)
0.38(0.05)
190(20)
5.0(0.5)
0.8(0.3)
1.0(0.3)
0.08(0.02)
3.5(1.0)
1110(130)
2.1(0.3)
1.0(0.1)
2300(100)
1.3(0.1)
11.5(0.6)
2.0(0.4)
2.5(0.3)
0.29(0.03)
1.4(0.1)
<1

20(15)

30

11(5)
1000(200)
1200(70)
5.0(0.3)
280(25)
120.(25)
0.04(0.03)
37(6)
62(4)
500(300)
170(20)
0.24(0.03)
160(20)
6.0(0.5)

1 0.4(0.2)

0.9(0.4)
0.055(0.010)
4.6(2.0)
750(100)
1.3(0.3)
0.95(0.10)
1900 (100)
1.2(0.1)
9.5(0.8)
1.9(0.3)
2.5(0.5)
0.27(0.03)
0.82(0.10)
<1 )
<25

€0¢
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Sample
Al

A2
Al

NJ1
M1

M2
M3

M4

TABLE 5-1:. COLLECTION DATA FOR MISCELLANEOUS SAMPLES

Type

Andersen
Sampler

"

47 mm filter,
Microsorban

20 x 25 m
filter,
Microsorban

"

Location

Niles, .
Michigan

1]

Hasbrouck
Helghts,
New Jersey

Marietta,
Ohio

n
]

n

Dates

3/6/69-
4/6/69

14/8/69-
16/8/69

-19/8/69-

21/8/69
25/12/69-
28/12/69

17/12/69-
18/12/69

18/12/69-
19/12/69

19/12/69-

20/12/69

19/12/69-
20/12/69

Volumé, m3

85
82.5
81.2

249
2140

2040
2700

2860

- Comments

Hot, hazy,
humid-

Warm, dry
Snow during
most of col-

lection

Snow

Snow

GO¢



TABLE 5-2: ANDERSEN SAMPLE Al (ng/m3)

2.

7 6 5 - L 3 1
N 5.1(0.6 - 5.7(0.6) - .7(0.6 .2(0.5) .3(0.8) 5.0(0.6 p)
MZ <§ ? ° Zﬁ ) ° 725 ), 3 925) 7§§§8; 70%2?)? ﬁgégé)
Al 17(2) 9(1) 18(2) 30(3) 1(5 50(5 5
cl 4.1(0.8) 8.0(1.2) 7.7(1.2) 3.1(1.2) 8.7(1.2) 4,0(0.8) u.oZo.g)
K 25(3) 19(2) 22(3) 18(2) 46(5) 41(5) 61(7)
Ca 8(8) 14(7) 22(9) 33(9) 77(15) 80(20) 140(30)
Sc <0.02 <0.02 0.04(0.02) <0.03 0.04(0.02) . 0.05(0.02) 0.11(0.03)
Ti - - - - - : , - -
v 0.12(0.02) 0.07(0.02) 0.12(0.02) 0.10(0.03) 0.18(0.02) 0.18(0.02) 0.09(0.02)
Cr <1 <1 <1 2(1) 5(1) 2(1) 5(1)
Mn 1.5(0.2) 2.2(0.3) 1.9(0.2) 0.7(0.1) 2.1(0.3) 1.3(0.2) 1.7(0.2)
Fe - - - - - - -
Co - - - - - - -
Ni - - - - - - -
Cu <1l 1.2(0.6) 1.2(0.6) 7(1) <1 6(1) <1 "
Zn 22(10) 28(3) 36(10) 35(5) 26(4) 23(8) 18(10) &
Ga - - - - - - -
As - - - - - - -
Se <0.6 0.5(0.5) 0.5(0.5) 1.2(0.8) 1.2(0.8) <0.8 1.2(0.8)
Br  1.7(0.2) 1.5(0.3) 0.96(0.20) 0.80(0.20) 0.64(0.20) 0.28(0.15) 0.04(0.04)
Ag - - - - : - - . -
In 0.004(0.001) 0.012(0.004) 0.006(0.002) <0.002 <0.002 <0.002 <0.002
Sb - - - - - - -
I - - - - - - -
La 0.01(0.01) 0.04(0.02) 0.13(0.02) 0.12(0.02) 0.18(0.04) '0.04(0.02)  0.12(0.02)
Ce - . - - - - - L _
Sm 0.0038(0.0005) ° <0.0030 0.0038(0.0035) <0.0035 0.0067(0.0042) 0.0097(0.0038) 0.0061(0.0035)
Eu - - - : - - - -
W - - - - - - -
Hg - - - - - - -

- Th

-9



TABLE 5-3:

6

ANDERSEN SAMPLE A2 (ng/m3)

3

2

1

Na
Mg
Al
Cl

Ca
Se
T3

Cr

Fe
Co
Ni
Cu
Zn
Ga
As
Se
Br

Ag -

In
Sb

La
Ce
" Sm
Eu

Th

36 (4)
46(5)

A A
O\ W
o 0]

~ A~
I 1T Ol ow 1 11

o
n )
. w
N W

2.3(1.7)

2223)
<0.003
3(2)

N

14(2)
<30
27(3)

7(3)
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TABLE 5-5: NEW JERSEY AND OHIO FILTERS (ng/m3)
NJ1 M1 M2 M3 Mu

Na 600(60) 290(40) 170(20) 130(20) 520(70)
Mg 180(200) <800 <125 200(70) <3000
Al - 680(70) 3200(400) .740(100) 800(80) 2600(300)
Cl- - 470(70) - - - -
K - -270(30) 980(100) 350(40) 250(30) 2700(300)
Ca 420(140) 650(200) 300(100) 340(70) 570(300)
Sc 0.70(0.07) 2.5(0.3) 0.74(0.08) 0.62(0.07) 3.5(0.4)
Ti 190(50) 250(100) 90(25) 90(20) 250(250)
v 65(7) 8.6(1.0) 4.1(0.5) 3.2(0.4) o 17(2)
Cr 9.0(1.0) 110(20) 14(2) 59(6) 1700(200)
Mn 10(1) 950(100) 38(5) 37(4) '3500(400)
Fe 1500(200) 3800(400) 1200(200) 800(80) 5100(600)
Co 1.1(0.2) 2.0(0.2) 0.59(0.06) 0.55(0.06) 4.3(0.5)
N1 28(10) <25 <12 <10 <30
Cu bo(u) 42(10) 65(10) 22(5) 120(30)
Zn 94(10) 220(30) 170(20) . 120(20) 450(60)
Ga 0.8(0.3) 2.5(0.5) 1.0(0.3) 0.5(0.2) 3.5(1.0)
As <3 16(L) . 9(2) 5.2(1.0) 40(8)
Se 1.4(0.6) 5.8(1.0) 3.2(1.0) - 1.4(0.3) 11(2)
Br 100(20) T7(8) 70(10) . © 40(8) 190(20)
Ag <2 <1 <1 - <1 <2
In . 0.036(0.013) .08(0.09) 0.04(0.01) 0.04(0.01) 0.3(0.3)

2.1(0.3) 4.0(0.4) - 5.4(0.6) 2:.5(0.3) 11(2)
1 - - - - <1 <1 * -

- La’ 1.2(0.2) 2.2(0.3) 1.2(0.2) 0.66(0.15) 2.2(0.5)
Ce - 2.1(0.3) 7.1(0.8) 1.4(0.3) 1.3(0.2) 14(2)
Sm 0.15(0.04) - 0.50(0.05) 0.16(0.02) 0.12(0.02) 0.71(0.10)
Eu 0.045(0.020) 0.10(0.03) 0.032(0.008) 0.022(0.005) 0.17(0.06)
W 0.6(0.3) <0.4 0.32(0.15) <0.15 2.8(0.7)
'Hg 0.6(0.2) 0.2(0.6) <0.5 0.3(0.3) 2(1)
Th 0.89(0.25) 0.31(0.10) 1.1(0.4)
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