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Conclusions

1.

Bulk deposition of chemical components was uniform generally through-
out the study area.

Bulk deposition of nutrients, anions, cations and trace metals in the
study area was typical of remote, mid-continental areas, with the
exception of Fe.

N.E. Minnesota exists in an atmospheric deposition "crease" where
loading values were higher generally to the north, south, east and
west. 'The primary cause is the absence of upwind poliutional sources.
Canopy throughfall deposition was not significantly different from
bulk deposition, with the exception bf TOC and perhaps 504.

Wet-only precipitation concentrations were typical of femote areas,

and wet depositibn accounted for 30-100% of bulk deposition.

.~ Atmospheric particulate concentrations were typical of remote, mid-

continental areas, and dry deposition accounted for 10-100% of bulk

deposition. Iron and Al deposition in bulk collectors was under-

estimated by a factor of up to 5 times.

Elements which favor a vapor phase at some temperature were significantly
enriched in air particulates. Elements exhibiting high enrichment
factors are likely anthropogenic, water-soluble and biologically toxic.

The taconite iron industry in N.E. Minnesota affects significantly the

atmospheric concentrations and deposition of Fe for much of the region.
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I. Introduction \

Northeastern Minnesota (N.E. Minnesota) is a heavily forested area
consisting primarily of conifers, where 7-15% of the land area is covered
by water, and the graniﬁcfbedrock is exposed in many locations (i.e.,
sha)]ow soil depth). Although the Minnesota Pollution Control Agency has
labelled the region an air quality “non-attainment area" with respect to
total suspended solids (TSP), little is known of the quality of wet and dry
precipitation. Gorham ( 1977 ), Wright (1974) and Comerford and Whife
(1976) have reported on the acidity, major catidn and anion and nutrient
content of precipitation in N.E. Minnesota, while Schindler (1978) has
documented brecipitation chemistry for the Experimental Lakes Area of
Ontario from 1971-1977. Krupa (1977) has investigated the cation, anion,
acidity and nutrient components in wet-only precipitation for east-central
Minnesota in the vicinity of a coal-fired power plant.

Qutside of the 1mmed1ate area, Ontario Hydro (1977) has determined
the 1oad1ng rates of nutr1ents cat10ns, anions and trace metals der1ved
from bulk dep051t1on to an area ~ 50 Km north of the U.S.-Canadian border
and near the Boundary Waters Cance Area. Kramer (1975) and the International
Joint Commission (IJC, 1977) reported the loading rates of major cations,
anions,nutrients and trace metals to Lake Superior, while Eisenreich, et al.
(1977) and Eisenreich (1978) have obtained similar data for the north and
south basins of Lake Michigan. Gorham and Munger (1978) are investigating
presently the chemistry of precipitation and dustfall in a west-east transect
across North Dakota and Minnesota. Langevin, gg__l, (1978) have determined the
trace metal content of air particulates and rain over Lake Superior and
Eisenreich, et al. (1978) are conducting ongoing studies of atmospheric

PCB input to Lake Superior.
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Insufficient chemical data is available presently from past investi-
gations to describe the background {existing) precipitation (wet, dry)
characteristics of the region or the atmospheric deposition of chemical

components such as nutrients, cations, anions and trace metals. The

objective o% the present project was to determine the chemical nature of
precipitation in the region and to estimate atmospheric deposition. The
data discussed in this report relate to this'primary objective, as well as
provide neededAinformation required to assess future changes. In addition,
the atmospheric data provides an important addition to the global data base
for remote, mid-continental areas. This report describes the concentra-
tions and deposition of nutrients, cations, anions and trace metals in
-atmospheric bulk deposition, canopy throughfall deposition, wet-only pre-

cipitation and suspended particulates.



II. Techniques of Sampling and Analysis
" II-1. Sampling Sites

The atmospheric sampling stations were operated in rural, semi-
rural, semi-urban and urban environments in northeastern Minnesota (N.E.
Minnesota) undgr the auspices of the Minnesota Pollution Control Agency (MPCA)
and the Copper-Nickel Regional Study Staff. Twenty-eight sampling stations
were in operation during 1976 and 1977 although all instrumentation was not
operable during the entire period. The sites wefe chosen to correspond to
existing monitoring stations of the Minnesota PCA and new ones were con-
structed to adequately improve coverage of the regioha] and remote areas of
N.E. Minnesota.  The Fernberg Road site (7001) was chosen to represent remote,
background air quality characteristics o% the region.’ It is important to
note that the Fernberg site was located immediately adjacent to and surrounded
by the Boundary Waters Canoe Area (BWCA) and as such, represents the largest
body of air quality daté yet generated in that remote, pristene area. The

air quality stations at Toimi (7007) and Kawishiwi-Spruce Road may also be -
| viewed a§ sites representative of regiona1 air quality.

| Table 1 is a complete 1isting of air quality stations within and
without the Cu-Ni Study Area that were monitored for various air parameters
during the course of the study. Also included in Table 1 is é listing of the
instrumentation located at each site and the date of initiation of air quality
record. Figure 1(a,b,c,d) show the exact locations of the sampling sites and
Figure 2 depigts the Cu-Ni Stu&y Area. -

The sites of interest to this report vary aécording to the mode of
atmospheric occurrence for se]ec;ed elements. Bu]k deposition samplers were
located at Fernberg (7001), Spruce Rd. (7003), Dunka Rcad (7006) and Hoyt
Lakes (7010). Event wet-only precipitation collectors were located at Spruce

Rd.. (7003) and Hoyt Lakes (7010) while membrane samplers were operated during



Tablev!

7001  Fernberg Road. .
Hi-vol 2/6/77
Membrane sampler 2/6/77
tvontinuous SO, 2/12/77
Bulk depositign sampler 2/14/77
Continuous ozone 5/14/77

7002 .Ely HigH School (previously site 7517 on ground at courthouse)
Hi-vol 11/2/76

Bubbler (S0, and NO

2 2) 276/77

7003  Kawishiwi Lab
~ Hi-vol 10/9/76
Bubbler (SO, and NO
Cascade Impgctor
Spruce Road
Bulk deposition sampler 2/14/77
Event rain sampler 5/29/77

2) 2/6/77

7004  Environmental Learning Center, Isabella
Membrane sampler 10/15/76
Bubbler (SO2 and NOZ) 3/14/77-7/30/77
7005 Bear Head Lake State Park
Membrane sampler 10/15/76
Bubbler (SO2 and NOZ) 2/6/77-7/30/77

7006  Dunka Road
" Hi-vol 11/8/76
Membrane sampler 11/8/76
Bubbler (SO, and NO,) 2/6/77
Bulk deposi%ion samgler 3/16/77

7007 Toimi e
.. Hi-vol 12/11/76
. Membrane sampler 12/14/76
Bubbler (SO2 and NOZ) 2/6/77-7/30/77

7008 Erie Mining Office
Hi-vol 10/9/76 :
Membrane sampler 10/9/76
Fluoride double tape sampler 4/6/77

7009 Hoyt Lakes Police Dept. (previously site 7520 on ground)

Hi-vol 1/13/77
2/6/77

Bubbler (SO2 agd NOZ)



7010

7011
7514
1300
7516
7013
7012
7412
7501

7502

7504

7505

7506

7512

(& ]

Hoyt Lakes Golf Course

Hi-vol 10/9/76

Membrane sampler 10/9/76

Ruhhler (SO, and NO,) 2/6/77-7/30/77
Bulk deposition sampler 2/15/77
Event rain sampler 5/20/77

Cascade Impactor

Whiteface
Membrane sampler 1/31/77
Bubbler (SO2 and ND ) '2/6/77-7/30/77

Mountain Iron Post Office
Hi-vol 5/69
Fluoride double tape sampler 9/77

Virginia City Hall
Hi-vol 9/68

Hibbing Court House
Hi-vol 5/69

Babbitt City Hall
Membrane sampler 2/24/77

Minnamax Office
Continuous SO2 12/14/76-3/10/77

Scanlon (Cloquette)
Hi-vol 8/74
Bubbler ( 8/74
Membrane sa%p]er 2/18/77

107th Ave. West, Duluth
Hi-vol 9/68
Bubbler'(soz) 9/68

88th Ave. West, Duluth
Hi-vol 8/70

1628 West Superior St., Duluth (Ryland Ford)
Hi-vol 11/68
Bubbler (SOZ) 11/68 ~

4424 Regent
Hi-vol 11/68

Duluth Airport
Hi-vol 9/68
Bubbler (S0, and NO,) 1/77

Duluth City Hall
Hi-vol 9/68
Bubbler (SO2 and N02) 9/68



7523

7527

7522

and
7526

7528

425 West Superior St., Duluth (KDAL)
Hi-vol 1/75 (daily) - .

39th Ave. West, Duluth (West End)
Hi-vol 10/27/76
Membrane 10/27/76
Bubbler (SO2 and N02) 10/27/76

314 West Superior St., Duluth (Torrey Building)
_Continuous SO, 1975 (incomplete data set)
Smoke spot sa%p]er 1975 (incomplete data set)
Continuous CO 1975 (incomplete data set)

Floodwood
Hi-vol 4/77



Figure 1

Air Quality Site Locations
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Figure 1b
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Figure 1c

™

AIR QUALITY SITE LOCATIONS

Spring|

lLakc

- -

Doherty

K cndafl

Silver

Lmtc

Sundy \
Lake

TAURENTIA
DWIDE ~ . F, A

.’!

gt
.

Lr-l

KEY MAP

FOREST SERVICE-USDA

DULUTH. MiNN. 12872

2

Jorbes o

5 @59 E Peary

14" = 1 Miie S e

e ’f e A -

01 28 45 6 7 BMies sV
SOURCE: SUPERIOR - =g§m;;",w - &)
Ve suum SRR B i -
NATIONAL FOREST MAP e ol

Stone Murphy
L

Esquagama

Itoes Ule
Emb.ura.u
sy

TowiN

1/ {”\
E W S | S
i i

Aurcra®

tAXES P
BEACH 3°

2=

seutral Lnkc:!]

Scction
Fourte

Lake

Markhars
L

e BT



Figure 1d f e | <

ros w0STE

\~\rmv OF tnter Q (\
o Sheter N S

fungersy s

.

A 5 vautn cavan
et A wan bcHon

S atomiC BV (|
3
i

eyt
S
45
&

¢ .
)

‘-
A
e
hare
.\*._.J/
‘__:: » ‘u:'\’

n
H]
H
H
14
wi

5
W)™ umon Btrol )
T mstOnC W

.

T
N RORM]

. .
- -
ot se .

R OV

STt A ] INGEP,
B = ” ROIAN

N
)

»
~

ie :
HE)
NGB!
NG
S  \ Nt 34

ale)

-

.
E Ay o l 3.
/i Eldes ;»1;‘ & Deate smp Ceraq e
J ¥l Cuner” Ty T e o
L 719 u /W 13) akE e o
.

Ay MNTD

1 N
Ty N NY et LA 3

MINND OTA

o Rlaw SUPERIOR h RN O/ .
5 WIB8CONSIN : <
z DOUGLAS © CO.

. s
N

»\' wim bt
I
il IR

DULUTH AREA
#  AIR QUALITY |
| SITE LOCATIONS §

POKEGCAMA
Ay

H {}i\ A far
| ﬁm- Jo Olwar 10’



Figure 2
Cu-Ni Sfudy Area
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1977 at eleven sites throughout the region representing remote rural, semi-
rural, semi-urban and urban environments (Table 1). However, the membrane
data collected at only four sites was thought to be typical of regional air
quality and were located at Dunka Rd. (7006), Isabella (7004), Toimi (7007)
and Fernberg (7001). The data from these sites were used to estimate dry
deposition to N.E. Minnesota. Cdscade impactor measurements for determination
q6¥wbarticle size were obtained at Kawishiwi (7003) and Hoyt Lakes (7010) to
correspond to sites of intensive air sampling for other parameters and'to

discern regional differences in particle size behavior if present.
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I11-2. Sampling of Bulk Deposition, Canopy Throughfall, Wet-Only
Precipitation and Atmospheric Particulates

I1- 2-1. Sampling of Bulk Deposition

Bulk deposition was collected at four sites in N.E. Minnespta
from February through December, 1977. The four sites were: Fernberg Rd. (7001),
Spruce Rd. (7003), Dunka Rd. (7006) and Hoyt Lakes (7010). These sites were
¢gﬂg§en to give adequate coverage to the regional characterization of atmo-
spheric déposition. The bulk callector used was similar to that used by
'Kramer (CCIW, 1975; 1JC, 1976) and the same samplers used by Eisenreich et al.,
(1977) to determine bulk deposition of nutrients and trace elements to Lake
Michigan. Tﬁé bulk collector consisted of a central collection standpipe
(25 cm diameter, 506.45 cm2 surface area) surrounded by an Alter windshield and
a bird-off to limit sample contamination. The standpipe collector was
designed originally as a rain sampler which also operates effectively as a
snow sampler with minor modification (Eisenreich et al., 1977).

Bulk deposition was collected in aﬁ inner liner made of 4-ml
thickness polyethylene. In the summer, a 0.5 mm, Nytex Nylon screen was
placed in the liner to limit introduction of coarse debris and large insects.

In addition, a polyethylene funnel was placed at 0.3 m above the bottom of the
liner and the liner restricted by tying at the funnel outlet to 1imit evaporation.
Summer evaporative losses with the modified system were 1imited to less than

4% under even extreme temperature conditions. .

Bulk deposition was collected on a monthly basis by staff personnel
at all stations. The data resulting from such a'sampling represents total
loadings over a one month period. Although event, weekly or bi-weekly sampling
is preferred to increase time resolution of loading, monthly samples were selected
to 1) permit comparison of our data with recent -atmospheric loading studies
conducted with similar samplers and frequency and 2) require as little attention

as possible in remote stations.
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Preéipitation samples were collected each month and delivered
to the Minnesota State Health Department in Minneapolis, Minhesqta for chemical
analysis. All samples were collected according to the same procedure with
special emphasis on sample homogeneity and contamination problems. Occasionally,
samples were lost due to bag leakage or collapse Which was avoided in the latter

stages.of the project by using a double-bag sampling.



10

II-2-2. Sampling of Canopy Throughfall Deposition
Canopy throughfa]] deposition measurements were initiated at six
sites in the Cu-Ni Study Area in the summer of 1977. The throughfall deposition
is of importance in determining the effects of forest canopies on throughfall
quantity and quality. The data is necessary to evaluate the changes in foliar
heavy metal bu;dens resulting from dust input and subsequent rainfall washing.
et . Fifteen samplers patéerned after those used by Eaton et al., (1973)
were placed at each of six sites. Sites were located north and south of -the
Laurentian divide in stands of upland hardwoods (aspen), upland conifers (red
- or jack pine) and lowland conifers (black spruce). Samples were collected
every 2-3 weeks from mid-May to late September, 1977 and sent to the Minnesota
State Health Department for pH, anion and trace element analysis.
The throughfall deposition sampler consists of an outer polyethylene
funnel (20 cm diameter) separated from an inner po1yethy]ene funnel of the
vséme dimensions by cleaﬁed filter paper. The funnels were connected to a
polyethylene collection bottle by tygon tubing.
Table 2 lists the site number, vegetation type and soil type for eéch
of the six collection sites. The site number refers to the designation code of

the Biological Characterization Study and should be consulted for exact locations.



THROUGHFALL DEPOSITION COLLECTION SITES

Table\Z

Vegetation

Site Soil Location
G44 Pole Black Spruce Bog N-Amax

G09 Pole-Saw Aspen S1/Rainy Mor. N-Kawishiwi
G21 Po]e:Saw Red Pine S1/Rainy Mor. N-Dunka
G10 Sapling Aspen Z/Réiny Drum. S |
630 Pole Jack Pine £/Rainy Drum. S

642 Pole Birch-Fir 2/Rainy Drun. S

North of Laurentian Divide

Soufh of Laurentian Divide
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I1-2-3. Sampling of Wet-Only Precipitation

Two event, wet-only precipitation samplers were operated at Spruce
‘Road and Hoyt Lakes. The rain samplers were designed by Dr. S. Krupa of
the Department of Plant Sciences, University of Minnesbta. The two samplers
were operatéd in the unit sampling mode and collected the first 0.28 cm.
erinen OF rain falling in a given'sform. Additional rainfall passed through the
overflow and was not collected. The collector surface area was open only
during periods of rainfall, and covered automatically when rainfall intensity
and duration was Tess than pre-designed criteria. Fugitive dust entering
during dry periods was reported not to be significant (S. Krupa, personal
communication, 1977). _

Samples were collected in 473-ml, acid washed Nalgene bottles made of
linear polyethylene, with eight bottles devoted to each sampler. Rain samples
were retrieved withfn several days of a major rain event, acidified with |
Ultrex HN03'and sent to the Minnesota Health Department for analysis.

Unfortunately, pH and/or acidity measurements were not performed.
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I1-2-4. Sampling of Atmospheric Particulates
Atmospheric particulates were co]iected at eleven sites in late 1976

through late 1977 in N.E. Minnesota. (Table 1)- Air particles were collected
by drawing air through 0.45 um membrane filters (Millipore) having a diameter
.of 102 mm. The air particulate membrane samplers were calibrated using an
anemometer and magnehelic gauge in the field at least twice per month. The
“pumps were of the brushless var{ety to avoid Cu contamination and the entire
unit was housed in an aluminum shell to limit direct atmospheric fallout.
_Timers én the pumping system permitted sampling for 24-hours every sixth day.
Membrane filters were changed once per week using teflon forceps and special
care was taken to avoid contamination. Pre-weighed filters were used to

determine the total suspended particulate load in air:
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II-3. Sampling of Atmospheric Particulates for Differentiation By
Particle Size .

Size differentration of atmospheric particulates was accomplished
using a Delron Cascade Impactor Model 5CI-6. The impactor is a critical
‘orifice, round, single-jet of the Battele design consisting of six stages
and a back-up filter. Particle size cutoffs are 16, 8, 4, 2, T.and 0.5 um
equivalent aerodynamic diameter. The back-up filter collects particles passing
the first six stages and less than 0.5 um diameter. Air is drawn through the
cascade impactor at a flow rate of ~ 12.5&/min. The impaction surface is
a 37 mm glass slide fitted with a 0.4 um nuclepore filter coated with a thin
layer of Apiéion L silicone grease. ‘

Cascade impactor samples were obtained at Kawishiwi (7003) and
Hoyt Lakes (7010) on numerous occaéions from September, 1976 to December, 1977.
Sampling times were normally 24-110‘hours at each site. Details of the sampling
and analysis procedures and particle size resu]fs can be obtained by consu]ting

Eisenreich et al., (1978).
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II-4. Analytical Measurements-
.II-4-1. Bulk Deposition, wet-Onl& Precfpitation, Throughfall

Bulk deposition (wet-plus dry),'wet-only precipitation and throughfall
‘were analyzed for a variety of nutrients and trace elements by the Minnesota
State Health Departmént. Elemental concentrations of Cu, Ni, Cd, Zn, Pb, Al,
Fe, As, Ca, Mg, Na and K were determined by flame or flameless atomic absorption
spectrophotometry (Perkin-Elmer AAS). Other parameters ana]yzed for include
TP, o—PQ4, T0C, CLF, 504, NO3-N02, pH, specific conductance,alkalinity, suspended
solids, and total dissolved solids. Specific analytical procedures, detection
limits, and quality control procedures can be obtained by consulting the
Operations Manual of the Minnesota Sfate Health Department,

II-4-2. Atmospheric Particulates | |

Atmospheric particulates collected by membrane filtration were
analyzed by x-ray fluorescence at the analytical research facility of the
Environmental Protection Agency in Research Triangle Park, Maryland under the
_ direction of K. Dzubay. |

' The membrane filters were prepared for analysis by David Pui of

the Mechanical Engineering Department at the University of Minnesota under the
direction of Drs. K. Whitby, V. Marple and B. Liu. A center section of membrane
filter (69.4 cmz) was mounted in a polyethylene holder and carried by David Pui
to the analytical facility in Maryland for analysis by x-ray fluorescence.
Elements determined in air particulates were Al, Si, P, S, Cl, K, Ca, Ti, V,
Cr, Mn, Fe, In, Co, Ni, Cu, Br;‘Sn, Ga, Ge, As, Se, Rb, Sr, Cd, Sb, Ba, W, Hg
and Pb. Results are expressed in terms of ng/m3 and ng/cm2 filter surfaée area.
Specific details of the measurement and quality éontro] procedures can be obtained

from the Operations Manual of the Cu-Ni Regional Study.
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III. Results and Discussion

The primary cbjective of the air quality program associated with the
Copper-Nickel Regional Study wasto determine existing background informa-
tion of air and precipitation chemistry, and deposition in the regional
characterization. Thus, the emphasis of this report will be placed primarily
on analysis of regional rather than site-specific data. To satisfy this
objectiye, bulk deposition, throughfall deposition, wet-only precipitation
and air particulates were collected, analyzed and interpreted as to controlling
chemiéa] conditions and sources, as well as to determine depcsition to soil,
vegetation~and water surfaces.
IIT.-1. Bulk Deposition

Bulk deposition samplers collect wet plus dry 1oadihg to a surface.
Kramer (CCIW, 1975) and Eisenreich et al. (1977) have used the standpipe
collector to measure deposition of trace elements and nutrients to the
Great Lakes. However, the bulk deposition samplers are significantly
_different from a water surface, a forest canopy or a soil surface. Deposi-
tion is a flux measurement which means that it is a measurement of deposition
'resulting from a net accumu]atiop of material. The bulk deposition sampler
is effective in collecting rainfall (> 90%) and snowfall (> 75%) but may
- underestimate dry and gaseous fallout by a significant and unpredictable
factor. Thus, bulk deposition data need be interpreted in light of bulk
deposition elsewhere and compared to measurements (or estimates) of wet and
dry loading determined separately. |

Bulk déposition rates were calculated by multiplying the analytical
concentration of a monthly-collected sample by the volume of precipitation
and dividing by the collector surface area.

Conc. (mg/2) x Volume (2)
506.45 cm- |

Loading Rate =



-d
-3

.This value represented a monthly lbading rate in units of mg/cmz.mo. A
geometric mean monthly loading rate was calculated for each site in 1977
and averaged to obtain‘a regional loading rate. An annual loading rate
was calculated as |

AnnUal'Loading Rate = Monthly Loading Rate x 12 mo/yr x 10'6 Kg/mg

2 -8

Kg/ha.yr mg/cm”.mo x 10 cmz/ha

A11 values for loading or deposition rates were expressed on a common scale
of Kg/ha.yr where 1 hectare (ha) is equivalent to 104 mz.
III.-1-1. Concentrations |

The concentrations of trace elements and pH measured in monthly-
collected bulk deposition at Fernberg, Spruce Road, Dunka and Hoyt Lakes
are shown in Tables 3 and 4. Table 5 summarizes the bulk deposition con-
centrations at each site for their respective sampling periods in 1977.
Concentrations of nutrients, anions and general water quality parameters are
~ shown in Table 6 for the four sites sampled.

The concentrations of trace elements in bulk deposition would not be
expected to vary from site-to-site in a region as small as the Cu-Ni Study
area if localized deposition were minimal and rainfall amounts were not
significantly different throughout the region. Based on}gemoetric mean
concentrations of trace elements (Table 5) in bulk deposition at the four
sites,.the sites can be ranked according to magnitude of concentration:

Fernber§ < Dunka < Hoyt Lakes <*Sprucé
‘This ranking is qualitative in nature and is based'primarily on concentra-
tions of eTemehts which are associated primarily with coarse particles in

the atmosphere: Fe, Al, Ca, Mg, etc. Fernberg Road exhibited the Towest



Metal Concentra..ons in Bulk Precipitation

| Tabie 3;

Cu Ni cd Zn Pb Al Fe As Ca Mg Na K pH
ne/L Fernberg Road mg/L
March 0.6 <1 .35 6.3 6.6 66 30 1.2 1.36 .53 <5 <.5 6.9
April? 81 16 1.9 130 460 17000 7400 - - - - - -
May 1.4 2 .21 9.7 16 44 40 0.7 72 <24 <5 <.5 A
June 2.6 <2 .16 7.0 24 17 40 59 . <b <24 <5 <.5 5.7
July 1.3 4 .12 3.0 5.3 19 20 <.2 .56 <24 <.5 <.5 3.9
Aug 3.9 <2 1.1 8.0 5.4 . 64 20 0.3 <8 <.48 <5 <.5 4.1
Sept 1.1 4 1.0 5.6 5.0 7.5 <0 <8 .52 <48 <5 <5 4.7
Oct 0.5 <2 0.85 2.2 2.9 5.5 . <0 1.1 0.8 <.48 <5 <.5 3.7
Nov 3.7 4 0.12 20 28 66 90 1.6 0.8 <48 <5 <.5 4.1
Dec 0.2 a 0.13 3.1 3.1 44 19 <.6 0.8 <48 <05 .06 6.9
Spruce Road

March 1.3 2.0 .34 12 8.8 63 - 2.0 1.64 .67 <.5 <.5' 4.0
April 1.7 <1 .15 7.5 9.2 .140 40 1.0 1.32 .26  <.5 <5 5.2
May 3.1 <2 1.5 11 19 110 100 0.6 0.88 .29 <.5 <.5 5.1
June 1.7 <2 .17 6.3 .67 15 <20 0.6 0.52 .29 <.5 <.5 4.7
July 1.2 <1 .12 3.9 5.3 23 <20 <.2 0.84 <.24 <.5 <.5 4.5
Aug 4.4 3.0 47 17 30 110 170 0.5 <.8 <.48 <.5 <.5 3.9
Sept? 1.0 <1 .53 4.3 6.2 15 <20 <.8 1.2 <.48 <.5 <.5 4.0
oct? 1.6 <2 .85 6.2 3.4 15 80 0.5 <0.8 <.48 <.5 <.5 3.7
Nov 1.9 4 2410 18 54 40 1.9 . <8 <48 <05 <5 3.7
Dec 0.6 4 .18 3.6 4.7 56 23 <6 0.9 <.48 <05 .04 5.7

8L



TRUIS Te

Metal Concentrat’ 'ns in Bulk Precipitation

Cu Ni cd Zn Pb <Al " Fe As Ca Mg i  Na K pH
ug/e Dunka - mg/ %
March? ‘ - - - - - - - - - - - - -
April 1.4 4 .19 7.9 8.6 290 200 2.4 1.52 .48 <.5 <5 5.8
May 1.8 ) .42 15 6.8 32 <0 0.8 1.12 .34 <5 <r 4.9
June 1.8 <2 .43 9.7 2.8 25 40 1.0 0.60 .29 <5 <.5 4.8
July 1.3 4 .21 5.7 7.1 25 20 0.6 0.72  <.24 <5 <.5 4.2
Aug 0.8 2 .27 4.9 12 48 60 0.7 <.8 <48 <5 <5 4.0
Sept 0.4 4 12 3.0 7.3 12 20 <.8 4 <48 <5 <.5 4.0
Oct 0.4 2 .09 2.4 3.7 7.9 <20 <3 <.8 <48 <5 <5 3.7
Nov 0.6 a .79 3.3 14 30 30 0.8 <.8 <48 <5 0.8 4.2
Dec 2.1 <X 1 14 9.0 110 98 <6 <8 <48 2.4 0.08 5.6
Hoyt Lakes

March® 2.6 a .32 16 35 . 740 1600 16 1.00 .29 <5 <.5 4.1
April . 0.7 4 .15 4.9 5.2 130 90 2.8 1l.44 .16  <.5 <5 5.6
May 1.8 <@ .27 12 7.1 29 40 2.5 0.92 . <24 <5 <5 5.1
June 2.6 ) .19 7.4 12 21 30 1.5 0.446 .29 <5 <5 4.5
July 1.4 < .85 7.0 7.8 71 70 1.2 -0.96 <24  <.5 <5 5.3
Aug 0.8 ) 1.5 11 7.4 41 60 1.5 <8 <48 <5 <.5 4.1
Sept? 1.1 4 1.2 28 5.6 43 30 <8 1.4 <48 <5 <5 4.2
Oct 1.4 2 " 0.23 8.6 7.7 7.7 <20 <3 <.8 < .48 <5 <.5 3.9
Nov 0.1 4 0.03 1.1 5.6 17 30 <0.6 <8 <48 <5 <5 4.6
Dec 0.8 <1l

.19 5.9 8.4 220 57 0.6 <8 <48 <5 .07 5.1

61



20

Table 5

Trace Element Concentrations in Bulk Depositon

Geometric standard deviation (jn Tog units)

ug/2 m9/2
Cu N € In Pb Al Fe As Ca Mg Na K  pH
Dunka ' _

Xg 1.0 4.4 .28 6.0 7.1 35 39 0.8 0.88 <4 <.6 <43 4.7

g 1.9 1.4 2.1 2.0 1.7 3.0 2.3 1.7 1.3 1.3 1.7 1.9 =
. ' Hoyt Lakes

xg 0.9 4.4 .18 6.1 7.4 40 45 1.1 0.93 <3 .5 0.4 4.8

og 2.7 1.5 25 21 1.3 3.0 1.7 2.2 1.4 1.5 1.0 2.0 --
Spruce Road

Xg 1.7 4.5 .27 7.9 7.8 57 42 0.7 0.91 0.4 <3 .4 4.6

og 1.8 1.6 2.3 1.7 3.3 2.2 2.3 2.1 1.4 1.5 2.9 2.4 --
_ _ ' Fernberg Road

'xg 1.2 1.4 .30 5.8 7.7 .27 29 0.7 0.71 <4 <4 <4 4.9

og 2.7 1.4 26 20 2.3 26 1.7 1.9 1.4 1.4 22 20 --

Xg: Geometric mean monthly concentration



Nutrient and‘Gene?é] Parameter Concentrations in Bulk Depositiona

Table 6

S0,

AlK

SITE TP . TOC C1 | 4 F SS TDS. Spec. Cond.
mg/2

Dunka .023 2.7 <1.1 <1.5 A 4.0 3.2 <10 29

Hoyt Lakes .018 4.3 <2.0 3.0 A 7.5 6.5 <10 39

Spruce Road .010 4.6  <1.4 2.6 R 4.7 4.2 <10 25

Fernberg Road .026 4.4 <1.5 2.6 RE 8.7 4.7 <10

25

aGeometric mean concentrations, 1977.

| bUm’ts are mg/% as CaCO3.

L
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concentrations of these elements but wasnot statistically different from
the other collection sites for the trace metals Cu, Ni, Cd, Zn, Pb and As.
This behavior serves to support the hypothesis that the atmospheric loading
of trace elements to N.E. Minnesota is a regional phenomena not influenced
strongly by local sources with the possible exception of Fe. In general,

the concentrations of trace metals weretypical of remote, mid-continental

““-~bulk deposition influenced by regional sources (Table D-1).

Measurement of pH in bulk deposition is not meaningful with respect to
evaluation of acid-forming species. However, the geometric mean values
ranged from 4.6-4.9 for the region, and\NGrE]ikely lower by 0.1 to 0.5 units
for precipitation not in‘contact with the heutralizing components of dry
fallout. The relatively acidic values may indicate. that precipitation is
acidic natura]ly in N.E. Minnesota (1st International Symposium on Acidic

Precipitation, 1976).
o The geometric mean concentration of Pb .in buTk deposition ranged from
7.1-7.7ug/% at the four sites. These values weresignificantly lower than .
the 41 ug/2 found by Cawse (1974), the 34 ug/s measured. by Lazrus gg__i.
(1970) at 32 stations in the U.S.A. and the 40 ug/¢ averages reported by
Chow (1970) for Ladolla, California. Pb concentrations reported above
for the Cu-Ni Study Regionwere for bulk deposition while those reported
after were for event precipitafion. The lower concentrations of nearly all
elements in N.E. Minnesota compared to Cawse (1974), Lazrus et al. (1970)
and CCIW (1975) are again indicative of the remote nature of the area.
Eisenreich (1978) found that the geoﬁetric mean Pb concentration in bulk

deposition in the north and south basin of Lake Michigan was 13 and 39 ug/«%,

_respectively.
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Table 7 compares the trace element concentrations in bulk deposition
eXpressed as geometric means for N.E. Minnesota to those from the north and
south basin of Lake Michigan. The north basin of Lake Michigan should be
somewhat similar to the area of N.E. Minnesota although population denéity
and soil differences are noted. Therefore, comparison of the data from
N.E. Minnesofa to the north basin of Lake Michigan should provide interest-
ing comparisons. For all elements determined, the geometric mean concentra-
tions in N.E. Minnesota represent 20 to 80% of the values reported for
northérn Lake Michigan, again indicating the remote character of the study
area. B}
I11.-1-2. Bulk Deposition - Loading

Bulk deposition is a measure of the amount of material deposited to
the bulk collector in approximately one month's time in the form of -pre-
cipitation (wet) and dust fallout (dry). Gaseous or vapor phase deposition
to the bulk collector is minimal. Bulk deposition for a variety of elements
was determined at four sites in N.E. Minnesota: Hoyt Lakes ( 7010), Dunka

(7006 j, Spruce (7003) and Fernberg (7001). The latter site representé

vthe remote, background site forlthe study area and is immediately adjacent
to the BWCA. Bulk depgsition at each site was calculated on the basis of
the geometric mean bulk loading rate over the study period and then avéraged
over the four sites to obtain a regional value. Table 8 Tists the mean
atmospheric loading rates derived from bulk deposition in N.E. Minnesotai
The loading rates»calculated”for the 'study areas do not vary excessively
from site-so-site and thus were pooled to arrive at a'regional loading rate.

The loading rates presented in Table 9 'can be compared to loading
rates to the Great Lakes derivéd from bulk deposition using similar coliectors

(1JC, 1977; Eisenreich, 1978). In general, the trace element loading rates
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Table 7

Comparison of Elemental Concentraticns in Bulk Deposition in N.E.
Minnesota to Lake Michigan Basin

ELEMENT . N.E. MINNESOTA LAKE MICHIGAN?
(Range) North South
ug/ 2
Al 25-35 19 282
Fe | 29-45 66 157
Zn 5.8-7.9 | 33 57
Cu - 0.9-1.7 3 6
Ni a4 o L L
Mn . TS 37
Pb | 7.1-7.8 13 39
cd ©.18-.30 4 .6
Ca 710-910 2100 ~ 4300
Mg < 400 540 740
Na < 600 " 330 550

K - <400 220 300

@Eisenreich (1978)



TABLE 8

ATMOSPHERIC MEAN LOADING RATES DERIVED FROM a
BULK DEPOSITION IN NORTHEASTERN MINNESOTA-1977

COMPONENT HOYT LAKES DUNKA SPRUCE FERNBERG NORTHEASTERN
| MINNESOTA
kg/ha/yr
Cu | 0.005 0.007 0.008 0.011 - 0.008
NP | <.010 <.012 <.007 <.012 <.010
cd | .0.001 0.002 0.001 0.003 0.003
In 0.036 0.042 0.035 0.052 0.041
Pb 0.047 0.050 -~ 0.035 0.068  0.050
Al 0.30 0.25 0.26 0.24 0.26
Fe 0.37 | 0.28 0.19 0.26 0.28
As 0.008 0.005 0.003 0.008 0.006
Ca <4.5 <6.1 <.1 6.3 <5.3
Mg <1.7 3.0 <7 3.4 "<2.4
Na .1 <4.8 <1.9 <4.7 <3.3
K 2.1 <2.3 <1.6 . <3.5 <2.5
TP 0.18 ’ 0.085 0.093 0.37 '~ 0.18
TOC 31 36 16 26 27
cl1 6.7 6.0 7.4 1 8.2
S0, 16 - " 18 13 18 16
N 2.6 3.6 3.1 2.8 3.0
a

Loading Rates Represent Geometric Means Of Monthly Loading Rates

b Mean Loading Rates For Region Based On Four Sites



26

Table 9

ATMOSPHERIC LOADING OF TRACEﬁFLEMENTS

TO THE GREAT LAKES

ELEMENT SUPERIOR MICHIGAN HURON ERIE ONTARIO
' Kg ha™! yr'] :
Al - .86 - - -
Fe 1.18 .48 77 2.3 .27
Mn ) - | 11 - - -
In - .19 - - -
o .045 .021 3 13 .037
Pb .079 1 13 .85 14
cd .007 002 .013 .058 023
Co - ook - - -
Ca 4.0 <14 47 8.9 16
Mg .68 2.7 1.4 2.6 2.1
Na_ 1.8 1.9 7.6 5.0 9.7
K 1.6 IR 5.4 8.5 1.7
P 056 .22 .086 .31 .25
50, 27 15 39 a a5

ar3c (1977); Eisenreich (1978)
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to N.E. Minnesotawere equal to or less than values reported for the five

Gfeat Lakes. The Tloading rates reported for N.E. Minnesotawere most similar
to those determined in the Lake Superior and northern Lake Michigan basin.
Increased loadings for Lake Superior relative to Lake Michiganwere thought

to be due to concentrated mineral sulfide smelting operations in Ontario north
of Lake Superior (CCIW, 1975).

Bulk deposition of Fe in N.E. Minnesota might be expectéd to be influenced
by taconite iron mining and processing in the region. However, bulk loading
rates for Fewereequal to or less than Fe loading in the Great Lakes Basin.
Evidence will be presented later in this report that.bulk deposition of
Fe and Al may be underestimated by a factof of 10x in N.E. Minnesota.

Bulk loading of Ca, Mg, Na and K to N.E. Minnesota cannot be readily compared
to Great Lakes loading rates due to insufficient ana]yticél sensitivity for
the former. The loading of phosphorus (TP) to the study area was in the

~ same range as reported to the Great Lakes. There is some indication that
insects and soil may be the most significant contributors to TP loading

1

(Eisenreich, et al., 1977). Sulfate loading to N.E. Minnesota (16 Kg.ha .yr'])

was less than the value reported for Lake Superior but the latter was based
on few sample collection points. For the remaining basins, 504 loading
was greater than for N.E. Minnesota by up to 2.5 times. |

The loading of Cu to N.E. Minnesota derived from bulk depositon data

1 1

.yr = compared to remote values reported by Andren and

Lindberg (1977) of 230 g.ha'].yr'l for Tennessee, and Struempler (1976) of
1

was v 8 g;ha'

18 g.ha~ .yr_] for Nebraska. Kramer (1975) has reported a Cu loading value

from rain of ~ 10 g.ha'] yr.‘l for the Northwest Territories of Canada while

Hutchinson and White (1975) have measured Cu lcadings around Sudbury,

-1

Ontario as high as 2900 g.hé'1.yr.- Bulk loading of Ni to N.E. Minnesota

1

was < 10 g.ha .yr“1 as compared to a Great Lakes loading of 37 g.ha'].yr'],
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(1JC, 1977), Northwest Territories of Canada loading of 3 g.ha'].yr-],

(Kramer, 1975) and -a Sudbury, Ontario loading of 2100 g.ha'].yr. These
data represent strong evidence that present day Cu and Ni Toading from the
atmosphere to N.E. Minnesota is typical of remote, mid-continental deposition
(see Table E-1).

Phosphofus loading from the atmosphere to the study area ranged from

~--85 to 370 g.ha'1.yr'] (average, 180 g.ha'].yr'1) compared to other values

].yr'1 {Commerford and White, 1976) and

for northern Minnesota of 258 g.ha
140 g.ha“].yr°] (Wright, 1976). In contrast, bulk loading of atmospheric P
(TP) to Lake Superior (IJC, 1977) and northern Lake Michigan was 56 and

50 g.ha".yr‘l, respectively. Thus, nutrient loading from the atmosphere

to N.E. Minnesota appears to be ~ 3 times greater than corresponding areas

to the east. This phenomena may be due to soil injection into the atmosphere
in the western plains.
.Iil.-l-B. Bulk Deposition - Seasconal Variations

Seasonal variations in trace element loading from the atmosphere

derived from bulk deposition measurements are shown in Figure 3 and
summarized in Table 10 . Also, the monthly precipitation amount is

given at the bottom of Figure 3. Two distinctive features of the seasonal
‘behavior of atmospheric loading are evident: 1) With the exception of P

and Al, atmospheric loading was greatest in late spring, summer and fall

and minimal during winter, i.e., during periods of snow cover; and 2)
atmospheric loading was maximum during months of greatest précipitation.
These two data suggest that snow cover inhibits transport of soi];derived
~elements and that rainfall is important in scavenging elemental components
~from the atmosphere. These conclusions are essentially the same as those
reached by Eisenreich, et al. (1977) for deposition to Lake Michigan and

by Kramer (CCIW, 1975) for deposition to the Upper Great Lakes. The data
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also indicates that Al, Fe and P have more than one atmospheric source
because their peak.loading months were not coincident. In addition, atmos-

pheric loading of Pb, Zn, Cu, SO4 and TOC exhibit peak behavior coincident

with months of greatest precipitation.
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Figure 3
Seasonal Variations in Trace Element Loading

Derived from Bulk Deposition
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"TABLE 10

~ SEASCNAL VARIATIONS IN ATMOSPHERIC BULK LOADING RATES
FOR NORTHEASTERN MINNESOTA-1977°

Cu Ni cd Zn Pb Al Fe. A c M N K : S
| kg?ha/yr S a g aA TP T0C C1 04 N
~ch  0.003. <.004. 0.001. 0.029. 0.031. 0.39 0.79 0.023 <4.2. <l.6. <i.5 <1.5 0.61. 6.8 9.4 16 -
003 005 U:oohy 0058y U4y ©33) &y U8y @5 % % 3y 18y &h H6 df
1 0.003 <.003 0.004 0.017 0.019 0.45 0.26- 0.005 <13 <0.7 <2.3 <1.3 0.33 35 3.1 16 -
(.001) (.0005) (.001) (.003) (.005) (.12) (.15) (.003) (16) (0.3) (1.5) {(0.2) (.47) (52) (2.8)- (1.3)
y 0.010  <.011 0.003 ' 0.064 0.063 0.26 0.25 0.007 <4.9 <2.4 <3.5 <2.7 0.63 49 5.9 19
(-002) (.003) (.002) (.017) (.028) (.12) (.12) (.007) (1.2) (2.0) (1.0) (0.6) (.28) (16) (2.0) (6.4)
e 0.029 <.027 0.003 0.10 0.13  0.26 0.44 0.012 <6.7 <3.8 <6.8 <6.8 0.86 63 10 29 4.4
(.005) (.004) (.002) (.023) (.15) (.06) (.14) (.003) (1.8) (0.6) (1.0) (1.1) (.14) (13) (1.9) (9.5)1.2)
ly  0.014 -<.010 0.003  0.049 0.064 0.34 0.85 0.005 <7.9 <2.5 <5.2 <5.2 0.20 47 15 21 3.1
(.002) (.002) (.003)° (.012) (.004) (.21) (1.0) (.008) (1.7) (0.4) (0.7) (0.8) (.17) (5.7)(4.6) (4.4){0.5)
qust 0.012 <.008 0.008 0.049 0.042 0.23 0.23 0.003 <3.1 <0.7 <1.9 <1.9 0.07 24 25 8.9 -
(.010) (.003) (.010) (.011) (.018) (.10) (.10) (.002) (1.3) (0.7) (0.8) (0.8) (.04) (11) (13) (2.7)
pt.  0.021 <.026 0.015 0.12  0.20  0.25 0.53 0.021 <20 <13 <13 <13 0.25 49 29 44 4.5
(.014) (.002) (.017) (.058) (.03) (.06) (.08) (.003) (7.2) (1.2) (1.1) (1.1) (.32) (1) (1.2) (7.3) %0.6
t. - 0.010 <.026 0.006 0.056 0.06] 0.09 0.26 0.008 <10 <6.3 <6.5 <6.5 0.06 33 35 14 2.6
(.007) (.003) (.006) (.044) (.032) (.008) (.003) (.007) (1.3) (0.8) (0.8) (0.8) (.03) (6.4) (35) (2.2) {0.1;
v.  0.008 <.006 0.002 0.055 0.090 0.22 0.29 0.006 <5.0 <2.9 <3.1 <3.1 0.08 25 12 6.2 1.6
(.010) (.003) (.002) (.048) (.059) (.13) (.20) (.002) (2.4) (1.4) (1.5) (1.5) (.08) (21} (14) (3.0) (0.8
c.  0.004 <.005 0.001 0.029 0.029 0.50 0.22 <0.003 <3:9 <2.3 <2.5 <0.3 0.27 24 <2.8 2.4 -
(.003) (.0001) (.001) (.017) (.011) (.39) (.14) (.001) (.67) (0.8) (0.5) (.08) (.13) (26) (0.5) (4.4)
a

Numbers In Parenthesis Represent One Standard Deviation

Monthly Loading Rates Represent Arithmetic Means Of Average Bulk Depos1t1on

At Four Sites In Northeastern Minnesota;

ng
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IT1.-2 CanopyiThroughfa1l Deposition

Forest canopies:are efficient scavengers of dust and aéroso] from
the atmosphere ( Eaton, et al, 1973) and may act to concentrate atmospheric trace
elements and pollutants. Depending on the reactivity, size and chemical
nature of the deposited material, subsequent ra1nfa]] events may wash
the component off the leaf surface and transfer it to the forest floor.

Until recently, little work has been reported on the deposition of aerosol
particles to vegetation surfaces, and subsequent ecological consequences.

Chamberlain (1966) has reported on the transport of spores to grassy
surfaces in a wind tunnel and in the field. Gregory .(1961) performed
similar experiments on smooth and fough suffaces. Sehmel (1973) and Sehmel
et al. (1973) investigated the deposition of monodisperse particles to a
number 6f surfaces in a wind tunnel.

Filtration models fpr aerosol scavenging by vegetation have been
déveloped by Gregory (1961), Davies (1966), Hidy (1972), Slinn (1976) and
Hidy ‘and Heisier (1977). Chamberlain (1975) has invoked a convective diffusion
model to predict transport of small partic?es and gases.to vegetation iﬁ wind
tunnel experiments.

}Recent]y, Davidson ﬂ1977) developed a model for dry deposition of aerosol
particles on fields of vegetation. The model includes the processes of
diffusion, sedimentation and impaction as transport mechanisms for aerosol
metals depositing on a wild oat grass. Davidson described dry deposition as
a two-step process invo1ving.£he transport of aerosol from the open atmosphere
into the vegetation followed by filtration by the vegetation elements. For
particles smaller than 10"3 um and larger than 10 um, deposition is controlled
by the rate at which partic]es‘are delivered to the canopy. For particles

between these values, dry deposition is controlled by relatively inefficient
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filtration within the canopy.

In this study, throughfall samplérs were placed beneath six types of
forest canopy in the summer of 1977 both north and south of the Laurentian
Divide (see section II-].). The objective of the study was to investigate
the deposition of trace elements to soil and subsequent accumulation as a
result of canépy scavenging and washoff by rain. Since the actual time of
deposition was not closely monitored, the loading values were calculated as

follows:
. -6 3 4 2
Loading = Conc. (mg/2) x 0./m .10 _Kg ]03£ x 10.m

- - yr mg ha
(Kg.ha ].yr N . m

The historical annual mean precipitation in the region was assumed to be 0.7
meters. | |

‘ Table 11 Tlists the concentrations and loading of 504, T0C, Zn, Cu, Ni, Fe,
Pb and Cd in throughfall deposition. The 1oading’rétes expressed in units of
Kg.ha-].yr'] were calcualted from the regicnal mean concéntration since so
few data points were available. Comparison of the throughfall and bulk loading
.rates to the region shows that there exists no significant difference between
the two values with the exception of TOC. In this case; organic carbon from
the biological processes of vegetation growth may account for the discrepancy.
The loading rate calculated for Fe didnot include data from‘the Red Pine stand
located adjacent to a taconite iron mine and processing facility. The Fe

loading rate for this site was found to be ~ 1.8 Kg.ha'].yr'] as compared to

n .28 Kg.ha'].yr'} derived from bulk deposition. Dry deposition measurements
"based on atmospheric Fe concentrations and deposition'velocity to be pﬁesented
later agree with the higher loading rate.

The acidity of throughfall deposition as indicated by pH measurements was
not significantly different from mean pH values of bulk deposition. The

values ranged from pH 4.4~ 6 8 for throughfall deposition as compared to a

mean pH of 4.4-4.9 for bu1k deposition.
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Table 11

Canopy Throughfall Deposition - Concentrations and Loading

Cover S0, TOC  ZIn Cu Ni Fe Pb cd
Type mg/ 2
Concentration
Aspen 6.0 61 .012 .002 ND ND .003 .00007
(mature) :
Aspen 2.1 15 .004 .0004 ND .02 .002 .00008 |
(sapling)
Aspen 3.4 18 .005 .0003 ND o ND .004 .00007
(sapling) : -
Red Pine 3.5 24 .008 .003 .001 .227 .004 .0001
2.0 11 .004 .002 .002 .107  .003 .00008
2.2 23 017 .005 .003 423,004 .0002
Jack Pine 2.2 15 .007 .0007 .002 .035 .004 .00009
| 2.5 14 .007 .0008 .001 .050 .003 .00007
' 1.4 17 .005 .0009 <.001 .047 .003 .0002
Birch/Fir 4.3 2 .009 .0005 --- .030 .004 .00007
‘Black Spruce 2.5 13 - .005 .0009 .001 .070 .004 .00006
2.9 9 011 .002 .002 .067 .003 .0003
X 3.3 23 .008 .001  <.003 041 .003 .0001
o - 1.4 17 .003 .001 .002 .021 .001 .00004

Loading (Kg/ha/yr)

X 23 161 .056  .007 <.021 292 021 .0007
Bulk Loading 16 27 .041  .008 <010 .28 .050  .003

3Does not include Fe data from the Red Pine stand (Erie).



ITI.-3. Wet-Only Precipitation |

Wet-only precipitation was collected at the Spruce Road site (7003)
from 29 May-25 October, 1978 with an automatic collector designed to exclude dust
and dryfall. Although designed for unattended, continuocus operation, mechanical
problems limited the quantity of data available. In addition, precipitation
volume actually collected was not closely monitored, prohibiting calcu]ation.of
atmospheric loading rates derived from mass measurements. Thus, geometric mean
concentrations of trace elements based on all samples collected were calculated
and converted to loading rates based on a mean pfecipitation input of 0.70 m/yr
in the study region.

Table 12 Tists the concentrations of tréce elements in wet-only precipitation
for N.E. Minnesota compared to typical ranges of element concentrations in
urban and remote regions (see Tables, C,D).

Copper and Ni geometric mean concentrations in rainfall in N.E. Minnesota
were found to be 3.4 and < 2 ug/2, respectively. These values are typical of
those reported for remote areas and substantia11y less than those observed in
urban regions. Copper and Ni in rain have soil énd industrial processes as their
major sources. Since Tittle anthropogenic activity other than coal-fired power
plants is presently-in the study region, natural sodrces were implicated for Cu
and Ni. |

The concehtrations of Fe and Mn werewell within the range expected for
rainfall occurring in remote regidns. Iron derived from the extensive iron mining
operations in the region do not'fncreasé Fe concentfafiopé fn wet-only precipitation
beyond that expected for rural areas. Aluminum in wet-only precipitatioﬁ exhibited
concentrations (135 ng/%) greater than those expected for either remote or urban
areas. Naturally-derived Al in rain is largely accounted for by Al-silicate

minerals injected into the air by resuspension. The concentrations of other
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Table 12

" CONCENTRATION OF TRACE tLEMENTS
IN WET-ONLY PRECIPITATION

Element Urban® Remote? N.E. Minnesota®
‘ L ug/
Al 10-100 1-20 135
Fe 20-1000 5-200 39
Mn 0.5-50 0.5-10 3.9
Cu 0.5-30 1-20 | 3.4
Ni * 0.5-60 ~0.3-10 ° 2
Pb 10-300 1-20 10
Zn ~10-200 1-30 ' 7.6
ca 20-5000 20-1000 800
Mg 20-2000 20-1000 <500
Na 10-1000 10-300 700
K - 10-1000 10-600 200
p 10-100 7100 4
TOC ~ 1000-20,000 0.5 | 1800
Cl ©1000-10,000 < 3000 " <500
S0, 1000-30,000 1000-10,000 3100

a ' o
Typical ranges of element concentrations in rainfall (see Table C-1).

bGeometric mean concentration of trace elements in wet-only precipitation
collected at Spruce Road (7003 ) from 29 May-250 October, 1978;
n = 30-40 depending on element. _
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chemical clements were equal to or less than those expected for remote, mid-
continental areas.

Wet deposition to‘N.E. Minnesota for a variety of trace elements is
given in Table 13, and compared to a recent study of Qet deposition in
England'(cgwse, 1974). Wet deposition refers to the process of in-cloud
or below-cloud scavanging (removal) of atmospheric particles or gases,
with subsequent deposition to a surface. In many areas of the mid-U.S.A.,
wet deposition accounts for ~ 50% of the total atmospheric deposition
on an annual basis (Gatz, 1975; Andren and Lindberg, 1977).

Anomalously large loadings of Al in wet deposition were noted as compared
to England, and may either be an analyfica] artifact or due to Al-silicate
removal from the atmosphere. Trace element deposition was significant]y
less than that reported by Cawse (1974).

The measurement of W input to N.E. Minnesota was based on event, wet-
only precibitation samples collected in clean polyethylene buckets in or
near Ely, Minnesota in the summer of 1977 (Figure 4). The central value
obtained for event rainfall was pH 4.7, as compared to mean values in bulk
deposition oprH 4.4-4.9. ‘The fact that wet and bulk precipitation had
similar pH values indicates that the acid neutralization potential of par-
ticulates in bulk deposition was minimal. Hydrogen-ion loading calculated
using a [H+] =2 X 1070 equivalents/%2 and an annual precipitation amount
of 0.70 m was 140 equivaleﬁts per hectare.year. This'compares to remote
background loadings in the Northwest Territories (Canada) of 29. eqb.ha'].yr’]
(Kramer, 1975) and a range of 92-460 equ.ha'].yr'] in the northeastern

U.S.A., Norway and Sweden (Kramer, 1977).
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Table 13
2

Loading Rates

" Al

Element N.E. Minnesota_, Eng]andb
Kg.ha ".yr

0.95 0.5
Fe 0.27 1.2
Mn 0.03 0.06
Cu 0.02 0.4
Ni <0.01 0.55
Pb 0.07 0.62
In 0.05 0.84
Ca <5.6 <8.0
Mg <3.5 4.5
Na <5.1 76
K <1.2 < 3.6
P 0.03 --
TOC 13 --
C1 < 3.5 -
SOé 22 | <77
H* 140 equiv. --

b

3Based on wet-only precipitation and 0.70 m/yr precipitation
Cawse (1974) for Trebanos in 1972. '

CBased on a median regional pH of 4.7.



Figure 4
Distribution of Precipitation pH Values in

Event, Wet-Only Samples - 1977
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111-4. Atmospheric Particulates
ITI-2-1, Concentrations

Elemental concentrétions found in air particu1ates in N.E. Minnesota
are given in shmmary form in Tables 14 and 15. The summary stafistics
of elemehtal concentrations in air particulates found at each of eleven
sites in N.E. Minnesota are given in Tables 16-26 . The study period
for collection of air particulates was from December, 1977 through
October, 1578. Sites were sampied for 24 hours every sixth day.

The region-wide summary data (Tab}es 14 and 15 ) give maximum and
minimum values, arithmetic means and standard deviations for two data
combinations: 1) not-detectable data omitted in ca}culation of statistical
summaries, and 2) not-detectable data included as analytical zero con-
centration. The true regional or site-specific mean can be assumed to
lie between these values.

The sites were divided convenient]y into urban/industrial and non-

urban sampling points and are classified below:

Urban/Industrial Non-Urban
Erie (7008) Fernberg (7001)
Hoyt Lakes (7010) Isabeila (7004)
Babbett (7013) Bear Head (7005)
Scanlan (7412) Bunka (7006)
Duluth (7527) Toimi &7007)

Whiteface (7011)
The urban and non-urban sites can be further characterized by examining
differences in mean concentrations. Sulfur, Pb and Fe were chosen to

differentiate between site type, and regional means are given below:

(ng/m3)
| s Pb Fe
non-urban 670+104 216 613+432 n=6
urban 713+£295 12289 1842+1389 n=5
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TABLE 14

STATISTICAL SUMMARY OF ELEMENTAL COMPOSITION

OF ATMOSPHERIC PARTICULATES IN NORTHEASTERN MINNESOTA®

ng/m3

Al Si P S C1 K Ca
Max 3048 8884 - 249 5623 360 1262 5017
Min 4 "3 1 ND 4 1 3
Aug 299 a1l 51 692 83 163 321
Sig 413 . 1336 38 641 75 183 522

Ti v Cr Mn Fe Zn Co
Max 453 22 40 156 12865 - 1852 43
Min 1 4 1 ND 5 ND ND
Avg 56 11 10 19 1050 23 8
Sig 66 5 6 23 1851 106 8

Ni Cu Br Sn Ga Ge As
Max : 27 109 252 8 11 2 - 51
Min ND ND ND ND ND ND ND
Aug 4 12 - 15 5 2 2 7
.« 5 17 26 2 2 7

.. _Se Rb Sr Cd Sb Ba W

Max | 5 10 26 132 8 185 132
Min ND ND ND ND ND -ND ND
Avg 1 2 . 5 9 4 34 7
Sig 1 1 5 25 2 20 22
} Hg Pb
Max 11 - 734 a -
Min ND 1 Not-detectable data omitted
Avg 3 59 |

Sig ‘ 3 92
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TABLE 15

OF ATMOSPHERIC PARTICULATES IN NORTHEASTERN MINNESOTA®

Min
Aug
Sig

Max

Min

Aug
Sig

Max
Min

Aug

. Sig

Max
Min
Aug
Sig

Min
Aug

Sig

ng/m3
Al Si P_ S ] Cl K Ca
3048 8884 249 5623 360 1262 5017
ND - ND ND ND ND ND ND
240 908 49 692 34 163 320
389 1335 40 * 641 63 183 522
Ti Vv Cr Mn Fe Zn Co
453 22 40 156 12865 1852 43
ND ND ND ND ND ND ND
29 .0.5 3.7 15 1047 22
55 "2 6 22 1849 105
Ni Cu Br Sn Ga Ge As
27 109 252 8 11 © 2 51
ND ND ND ND ND ND ND
2 6 15 1 0.3 0.04 4
13 26 2 - 0.9 0.3 6
Se Rb Sr cd Sb_ Ba W
5 10 26 132 8 185 132
ND ND ND ND ND ND ND
0.3 0.7 2 0.8 0.6 28 0.7
0.6 1 4 8 2 22 7
Hg Pb
11 734 a
ND ND Not-detecyab]e data included
as analytical zero
0.2 58 '
1 91



Min
Avg

Sig

Max
Min
Avg
Sig

u-:n
Rvg
Sig

Max
Min
Avg
Sig

Min
Avg
Sig

TABLE 16

ELEMENTAL COMPOSITION OF ATMOSPHERIC
PARTICULATES AT FERNBERG-7001

ng/m3 .

Al P Si S Cl K Ca
595.0  78.0 2383.0 1976.0 134.0 344.0 980.0
. ND ND 27.0  101.0 ND 13.0 14.0
100.3  32.6 455.2  729.1 18.7  110.4 201.2
151.1  23.6 591.9  559.6 36.2 86.4 240.7
O Ti v Cr Mn Fe Zn Co
72.0 22.0 39.0 34.0 2448.0  1852.0 6.0
ND ND ND ND 15.0  ND ND
15.5 0.8 1.2 5.7 376.0 75.8 0.6
22.2 3.9 6.9 9.0 564.0 332.2 1.6
- Ni Cu Br Sn Ga Ge As
27.0  54.0 20.0 6.0 ~11.0 2.0 16.0
ND ND 1.0 ND ND ND ND
1.2 4.8 4.5 1.7 0.4 0.2 2.4
4.8 9.8 3.4 2.5 1.9 0.7 3.4
Se Rb Sr Cd Sb Ba W
1.0 2.0 4.0 59.0 7.0 40.0 132.0
ND ND . ND ND ND ND ND
0.2 0.1 0.3 2.0 2.2 14.9 4.0
0.4 0.4 1.1 10.3 2.6 14.7 22.9

Hg Pb

ND 111.0

ND ND
18.5
25.3



Min
Avg

Sig

Max
Min
Avg
Sig

Min
¢ 4

Sig

" Min

Avg
Sig

Min
Avg

- Sig

a2

TABLE

17

ELEMENTAL COMPOSITION OF ATMOSPHERIC

PARTICULATES AT ISABELLA-7004

ng/md
Al P Si S Cl K Ca
697.0 111.0 2585.0  2069.0 163.0 435.0 788.0
ND ND 3.0 19.0 ND ND 3.0
142.5  29.5 446.1  675.6 24.6 106.2 167.4
160. 27.0 610.7  606.7 45.0 99.3 205.9
Ti v Cr Mn Fe Zn Co
84.0 ND 11.0 41.0 1451.0 84.0 8.0
ND ND ND  ND ND ND ND
13.1 0.9 7.5 274.5 16.1 0.4
21.3 2.9 9.3 356.6 16.6 1.8
Ni Cu Br S Ga Ge As
4.0 6.0 20.0 6.0 1.0 . 2.0 13.0
ND ND ND ND ND ND ND
0.6 0.8 4.6 0.2 0.0 0.1 2.0
1.2 1.7 3.9 1.0 0.2 0.7 3.0
Se Rb Sr. cd Sb Ba W
2.0 2.0 5.0 4.0 ND 49.0 ND
ND ND ND ND ND ND ND
0.2 0.7 0.6 0.1 7.7
0.6 0.7 1.4 0.8 13.1
Hg Pb
ND 119.0
ND ND
18.9
21.5



Min
Avg
Sig

- Max
Min
Avg
Sig

Max
Mip

hvg

Sig'

Max
Min
Avg
Sig

Min
Avg
Sig
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TABLE

18

ELEMENTAL COMPOSITION OF ATMOSPHERIC
PARTICULATES AT BEAR HEAD-7005

ng/m3
Al P Si S C1 K Ca
1494.0 125.0 5412.0 2107.0 153.0 704.0 1346.0
.__ND 3.0 ND '26.0 ND 6.0 9.0
263.3 45.8 930.9 721.5 16.2 162.7 296.5
373.4 29.1 1364.7 603.4 40.6 158.6 355.4
Ti v Cr Mn Fe Zn Co
185.0 10.0 16.0 82.0 3962.0 55.0 11.0
ND ND ND ND 5.0 ND ND
29.2 1.5 6.0 15.3 747.2 12.4 1.3
46.6 3.4 5.3 18.1 962.5 11.7 3.1
Ni Cu Br Sn Ga Ge As
5.0 8.0 18.0 8.0 2.0 ND 20.0
" ND ND 1.0 ND ND ND ND
0.9 1.9 4.7 1.8 0.2 5.1
1.5 2.8 3.6 2.7 0.5 6.0
Se Rb Sr Cd Sb Ba- W
2.0 4.0 17.0 ND ND 71.0 4.0
ND ND ND ND ND ND ND
0.1 1.7 2.1 23.1 0.3
0.4 1.1 4.2 17.4 1.0
Hg Pb
3.0 125.0
ND . ND
0.4 21.3
1.0 24.6



Max
Min
Avg
Sig

Max
Min
Avg
Sig

Min
Sig

Max
~ Min
Avg
Sig

Min
Avg
Sig
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TABLE 19

ELEMENTAL COMPOSITION OF ATMOSPHERIC
PARTICULATES AT DUNKA ROAD-7006

ng/m3
Al P S5 S Cl K- _ Ca
3048.0  166.0  8488.0  1997.0 133. 948.0 1607.0
4.0 ND 13.0 39.0 ND 3.0 7.0
495.7 60.7  1472.5 671.7 21.3  193.1 351.7
726.6 41.2  2139.6 524.5 34.8  234.9 430.
Ti v Cr Mn Fe n Co
267.0 17.0 18.0 116.0 6477.0  212.0 27.0
ND ND ND ND 22.0 ND ND
41.103 1.0 6.3 24.3 1432.4 16.1 2.9
78.4 3.5 5.7 30.2 1703.0 34.4 6.9
Ni Cu Br Sn Ga Ge As
26.0 49.0 19.0 7.0 2.0 2.0 20.0
ND ND ND ND N> ND ND -
3.6 5.9 4.8 1.1 0.2 0.1 4.4
5.8 10.9 3.7 2.1 0.6 0.5 4.5
Se Rb Sr. ¢d 'Sb Ba W
2.0 6.0 26.0 132.0 7.0 87.0 8.0
ND ND ND ND ND ND ND
0.2 1.0 4.7 4.2 2.1 38.8 0.4
. 0.5 1.6 6.4 21.1 2.5 22.7 1.5
Hg Pb
3.0 112.0
ND ND
0.1 21.0
0.5 22.1



Max
Min
Avg
Sig

Min
Avg
Sig

Max
Min
e d

Sig

Min
Avg
Sig

Max
Min
Avg
~ sig

PARTICULATES AT TOIMI-7007
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: TABLE 20
ELEMENTAL COMPOSITION OF ATMOSPHERIC

ng/m3 .

Al p X S 1 K Ca
665.0 97: 2688.0  1603.0 126.0 417.0 922.0
ND ND 6.0 23.0 ND 4.0 ND
111.6 31.2 533.4  466.6 23.7 105.0 181.5
179.4 28.2 731.0  481.3 40.3  107.1 2448

Ti v Cr Mn Fe In Co
72.0 ND 1.0 44.0 1463.0 72.0 5.0
ND ND ND ND 6.0 1.0 ND
15.5 ND 0.1 10.3 413.0 9.5 0.3
22.2 ND 0.3 11.4 442.2 14.3 1.0

Ni Cu Br Sn Ga Ge As
ND 34.0 9.0 6.0 ND ND 10.0
ND ND ND ND . ND ND ND
ND 3.3 3.0 1.2 ND ND 2.6
ND 7.4 2.7 2.1 ND ND 3.1

Se Rb Sr cd Sb Ba W

2.0 3.0 5.0 ND 5.0 51.0 6.0

ND ND ND ND ND ND ND
0.6 0.3 0.3 ND 0.5 23.4 0.5
0.7 0.8 1.2 ND 1.5 14.4 1.2
Hg Pb

3.0  48.0

ND ND

0.1 13.3

0.6 13.7



Min
Avg

Sig

Max
Min
Avg
Sig

Max

Avg
Sig

Max
Min
Avg

Sig

Min
Avg
Sig

PARTICULATES AT ERIE-7008

TABLE 21
ELEMENTAL COMPOSITION OF ATMOSPHERIC

ng/m3
Al p Si S c1 K Ca
577.0  107.0 3143.0 1684.0 192.0 358.0 358.0
‘e ND ND 10.0 51.0 _ND 3.0 3.0
74.7  23.9 532.4  355.3 734 76.6 76.6
162.6  26.8 818.9  462.1 66.5 94.8 94.8
Ti v Cr Mn Fe In Co
85.0 ND 6.0 87.0 10,771. 30.0 22.0
ND ND ND ND 10.0 1.0 ND
9.6 0.7 17.8 1280.0 9.2 2.1
23.3 1.9 21.0 2506. 6.9 5.6
- Ni Cu Br Sn Ga Ge As
5.0 9.0 36.0 6.0 ND ND 51.0
ND ND 1.0 ND ND ND ND
0.3 1.4 7.7 1.5 4.1
1.2 2.6 8.1 2.3 11.6
Se Rb Sr Cd Sb Ba W
2.0 3.0 5.0 ND 4.0 45.0 5.0
ND ND ND ND ND ND ND
0.4 0.4 0.6 0.2 19.0 0.3
" 0.6 0.9 1.4 0.9 16.1 1.2
Hg Pb
3.0 121.0
ND 4.0
0.3  33.5
0.9 32.7



Max
Min
Avg
Sig

Min
Avg
Sig

Max

Min

Sig

- Min

Avg
Sig

Min
Avg

Sig -
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TABLE

22

ELEMENTAL COMPOSITION OF ATMOSPHERIC
PARTICULATES AT HOYT LAKES-7010

ng/m3
Al P Si S C1 K- Ca
915.0 115.0 3776.0  2019.0 122.0 549.0 930.0
ND ND 22.0 ND ND 5.0 11.0
156.9  31.7 611.4  626.4 14.3 117.4 214.5
196.7  29.0 784.5  568.5 27.0 . 110.7 240.7
Ti v Cr Mn Fe n Co
124.0  ND 21.0 54.0 6073.0 50.0 12.0
ND ND ND ND 38.0 ND ND
14.7 3.9 10.7 990.6 11.5 1.6
6.5 5.4 11.9 1215.5 12.5 3.3
Ni Cu Br Sn Ga Ge As
3.0 9.0 37.0 8.0 3.0 ND 44.0
ND ND ND | ND ND ND ND .
0.5 2.8 8.0 4.3 1.1 7.6
1.0 2.7 8.1 2.8 1.1 9.6
Se Rb Sr cd . Sh Ba W
5.0 2.0 8.0 3.0 1.0 185.0 5.0
ND ND ND ND ND ND ND
0.4 0.2 1.9 - 0.5 0.0 46.0 0.6
0.9 0.6 2.5 1.1 0.2 29.9 1.5
Hg Pb '
3.0 120.0
ND 1.0
0.1 30.6
0.5 27.6



TABLE

23

ELEMENTAL COMPOSITION OF ATMOSPHERIC

PARTICULATES AT WHITEFACE-7011

ng/mj
AT P Si S c1 K Ca
Max 574.0  101.0 2282.0  2103.0 139.0 344 810.0
Min _ ND ND 34,0 100.0 ND 40. 24.0
Avg  127.9  49.9 504.0  750.9 18.00 127.2  212.5
Sig 134.7 23.5 529.0  572.3 35.2 76.6  227.3
Ti v Cr Mn Fo Zn ~ Co
Max 71.0 ND 8.0 34.0 1410.0 168.0 8.0
Min ND ND ND ND 21.0 ND ND
Avg 8.7 0.9 7.4 432.1 11.7 0.6
Sig 18.4 2.5 8.7 363.6 13.9 1.9
o Ni Cu Br Sn Ga Ge  _ As
Max 3.0 12.0 21.0 5.0 1.0 ND 20.0
Min ) ND 2.0 ND ND ND ND
3 0.5 1.4 7.3 0.3 0.1 ' 2.7
Sig 0.9 2.6 4.1 1.1 0.3 4.4
h Se Rb Sr cd _Sb Ba W
Max 3.0 2.0 7.0 ND 6.0 50.0 5.0
Min ND ND ND ND ND ND ND
Avg 0.7 0.3 0.8 0.4 31.8 0.4
Sig 0.8 0.7 1.7 1.5 12.8 1.3
| Hg Pb
Max 4.0 132.0
Min ND 8.0
Avg 0.2 30.3
Sig 0.9 25.6



Min
Avg
Sig

Max
Min
Avg
Sig

Avg
Sig

Min
Avg
Sig

Min
Avg
Sig

PARTICULATES AT BABBITT-7013
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: TABLE 24
ELEMENTAL COMPOSITION OF ATMOSPHERIC

ng/m3
Al P S S Cl K Ca
1559.0 133.0 6261.0 2189.0 120.0 630.0 1312.0
ND ND 81.0 70.0 ND 32.0 12.0
314.7  50.4 1349.5  695.9 22.3 186.2 350.1
362.5  31.3 1357.3  601.5 37.8 145.5 323.4
Ti V Cr Mn Fe Zn ~ Co
207.0 ND 9.0 132.0 9462.0 59.0 21.0
ND ND ND 4.0 49.0 ND ND
40.5 1.2 24,3 1483.6 16.5 1.7
48.4 2.8 25.8 2041.5 12.2 5.2
- Ni Cu Br Sn Ga Ge As
11.0 9.0 80.0 ND 2.0 ND 32.0
ND ND 2.0 ND' ND ND ND
1.8 1.3 32.1 0.1 5.2
2.7 2.4 19.8 0.4 7.9
Se Rb Sr cd Sb Ba W
2.0 5.0 19.0 10.0 ND 55.0 5.0
ND ND ND -ND ND ND ND
0.5 0.6 4.9 0.3 29.4 0.2
0.6 1.2 4.1 1.8 14.3 0.9
Hg Pb
ND 322.0
ND 6.0
136.1
80.4



Max
Min
Avg

Sig

~ Max
Min
Avg
Sig

Max
Min
Avg
Sig

Min
Avg
Sig

TABLE 25

ELEMENTAL COMPOSITION OF ATMOSPHERIC

PARTICULATES AT SCANLON-7412

ng/m3 —
Al P Si S Cl K Ca
750.0 249.0 3182.0  5623.0 340. 1190.0 1065.0
e 50,0 29.0 285.0 245.0 ND 71.0 99.0
334.9 - 90.8 1347.4 1173.9 57.9 357.3 430.7
205.7 57.5 797.1 1188.2 95.1 251.2 222.4
Ti v Cr Mn Fe Zn Co
126.0 16.0 7.0 62.0 1998.0 108.0 ND
ND ND ND ND 188.0° 6.0 ND
53.7 0.7 0.3 15.8 934.2 37.3
39.9 3.3 1.5 14.5 540. 26.3
Ni Cu Br Sn Ga Ge As
13.0 35.0 85.0 6.0 2.0 ND 12.0
ND ND 20.0 ND ND NB ND
3.2 15.1 41.1 0.3 0.2 2.3
3.1 9.3 17.4 1.3 0.6 3.7
Se Rb Sr Cd Sb Ba W
2.0 3.0 7.0 3.0 7.0 70.0 8.0
ND ND ND ND ND ND ND
0.1 0.6 3.5 0.1 0.5 39.7 0.4
0.5 1.0 2.3 0.6 1.6 14.8 1.7
Hg Pb
ND 327.0
ND 8.0
177.1
78.2



Min
Avg
. Sig

Max
Min
Avg
Sig

Max
Min

Sig

Max
Min
Avg
Sig

Max
Min
Avg
Sig
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TABLE 26

ELEMENTAL COMPOSITION OF ATMOSPHERIC
PARTICULATES AT DULUTH WEST-7527

ng/m3

Al P Si S C K- Ca
2355.0 243.0 8884.0  2335.0 360.0  1262.0 5017.0
8.0 2.0 48.0 57.0 17.0 9.0 26.0
534.5  67.9 2181.9  712.1 163.9 334.9 1290.6
651.2  68.6 2478.5  617.7 108.6 351.5 1489.9
Ti ) Cr Mn Fe In Co
453.0  13.0 40.0  156.0 12,865.0 129.0 43.0
1.0 ND ND 1.0 48.0 1.0 ND
107.8 1.2 6.2 39.2 4256.8  36.6 10.1
127.9 3.7 10.5 42.3 4407.5 35.0 11.8
Ni Cu Br Sn Ga Ge As
21.0 109.0 252.0 ND 4.0 ND 16.0
ND 1.0 7.0 ND ND ND ND
5.9  38.0 70.2 0.5 4.0
6.1  31.3 66.7 1.1 5.0
Se Rb Sr cd Sb Ba W
2.0 10.0 23.0 ND 8.0 184.0 9.0
ND ND ND ND ND 2.0 ND
0.4 1.6 6.6 0.5 29.0 0.9
0.8 2.8 6.9 1.8 25.4 2.1

~ Hg Pb

11.0 734.0

ND 19.0

1.3 234.3

3.0 205.6
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These three elements can derfve from both natural (soil) and anthropogenic
sources (mining, fossil fuel combustion, vehicular traffic) and therefore
a comparison of air particulate concentrations may be meaningful. Urban
sites exceed non-urban sites in concentration by 580% and 300%, for Pb
and Fe, réspective]y. The Fe concentration was skewed to a higher value
by the‘> 4000 ng/m3 Fe concentration average observed in Duluth, Minnesota.
Howev=2r, the Pb and Fe values for the non-urban sites were significantly
less than for the urban sites. It is likely that the enhanced Fe content
of air particulates in N.E. Minnesota wasderived largely from taconite
mining, processing and related activities. The two primary sources of

Pb to the regidn are transport from distant urban/industrial areas and

. the local combustion of leaded gasoline. For this reason, ~ 100'ng/m3

or ~ 80% of the total lead at urban sites was locally derived.

The mean S conteht of air particulates at the urban and non-urban

'sites was not significantly different. This behavior can be attributed

to the regional transport and dispersion of sub-micron sized particles
which contain most of the S. Because 502 concentrations werelow in the
study region; the majority of the S.waslikely in the S0, form. The
sburce of S to the area is not defined, but transport into the region
from distant sources is not unlikely.

A general examination of elemental concéntratjons in air particulates
for the region permits e]éments to be broadly c]agéiffed into four main
groups: ‘

1. high, with levels generally > 1000 ng/m3 air - Fe

2. medium, with Tevels usually between 1OOJ(KK)ng/m3 - Si, Al, K, S

3. 1low, with levels usually between 10-100 ng/m3 air

Ti, Mn, P, Ba, Zn, C1, Pb, Br
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4. very low, with levels usua11y5< 10 ng/m3 air;

Sr, Rb, Ga, Ni, Ge, V, Cr, Co, Cu, Sn, W, As, Sb, Hg, Cd, Se
The above classification is based, in general, on observations by Cawse
(1974) for trace'elements in air particulates at seven sites in Eng1and.
Major différences occur for Fe, which is high in N.E. Minnesota, presum-
ably due to Fe mining, and Cl1 which was of higher concentration in England,

presumably due to a sea salt ocmponent.



54

TABLE 27

ELEMENTAL CONCENTRATIONS IN AIR
PARTICULATES FOR NORTHEASTERN MINNESOTA COMPARED TO REMOTE AND URBAN

- Ga

AREAS
N.E. Minnesota
Element Urban Remote Fernberg Region
ng/m3
Al 190-4,000 2-450 100 240-299
Si 670-60,000 130-7500 455 910
K 200-5,000 10-300 110 163
Ti - 18-500 1-50 16 29-56
Sr o . .3 2-5
Rb L . . .7-2
Mn 10-200 0.2-20 6 15-19
. - 4 .3-2
Fe 250-10,000 4-800 376 1048
Ni 2-200 0.4-10 1 2-4
Ge _ . 2 .04-2
V. 20-600 0.5-20 .8 .5-11
p 50-200 5-100 33 50
Cr 2-100 0.1-15 N 4-10
Ba . . 15 30
Co 0.2-20 0.1-14 .6 2-8
Cu 10-1,000 0.4-100 5 6-12
Zn 30-3,000 0.03-150 76 22
Cl 70-7063 9-2,000 19 34-83
Sn . e 2 1-5
W _ s 4 J7-7
As 1-40 0.3-5 2 4-7 -
Ca 150-20,000 10-2,500 201 320
s 2,000-10,000 800-13,000 729 692
Sb . . 2 .6-4
Pb 20-3,000 0.3-200 19 58
Br " 6-700 .5-8 5 15
'Hg .2-11 .06-.4 <.2 .2-3
Cd .3-100 0.01-4 2 .8-9
Se — _ .2 .3-1




55

Elemental concentrations'in air\particﬁlates at the remote ?ernberg
Road site (7001) and the regional means are compared to typical ranges of
concentrations observed at urban and remote areas around the world (see
Tables A-F ). In‘general, elemental concentrations in air particu]atés
at Fernberg Réad and the region were typical of remote, mid-continental areas.
However, the following elements were classified as occurring at concentrations
lower than expected at the remote site: Si, Ni, Cu, Co, V, C1 and S.
Elements occurring at higher concentrations than éxpected were Fe and Cr.
In the low concentration category, Cu, Ni, Co, V and S are associated usualiy
with anthropogenic activities (basé metal smelting, fossil-fuel combustion,
' etc.) while Si and C1 are of natural origin~soil and sea-spray, respectively.
Vanadium has been used as a tracer of fuel oil combustion, but appears not
to be significant at the remote site. Copper and Ni concentrations were low
demonstrating the lack of man's fnf]uence on these two elements in the region.

Tﬁe enhanced concentration of Fe at the remote, background site and the
regional mean may‘demonstrate the inf]uenée of taconite. iron mining proéess-
ing on the air quality of the region. Preliminary evaluation of wind-rose
data indicates that whgn winds were from the northwest:(prevailing), very low
'concentrations were observed; southwesterly winds, however, resulted iﬁ much
higher air particulate metal concentrations (D. Thingvold, personal communica-
tion). The relatively higher values observed for Cr cannot be explained at
present; possible explanationé include natural Cr enhancement in soil, local
unrecognized source, or long distance transport into the region.
ITI-4-2. Seasonal Variations

Seasonal trends in the conéentrations of A1, Fe, Pb and S in air par-
ticulates at Fernberg Road, Toimi and Erie are shown in Figures 5-7. The

patterns observed at these three stations are, in general, typical of those



Figure 5
Seasonal Variations in Atmospheric Particulate

: Concentrations (A1, Fe, Pb, S) - Fernberg Road
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Figure 6
Seasonal Variations in Atmospheric Particulate

Conecentrations (Al, Fe, Pb, S) - Toimi-®



o FPb

o <« M

(cw/buy ~ouo) Bo

Month (1977)




Figure 7
Seasonal Variations in Atmospheric Particulate

Concentrations (A1, Fe, Pb, S) - Erie
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obgerved at all regional, non-urban éites. The four elements chosen for
depiction of seasonal trends Qere selected beﬁause they represent coarse-
size (Al, Fe) and fine-size air particles (Whitby, 1977).

The concentrations of Al and Fe peaked usually in the months of late
spring and summer and occurred at lower values in winter. This observation
is complicated by the fact air monitoring wés not initiated at the Fernberg
Road site until March, 1977, and that the taconite iron industry was shut down
after late July, 1977. The effect of the mine shutdown can éan best be
seen in the-Fe and Al concentrations at Erie (Figure 7 ). In this case, Fe
and Al concentrations decrease by 1-2 orders of magnitude following mine
shutdown. The trend is also observable at Fernberg Road (Figure 5 ) and to
"a lesser extent at Toimi (Figure 6 ) which appeared to be isolated from’
mining effects. Since less than one year of elemental data is available
presently, it is uncertain whether the decrease in Fe and Al concentratfons
in air particulates was due to mine shutdown or a result of normal seasonal
'and/or meteorological phenomena.

The seasonal trends in Pb and S content of air'particulates exhibited
two apparently different patterns. At Toimi and Erie, S and Pb content generally
increased from winter to fall, although significant variability was evident.
However, Pb and S at Fernberé exhibited a trend slightly decreasing over the
study peridd. In addition,‘Pb and S decreased noticeably at the remote Fern-
berg site following iron mining shutdown, although samp]é;to-samp]e varjation
limits definitive explanations. .

The primary source of Pb in air particulates is leaded gasoline whereas
S may be derived from fossil-fuel combustion, soil re-suspension and wet-land
injection into the atmosphere. The different source functiqns associated with

Pb-and S suggest that they need not be related. However, the seasonal variations



| in Pb and S concentrations were nearly superimposable, suggesting that they
had a common local source and/or were transported by regional air masses.
The latter explanation appears more p]éusible since local sources are few
and the matching occurred at sites throughout the study area.

Cawse (1974) and Peirsen et al. (1974) found that air concentrations
increased during autumn-winter over spring—summer, and suggested that the
increase could be explained by reduced atmospheric dispersion under condi-
tions of persistent low inversion layers and the combustion of heating fuels.
However, the remote, mid-continental area of N.E. Minnesota which lacks
significant local sources (with the exception of Fe) was probably dominated
by snow cover.during winter wbich inhibited dust re-suspension, and forest
coverage.

I11-4-3. Dry deposition

Chamberlain (1953) introduced an expression for particle deposition

rates as:
Dug.m2.57") = Vo(m.s™!) € (ugm™)
where D = dry deposition rate.
Vg = deposition velocity
C = air concentration

The value of Vg is critical to the ca1cu1ation of D, the deposition rate,

and is dependent on micrometeorological conditions, surface roughness and
particle size. Recently, Cawse (1974) and Peirsen et al. (1973) have measured
individual element Vg for several stations in Great Britain. In these studies,
the deposition surface was a Whatman 41 filter paper which may not resemble,

in behavior, a forest canopy, soil or water-surface. Davidson (1977) has
recently developed a model for dry deposition of Cu, Pb and Zn to a grass

surface-as a function of barticle size. Sehmel and Sutter (1974) have
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measured Vg as a function of particle size over a water surface in wind tunnel
experiments. In this report, Cawse's (1973) data on Vg were used to calculate
deposition to N.E. Minnesota. Table 28 Tlists the Vg used for each element
and the corresponding measured mass median particle diameter.

Dry deposition rates calculated for Fernberg, Toimi, Isabella and Dunka,
as well as a regional dry deposition rate for 18 elements, are given in
Table ‘ 29 . The regional value for elemental dry deposition is based on
the arithmetic mean of the four sites listed above. The dry deposition rates
sﬁould be considered as minimum values since Vg td a forest canopy may be
greater than for a filter paper. In general, the dry deposition rates are

typical of remote, mid-continental areas.
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TABLE 28

Dry Deposition Velocities and Mass Median Diameters
of Atmospheric Elements - Great Britain and N.E. Minnesota

. Chilton® Trebanos? N.E. Minnesota
Element Vg mmd Vg mmd mmd
_cm/sec um cm/sec um um

e AL 1.3 4.4 -- -- 4.5-4.9

Cl 1.0 0.7 -- -

v 0.3 0.6 0.5 0.6

Cr - 0.5 1.0 0.2 1.5

Mn 0.6 1.3 1. 1.5 5.0-5.2

Fe 2.5 1.1 24 3.5 4.8-6.5

Co 0.6 1.0 2.0 3.5

In 0.6 0.9 0.2 0.9

As 0.2 0.7 0.4 0.6

Se <0.09 0.6 0.3 0.7

Br 0.4 0.5 -- -

Sb 0.1 0.7 0.5 0.7

Pb 0.3 0.6 0.4 0.7 0.9-1.1

S0, 0.3 0.7 -- -

Cu 0.8 -- 2.0 1.5

Ni 1.4 - 1.4 0.7

cd A0.4 - - -—

aCawse, P. A., A Survey of Atmospheric Trace Elements in the Unjted Kingdom,
AERE Rept. No. R 7669, AERE Harwell, Oxfordshire, England, 1974, 95 p.
(Chilton, rural; Trebanos, industrial)
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TABLE 29

Concentrations and Estimated Dry Deposition Rates

of Atmospheric Particulate Elements®

 ELEMENT DUNKA ISABELLA TOIMI FERNBERG ~ N.E. MINNESOTA
. ¢ D ¢ D ¢ D ¢ D D
Al 496 2.0 143 .59 112 .50 100 .46 .89+.74
s 672 .64 676 .64 467 .44 729 .69 .60+.11
C1 21 .066 25  .079 24  .076 19  .060  .07+.01
v 1  .0009ND --- ND -- 0.8 .008  .0009+.000]1
Cr 6  .009 1 .002 0.1 .0002 11  .020  .008%.009
Mn 24 .045 8 015 10 .019 6  .011  0.23:.015
Fe 1432 11.3275 2.2 413 3.3 376 3.0 4.9 +.4.3
Zn 6 .03 16 .00 10 .019 76 .14 0.55.057
Co 3 .0057 0.4  .0007 0.3 . .0006 0.6  .0011  .0020%.0025
Ni 4 . .018 0.6  .0027 ND -~ 1  .0084  .008:.008
Cu 6 .015 0.8  .002 3  .0076 5 .013  .009:.006
Br 5 .0063 5  .0063 3  .0038 5  .0063  .0057+.0013
As 4 L0025 2  .0013 3  .0019 2  .0013  .0018+.0006
Se 0.2 5.7x107%0.2 5.7x107° 0.6 .0002 0.2 5.7x10">  8.5x107°+5.7x10"
cd 4  .005 0.1 .0001 ND -- 2  .0025  .0025:.0025
Sb 2 .0006 ND  -- 0.5 .0002 2 .0006  .0005%.0002
Hg 0.1 2.8x10°°ND 0.1 2.9x107°ND - 2.9x107:7x1077
Pb 21 .020 19  .018 13 0.12 19 .018  .017:.003

5

aDry deposition rates are calculated based on the deposition velocities in Table

and the relationship

D
c

= VgxC where D = deposition, Vg = deposition velocity (m/sec)

concentration (ng/m3); Deposition rates are given in units of Kg/ha/yr.
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I11-5. Size Distribition of Selected Metals in Air Particulates
ITI-5-1. Concentrations -

Size-differentiated air particulates were collected at Kawishiwi
(KL7003) and Hoyt Lakes (HL7010) from September, 1976 through December,
1977 using Delron cascade 1mbactors (Model DCI-6). Details of the experi-

" mental procedure, results and interpretafion can be found in Eisenreich
et al. (1978).

A comparison of size fracticnated aerosoT samples ana1yzed for trace
metals at KL and HL and averaged over the study period is shown in Figure 8.
The data is plotted as log [metall] versﬁs impaction stage, with stage B
representing the back-up filter (smallest particle size), and stage 1,
the largest particle size. The results of means for all size fractionated

~aerosols are given in Tables 30 and 31 . 1Iron, Al, Mn and Ca were
nearly always dominated by large particle sizes while Pb occurred primarily
in small. particle sizes. In general, Fe and Mn concentrations tended to
increase in.the < 0.5 um size fraction suggesting a bimodal distribution
for these elements, and the presence of more than one source. This
pattern was identical at KL and HL, differing only in that metal concen-
trations were (2-3)x higher at HL than at KL.

An extensive sampling éffort was implemented from the 21-27 May,

1977 at KL to obtain size distributions and concentrations of elements
which occurred usually at low levels. Figure 9 shows the size-distribu-
tion patterns for Ca, Al, Fe, Zn,AMn, Pb and Cd and Tabfe 32 presents
the actual data. As expected, Ca, Al, Mn and Fe were dominated by

large particle sizes (mmd > 4 ym) and Zn, Cd and Pb were dominated by
small particle sizes (v mmd < 2 um). |

Average mass median diameters (mmd) were calculated for Fe, Al, Ca,



Figure 8
Size Distributions of Fe, Al, Ca, Mn and Pb

in N.E. Minnesota Aerosol
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TABLE 30

MEAN ATMOSPHERIC METAL CONCENTRATIONS IN DIFFERENT SIZE FRACTIONS
AT KAWISHIWI LABORATORY (ng/m’)

Size Range (um) Fe Al Ca Mn. Pb Cu Ni
>16 198 116 46 1.8 0.60 <1.3 <1.1
| (258) (90) (35) (0.97) (0.61) (2.5) (0.49)
8-16 107 74 50 . 1.5 1.1 <4.5 <0.93
(153) (56) (36) (0.93) (1.5) (6.4) (0.30)
4- 8 " 83 59 49 1.5 1.5 <0.79  <0.93
(121) (61) (40) (0.92) " (1.3) (0.95)  (0.30)
2- 4 54 50 - 21 1.1 1.5 <0.53 <1.0
(57) (37) (ZO) (0.44) (1.0) (0.49) (0.24)
1- 2 44 47 9.5 0.67 2.1 <1.1 1.2
(46) (28)  (8.9) (0.38) . (1.6) (2.1) (0.90)
5= 1 34 39 5.5 0.66 3.2 <1.3 <1.1
‘ (51) (26)  (6.2) (0.36) (2.6) (2.9) (0.58)
<.5 6] 60 15 3.8 10 \D <8.4
(80) (59) (11) (9.0) (14) (6.2)

Numbers in parentheses represent one standard deviation from the mean.
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TABLE 31

MEAN ATMOSPHERIC METAL CONCENTRATIONS IN DIFFERENT SIZE FRACTIONS
AT HOYT LAKES (ng/m’)

Size Range (um)  Fe AT Ca . Mn Pb Cu Ni

>16 443 162 B3 v oonm . 1.2 .4 <2.2

~ (591) (249) (39 (6.8) (0.93)  (1.5) (2.3)

+ 816 304 168 69 4.2 1.4 2.0 2.0
| (385) (207) (80) (7.1)  (1.0) (3.0) (2.3)

4- 8 236 ° 128 71 3.9 2.3 <1.0 <1.5
(267) (142) (74) (4.9) (1.6) (1.1) (0.96)

2- 4 158. 104 43 2.6 2.4 1.0 <1.4
. (192) (115) (39) (3.4) (1.8) (1.6) (0.78)

-2 90 82 26 1.6 2.9 <2.7 <1.4
(115) (85) (39) (1.5) (1.9) (4.9) (0.78)

5= 1 98 52 26 1.3 4.8 <1.9 <1.4
(157) (43) (24) (1.0) (3.6) (2.2) (0.78)

<.5 184 54 14 7.2 15 <0.60 <14

(258) . (65) (6.5) (9.2) (15) ND (18)




Figure 9
Size Distribution of Ca, Al, Fe, Zn, Mn, Pb and Cd
at Kawishiwi, 21-27 May, 1977
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Mn and Pb (Table 33 ) and ranged from 7.8 um for Ca, 6.9 um for Fe, 5.2

ym for Mn, and 4.9 um for A1 to 1.1 um for Pb at KL. The calculated

mnd's were 0.2 to 2.6 um smaller at HL than at KL, but were generally
larger than those observed in closer proximfty to pollution sources.

| Iron enrichment factors (EF's) (see III ) based on crustal Al

were calculated for all samp]iﬁg dates-at HL and KL and plotted versus
stage number in Figure 10. EF's near unity represent non-enriched elements
and EF's greater than ~ 10 corfespond to enriched elements versus crustal
Al. Prior to late July, 1977, all aerosol samples collected exhibited

Fe EF's greater than or equal to unity at both sites. Aerosols sampled
subsequent to late July, 1977, EF's were less than or equal to unity.

This trend is noted in Figure 10 where EF's for Fe were nearly all below
the crustal reference line. The dramatic reversal of the EF trend for

Fe as a fqnction of particle size coincided with a shutdown of taconite
mining activities in NE Minnesota because of a strike. Whether the change
in Fe EF was a result of actual mining'activities or a decrease in vehicle
traffic on dirt roads cannot be surmised from this data. However, re-
suspended particles resulting from vehicle movement on dusty roads or
blowing wind may be the major source of air particulates in the region

(K. Whitby, 1978, personal communication).
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Figure 10
Crustal Enrichment Factor for Fe as a Function

of Particle Size and Time
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TABLE 33

'S MEDIAN DIAMETERS (um) OF PARTICULATE METAL IN NE MINNESOTA

Metal

. Kawishiwi Lab.

Hoyt Lakes

University of
Minnesota

Fe

Mean
Max.
Min

Std: Dev.
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Max.
Min.

Std. Dev.
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IiI—G. Comparison of Atmospheric Deposition Estimates to N.E. Minnesota

The atmospheric deposition of trace elements to N.E. Minnesota as détermined
from bulk, throughfall, Wet and dry inputs is shown in Table 34, In general,
there is reasonable agreement between bulk deposition and wet and dry deposi-
tion estimates given the relative uncertainty in the collection or calcula-
tion technique, except for Al and Fe. Bulk deposition of Al represented ~ 30%
of the wet and dry estimates considered separately. Bulk deposition of Fe
agreed well with the throughfall and wet deposition rates considered separately
but was much less than the estimated dry input. Eisenreich et al. (1978)
estimated dry deposition of Fe to N.E. Minnesota based on particle size and
concentration measurements and found that the dry input was ~ 1-3 Kg.ha'].yr'l.‘
Given the lack of agreement amongst different loading estimates, Al ‘and Fe
atmospheric deposition rateswas ~ 0.3-1.3 and 0.3-3 Kg.ha'].yr'1, respect-
ively.

Elgments associated with small particle sizes are removed from the atmos-
vphere by rainfall scavanging more efficiently than by sedimentation or
impaction (Cawse, 1974; Andren and Lindberg, 1977). In N.E. Minnesota Pb
and SO4 were likely associated with fine particles and deposition was dom-
inated by wet inputs. In general, atmospheric deposition of all elements to
N.E. Minnesota was typical of a remote, mid-continental area which received
occasiona1 inputs via long-range transport from urban/industrial centers.
ITI-7. Elemental Enrichment Factors |

Atmospheric aerosols collected near the earth's sﬁrface in remote éontinenta]
areas may be expected to have the earth's crust as their major natural source.
By comparing the composition of the earth's crust, information as to the

contribution of the crust to the total composition of the aerosol can be



TABLE 34

COMPARISON OF DEPOSITION ESTIMATES TO NE MINNESOTA

.El ement Bulk Throughfall Wet Dry
Kg.ha"] .yr']'
Al .26 L .95 .89
Fe .28 .29 .27 4.9
M . L L .03 23
Cu .008 .007 .02 .009
Ni < .010 < .021 <01 .008
Pb .050 021 .07 .017
Zn .04 .056 .05 .55
Ca <5.3 o <5.6 .
. ' r
Mg <24 . < 3.5 -
Na <33 <5 L
K <2.5 L <1.2 L
P .18 . .03 L
TOC 27 160 13 L
C 8.2 - < 3.5 .07
S0, 16 | 23 22 1.8
H+(ueq) ~400 140
v . . L .0009
Cr - - . .008
Co ____ - L .002
Br —_ - _ .006
As .006 . s .002
Se . L L 8.5x107°
Cd .003 .0007 . . .003
Sb .0005

Hg | 2.9x1075
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obtained. In the same manner, the relative contribution of anthropogenic
sources to the metal compositfon of the aerosé] may be estjmated. The com-
parison is obtained conveniently by calculation of elemental enrichment
factors for various elements in aerosols as compared to crust material. The

general formula for the calculation of enrichment factar is (Rahn, 1976):

_ {x/Ref) aerosol
aerosol-source  (x/Ref) source

EF(x)

where EF(x) is the enrichment factor of element (x) in the

aerosol-source
aerosol relative to a source reference element, and x/Ref is the ratio of
the concentration of element (x) to a reference element in the aerosol or

source material. Elements commonly used as reference elements in crustal

-matter are Al, Ti, Si, Fe, Ce and Sc. Elements having enrichment factors.

close to unity are in crustal proportions to crustal reference elements,
and may be assumed to have the crust as a major source. Such elements are

referred to as non-enriched, while those elements having EF's significantly

greater than unity may be assumed to have a major source other than the

earth's crust. In effect, elements with large EF's are thought to be derived
from anthropogenic activities (Rahn, 1976; Zoller et al., 1974).

Aluminum was chosen as the crust reference element in this study for
several reasons (Rahn, 1976):

1. Af is a major component of crustal material;

2. Al is a minor component of pollution aerosols; -

3. Al can be detected easily by routine ana]yticél instrumentation;

4. Al is'free generally of contamination'in sampling. Iron is also a
popular crustal reference element, but is a major component of pollution

aerosols. Ideally, a crustal reference element should have negiigible pollu-

tion sources aﬁd be unreactive in the atmosphere. In addition, Fe would be



of little value as a -crustal reference in NE Minnesota where taconite iron
mining is prevalent. Thus aerosol-crust enrichment factors used here were
calculated by the formula:

EF(x) = (x/A1) aerosol

(x/A1) crust

Crustal abundances were chosen over soil composition because rocks have
been more extensively analyzed than soils and soil composition may vary
significantly even over a small geographical area. Crustal abundances for
most elements have been compiled, and Mason's (]966) data were chosen for
calculation of (x/A1) ratios.

The use of elemental ehrichment factors have several limitations which
must be appreciated before interpretation is made. For example, EF's near
unity for an element means only that the element occurs in crustal prﬁporfions
to Al; this does not necessarily mean that it is derived from a crustal or
natural source. In polluted areas, anthropogeﬁic sources may emit crusfal
materiél (f1y ash, road dust), but may have EF's near:unity. Atmospheric éon-
centrations may be a better indication in this case.

High enrichment factors in polluted areas are afributed almost exclusively
to anthropogenic sources. However, high EF's in remote areas may be due to
natural soils'enriched in a .specific element, action of unrecognized natural
sources (forest fires, vegetation) and transport of pollutants from urban
areas. Probably the most significant limitation is that the precﬁrsor of the
crustal material is not yet known. Fo? this reason, EF's between 1-10 may
simply be artifacts of using the wrong reference element.

Mean regional concentrations and enrichment factors for NE Minnesota
are preéented in Table 35, with thé elements listed in order of increasing

enrichment factor. The data indicates that the first 8 or 9 elements were



-~
-t

TABLE 35

Concentration Range and Mean Enrichment Factors For
Atmospheric Trace Elements in Northeastern Minnesota

Mean Concentration® Mean Enrichment Factorb
---ng/m3-—-
Al 240-299 ' 1.0
Si 908-911 0.9-1.0
K 163 2
Ti 29-56 2-4
sr . 2-5 " 2-4
Rb 0.7-2  3-6
Mn 15-19 5
Ga ©0.3-2 | | 7-36
Fe -~ 1047-1050 7-6
Ni _ 2-4 9-15
Ge .04-2 9-363
v 0.5-11 o 14-22
P 49-51 16-13
Cr 410 14-27
Ba '28-34 . 22
Co 2-8 | 27-87
Cu / 6-12 ' 35-59
In o 22-23 106-89
¢l | 34-83 88-173
Sn 1-5 169-680
W 0.7-7 ' 158-1269
As 4-7 , 754-1059
S - 692 901-723
Sb 0.6-4 1016-5438
Pb .~ 58-59 ~ 1510-1233
Br 15 2033-1631
Hg 0.2-3 . 849-10200
cd A 0.8-9 1333-12040
Se 0.3-1 2033-5438

aRange of mean concentrations including and excluding non-detectable values

bCa]cu]ated on the basis of Al crustal abundance (Mason, 1966)
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non-enriched in aerosol versus crustal Ai and are likely éssociated with

a source (S) derived from crﬁsta] material. The non-enriched elements

(EF 1-10) include Al, Si, K, Ti, Sr, Rb, Mn, Ga and Fe. The inclusion of Fe

in the non-enriched category, although being sohewhat arbitrary, is important
relative to its source. The concentration; of éeroso] Fe in NE Minnesota

were significantly elevated compared to remote, forested areas, and are due
certainly to iron mining. However, the EF (Fe)was not extremely high,

indicating that elemental ratios in iron oxide (taconite) deposits and associated
overburden-and tailings do not differ greatly from crustal proportions.

The second group of elements which weremoderately enriched (EF 10-100)
include Ni, Ge, V, P, Cr, Ba, Co and Cu. In some instances (e.g. P, Ba, Co),
elements in this grouping may have soil or crustal materia) as their source
but have higher EF's due to local variations in crustal abundance. The com-
bination of local variances from crustal abundahces with Tow level anthro-
pogéhic sources may contribute to EF's for some elements to reach 10-100.

The third group of elements having'EF‘s exceeding 100 are so enriched
that crustal or soil material are unlikely sources. This group includes Zn,
Cl, Sn, W, As, S, Sb, Pb, Br, Hg, Cd and Se. Although the concentrations of
these elements were not different than could be expected from remote regions,
their sources are likely anthropogenic.

The EF's for 28 aerosol elements from NE Minnesota are presented in
Figure 11 . The presentation of data in this form is important since it

can be related directly to aerosol data taken at the South Pole (Zoller, et al.,

- 1974) and North Atlantic (Duce et al., 1975). With the exception of V, the

elemental enrichment factor diagrams constructed for South Pole and North
Atlantic aerosol are superimposable on Figure 11 , representing NE Minnesota

aerosol. This remarkable phenomenon suggests that enrichment of most elements



Figure 11
The Enrichment Factor (Crust) Values for Atmospheric

Particulate Elements in N.E. Minnesota - 1977
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in aerosol may be more a function of elemental chemistry than source. The

highly enriched eleménts were also those with the highest boiling points. Zoller

g;_gl,,(]Q.;} suggested that high-temperature processes such as volcanic out-
gassing or fossil—fug] combustion could be responsible for enrichment of these
metals observed in Antarctica. The similarity of North Atlantic and South
Pole enrichment factors led Duce et al. (1975) to suggest that noncrustal
anthropogenic pollution transported long distances may not be the cause of
the high EF's observed at the two locations. Duce et al. (1975) conclude

that a vapor phase, either from a high or low temperature source, plays an

important ro]e in the atmospheric chemistry of these e]ements Possible

'sources of elements enriched naturally include volcanism,

biological mobilization, and chemical fractionation at the air-sea and air-

‘crust interface. In NE Minnesota where anthropogenic sources are few yet in

closer proximity than those noted above, high EF's may result from both

anthropogenic and natural sources. Lead may be the exception in that Pb

“is primarily derived from gasoline combustion. The Br/Pb ratio found for

. the region was 0.27 and typical of‘that expected from aerosol derived from

gasoline combustion. It can be said that Pb and Br are derived primarily
from the use of automobiles in‘the region.

Vanadium wa§ enriched to a lesser extent in NE Minnesota than at the
South Pole (Zoller et al., 1974) and approximately the same as the North
1975). Thfs behavior suggests that aerosol V is Tikely

Atlantic (Due et al.,

derived from pollutional sources such as fuel oil combustion.
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11I-8. Atmospheric Deposition "Crease"

An overriding conclusion reiterated at Severa] points in the preceding
report is that the quality of precipitétion (wet + dry) falling on N.E.
Minnesota is typical of remote, mid—continenté] areas. With the exception
of Fe, the trace element concentrations in rain and suspended particulates
were low. However, N.E. Minnesofa appeafs to exist in an atmospheric
deposition "crease", i.e., deposition in surrounding areas is greater
than that observed in N.E. Minnesota. To the north, Ontario Hydro (1977)
| has found that bulk deposition exceeded that for N.E. Minnesota. To the
east, a similar situation has been reporfed by Kramer (1974), IJC (1977)
and Langevin et al. (1978) for deposition to Lake Superior. Krupa (1977)
has also found that precipitation to the south was greater than that for
N.E. Minnesota. Deposition of anthropogenic trace elements in the plains
of North Dakota and western Minnesota was of the same order of magnitude,
whereas soil inputs were much greater. The presence of an atmospheric
deposition "crease" or. low in N.E. Minnésota is derived probably from dom-
inant air mass circulation. The prevailing winds in N.E. Minnesota are
from the northwest with a southeasf summer component. Thus, for much of
the year, N.E. Minnesota has few upwind pollution sources. However, intense
low pressure centers located south of Minnesota-Wisconsin may transport
pollutant-laden air masses in a northwesterly direction from the industrialized
Ohio Valley and eastern Michigan with subsequent deposition to Lake Superior
and near shore land masses in the form of rain or dryfa]i. The remote
character of the Superior National Forest and BWCA, the relatively high
cliffs on the north shore and Lake Superior wind patterns may inhibit

transport of pollutants inland.. B. Watson (personal communication, 1977)



has concluded that such circulation patterns may occur six to twelve
times per year, occurrences which may dominate atmospheric deposition
to Lake Superior.

The effect of Sudbury and neighboring éme1ting facilities on aijr
éua]ity in N.E. Minnesota is likely small since prevailing winds blow in
a different direction from the'source and the distance from the source
is relatively great. The effect of St. Louis and Minneapolis-St. Paul on
the air quality of the region is unknown although summer air circulation
patterns favor trahsport occasionally to N.E. Minnesota.

In summary, the study region and much of N.E. Minnesota experiences
excellent air quality, with atmospheric deposition of all elements, with
the exception of Fe, typical of remote, mid-continental areas. The
relatively low elemental deposition rates may be_relatéd to the prevail-

ing air mass circulation patterns in the area and the absence of significant

upwind sources.
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URBA.

TABLE A-1.

NUTRIENT CONCENTRATIONS IN
AIR PARTICULATES-URBAN

(ng/m’)
Location Reference N C Si C1 Br S0,
N Pillay & Thomas
Buffalo (1971) 610 130
Brar et.al.
Chicago (1970) 2100 120
Dams et.al.
Indiana (1971) - 94
Dams et.al. '
Indiana: (1971) - 45
Belot et.al.
Paris (1977) 7063 433
Zoller & Gordon
Boston (1970) 500 150
Norway - Rahn (1976) 670 18 6.1
Janssens &
Belgium Dams (1972) 3860 164
Nifong &
Chicago Winchester(1970) 3070 110
Heindrykx &
Belgium-Ind. Dams (1973) 4320 120
Heindrykx & A
Belgium-Res. Dams (1973) 2970 150
Belgium 2840 66

Rahn (1973)

-d
€



URBAN

TABLE A-1, Contd.

(ng/m’)
- Location Reference P ’ N C Si C1 Br SO,

Chicago Murphy (1974) 60 15480 421
Lee et.al. 3500-N03

London (1974) 1900-NH,, 28700
Lee et.al. 2300-N03 -

Harlow (1974) 500-NH, 7800
Lee et.al. 2300-N054 |

Kew (1974) 500-NHy, 8700
Lee et.al. 2000-N04

Saiford - (1974) . 1200-NH,, 16900
Lee et.al. 1600-N0g

Kinder (1974) 500-NHy 11800 <

) «:

Lee et.al. 600-NO3

Eskdalemuir (1974) 200-NH,, 5400
Harmmerle &

Pasedena Pierson(1975) 718
Moyers et.al.

Cambridge,Mass. (1972) 395
John et.al.

San Francisco (1973) 2930 220

. Dams et.al.

Chicago (1973) 67
Harrison &

Indiana Winchester(1971)

26-300



LosF

TABLE A-1, Contd.

(ng/m’)
Location Reference p N C Si Cl Br SO,
Demuynck(1973)
Belgium in Rahn(1976) 1440 19.5
- Henry & Blosser
Cincinnati (1971) 50 3000 30000 6000 300 50 12000
Henry & Blosser '
Denver (1971) 100 2000 40000 20000 500 50 6000
Henry & Blosser
St. Louis (1971) . 200 3000 40000 60000 500 50 15000
Henry & Blosser ‘
Washington (1971) 100 2000 30000 10000 400 50 18000
Henry & Blosser ' e
Chicago (1971) 60 8000 100000 10000 5000 50 21000 ?
Henry & Blosser .
Philadelphia (19771) 50 5000 - 30000 10000 100 40 9000
' Persiani .
New York (1971) 2020 640 560
Hasan & Spyrou
Surrey (1972) 5300 180
Mamuro et.al. .
- Japan-Res. (1971) 1550 52.3
Mamuro et.al.
Japan-Ind. (1971) 4360 74.6
Germany Bogen(1973) 153 30.5
Moyers et.al.
Tucson - (1973) 16600



URBAN

TABLE A-1, Contd.

345

(ng/m°)
Location Reference N C Si Cl Br S0,

Morrow & Brief

New York (1971) 4840

, Sugimae and

Japan Hosegawa(1973a) 27184
Tanner et.al. : .

St. Louis (1975) 17350 402 78.5 - 16430
Rahn & Larssen

Norway (1973)in Rchn(1976) 86 6.78
Rahn & Larssen

Norway (1973)1in Rohn(1976) 138 8.4
Rahn & Larssen

Denmark (1973)1in Rohn(1976) 885 17.1 o
Miller et.al. =

Pasedena (1972) 70 600

England - Cawse (1974) 2513 221

England Cawse (1974) 3065 85

' Cambray et.al.

England (1975) 3065 85

| : Cambray et.al.

Holland (1975) - 3190 74
Cambray et.al.

Bute (1975) 2940 40
Gray et.al.

Coiumbia,MO. {1972) 643 55

Oak Ridge,Tenn. Andren (1974) 23



- REMOTE

" TABLE A-2

'NUTRIENT CONCENTRATIONS IN
AIR PARTICULATES-REMOTE

~ (ng/m)
Location Reference "N Si: C1 Br SOy,
Switzerland Rahn (1972) 350 6.0 2.0
Canada Rahn (1971) 9 0.54
Canada Rahn (1971) 12 2.5
: Rahn & Winchester
Canada in Rahn (1976) 16 4.4
Crozat et.al. 2
Ivory Coast (1973) 75 1.02
Crozat et.al.
Ivory Coast (1973) 468 1.46
Crozat et.al.
Ivory Coast (1973) 1976 0.51
Germany Potzl (1970) 320
' Reiter et.al. 924-N04
Central Europe (]976) 1295-NH, 3N 112 3147
Duce et.al.
South Pole (1973) 70 7.9



OCEANS & LAKES

‘TABLE A-3

NUTRIENT CONCENTRATIONS IN
AIR PARTICULATES-OCEANS AND LAKES

(ng/m3)
Location Reference P N C Si 1 Br SO,

England Cawse (1974) 1593
. Shetland Islands Cawse (1974) 2970 17

Norway Rahn (1976) 138 294 4.7

Norway Rahn (1976) 4.2 0.89

. [§=]

England - Cawse (1974) 2452 79 *

Wales Cawse (1974) 1532 27

England Cawse (1974) 2544 78

Zoller et.al.
South Pole (1974) 0.63
Keane & Fisher
Pembroke (1968) 2300 13
' : Crozat et.al.

Ivory Coast (1973) 6530 1.61

: Hidy et.al.

Southern Calif. (1974) 889 904 1377 2202 62.3 4902

‘ Cambray et.al.
Shetland (1975) 13310 23.3



" OCEANS & LAKES

" TABLE A-3, Contd.

(ng/m°)
"Location Reference P NoC Si 1 Br S0,

Cambray et.al.

North Sea (1975) 6990 89

Southern Lake Delumyea & Petel

Huron (1977) 7.6-105

Jernigan et.al.

Hanaii (1971) 1.6



OTHER

"TABLE A-4

NUTRIENT CONCENTRATIONS IN
AIR PARTICULATES-SELECTED AREAS

3

(ng/m°)
Location Reference P N C Si C1 Br . Oy

Michigan Rahn (1971) 46 94

Heindrycks &
Belgium Dams™ (1974) 4870 195

: Dale & McDonald

Scotland (1573) 75

Penkett (1975)
Sudan in Rahn (1976) 615 10.7
Holland Evendijk (1974) 5200 1390 130 2400 o
‘Holland Evendijk (1974) 7300 1030 . 150 13800
Holland Evendijk (1974) 5600 1500 160 11100
England Hamilton (1974) 140 A 800 2800 180 7440
Oregon Shum & Loveland | "
Maryland Gladney (1974) 46 38100
Maine Boyce et.al.(1975) 1200-NO 243900



URBAN

ThoLE B-1

. METAL CONCENTRATIONS IN
AIR PARTICULATES-URBAN

(ng/m3) 5
Table
Location Ref. Na Mg Al K Ca Ti ) Cr Mn

Pillay&Thomas '

Buffalo (1971) 1150 2200 800 60 220
Rahn et.al.

Belgium (1972) 665 1550 1130 2870 107 21.3 "~ 92
Brar et.al. |

Chicago (1970) 310 1400 22 17 430
Dams et.al. ‘

Indiana } (1971) . 285 1350 1850 1250 3950 190 9.3 54 180
Dams et.al. : '

Indiana ) (1971) 275 900 2000 1100 2150 170 6.4 1N 100 2
Belot et.al. ’

Paris ‘ (1971) 1823 902 42.7 15.1 82.5

San Francisco  John et.al. 3520 863 870 5.4 8.2 - 17

: (1973)

Zoller &

Boston Gordon(1970) 800 700 2000 600 20

Norway Rahn (1976) 175 41.5 325 230 150 18 12.5 1.95 17

. Janssens

Belgium & Dams(1972) 1360 1561 52 14.4 87

: Nifong & . .
Chicago Winchester(1970) 1070 10900 3230 2050 21700 25 69 1500
Belgium Rahn (1976) 5340 1670 1660 49 58 874



URBAN

TABLE B-1, Contd.

(ng/m°)
Table : '
Location Ref. Na Mg Al K Ca T ) Cr Mn

Heindryckx

Belgium-Indust. & Dams(1973) 1930 1590 1640 4670 160 58 15 570
Heindryckx '

Belgium-Resident & Dams(1973) 1445 1140 1110 2320 63 48 10 142
Egorov et.al. R

USSR (1970) 7.9 1.7
Egorov et.al.

USSR (1970) 130 14
Egorov et.al.

USSR (1970) 86 12
Demuynck(1973) : ‘ :

Belgium in Rahn (1976) 1060 149 74 179 240 <5 5.1 0.78 11.4 . -
Henry & ‘ ~

Cincinnati Blosser(1971) 1000 2000 3000 1000 6000 200 10 30 300
Henry & A '

Denver Blosser(1971) 3000 1000 7000 1000 4000 400 20 10 70
Henry & .

St. Louis Blosser(1971) 3000 2000 3000 5000 20000 300 20 20 50

. Henry &

Washington Blosser(1971) 1000 2000 3000 1000 3000 400 100 20 50

' Henry &. ;

Chicago Blosser(1971) 2000 5000 4000 2000 10000 400 50 -30 100
Henry &

Philadelphia Blosser(1971) 1000 5000 3000 300 8000 400 200 40 200
Persiani

New York (1971) 860 56 30
Hasan &

Surrey Spyrou(1972) 2500 4000 4210 33



URBAN

" TABLE B-1, Contd.

(ng/m°)
Table .
Location Ref. Na Mg Al K Ca Ti v Cr Mn
Lee et.al. ‘
Chicago (1972) 813 60 30
Lee et.al.
Cincinnati (1972) 1170 170
Lee et.al.
Denver (1972) - 620 20
Lee et.al.
Philadelphia (1972) 540 140 50
: Lee et.al.
St. Louis (1972) 810 30
Lee et.al.
Washington (1972) 490 90 20
Mamuro et.al. 8
Japan-Resident (1971) 1670 4660 1520 82.3 25.7 273
Mamuro et.al. . | -
- Japan-Indus. (1971) 2270 4660 2130 173 - 80.7 - 653
Germany Bogen (1973) 224 1850 4.6 23.6
Moyers et.al.
Tucson (1973) 1300 1200 6600 2500 5700 . 450 4.0 42
Morrow&Brief
New York (1971) 1080 490 2040 1170 170
Sugimae .
Japan (1974) 2240 22 5.7 112
Sugimae &
Japan Hasegawa(1973a) 1244 7466 6554 200 746
Tanner et.al. : :
St. Louis (1975) 705 1118 3745 768 5575 362 g.75 10.5 90.5



URBAN

1.wLE B-1, Contd.

(ng.m3),
Table
Location Ref. Na Mg Al K Ca Ti Vv Cr Mn -
* Rannalarssen
Norway (1973)in Rahn
(1976) 181 189 140 223 1.89 0.96 8.52
Rahn&Larssen
Norway (1973)in Rahn
(1976) 346 77 190 216 174 10 4.78 1.1 11.4
Rahng&larssen '
Denmark (1973)1in Rahn .
(1976) 907 136 521 340 474 35 11.0 23.2 464
Rahn&Larssen
Pasedena (1973)1in Rahn
(1976) 1000 1100 800 320 990 10 30
England Cawse (1974) 1103 288.1 14.1 6.9 26 5
England Cawse (1974) 1128 760.1 25 23 70
Cambray et.al.
England - (1975) 1287 294 12.3 4.2 26
Cambray et.al.-
Holland (1975) 1840 190 11.0 3.8 17.8
Cambray et.al.
Bute (1975) 1716 . 159 10.8 3.4 11.8
, Gray et.al. ‘
~Columbia,MO. (1972) 326 - 61 1447 3967 850 145 3.7 3.0 32
Hoffmann(1972) '
Los Angeles in Rahn(1976) 1700 490 3800 1000 12.5 '6.3 53
Hoffmann(1972)
Honolulu in Rahn(1976) 2700 370 730 420 3.4 1.6 14



URBAN

TABLE B-1, Contd.
(ng/m’)
Table ]
Location Ref, Al K Ca Ti v Cr Mn
, Kneip et.al.
New York (1974) 984 101 11 39
Chicago Murphy (1974) 1978 1686 43 142
Chicago Gatz (1975) 1500 200 80 20 100
Stocks et.al.
Britian (1961) 2-22  12-130
Hammerle &
Pasedena Pierson(1975) 239 33.2 8.6 9.3
Japan Sugimae (1975) 120 . 38 280
Harrison et.al. 1400-. 730- 1400- 120- p
Indiana (1971) 160-500 530-2700 . 3100 . 1800 7000 280 4-18 6-113 63-330
Moyers et.al. ' . T
Cambridge,Mass. - (1972) 494
0ak Ridge,Tenn. 823 223 472 . 66 3.6 1.7 14

Andren (1974)



URBAN

TABLE B-1, Contd.

(ng/ms)
Table _
Location Ref. Fe Ni Cu n Hg Pb
. Pillay&Thomas

Buffalo (1971) 3350 70 4200
Rahn et.al.

Belgium (1972) 2760 213 2820 26.1 1.49
Brar et.al. :

Chicago (1970) 2400 590 9.6
Dams et.al.

Indiana (1971) 6500 - 380 510 4.2 2.5
Dams et.al.

Indiana - (1971) . 2500 - 120 175 4.3 1.9
Belot et.al. .

Paris (1971) 3500 1635 11.2
John et.al. et

San Francisco ‘ (1973) 1670 50 100
Zoller&Gordon

Boston (1970) 1000 50 100

Norway Rahn (1976) 250 4,25 5.80 37.5 5.45 23.3
Janssens & -

Belgium Dams (1972) 2100 70 715 35 0.70 920
Nifong &

Chicago Winchester(1970) 15500 136 3120 23

Belgium Rahn (1976) 26900 63 250 41 0.50
Heindrykx & _

Belgium-Indus. Dams (1973) 3040 32 440 17 0.92
Heindrykx & '

Belgium-Res. Dams (1973) 1500 32 400 14 0.52



" URBAN

"TABLE B-1, Contd.

(ng/m°)
Table : _ - :
Location Ref. Fe Co Ni Cu Zn As cd Hg Pb
Egorov et.al.
USSR (1970) 21 2.4 2.9 .30 1.26
Egorov et.al.
USSR -~ (1970) 160 15 14 .34 8.25
Egorov et.al. ' : :
USSR (1970) 390 5.9 .55 15.45
. Demuynck(1973)
Belgium in Rahn (1976) 93 0.26 <6 5.3 43 43 .3
Henry & Blosser ’
Cincinnati (1971) 5000 3 20 500 2000 2 2 3000
Henry & Blosser ' '
Denver (1971) 5000 5 20 500 200 5 1 2 3000 9
Henry & Blosser ' |
St. Louis (1971) 5000 3 20 2000 2000 10 5 - 3000
Henry & Blosser
Washington (1971) 4000 5 50 800 400 2 .3 ‘ 4000
Henry & Blosser: .
Chicago (1971) 5000 10 40 400 500 2 3 1 5000
Henry & Blosser
Philadelphia (1971) 4000 20 1000 200 500 5 1 2 2000
o Lee et.al.
Chicago (1972) 1100 60 100 500 3200
Lee et.al.
Cincinnati (1972) 1800 60 200 1700 1800
. Lee et.al. :
Denver (1972) 800 60 400 100 1800
Lee et.al. :
Philadelphia (1972) 700 60 100 400 1600



TABLE B-1, Contd.

(ng/m°)
Table
Location Ref. Fe Co Ni Cu Zn As Cd Hg Pb
_ Lee et.al.
St. Louis (1972) 1100 60 100 300 1800
: Lee et.al. .
Hashington (1972) 600 60 200 300 1300
Mamuro et.al.
Japan-Resident (1971) 3930 . 1.77
Mamuro et.al.
Japan-Indust. (1971) 10530 5.47
Germany Bogen (1973) 1041 2.2 26.8 0.17
Moyers et.al. o : »
Tucson (1973) 2800 1.3 6.2 400 110 3.4 400 <
Morrow & N «
New York Brief (1971) 2980 180 290 1370 ’
| ' Sugimae ; “
Japan (1974) 1118 N 570 112 112
Sugimae & '
Japan Hasegawa(1973a) = 8254 762 1612 1004
‘ Tanner et.al.
St. Louis (1975) 2730 1.072 8.5 78.8 242 4.3 0.212 400
Rahn & Larssen
Norway (1973)in Rahn
(1976) 82.1 0.0976 5.7 21.2 0.66
Rahn & Larssen
Norway (1973) 1in Rahn
(1976) 172 0.44 5.7 44
: Rahn & Larssen
Norway (1973)in Rahn
(1976) 464 0.26 7.9 72.5 4.3



URBAN

TABLE B-1, Contd.

(ng/m°)
Table _ : :
Location Ref. Fe Co Ni Cu in As Cd Hg Pb
, Rahn & Larssen
Pasedena (1973)in Rahn
(1976) 3200 30 180 3300
England Cawse (1974) 411 0.46 6.5 169 6.3 156
England Cawse (1974) 1134 0.96- 12.9 405 26 a1
Cambray et.al.
England (1975) 390 0.38 6.6 129 6.4 159
Cambray et.al.
Holland (1975) 355 - 0.28 8.9 92 4.5 118
Cambray et.al. : ’ ' 5
Bute (1975) 270 0.33 5.8 129 2.27 87 =
Cambray et.al. ' .
Columbia,MO. (1972) 898 0.83 54.7 2.4 0.36
- Hoffman (1972) '
Los Angeles in Rahn (1976) 1500 1.7 9.6 620 1500
Hoffman (1972) A
Honolulu in Rahn (1976) 520 1.1 3.7 130 180
Kneip et.al.
New York (1974) 1438 66.7 44 5.67 1285
- Chicago. Gatz (1975) 3500 40 140 300 20 10 1200
Chicago & Harrison &
NW Indiana Winchester(1971) 1000 19 1900
Hammerle &
Pasedena Pierson (1975) 268 10.8 75.7 2140



URBAN

TABLE B-1, Contd.

(ng/m°)
Tab]e' i _ . :
Location Ref. Fe Co Ni Cu n As Cd Hg Pb
. Moyers et.al.
Cambridge,Mass. (1972) 1911
‘ Stocks et.al.
Britain . (1961) ‘ 1-43 2-205 44-252 130-490 31-130 , 260-1430
Colacino & ‘ .
Rome Lavagnini(1974) 4181
Japan Sugimae (1975) 10600 1.2 97 170 820 28 830
Colucci & ’
New York Begeman (1971) 8300
Hudson et.al. '
I11inois (1975) 200 <
. ot
Harrison et.al. , :
Indiana (1971) 1400-13000 0.47-3.0 25-4000 100-1600 2-12 .8-5
0ak Ridge,Tenn. Andren (1974) 313 0.34 8.2 23.4 1.35 4.1 0.13 90



REMOTE

TABLE B-2

METAL CONCENTRATIONS IN
AIR PARTICULATES-REMOTE

(ng/mB)
Table . '

Location Ref. Na Mg Al K Ca Ti V Cr Mn
Switzerland Rahn (1972) 22 22 140 53 93 8.6 0.56 0.86 4.5
Canada Rahn (1971) 18 66 54 40 5 0.21 0.59 1.5
Canada Rahn (1971) 40 56 147 109 140 8.5 0.37 0.7 5.6
Canada Rahn (1976) . 62 85 . 290 16 260 14 1.3 - 1.4 10

Crozat et.al.
Ivory Coast (1973) 145 175 230 7.92 3.8} 2
Crozat et.al.
Ivory Coast (1973) 28 335 910 5.45
Crozat et.al.
Ivory Coast (1973) 71 1140 1050 6.5 15.1
Germany Potzl (1970) 134.9
Reiter et.al.
Central Europe (1976) 68 118 57 407



OCEANS &L =7

TABLE B-3

“METAL CONCENTRATIONS IN
AIR PARTICULATES-OCEANS AND LAKES

(ng/m°)
Table
Location Ref. Na Mg Al K Ca © Ti \4 Cr Mn
England Cawse (1974) 840 147.7 7.05 2.39 12.8
~ Shetland Islands Cawse (1974) 1840 52.1 2.08 1.11 2.8
Norway Rahn (1976) . 439 71 43.3 48.3 46.3 3.13 1.70 0.618 - 2.53
Norway Rahn (1976) 54 13 6.7 17 - 12 0.36 0.126 0.1 0.34
England Cawse (1974) 932 324.9 17.2 5.09 24.52°
England Cawse (1974) 1110 318.8° 16 3.9 20.2
Wales Cawse (1974) 913 150.2 - 5.33 °~ 3.25 11.52
Hoffmann et.al.
Hawaii (1969) 4700 18 0.20
Hoffmann et.al.
Hawaii (1972) 3500 6.7 0.16 0.2
- Egorov et.al.
USSR (1970) 1.7 0.34 0.25
Egorov et.al.: :
USSR (1970) 8.3 1.1
Egrov et.al.
Indian 0-North (1970) 120 7.9
Egorov et.al.
Indian 0-South (1970) 12 0.24

L6



OCEANS & ! AKES

TABLE B-3, Contd.

(ng/m°)
Table N
Location Ref. Na Mg Al K Ca Ti v Cr Mn
Zoller et.al.
South Pole (1974) 7.2 1.0 0.57 0.3 0.5 - 0.0015 0.0053 0.0103
Keane & '
Pembroke Fisher(1968) 1350 50 6 13
Crozat et.al. : .
Ivory Coast (1973) 525 285 2620 8.44 4.42
Crozat et.al. '
Gulf of Guinea (1973) 117 1889 0.981
Duce (1973)
Atlantic 0. in Rahn (1976) 7100 5800 64000 10800 65 647
‘ Duce (1973)
Atlantic O. in Rahn (1976) 6200 820 180 27 2.1
Duce (1973) ~
Atlantic 0. in Rahn (1976) 1800 235, 13.5 76 0.195
Duce (1973) )
Atlantic O. in Rahn (1976) 765 100 27 - 47 0.5
Duce (1973) '
Atlantic 0. in Rahn (1976) 933 131 17.7 33.3 40.3 0.52
: Duce (1975)
Bermuda in Rahn (1976) 2176 296 459 187.4 229 0.519 3.01
' Duce et.al. '
New York Bight (1975) 945 208
Hidy et.al. - . .
Southern Calif. (1973) 922 746 326 478 40 6.13 14.5
Cambray et.al.
Shetland (1975) 2084 53.9 2.15 1.29 3.9

86



OCEANS & | ET

TABLE B-3, Contd.

(ng/mg)
Tab]é
Location Ref. Na Mg Al K Ca T1i v Cr Mn

Cambray et.al.

N. Sea (1975) 4050 159 11.9 4.5 21.5
Dudey et.al.

N. Atlantic (1969) 811 0.388
Duce (1975) |

Atlantic 0. in Rahn (1976) 70-1100 50-5400

66



EMOTE

" TABLE B-2, Contd.

(ng/m
_Table . _
Location Ref. Fe Co Ni Cu In As Cd Hg Pb
vitzerland Rahn (1972) 90 0.091 - 1.7 21 0.40 0.37 0.023 24
‘nada Rahn (1971) 71 0.042 - 0.9 3.8 0.31 -
nada Rahn (1971) 200 0.072 - 2.4 9 0.30 -
nada Rahn (1976) 290 0.14 - 4.4 15 0.45 -
Crozat et.al.
vory Coast (1973) 245 0.194 0.425
Crozat et.al. S
vory Coast (1973) 705 0.114 0.164 S
Crozat et.al.
yory Coast (1973) 935 0.55 0.62
>rmany Potzl (1970) - 94.7
: Reiter et.al. A
:ntral Europe (1976) 95.1 33
Chow et.al.
1]1ifornia (1972) 0.80



- OCEAKRS & LAvVES

TABLE B-3, Contd.

(ng/n°) !
Table _ :
Location Ref. Fe Co Ni Cu Zn As Cd Hg Pb
England Cawse (1974) 215 0.172°  4.90 74 " 3.25 78
Shetland Islands Cawse (1974) 54.6 0.059 }3.37 31 1.35 27.59
Norway Rahn (1976) 51 1.31 2.3 8.93 1.86 0.124 5.5
Norway Rahn (1976) 17 0.013 0.43 0.98 0.17 0.0059 1.1
England Cawse (1974) 374 0.49 7.05 10.1 175 5.88 181
Wales Cawse (1974) 184 0.245 4.3 8.3 90.7 2.5 64
England Cawse (1974) 533 . 12.0 89 37 . 23 8.8 227
- Hoffman et.al. ' ‘
Hawaii (1972) 12 2 3
Egorov et.al. -
USSR (1970) 4.3 0.38 0.61 0.28 0.23
Egorov et.al.
USSR (1970) 24 1.3 2.9 0.39 0.87
a . Egorov et.al.
Indian 0-North (1970) 180 2.9 12 1.96 4.45
Egorov et.al.
Indian 0-South (1970) 7 0.35 2.1 . 0.14 1.01
Zoller et.al. ,
South Pole (1974) 0.84 0.00084 - 0.036 0.030 0.2

oL



OCEANS & LA!

TABLE B-3, Contd.

(ng/m°)
Table .
Location Ref. Fe Co N1 Cu n As Cd Hg - Pb

Crozat et.al. ‘

[vory Coast (1973) 770 0.201 .428
Crozat et.al. ‘

sulf of Guinea (1973) 123 0.144 0.208
Dece (1973) ’

itlantic O. in Rahn (1976) 39000 14 10

' D-ce (1973) '

‘tlantic O. in Rahn (1976) 110 0.6
Dvce (1973) -

{tlantic 0. in Rahn (1976) -10.5 0.3
Dvce (1973) &

\tTantic 0. in Rahn (1976) 30 - 0.3 >
D-ce (1973)

itlantic 0. in Rahn (1976) 11.3 0.43
Duce (1975) ' c

ermuda in Rahn (1976) 275 2.44 6.02 . 0.382 6.76
D:ce et.al. .

lew York Bight (1975) 188 46.9 1.02 134
Hidy et.al.

outhern Calif. (1974) 529 131 79 179
Cambray et.al.

hetland (1975) 86 0.26 3.56 3 1.47 38
Cambray et.al.

orth Sea - (1975) 330 0.36 10.0 153 5. 147
Dudey et.al.

. Atlantic (1969) 499 0.167 319 8.50 ‘ 4,20 0.0624

tlantic 0. Dvce (1975) :
in Rahn(1976) 3.4-220 .12-10  .3-27 .003-.62 .10-64



OTHER

TABLE B-4
METAL CONCENTRATIONS IN

AIR PARTICULATES-SELECTED AREAS

Table -
Location Ref. Na Mg Al ' K Ca Ti V Cr Mn

Michigan Rahn (1971) 120 160 580 340 650 35 3.6 3.8 41
Heindrycks & ' : )

Belgium Dams (1974) 1160 . 1000 2860 1680 4260 213 75 30 212
Egorov et.al.

USSR (1970) 86 21
Dale and

Scotland McDonald(1973) 350 460 17.5 29
Penkett (1975) ‘ '

Sudan in Rahn (1976) 338.5 1663 1.37 5.83 5.34 19.5
Evendijk éé

Holland (1974) 1810 1710 990 37 18 106

Holland Evendijk(1974) 2240 2260 1220 61 71 135

Holland Evendijk(1974) 2230 1480 850 48 20 83

England Hamilton (1974) 428 290 370 980 330 31.9 32.1 4.9 14.3
Shum &

Oregon Loveland (1974) 340 450 "~ 85 69 2.8 6 2.7

Maryland Gladney (1974) 440 170 910 143 59 35 2.8 13.5

NW Indiana Gatz (1975) .2000 200 80 40 300

Chadron, Nebraska Struempler(1975) - 535 5.7
Stocks et.al.

Britain (1961) 1-3 5-13



OTHER

. TABLE B-4, Contd.

(ng/m3)
Table
Location Ref. Fe Co Ni Cu Zn As Cd °~ Hg Pb
Michigan Rahn (1971) 950 0.34 - 15 130 4.6 0.61
' Heindryckx )

Belgium & Dams(1974) 3710 3.94 24 110 96 48 1.9
Egorov et.al.

USSR (1970) 410 - 7.2 13 4.23 15:83
Dale &

Scotland McDonald(1973) 5900 0.9 300
Stebbins (1975)

Tasmania in Rahn (1976) 5.2 21 34
Penkett (1975) X

Sudan in Rahn (1976) 1968 0.65 27 22.95 <0.2 §§
Evendijk

Holland (1974) 1800 5.7 1.4 260 410 6.8 7.7 0.44.

: Evendijk *

Holland (1974) 3000 7.8 0.4 .700 650 13.8 5.9 0.59
Evendijk | '

Holland (1974; 21G0 4.7 0.2 200 420 6.3 2.7 0.28

England Hamilton(1974) 400 1.1 _8.6 26.4 200 6.6 0.4 1.0 260
Shum & Loveland '

Oregon, (1974) 160

Maryland Gladney (1974) 640 0.41 24 “11.5 68 3.8 315

NW Indiana Gatz (1975) 6000 60 200 400 5 20 , 1500

Chadron, Neb. Struempler(1975) 3.3 5.3 16 0.57 45
Stocks et.al. "

Britain (1961) 0.3-0.9 1-75 48-205 5-27 80-470

7.-38



URBAN

TABLE C-

1

NUTRIENT CONCENTRATIONS
IN PRECIPITATION-URBAN

(mg/1)
Location Reference Ppt Type P N C Si Cl Br SGy
Jacobson et.al. 0.80-N0j
Yonkers, NY (1975) Rain 1.16-NH,, 4.8
Central, NY Likens (1972) Rain 6.3-P0y 1.1-NO4
0.873-N0,
Sweden Dickson (1975) Rain .065-P0,, 1.2-NH;
.250-N05 o
New York Likens (1972) Bulk 0.015-P0,  .240-NHj i
~ c:
Rain .034(TP§ <
Chicago Murphy (1974) Snow .034(TP
: Brezonik et.al. .052(TP) .14 - NH,
Gainsville,F1. (1975) Rain .010(0rtho) .06 - NO,
Heidelberg,Ger. Bogen (1974) Rain 1.54 7.2



REMOTE

NUTRIENT CONCENTRATIONS IN

TABLE C-2

PRECIPITATION-REMOTE

(mg/1)
Location Reference Ppt Type P N Si C1 Br SOy
‘ .001-NO4
NWT Kramer(1973a) Rain .0005-P0,, 1-NH3
Gjessing & .
Antarctica Gjessing(1973) Ground Snow .006-P0, .002-N04 R
Scholdager
Norway (1973) Rain & Snow Jd-12
Bjor et.al. ‘
Norway (1974) Rain : .05-55
Feth et.al. | .180-NH3
Sierra,Nevada (1964) Snow .030-0Ortho  .070-NO, <
Herman & . 130-NH3
Nova Scotia Gorham(1957) Snow .070-NO3
Oden in Feth
Northern Europe et.al.(1964) Snow .180-NO;
Minn. Prairie Gorham (1975) Snow .069-(TP)
Minn. Forest Gorham (1975) Snow .016-(TP)
Adomaitis et.al.
N.Dakota Wetlands (1967) Snow .106-(TP) 1.70-N04
Comerford &
N. Minn. Forest White (1976) Rain .036-(TP) .788-TKN -
N. Carolina & Swenk & ' 0.12-N04
Tenn.Forest Henderson(1976) Bulk .007-P0, 0.02-NH, 0.35
Wright (1976) Rain

NE Minngssota

©.021-(TP)



OCEANS & LA

PRECIPITATION-OCEANS AND LAKES

TABLE C-3 -
NUTRIENT CONCENTRATIONS IN

(mg/1)
Location Reference Ppt Type P N C.. Si Cl Br 0y
Manitoba Murphy (1974) Rain .054-P0,, .
Hornstrom et.al.
Sweden (1973) Rain 7-7.3
Sweden Andersson(1972) ~ Bulk 3.3-6.
: Murphy & Doskey
Lake Michigan (1976) Rain .023-(TP)
.011-DRP
.014-TRP :
N.Central Florida Brezonik et.al. . '
Lake (1969) Rain .015-0 .31-Ton
.033-(TP)  .21-NH,
.21-N04
NW Ontario Barico & .035-0 .039-NH4
(10 lake surfaces) Armstrong(1971) Snow .006-(TP)  .206-NO,4
, Shiomi & Kuntz .058-(TP)  1.53-N04
L. Ontario (1973) Bulk .024-0 0.62-NH; 1.60 10.01
Delumyea &
S. Lake Huron Petel (1977) Rain .001-.037
s s Eisenreich '
L. Michigan-N. et.al.(1977) Bulk 0.05 3.8 TOC . 0.146-5i0, 2.5
. s Eisenreich
L. Michigan-S. et.al.(1977) Bulk  0.064 6.2 TOC  0.356-5i0, 2.9



OTHER

TABLE C-4

NUTRIENT CONCENTRATIONS IN

PRECIPITATION-SELECTED AREAS

(mg/1)
Location Reference Ppt Type P N Si C1 Br SCy
| -80-N0;
Norway Semb (1975) Rain 1.16-NH, 8.0
Central Texas COO?$57§§'31'
Tabatabai & 0.6-NOg
Iowa Laflen (1975) Rain .63-NH,, .89
Boyce et.al.
Maine (1975) Snow & Rain 1.3-N04
: . . .26—N03 S
Tennessee Shriner(1975) .13-NH, 47 2.9 &
- .028-N04
Swaden,Nationwide Malmer (1974) Rain .056-NH; 1.5-2.7
.564-T .093-N04
N. Ontario Kramer (1975) Bulk .27-0 .365-NH, .5
Whelpdale ‘&
NWT Summers (1975) Rain & Snow 1-§
NWT Kramer (1973a) Rain <.5
: Pearson & '
N.E. U.S. Fisher (1971) Bulk .2—38
N.E. U.S. Likens (1975) Bulk 3.2-5.0
Sweden Maimer (1974) Bulk 1.5-27



QTHER

. TABLE C-4, Contd.

(mg/1)
Location Reference Ppt Type ‘P N S1 ct Br SOy

Whelpdale &

Canada-West Coast Summers (1975) Bulk 0.1-13

Whelpdale &
Canada-West Central Summers (1975) Bulk 0.1-11
' Whelpdale & T
Canada-E. Central Summers (1975) Bulk <.3-80
: Whelpdale &
Canada-East Coast Summers (1975) Bulk 9-3.2
Sudbury, Ont. Kramer (1975) Rain o <.5-¢.4
’ - Pearson & .34-N04 >

N.E. U.S. Fisher (1971) Bulk .04-P0, .25-N 4.3 =]

Newfoundland . Gorham (1961) Rain 2.2

Wisconsin Gorham (1961) Rain 2.9

0jebyn,N.Sweden Gorham (1961) Rain 2.5

Ultuna,Central ‘

Sweden Gorham (1961) Rain 2.6

Georgetown,

British Guiana Gorham (1961) Rain 1.3
Summers &

C. Alberta,Can. Hitchen (1973) Rain 2.7

Norway Dovland et.al.(1976) Rain 1-4
Junge &

Woridwide Werby (1958) - 2.2



"TABLE D-1

METAL CONCENTRATIONS IN
PRECIPITATION-URBAN, REMOTE, OCEANS AND LAKES

(ng/1)
Table -
Location Ref. Ppt Type Na Mg Al K Ca = Ti V Ci Mu

URBAN Volchok et.al. '

NYC (1973) Rain ~ 5-60 . ND-50
Andren et.al.
Tennessee (1975) Bulk 12
Central,NY Likens (1972) Rain 48 19.2 36 12 148 5
Elwood & o ,
Oak Ridge.Tenn. Henderson (1975) Rain 90 140 690
' Bulk 240 390 1300

Heidelberg,Ger. Bogen (1974) Rain 757 800 3.6 25.4
Walker Branch  Andren & Lind- : ' _
Watershed,Tenn. berg (1977) Rain 1.87 14.8

REMOTE Likens et.al. : ‘
New Hampshire (1967) . Bulk 120 40 70 160
N ~ Comerford & '
N. Minn.Forest White (1976) Rain ' 229 539 1667
N. Carolina & Swank & .
Tenn.Forest Henderson(1976) Bulk 170 50 80 230

) Rain & .

Nebraska Struempler(1976)  Snow 350 , . 5.20
NE Minn. Wright (1976) Rain 100 70 110 420

N.Hampshire Likens et.al. . , -
Forest {1967) Rain 155 90 200 280



~ TABLE D-1, Contd.

(ng/1)
Table .
Location rRef. Ppt Type Na Mg" Al K Ca 11 Cr Mu
LAKES & OCEANS Dickson
Sweden (1975) Rain <5 5
Bulk 5-180
Soderland ‘
Sweden (1975) Rain .2 i
Shiomi & ' ‘
L. Ontario Kuntz(1973) Bulk 2690 820 ' 560 5040
Eisenreich
L. Michigan-N et.al. Bulk 0.59 0.67
t. Michigan-$ (1977) Bulk 0.64 0.78 —
OTHER Lazrus et.al.
Nationwide,U.S. (1970) Bulk 12
N. Ontério Kramer(1975) Bulk | 5
Norway Semb (1975) Rain 500
Ccoper et.al.
Central Texas (1975) Rain 54 42
Boyce et.al. Snow
Maine (1975) Rain 543 434
Krupa et.al. :
Minnesota (1975) Rain 120 53 - 100 390 <20 <10
Tennessee Shriner(1975) Rain 260 140 320 930
Pearson & 4
N.E. U.S. Fisher (1971) Bulk 110 160 600



URBAN

TABLE D-1, Contd.

(ng/1)
Table
Location Ref. Ppt Type Fe Co Ni Cu Zn As cd Hg ~ Pb
URBAN Bogen
Heidelberg,Ger. (1974) Rain 1746 1.8 1.3
Halker Branch Andren & . . _
Watershed,Tenn. Lindberg Rain 5.7 14.5 34.9 0.15 . 15.6
(1976) _
Andren et.al.
Tennessee (1975) Bulk 3-9 4-24 18-60 4-22 .08-.50 5-23
‘ Likens ‘
Central, NY (1972) . Rain 40
REMOTE Schlesinger ’ =
New Hampshire et.al.1974 Bulk 0.6 0.06 13.4 ~
Struempler Rain &
Nebraska (1976) Snow 4.4 - 10 0.31 4.8
Gjessing & Ground _
Antarctica Gjessin Snow 25 16 27 1.4 1.6
(]973? : :
OCEANS & LAKES A Shiomi &
Lake Ontario Kuntz Bulk 34 4 6 80 1 20
o (1973)
Dickson
Sweden (1975) Bulk 30-220 48 .5-30 20 -300 2-7 14-70
Rain 216 48 9 311 7 €4
Sweden Soderland
(1975) Rain 5 7 60 3 .2 10
, Andersson ,
Sweden (1972) Bulk 30-220 48 .5-30 20 -300 2-.7 14-70



REMOTE

TABLE D-1, Contd. -

(ng/1)
Table _
Location Ref. Ppt Type Fe Co Ni Cu in As Cd Hg Pb
Qlﬂﬁ& Kramer
Northwest Terr. (1975) Bulk 31 0.3 1 52 .15 ]
Biggs et.al. .
Delaware (1973) Rain " .3-60 .4-80- <.1-3.6 . .6-60
Lazrus et.al. _
Nationwide U.S. (1970) Bulk 4 21 110 34
Zitko &
Canada Carson . Rain 45 6.4 36 .6 1 2.8
(1971)
Kramer ' s
N. Ontario (1975) . Bulk 50-1760 <.1-63 3-150 30-6800 .2-42 - 4-69 3
Cooper ' ‘
Central Texas (1975) Rain 83 2 - 3 4 4
. Krupa _
Minnesota (1975) <10 <10 15 <2 <20

Rain



Tahle

ATMOSPHERIC LOADING RATES OF METALS-URBAN, REMOTE,
OCEANS AND LAKES, SELECTED AREAS

TABLE E-1

kg/ha/yr —_—
Location Ref. Ppt Type Na Mg Al K Ca Ti v Cr Mn
. Pearson ‘ '

N.E. U.S. Fisher 1971 Bulk - 1.30 1.79 6.78
Boyce : Snow .

Maine et al 1975 Rain 0.65
Richardson

Michigan Merva 1975 Bulk 6.3 1.70 2.80 9.0

' Richardson :

New York State Merva 1975 Bulk 1.0 1.0 2.3 4.0
Mayer

Central Germany et al 1975 ‘Bulk 8.2 3.70 1.30 6.0 20.0 .

' Abrahamsen i~

Norway 1975 Rain 6.0 0.70 0.60 0.90 0.40 1.17
Imboden ' ‘

Switzerland et al 1975 Bulk 0.02 .20

) Lazru _
Uu.S.A. et al 1970 “Rain .09
‘ Andren
Tennessee .04 0.26 -

et al 1975

Rain



TABLE E-1, (Contd.)

Table _ kg/ha/yr _ ,
Location Ref. Ppt Type Na Mg Al K Ca T1 Cr Mn
URBAN Volchok .110-
New York City et al 1973 Bulk .303 .194
Morgan
Connecticut et al 1942 Rain 1.20 7.0 12.0 28.0
Andren &
Walker, Tenn. Lindberg 1977 Rain .036 .253
‘ Commerford & , '
N.Minn.Forest White 1976 Rgin 1.25 2.57
Swank & ‘
N. Caroline Henderson 1976 Bulk 3.52 1.1 1.62
REMOTE Swank & c?
N. Carolina Henderson 1976 Dry .610 0.20 0.51
: Struemghes Rain ' )
Nebraska 1976 - Snow 1.40
Wright .425-
.624 .465 740 2.75

N.E. Minnesota

1976 _ ‘Rain



OCEANS & LAKF™
TABLE E-1, (Contd.)

Table | kg/ha/yr

Location Ref. Ppt Type Na Mg Al Ca T3 Cr Mn
Vol. I '
L. Superior ULRG p.46 Bulk 1.81 0.67 .57 3.98
Vol. 1
L. Huron ULRG p.47 Bulk 6.15 11.25 .39 38.35
' Vol. I ’
L. Huron ULRG p.48 Bulk 7.02 1.12 .02 45.14 \
. Vol. 1
Georgian Bay ULRG p.49 Bulk 1.56 .78 .04 5.21
Vol. 1
N. Channel ULRG p.50 Bulk 1.59 .79 .06 5.31
Vol. III =
L. Superior ULRG : Bulk 1.83 .68 .59 4.03 o
Vol. III '
U.Great Lakes ULRG Bulk 2.16 1.80 .90, 8.53
: Shiomi & : ‘
L. Ontario Kuntz 1973 . Bulk 12.73 4.09 .11 2.61
Abrahamsen '
Norway Coast 1975 Rain 1.00 .20 1.00
Eisenreich”
N.L. Michigan et al Bulk 1.82 ~ 3.24 .06 10.80
: Eisenreich
S.L. Michigan et al Bulk 3.76 4,52 .26 24.84



URBAN

' TABLE E-1, (Contd.)

Table _ ka/ha/yr
Location Ref. Ppt Type Fe Co Ni Cu in As Cd Hg Pb

Volchok 27-

New York City et al 1973 Rain 1.72 .69 4.40 1.06-1.49
Volchok

New York City 1973 Rain 1.35 5.48 .04 1.97-4.75

REMOTE Schlesinger :
New Hampshire et al 1974 Bulk .009 .001 .196
' Andren &

Walker,Tenn. Lindberg 1977 Rain 091 .232 .499 .003 .246
Struempler Rain

Nebraska 1976 Snow .018 .04 .001 .019

LiL



OCEANS & LAKES

TABLE E-1, (Contd.)

Table " kg/ha/yr :
‘Location Ref. Ppt Type Fe Co Ni Cu in As Cd Hg Pb -
L. Superior ULRG 1976 Bulk 1.170 .015 .044 .006 .078
L. Huron ULRG 1976 Bulk .630 . .029 .104 .011 107
L. Huron ULRG 1976 Bulk .368 .014 .57 .009 4,077
Georgion Bay ULRG 1976 Bulk 1.253 .068 .219 .011 .167
N. Channel ULRG 1976 Bulk 1.275 .068 .223 .010 .170
L. Superior ULRG 1976 Bulk 1.183 .015 .045 .007 079 =
, po
U.Great Lakes ULRG 1976 Bulk .832 .037 .064 .006 122
Shipmi : :
L. Ontario Kuntz 1973 Bulk .205 .020 .040 .505 .008 .130



OTHER

" TABLE E-1, (Contd.)

kg/ha/yr

Table - _ _ )
Location Ref. Ppt Type Fe Co Ni Cu Zn As Cd Hg Pb

Richardson

Michigan Merva 1975 Bulk .300
Maypr

Central Germany et al 1975 Bulk 1.000

‘ Hutchinson & . '

Canada White 1975 Bulk 6.100 065 2.100 2.900 .637 .585

Canada, Zitko &

St. Andrews Carson 1971 Rain .048 .069 .365 .006 .001 .029

NWT Canada- kramer 1975 Rain  .318 003  .010  .548 002 .01
Andren -

N.W. England et al 1975 Rain .088 .332  1.226 .255 .003 .197 ©
Imboden ’ : .

Switzerland et al 1975 Bulk 2.00 402  2.701 .006 1.716
Lazrus .

U.S.A. et al 1970 Rain -.080 .033 1.86 767 .270
Biggs

Delaware et al 1973 Rain .037 .084 .001 .062

. Andren :

Tennessee et al 1975 Rain .091 .234 SN .157 .003 .248



URBAN

ATMOSPHERIC LOADING RATES OF NUTRIENTS-URBAN,

Thu E F-1

REMOTE, OCEANS AND LAKES, SELECTED AREAS

‘ kg/ha/yr
Table - —
. Location Ref. Ppt Type P N Si Cl Br SO,
Junge 9.40 NO4
Akron, Ohio 1956 Rain 2.62 NH,
Junge 2.27 NOj
Urbana, I11. 1956 Rain 0.65 NH,
Junge f 4.63 NO,
Indianapolis,In. 1956 Rain 2.08° NH,
- Junge - 8.70 NO3
Columbia, Mo. 1956 Rain 3.48 NH,4
Putnam 1.76 NOj
Duluth, Mn. Olson 1960 Rain 5.00 NH, .
b
. (&)
Wisconsin Shah 1962 Rain 12.0  TOT
Matheson Snow 1.78 NOj
Hamilton, Ont. 1951 Rain 3.20 NHy
: | 1.97 NOj
Ottawa, Can. Shutt 1925 Rain 4.45 NH,
Junge ‘ 1.60 NOj
California 1956 Rain 1.0 NHy
‘ Junge .69 NO3
Ely, Nevada 1956 Rain 1.0 NH,
' Junge 1.98 NOj
Amarillo, Tex. 1956 Rain 1.17 NH4
Junge 3.0 NO,g
Glasgow, Mt. 1956 Rain 2.21 NHy ~
) Junge 5.07 NOg
Washington,D.C. 1956 Rain 0.65 NH,



URBAN

TABLE F-1, (Contd.)

Table - kg/ha/yr
Location Ref. Ppt Type P N S1 Cl Br -S0y
Junge 8.35 NOj
Albany, N.Y. 1956 Rain 1.48 NH,
Collison
Geneva, N.Y. Mensching 1932 Rain 10.0 TOT
Collison 6.70 NOj
Geneva, N.Y. Mensching 1932 Rain 6.70 NH,
Ithaca, N.Y. Wilson 1921 Rain 1.13 NO4q
‘ 1.40 NOg -
Ithaca, N.Y. Leland 1952 - 4.50 NHy
: Buckman 8.0 NOj
Ithaca, N.Y. Brady 1961 Rain 4.1 NH,
Connecticut Voigt 1959 Rain .10 TOT .50-TOT =
Jacobsen ‘
Connecticut et al 1948 Rain 4.5-T0T
) - Prince 5.60 NOj
New Brunswick,NJ et al 1941 Rain 5.60 NH,
| 8.0 NO,
North Carolina Junge 1956 Rain 1.30 NHy
’ 2.30 N03
Tallahassee,Fla.  Junge 1956 Rain .75 NHy
: 8.90 NO4
Roancke, Va. Junge 1956 Rain 2.36 NH,
Murphy ‘
Chicago, I11. Cesarettil974 Rain .250T0T
Europe Benaire 1975 Bulk 2.80
Jacobsen
Yonkers,N.Y. et al 1975 Rain 3.78 NO,



URBAN

TABLE F-1, (Contd.)

Table _ kg/ha/yr ] :
Location Ref. Ppt Type N C Si Cl Br SOy
Tabatabui Rain 6.0 NOg
Towa Laflen 1975 Snow 6.0 NH, 1.0 4.12
. Morgan
Connecticut et al 1942 Rain 3.0-TOT 17.0
Sridharan
Green Bay,Wis. 1972 Rain .08-TOT 22.0 31.0
Kluesenen Rain .180 Sng
Madison,Wis. 1972 Snow .230-TOT
‘ Attwill . .
Melbourne,Aust. 1966 Bulk .30-TOT
Abrahamsen . 4.02 NOj -
Norway et al 1975 Rain .110-P0,  3.29 NHy

221



REMOTE

TABLE F-1, (Contd.)

Table- . kg/ha/yr .
Location Ref. Ppt Type N Si SOy

Pearson ' 3.84 NO4

N.E., U.S. Fisher 1971 Bulk .474-P0, 3.82 N
Commerford

N. Minn. White 1976 Rain .258 TP 4.38 (TKO)

N. Carolina Swank . 2.88 N0,

& Tenn. Henderson1975  Bulk .190 PO, .520 NHy

. JP

N. Minn Lakes Wright 1976 Rain .137-.144
Barcia & Snow

N.W. Ontario Armstrong 1971 Rain .270 (TP) 3.65

Bulk
NWT Canada Kramer ]973b Rain 3.65 .,
Bulk e

NWT Canada Kramer 1973a Rain 25.-51.

Norway Scholdger Rain 18.-40.
Hornstrom

Sweden et al 1973 Rain 7.3-40.0
Shiomi

Great Lakes,Can. Kuntz 1973 Bulk" 51.0

N. Ontario Kramer 1975 Bulk 1.8-62.0
Nyborg

Canada Crepin 1975 Rain 1.20

Wisconsin Shah 1962 Rain - 9,0-(T) 14.0



REMOTE

TABLE F-1, (Contd.)

kg/ha/yr

Table _
Location Ref. Ppt Type P N C Si Cl Br SOy
Wolaver
U.S.A. & Lreth 1972 Bulk 26.0
Thunder Bay,Ont. Aeres 1975 32.0
Grand Marais,Mn. Aeres 1975 32.0
Two Harbors,Mn. Aeres 1975

vl



OTHER

TABLE F-1, (Contd.)

Table kg/ha/yr . :
Location Ref. Ppt Type P N C Si Cl Br SO,
MaTlo 3.32 NH,
New Jersey Purvis 1964 Rain 9.20 TOT
Gambell 2.20 NO4
- S.E. N.Virginia Fisher 1964 Rain 13.0 NH,
Gambell '
S.E. N.Virginia  Fisher 1964 Rain 1.26 NOj
Gambell .
N. Virginia Fisher 1964 Rain 5.0 NO,
3.18 N0,
E. Virginia Junge 1956 Rain 1.17 NHy
Abrahamsen
Norway et al 1975 Rain - .020 PO, 1.60 NO3 9.00 4.90
Richardson TOT 3.30 NH, - : -
New York State Merva 1975 Bulk .60 PO, 4.40 NOg 10.0 50.0 4
Richardson : 3.50 NOj
Michigan Merva 1975 Bulk .60(TPO,) 2.0 NHy 5.8 9.41 18.0
Boyce Rain
Maine et al 1975 Snow 1.76 NO4 1.30
Finnel &
Oklahoma Houghton1931 Rain .806 NO4
. : Miller
New Zealand et al 1961 Bulk .80 (T)
Carlisle
England et al 1966 Bulk .85 (T)
Allen :
England et al 1968 Bulk .20 (T)
Ghana Ingham 1973 =~ Bulk 3.0 (T)
- Imporato .
Italy 1964 Bulk 2.0 (T)



OTHER

TABLE F-1, (Contd.)

Table _ kg/ha/yr : _
Location Ref. Ppt Type P N C Si Cl Br SO,
Farrugle
France 1960 Bulk .40 (T)
Scandinavian Tamn 1953 Rain 1.0 (T)

az\



OCEARS % LAKES

TABLE F-1, (Contd.)

Table kg/ha/yr
Location Ref. Ppt Type P N Si Cl Br SOy

Murphy .767 TOT
Lake Michigan 1974 Rain .274 ORTHO

Shiomi 1.28 TOT 20.40 NO4
Lake Ontario & Kuntz 1973 Rain .58 ORTHO 11.71 NH,
Lake Superior RIJC 1976 Bulk .096 6.73 TOT 6.64 _26.53
Lake Huron RIJC 1976 Bulk .085 7.1 TOT 6.70 31.50
Lake Huron RIJCI1976  Bulk .075 5.70 TOT 5.51
Georgian Bay RIJCI1976 Bulk .088 9.40 TOT - 8.34

f )

N. Channel RIJCIII 1976Bulk .092 9.61 TOT 8¢51 ~
Lake Superior RIJC III 1976Bulk ,098 6.83 TOT 6.7
Lake Huron GLWQB 1976 Bulk .18
Lake Superior GLWGB 1976 Bulk 13
Lake Michigan GLWQB 1976 Bulk .29
Lake Erie GLWQB 1976 Bulk .43
St. Lawrence GLWQB 1976 Bulk .30
Lake Ontario GLWQB 1976 Bulk .27



OCEANS « . .ES o
TABLE F-1, (Contd.)
Table ‘ _ kg/ha/yr :
Location Ref. Ppt Type P N c Si Cl Br SOy
Abrahamsen
Norway, Coast et al 1975 Rain
. Murphy
Lake Michigan Doskey 1976 Rain 172 (TP)
Murphy
Lake Michigan Doskey 1976 Rain .086 (ORP)
Murphy ’
Lake Michigan Doskey 1976 Rain .103 (TRP)
' Delumyer & ,
S.L. Huron Petel 1977 Rain .04 (TAP)
Delumyer & .
S.L. Huron Petel 1977 Dry ‘.062A§TAP)
Delumyer & 5 =
S.L. Huron Petel 1977 Bulk .237 TAP) ¢
- Eisenreich o . Py
N.L. Michigan et al Bulk .221 17P) 16.68(T) .673 (R) .11.64 14.64
' Eisenreich P |
S.L. Michigan et al Bulk .364 {TP) 36.0 (T) 2,04 (R) 16.8 32.04
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