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ABSTRACT 

Precipitation chemistry in central North America appears to be controll~d · 

by interaction between soil-derived alkaline dust and gaseous NH
3 

from 

the cultivated prairie and anthropogenic acid aerosols from the urban-

industrial Lower Great Lakes-Ohio Valley region. Analyses of major ions 

and trace metals in precipitation event.and snow core samples along a 

600-km transect from the North Dakota prairie to the northeastern Minnesota 

++ -++ forest indicate that loadings and concentrations of Ca , Mg '· Ptot' Al, 

Fe, M , and other soil-derived material decrease with increasing distance 
n 

. from the prairie. Acidity is highest in the east and decreases to the 

west. Sulfate has natural sources in the west and anthropogenic sources 

in the east; its concentration was least at sites in the middle of the 

transect. Acidity increased and inputs of soil__:derived elements decreased 

during winter when snow and freezing temperatures reduced alkaline 

influxes to the region. 

Atmospheric inputs of N anci P may· be beiief'icial· fo nutrient-poor 

ecosys terns. However, precipitation in. the .eastern p0rtions of the· :region 

which are highly sensitive to acid inputs, is approaching levels of 

acidity known to cause adverse effects. Any increase in acid loading will 

increase this danger. 
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INTRODUCTION 

The phenomenon of acid precipitation and the problems caused by it 

have been well documented (see for example Likens et al. 1979 or Gallow·ay ·· 

et al. 1978). Cogbill and Likens (1974) noted that the extent and severity 

of acid precipitation in North America was increasing. Recent precipitation 

chemistry data indicate that an area east of the Mississippi River extending 

north to the Canadian Arctic is subject to ac~d precipitation (Whelpdale 

1978~ Gibson ~nd Baker .. l979) on:an annual basis •. This area is partly· 

coincident with the region of most dense SOx and NOx emissions (Likens et 

al. 1979, Husar and Patterson 1980); other factors must also affect the 

location and extent of the area subject to acid precipitation. 

Two factors potentially affecting the extent of acid rain are the 

production of alkaline dusts and gaseous NH3 in the cultivated mid-western 

prairie. Smith et al. · (1970) noted an increase in dust deposition across 

North America from the humid northeast to the semi-arid central United 

States. Dust pH also increased from faintly acid to distinctly alkaline 

along this gradient. Denmead et al. (l974) and Lenhard and Gravenhurst 

(1980) observed fluxes of NH3 from the soil to the atmosphere over· 

Australian sheep pastures and rural Western Germany, respectively. Lau 

and Charlson (1977) calculated atmospheric NH3·concentrations that were 

highes·t t:)ller the mid-western United States and decreased tmvard the coasts. 

Neutralization by gaseous NH3 or soil dusts would reduce precipitation acidity 

even Hhere emissions of acid precursors, SOx and NOx, might othenvise be 

expected to cause acid precipitation. 

A gradient in precipitation pH and alkaline dust fall has been 

observed on a smaller regional scale in and around Hinnesota. Gorham and 

Tilton (1978) found a decline in the mineral content of Sphagnum from west 

to east across Hinnesota. The pH and concentrations of particles, .phosphorus~ 

---- ________________________________________ ........ 
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and all ions measured were much less in snow from the forested Experimental 
{'· . 

Lakes Area· (ELA) of northr.vestern Ontario (Barica ·and Armstrong 1971) .than 

in snow from the prairies of North Dakota (Adomaitis et al. 1967). Gorham 

(1976) found a similar trend in snmv samples collected along a transect from·, 

North Dakota prairie to eastern Minnesota forests after a blizzard in 1975. 

Concentrations of PCBs in Lake Superior sediments, where local sources 

are minimal (Eisenreich et al. 1980), indicate long-range transport of 

anthropogenic material to Minnesota from the Lmver Great Lakes-Ohio Valley· 

region. Calculations of airmass trajectories and observations from satellites 

confirm that long-range transport of pollutants, \vhich. must inc: lllClf' .<~r:-i.d 

precursors, affects Hinnesota. The balance bet\veen influxes of alkaline 

material from the west and acid mat.erial from the east should therefore 

control precipitation chemistry in Hinnesota. 

We initiated a study to generate baseline data on precipitation chemistry 

across Hinnesota and to investigate the effect on precipitation of the inter-. 

actions between acid and alkaline materiAls. 

SAHPLE COLLECTION.AND ANALYSIS 

Precipitacion· samples were collet::ted at three 'Sit·es shown in figure 1 

·along a transect from the eastern North DAkota prairie to the remote north-

eastern Hinnesota forests. The western site, at the Te>vaukon Wildlife Refuge, 

is surrounded by a 1 - 2 km buffer of grassland and marsh within an intensely 

cul~ivated region, and was chosen to provide precipitation dominated by the 

alkaline influence of dust and ammonia. The Hovland site, located in a 

remote forested area of northeastern }linnesota far from serious local 

pollutant or dust sources, was chosen to provide precipitation influenced 

primarily by long-range transport of acid anthropogenic material. The Itasca site,· 
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mid~v.ay bet;ween the other t~vO sites and 50 km east of the forest-prairie 

transition, was chosen to provide precipitation influenced by a mixture 

of these two influences. Snmvpack samples ~.Jere taken at the collector 

sites and·at intermediate locations as indicated in figure 1. 

We used Aerochem:Metrics automa~ic wet-dry precipitation collectors 

to sample wet-only precipitation and.dry fallout. This sampler was also 

chosen for use in the National Atmospheric Depos·ition Program network. 

Wet precipitation was sampled on an event basis; dry fallout was collected 

over longer intervals. This sampling scheme retained maxi~um information 

about variations among.individual storms and minimized contamination and 

chemic.al alteration of samples in the field. 

Personnel at the sites sealed the wet-collection bucket after each 

precipitation event and shipped the sample to the laboratory. The day 

it arrived we measured pH and ·specific conductivity, weighed the sample 

to determine volume, and filtered an aliquot through a 0.45. )liD Nuclepore 

membrane. Filtered portions of the. sample were stored for later deter-

"+ + ++ ++- = + mination of Na , K , Ca , Mg , Cl , N0
3 

, and S04 ; total P and NH4 · 

were measured in unfiltered aliquots, and trace metals ·in acidified 

unfiltered a·liquots. We used procedures described in Stain ton et al. 

(1977) or the instrument manuals (Dionex, Varian, Perkin-Elmer).· We 

measured alkalinity by the Gran titration method in samples with pH > 5.5 

that had sufficient volume. Dry fallout samples were collected bi-weekly 

or monthly and those that were not appreciably contaminated by bird feces 

were dissolved in 250 ml of double~distilled deionized H20 and analyzed 

by ·the same procedures used for wet precipitation samples. Snow-core 

samples were sealed in plastic bags and stored frozen until they were 

analyzed. Snow-cores ~vere melted and handled in the same way as event-

precipitation samples. 
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RESULTS AND .DISCUSSION 

Event-sample Concentrations 

During the 14 month study period 47? 79, and 81 event-precipitation 

sawpl2s were collected at Tewaukon, Itasca, and ~ovland, respectively. The 

analytical results for these samples, summarized in tables 1 and 2, indicate 

a decreasing-trend in pH, metal cations and particulates from west to east. 

+ The concentrations of NH4 and the acid anions N03 and so4 tended to be 

lmvest at Itasca and higher at the other sites. This was most pronounced for 

+ 
NH4 and so4 Chloride analyses were subject to analytical problems and/or 

cont:r~mination and the cone:euLI·at·lons of many samples \-lere unrealistically 

high. We do not believe that a residue of HCl from the bucket washing.was 

involved since there was no systematic relationship between pH and Cl 

concentration. Total phosphorus concentrations generally declined from. 

Tewaukon to Itasca, but because of a small number of samples at Hovland 

containing pollen, seeds, or other organic debris, the volume-weighted mean 

conc:euLTation of Ptot was nearly as high there as at Tewaukon. However, the 

geometric mean concentration \-las lm-1er than at either Tewaukon or Itasca, 

as wuald be ex pee ted 1£ the soil was ·tite r:rimary source for F. Most trace 

metal concentrations decreased from Tewaukon to Hovlal)d, but Pb and Cu had 

lm-1est concentrations at Itasca. 

Specific. conductivity was highest at Hovland because of the high 

concentration of H+; the lm-1est conductivity \-las observed at Itasca. The 

+ .· 
conductance due to ions other than H was less at Hovland than at Te\-laukon, 

but itwas still least at Itasca. 

As shown in table 3, the importance of H+ increased fro~ Tewaukon, 

++ where it was least important, to Hovland, where it and Ca were second 

+ only to NH4 
++ + 

The importance of Ca relative to NH4 declined from 

Tewaukon to Hovland. The remainder of the cations had the same relative 



order at all three sites. · The concentration of so4 exceeded N03 at all 

three sites, and only at TeHaukon was HC03 more than a minor constituent 

of precipitation. 
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Wet Deposition 

We estimated monthly wet deposition as i[!e product of monthly 

precipitation and the volume-\veighted mean C\11\centration of all 

.Saiiipl<:.s ai•al:-/z<:d for that month. The averac-;.,:, •.1f sums of monthly 

wet deposition over the three 12-month perio1\~ (May-April, June-May, 

and July-Jun.e) \vas used as an estimate of ann11a1 wet deposition. 

As indicated in table 4, wet deposition of H+, NH4+, and S04 

increased from Tewaukon to Hovland. Potassill\1\ deposition follo\ved an 

inverse trend; it was greatest at Te\vaukon «l,.j least at Hovland, but 

va..:.i~J uuly slighr:ly. tlecause of the substa~11 Lally greater 

precipitation volume at Itasca,· deposition of the remaining cations, 

-t+ -t+ + 
Ca , Mg , and Na , was greater at Itasca tt\,; 11 at Tewaukon, even 

though the concentrations were higher at Te''''=\'11 Jwn. The annual 

deposition of Ptot at Hovland was higher tha~ ~t Tewaukon because of 

P enrichment during the spring when .pollinat '·'\il and seed dispersal 

occurred. 

Dry Fallout 

Collection of unconi..:a:ninated dry-fall ~-<imples proved·~ to 'be 

exceptionally troublesome. Bird feces renct.,~i·ed most of the dry 

fallout samples unusable; NH4 + and P tot conc,,:,·,tra.tions were most 

strongly affected. In addition, the collect\V,- 5 failed to separate 

fully snow from dry fallout. Extremely ligh ~ snow and resuspended 

\vind-blmm snow \vere collected in the dry-Ll.~ \ bucket because their 

moisture content was insufficient to activat~ the moisture-sensing 

switch. Pm..Te.r supply and senunr Ld.lures r..:,,i":.,:ed the collectors to 

bulk-deposition collectors for sevurul peri0~~ during the winter. 

The difficulties encountered tv l.l:h vr~ry light ,·,t. resuspended snow 

point out a problem that is :Lid~<:!r<•llt: J.n autC'; .•.. ,tic, moisture-activated 
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precipitation collectors. During the spring of 1979 we installed a 

device to discourage birds from perching on the dry-collector bucket 

rim. This was partially successful, but we had to suspend sample 

collectio!! bef0!'e mc!!Y d.!'y-fcll Sc!!!ples free of feces could be 

collected. 

In spi·te of the sampling difficulties; we were able to get a 

small number.of relatively clean dry fa'Ilout samples from each site. 

Table 5 presents ·the estimated· annual dry deposition calculated from 

all available measurements at the three sites. Some samples that were 

only sli~htly t::ontamina.ted or that could be clt:aLtt:cll>efore t:he dust 

was dissolved are included in these estimates, so the actual dry fall 

input of some elements may be overestimated. 
. ++ + 

Total P, Ca ~ NH4 , 

particles and pH decreased from Tewaukon to Hovland.. Nitrate and 

S04= deposition were lowest at.Itasca. The reliability of these data 

is unknown because of contamination and the small sample size, but the 

+;= 
observecl ·trt:L~s for particles, pH, Ptot• and Ca fit the patterns 

expected from previous knmvledge about dustfall gradients across 

.~· · Minnesota. Dry deposition of N03 ~ and S04- was lP.ast a~ Itasca;. thi~ ... 

same trend \vas observed in wet precipitation and snoH core concentrations. 

Our estimates of dry deposition are less than the wet deposition estimates 

for all ions except K+ and ptot' Hhich had approximately equal \,Tet and 

dry depositions. 

Seasonal Trends 

We compared mean concentrations (see table 6) during the four 

seasons of the year and found a sharp rise in H+, especially at Hovland, 

during the Hinter when snoH blanketed the soils and freezing temperatures 

reduced microbial generation of NH3. This H+ increase was accompanied 

+ 
by a drop inCa++, Mg++, and NH4 concentrations. At Hovland S04- and 

NO)' concentrations also rose during the Hinter, .Hhich may indicate 
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changes in weather patterns affecting long-range transport of these 

acid materials. 

Snowpack Samples 

The concentration data for .the snow core samples, summarized in 

table 7, indicate a decrease from west to east in specific cond1.,1ctivity, 

pH, and concentrations of particles, Ptot• alkalinity, Cl-, and the 

metal cations, Na+, K+, Ca++, and Hg++ Concentrations of S04-, and 

. to a lesser extent N03 , were higher in both the prairie site and 

northeastern forest site samples than in the transition forest samples. 

This suggests that these ions are derived from soil dusts as wP.ll. as 

from a·nthropogenic emissions. At the prairie sites so4 was 

greater on an equivalent basis than N03 , but at:· the remaining sites 

N03 was equal to or greater than S04 . This contrasts with annual 

average event-precipitation, in w·hich S04 exceeds N03 ~ 

·Correlations 
++ 

Correlations among the soil-derivPd elements Ca 
.++ . + 

, ~1g , Na , 

Fe, Mn, Al, and Ptot' which decreased in concentration from west to 

east, were generally, but not uniformly, large and significant. (See 

tables 8,9 and 10) The trace metals Fe, Mn, and Al, tvhich have fetv 

non-soil sources (Lantzy and Hackenzie 1979), were highly correlated at 

all three sites, but they were not consistently correlated tvi th the other 

major cations derived from soils. The lack of uniformly high correlations 

among this group of elements and differences among the sites indicates 

that sources other than soil dust contribute to the input of these elements 

or that local soil mineralogy varies among the sites. Differences in the 

abundance of calcium and magnesium carbonates relative ·to siliceous 

minerals may well be involved. 

Sulfate and N0
3 

, which have anthropogenic sources, were highly 

correlated at the three sites, but the magnitude of the coefficients 

d~creased from east to west. The decrease suggests that one or both.of 
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thes-e ion£ may have an additional source in the west, such as soil dust. 

The increase in so4 concentrations towards the west, Hhere soils rich 

in Caso4 and Na2so4 occur, is in line \vith this explanation. The 

+ + 
NH

4 
:so

4 
and NH4 :N03 correlations also decreased from east to \vest. The 

+ 
decreasing trend for correlations among N03-, .~o4-, and NH4 is 

evidence for the existence of an east-to-west gradient of anthropogenic 

material; as natural sources for these ions become more important in the 

west the correlations become insignificant. 

The high correlation between Pb and N03 suggests automobile 

emissions as the·major source for these substances. This correlation is 

greatest at Hovland and Itasca, where the long-range transport influence 

on precipitation is strongest. Some Pb may also be soil-derived; the 

Pb:Al and Pb:Fe correlations are high and increase from east to Hest as· 

the soil dust inflence increases. 

The correlations, either positive or negative, betHeen pH·and ions 

expected to control it were generally small. However, the partial 

correlations, controlling for NH
4
+, between pH and so4 or N03 did 

have large negative values at Hovland, as \vould be expec-ted if the 

precipitation pH was controlled by the fraction of acid not neutralLi:ed 

by NH3. The partial correlations bet\veen pH and S04 or N03 at 

Tewaukon and Itasca were also negative, but they were not significant. 

The correlations among snow-core data shown in table 11, indicate 

strong associations betHeen the metal cations, Ptot' alkalinity, and 
++ ++ 

particulate matter. Sulfate was highly correlated with Ca , Mg , and 

+ 
Na , which is in line \vith its having a soil-source in the cultivated 

prairies. The ions correlated with particles all had large positive 

correlations \vith pH. Only N0
3 

.had a srn:all correlation \vith pH. This 

suggests that soil dusts are responsible for neutralizing acids in.the snow. 
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Geographic Comparisons 

Acidity and so4 in Minnesota are at the low end of the concentration 

range for sites listed in table 12, where acid rain problems are serious. 

Sulfate concentrations in North Dakota were also at the low end, but aciditi~~ 

were well below all those listed in table 12. Acid levels in precipitation at 

Itasca are comparable to those in the Experimental Lakes Area (ELA) of 

northwestern Ontario. Ammonium concentrations in Hinnesota and e.specially 

North Dakota were at the high end of the concentration range for sit~s listed 

in table 12. Those at Itasca and Hovland were comparable to concentrations 

at some sites in northeastern North America, Los Angeles, and parts of 

sou.thern Norway, but greater than at sites in southeastern United States and· 

most of the Nonvegian sites. Nitrate in Minnesota and North Dakota is 

intermediate in concentration, as is ca++ except for Tewaukon, which is at 

the high end of the concentration range in table 12. 

Biological Aspects of Atmospheric Deposition in Minnesota 

Atmospheric inputs may have a number of effects on ecosystems in 

Minnesota. Nutrients in precipitation may constitute a significant portion 

of the nutrient budgets for lakes, \vetlands, and perhaps some forests. Rawson 

Lake, an oligotrophic lake in the ELA that is similar to many lakes in 

northeastern Hinnesota and northern Wisconsin, received up to 50% of its annual 

Nand P inputs directly from the. atmosphere (Schindler et al. 1976). Annual 

deposition of N and P at Hovland and Itasca are comparable to deposition values 

at Rawson Lake, so atmospheric inputs of these·nutrients to Minnesota and 

Wisconsin lakes could be as important AS they are in Ontario. Large areas of 

northern Minnesota are covered with peatlands, where the vegetation is dependent 

on atmospheric inputs for all of its nutrients. As noted previously, the mineral 

content of Sphagnum ·is greater in western than in eastern Minnesota. It is also 

probabl~ that atmospheric inputs, expecially of N, are important to forests 

growing in.thin, coarse, acid soils over resistant bedrock. 



. 
In the long run, however, the beneficial effects of nutrients in 

precipitation may be overcome by deleterious effects of acid. Nutrient 

leaching, trace-metal mobilization, and soil acidification are potential 

terrestrial effects of acid precipitation. These effects are most likely 

to occur in northeastern Minnesota and northern Hisconsin, where thin non-

calcareous glacial deposits overlie resistant crystalline bedrock. TQe 
-...:.; ..... 

most imminent aquatic effects are lake acidification and associated losses 

of fish populations and changes in species composition at all trophic levels. 

The geology of those portions of northeastern .Hinnesota and Hisconsin where 

precipitation is most acid is similar to the geology in areas such as 

Scandinavia, the Adirondacks, southern Ontario~ and Nova Scotia, where these 

effects have been observed. Alkalinities in northern Hisconsinlakes .are 

lower and t?ey appear to be in more imminent danger .of acidification than do 

the Minnesota lakes. 

\. 
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SUMMARY 

The supply of alkaline dust and gaseous NH3 available to neutralize acids 

in the atmosphere controls the western extent of acid precipitation. The 

acidity of precipitation increased eastward across Minnesota, as the amount 

of alkaline dust and NH3 decreased with increasing distance from their sources 

in the cultivated prairie. Winter snowcover and treezing temperatures, which 

decreased the evolution of soil dust and NH3 from the prairie, led to an 

increase in pre~ipitation acidity at all ~ltes. 

Precipitation at Hovland is just reaching acid levels and S04- loadings 

to cause adverse affects in sensitive regions; The geology of portions of 

northeastern Hinnesota, adjoining Ontario, and northern Wisconsin is similar 

to that in areas where lake acidification and declines in fish populations 

I·· have occurred. Such. problems may well occur in the North Centr<;tl U.S. 

eventually from cur:·rent levels ot precipitation acidity. Any increase in 

·acid loading would increase this danger. 

Precipitat.ion. inputs of P and N probably have signj.ficant beneficial 

effects on nutrient-poor ecosystems in Minnesota. 
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Figure 1 . Map shmving location of event- sampler and snow 
core collecti on sites in r elati on to agricul tural , mixed agri
cultural - forest , and forest zones . 
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Table 1. Geometric mean concentrations and number of analyses 
(n) for major ions, total phosphorus, trace metals, particles > 0.4 ~m, 
and specific conductivity in event - precipitation samples collected 
~t the three collector sites from 15 April 1978 to 30 June 1979. Major 
ioris a:-e gi ...... :,.e~ i~ 1Jeq £.- 1 , total phosphorus and trace metals are in · ~
~g ~-l, particles over 0.4 ~mare in mg ~~ 1 and specific conductivity 
is in ~S corrected to 25° C. Order from high to low and significant 
differences are indicated. 
T= Tew·aukon, I= Itasca, H= Hovland. 

TEWAUKON ITASCA HOVLAND ORDER 
mean (n) mean (n) mean (n) hi ....•....... low 

1. 92 (47) 4.2 (79) 17.8 (81) H I T** 
5. 79 5.38 4.75 
10.0 (47) 7.8 . (76) 6.5 . (7 5) T I H* 
4.9 (47) 3.1 (7 5) 2.6 (7 5) T I H** 
36.4 (36) 22.1 (67) 20.7 (65) T I H* 
44.0 (38) 30.5 (74) 19.0 (69) T I H** 
17.5 (44) 13.3 (74) 7. 5. (71) T I H** 
31.0 (46) 35.2 (73) 23.7 (71) I T H 
26.4 (47) 19.3 (77) 22.1 (75) T H I* 
33.8 (47) 26.9 (77) 40.0 (7 5) H· T. I* 
19.0 (42) 10.5 (70) 9.3 T. I H** 
139 (22) 56.1 (lll) 32.1 (36) T I H** 
100.0(23) 30.6 (40) 21.8 (36) T I H*i• 

11.7 (23) 3.67 (39) 1. 94 (35) T I H'"* 
6. 71 (23) 4.69 (40) 6.46 (35) T H I ... 
83.8 (23) 54.6 (41) 65.3 (36) T H I 
.34 (22) .15 (41) .15 (35) T I -- H** 
<.36 (20) <.25 (40) <.28 (35) T H I 
2.16 (22) "<1.11 (40) <.88 (35) T I H** 
2.11 (21) 1.09 (41) 1.46 (35) ·T H :t 

12.4 (24) 6.5 (42) 5.6 (29) T I ·H** 

19.0 16.5 (79) 22.6 (81) H T I** . 
16.8 (47) 12.8 (79) 13.3 (81) T H I 
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Table 2. Rangep and volume -weighted mean concentrations of major ions, total phosphorus, 
and trace metals in event-preceipitation samples col~ected at the three collector sites from 15 April 
1978 to .10 June 1979. Major ion co.ncentrations are :.n )leq t- 1 and total phcsphorus and trace metals are 
in )lg t- 1

• Order of concentrations from high to low is indicated • 
. T = Tewaukon, I= Itasca, H =Hovland. 

TEWAUKON ITASCA HOVLAND ORDER 

Mean Range Mean Range Mean Range Hi - Lo 

pH 5.27 4.21-:7.42 5.00 4.33-6.88 4.67 3.61-6.77 T I H 
H+ 5.4 .038-61.7 10.0 .132-37 2}. 5 .170-246. H I T 
Na+ 11.7 l. 7-77. 8.7 1.7-456 •. ;. 6.1 . 1.3- n· . T I H 
K+ 5.9 1.0-33.1 4.4 0. 5-111 3.3 <0.3 21 T t H 
NH4+ 47.9 l. 4-124. 33.6 <1.4-179 37.1 <1.4 - 205 .. T I H 
ca++ 52.5. 7.5-211. ~4.5 3.0-286 20 .• 0 3.0 - 197. T I H 
Mg++ 22.5 l. 7-118. 19.2 1.3-258 10.8 <.2 - 148 T I H 
C1- 49.9 5.4-256 46.8 5.1-383 26.2 2.8- 732 T I H 
N03- 25.7 4.3-133. 20.0 4.3-79.3 20.7 3. 6 - 260 T H I 
so~+= 36.3 4.4-229 •. 31.9 6.3-158 ~9.4 . 3. 8 - 315 H T I 

Ptot 32.9 2.0-600. 14.2 <1-189 28.9 <l. .. 611 T H I 

A1 249. 13.2-522 103. 3.3-861 56. 6.20 -447 T I H 
Fe 165. 7.43-669. 50.5 l. 0-189 38 4.15 -449 T I H 
Mn 22. 1.97-66.8 5.6 0.2)-47.1 3.2 0.13 -22.4 T I H 
Pb 8. l. 33-39.9 5.7 0. 8:)-13;•·3 7-1 0.80 -18.9 T H I 
Zn 147. 0.3-535 95. 3.13-673 90 9.60 -873 T I H 
Cd • 7 3 0.03-3.15 .18 <o. 02-1. 6o ;15 <0.02 -2.01 T I H 
Cr .40 <0.20-1.26 .20 <o. 20.-1. 85 ~15 <0.20 -2.68 T I H 
Ni 3.6 ~0.50-29.1 1.4 <o.sb-15.6 · 1. 3. <o.so -s.o9 T I H 
Cu 3.9 <o.2o-u.s 21. <0.20-19.5 3.5 <0.20 -16.7 T H I 
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Table 3. REnking of major ions at the three collector sites based on 
volume-weighted equivalent concentrations. 

Ranking 

Cations 
1 
2 
3 
4 
5 
6 

Anions. 
1 
2 
3 
4 

-.;..:_ .. 

Tewaukon 

Cl

so~+= 

HC03-
N03-

Itasca 

ca++ 
NH~++ 
Mg++ 
H+ 
Na+ 
K+ 

Cl 
so~+= 

. No 3 -

. :Hco3 

--:--------"·'-·· -.~-..,...-

* H+ and ca++ were equal 

Hovland 

NH~++ 
H+ * 
ca++ * 
Mg++ 
Na+ 
K+ 

= 
504_ 
Cl~ .·: 
N03- . 

HC03-
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Table 4. Estimated annual wet deposition 
and trace metals at the three collector sites. 
yr-1, total phosphorus and trace metals are in 
is in .Q. m-2 yr-1 (rnrn yr-1). Sites are ordered 

Tewaukon Itasca 

H+ 2.1 6.7 
· Na+ 5.1 6.3 

K+ 2.7 2.5 
NHL++ 17.9 21.1 
ca++ 20.9 21.6 . 
Mg++ 9.2 13.2 

N03 10.8 l3. 3 
so4= l3. 0 19.8 

Ptot l3 .3 9.2 

Al 101. 69.3 
Fe 66.8 34.0 
Mn 8.9 3.77 
Pb 3.2 3.83 
Zn 59.5 63.9 
Cd 0.296 0.121 
Cr 0.162 0.135 
Ni 1.46 0.942 
cu. l. 58. 1.41 

H20 405.1 672.8 

of major ions, total phosphorus 
Ion depositions are in meq m-2 

mg m-2 yr- , and H
2

0 deposition 
from highest to lowest .. 

Hovland 

16.4 
4.6 
2.2 
23.1 
16.2 

8.2 
15.2 
26.8 
15.0 

39.3 
26.7 

2.25 
4.98 
63.2 

0.105" 
0.105 

: 0. 913 
2.46 

702.1 

Order. 
hi----low 

H I T 
I T H 
T I H 
H I T 
I T H 
I T H 
H I T 
H I T 
H T I 

T I H 
T I H 
T I H 
H I T 

,I H T 
T I H 
T I H 
T I H 
H T I 

H I T 
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Table 5. Days samp~ea, number of samples, and mean deposition (± Standard 
error) of ~ajar ions, total pho~~hor~s, and to·tal mass. Ion de~osit~ons are in 
meq m-2 yr 1 , total P is mg m yr 1 and total mass is in g m 2 yr 1. pH 
values are for 250 ml suspensions of particulate matter. 

,.,;_ 

Tewaukon Itasca . Hovland 
std days std days std 

mean err n sampled mean err n sampled mean err n 

Na + 1. 04' .23 3 95 .76 .19 5 163 .93 .22 8 
K+ 1.08 .30 3 95 1.65 .48 6 198 2.4 .63 9 
NHI++ 15.9 13.1 3 113 7.8 '2. 9 6 187 2.5 1.08 4 
ca++ 13.8. .33 3 95 7.7 1.2 7 248 4.6 .94 7 
Mg 

++ 
3.8 .39 3 95 6.5 2 •. 3 7 170 1.7 .23 8 

Cl- 1.9 .84 2 61' 6.2 3.2 4 148 1.1 ~12 5 
N03- 4.0 1. 98 2 61 1.8 .70 4 148 2.4 .33 5 
so~+= 9.3 5.2 2 61 3.6 1.5 4 148 5.8 1.46 5 

Ptot 13.0 5.3 2 61 9.2 3.3 7 205 8.9 t1.55 6 

Total 
mass 6.3 1.6 2 61 3.7 1.9 5 175 3.1 .53 5 

. pH2 s oml 6.53 ·2 61 6.45 .45 6 198 5.55 .48 4 

J.2. 

days 
sampled 

245 
275 
123 
181 
211 
189 
189 
189 
204 

189 

151 



Table 6. Volume weighted mean GOntentrations of major ions during the four i 

seasons. Numbers in parentheses indicate the. ranking of ions. Ions are ordered I 
accordin~ to their ranking in ~yan ann~al prec~pita~ion. Ion coricentrations ~re 
jn meq 1 lj total P is in ~g 1 and H20 is in 1-m- . 

Tewaukon 

Spring Summer Fall Winter Spring 

Ca++ 48.0 (2) 72 (l) 169 (l) 32 (l) 28 (2) 
NH4+ 

-
Sl (l) 49 ( 2) 62 (2) 18 (3) 54 

.. 
(l) 

Mg++ 21 (3) 22 ( 3) 35 (3) 24 .• ( 2) 17. (3) 
Na+ 14 ( 4) 14 '; ( 4) 16 (5) 10 (5) 5 .. (4) 
K+ --·-5, ( 6) 8 (5) 22 (4) 2 ' (6) 5 (5) 
H+ 5.8 (5) 2.7 (6) .15 (6) 13.8(4) 3.5 (6) 

Cl- 50 .. (l) 65. (l) 22 .· (4) 58. (l) 13,. (4) 
S0·4 = 36. (2) 32. (3.) 54 ... (2·) 32 .. (2) 39 (l) 
HC03 22 (4) 35. (2) 137 (l) .4 (4) 23 (3) 
N03 24. (3) 22. ( 4) . 34. (3) 3L (3) 29 (2) 

Ptot 29.5 27.9 150.5 15.3 30.5 

H20 125.4 23.8 68.1 118.0 

Itasca 

Ca++ 119. (l) ~ 24 (2) 27 (l) 25 (2) 28 (3) 
NH + 

~+ 54 (2) 31 (l) ll (2) 14 (4) 42 (l) 
M~ 29. (3) 8 ( 4) 11 (4) 26 (1) 29 (2) 
H 10 (4) 10 (3) 11 ( 3) 18 (3) . 7 (4) 
Na+ 15 (5) 6 (5) 10 (5) 4 (5) 6 (5) 
K+ 12 ( 6) 2 ( 6) 8 (6) 3 (6) 5 (6) 

· Cl 97 (l) 39. (2) 47 (l) 39 (l) 30 (2) 
so4= 49 ( 2) \ 24. (3) 20 (2) 20 (3) 46 (l) 
HCOl- 13 (4) 226 (l) .5 (4) 0 (4) 12'' (4) 
N03 30 (3) 16. ( 4) 17· (3) 21 (2) 21 (3) 

Ptot 19.7 12.2 20.9 8.3 15.1 

H20 336.1 62.8 96.4 213.9 

Hovland 

l:.m4 + 50 (l) 21. (2) 50 (l) 29 (2) 42 (l) 
H+ 17 (2) 14 ( 3) 19 (3) 58 (l) 12 (4) 
Ca+ 14 (3) 24 (l) 34 (2) 21 (3) 14 (3) 
Mg++ 7 ( 4) 8 ( 4) 6 (5) 7 (5) 22 (2) 
Na+ 6 (5) 6 (5) 10 (4) 8 (4) 3 (6) 
K+ 5 (6) 2 (6) 3 (6) 2 (6) 5 (5) 

so4 49 .( l) 26 (2) 39 (2) 57 (l) 36 (l) -Cl 30 (2) 34 (l) 44 (l) 28 (3) 8 (3) 
N03 17 (3) 15 (3) 24 (3) 39 (2) 18 (2) 
HC03 8 ( 4) 0 (4) 7 (4) 0 (4) 0 (4) 

Ptot 49.7 8.9 15.0 4.8 52.7 

H20 ....... 244.1 94.2 . 137.4 240.8 
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Table 7. Standard error ~nd mean concentration of. major ions, total P, 
. particulates, and specific conductivity in snow core samples collected during 
Hinter 1978-79 grouped according to local vegetation cover. Hajor ions are 
in ~eq !~1, total P is in ~g 1-1, particles are in mg 1-1 and specific 
conductivity is in ~ S corrected to 25° C. 

Transition Northeastern 
Prairie Forest Forest 

std std std 
mean err. mean err. mean ·err • 

pH 6.68 .25 5.52 . 26 4.53 .03 
H+ .2 3.0 29.5 
Na + 89.1 55.2 7.0 1.7 4.8 1.3 
K+ 9.7 2.6 6.4 2. 8 . 1.8 .3 
NH4 + 17.9 3.3 13.6 1.6 13.6 1.9 
ca++ 103.0 24.0 21.0 4.0 9.5 1.3 
Mg++ 63.3 23.7 28.3 17.8 3.3 1.6 
Cl- 25.4 13.6 7.6 1.7 6.5 1.5 
N03 60.7 . ?.9.J 26.4 2.9 20."6 1.9 
S04 = 162.5 59.3 18.1 1.5 23.8 2.7 

Ptot 79.6 23.7 14~5 2.1 9.2 1.7 

Particles 
>0.4 ~m 39.3 12.6 12.2 6.5 .6 1.7 

Cond 73.8 42.6 13.1 1.8 17.0 1.1 
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Table 8. Correlation matrices of major ions and trace metals for precipitation collected at each site. 
Coefficients were computed from logarithms of concentration. Asterisks denote significance level; *p<.OS 

.... j, *,~p<.Ol 

TEWAUKON 

I 

ca++ 1.0 
. I 

I 
Mg++ ** . 70 1.0 

* 
I Al .38 .52 1.0 

* ** Fe .36 .52 .84 1.0 
** * ** ** Mn .60 .43 .82 .78 1.0 

+ ** ** 
~ 

Na . 70 .43 .21 .15 .29 1.0 

K+ ** . ** * ** ** .65 .50 .46 .38 .72 .57 1.0 
** ** * * ** '** 

"~"' 
Ptot .51 .44 .45 .49 • 70 .28 .71 1.0 

NH4+ .08 .19 .28 .26 .44 .21 .25 .17 1.0 
= ** ** ** ** so4 .28 • 4 9 .23 .13 .39 • 25 .43 .40 .47 1.0 
- * ** ** ** ** ** ** N03 .34 .29 .59 .54 .65 .25 .43 .47 .28 .61 1.0 

* * Ni .24 • 4 0 .42 .43 .35 .46 .38 • 03 . .43 .39 .32 1.0 
** . ** . *" ** ** Pb .07 .35 • 66·- • 59- • 48 . • 27 .24 .16 .30 .39 .64 .65 1.0 

zn .25 .25 :-:.06 -·.o6 -.o3 .33 .09 .31 .09 .18 .12 .22 .06 1.0 
** .. 

Cd .39 .38 .21 .05 .17 .56 .24 . 12 .09 .25 .17 .19 .28 . 28' 1.0 
* * * * ** ** Cr .25 .53 .38 .45 .55 .49 .41 .34 .05 .22 .59 .31 .61 ,..,08 .19 1..0 

** * * .35: * Cu .24 .62 . 32· • 36· .38 .44 .53 .28. .19 .. ~29 .21: .. • 41 .08 .50 .39 1.0 
- * ** ** * Cl .39 .49 -·.33 -;32 -.31 .60 .26 -.o8 -.o4 .04 -::-.09 .14 :-.11 .13- • 53 • 08 . .40 1.0· 

* *'* ** ** pH .23 .36 .19 .21 .38 .06 • 4 9 .53 .29 .39 -.o2 .04 -.14 -.22 - .12 .03 .26 - .04 .LO 

+ + +l + il I 
+ + + 0 ""' ""' (V) I 

nl 0'1 ..-t QJ ~ l1l + +l ::r:: 0 0 •.-! .0 c '0 1-1 ::l ..-t ::r:: 
u ::<: ,::;;: ~ z ~ p. z U) z z p. N u u u u 0.. 
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Table 9. Correlation matrices of major ions and trace metals for preci?itation collected at each site. 
Coeffici~D;t~ were computed fromlogarithms of concentration. Astertsks deno:e significance level; *p<.OS 

**p<.Ol 

ITAS2A 

ca++ 1.0 

Mg++ ** .61 1.0 
** Al .60 .28 1.0 
'** ** Fe • 57 .22 .79 1.0 
•k* ** ** ** Mn .66 .41 • 76 .83 1.0 

Na+ ** ** ** * ** .58 .36 • 4 5 .39 .53 1.0 

K+ 'k* * ** ** .36 .21 .16 .34 .42 .56 1.0 
** ** ** ** * ** p .37 .05 .50 .53 .66 .24 .38 1.0 tot 
** ** ** ** NH4+ .:33 .15 .62 .62 .69 .08 • .J3 .25 1.0 

= * * ** ** ** ** 
804 .2B .28 .48 .46 .57 .14 .19 .22 .69 1.0 

•k* * ** ** ** ** ** ** ** 
N03 - .117 .23 .45 .47 .66 .18 .32 .46 .46 .63 1.0 

•k* ** * * * * * Ni • tl :i .47 .37 • 35 . • 39 .32 .24 .09 .25 . 45 .37 1.0 

* ** ** ** * ** ** Pb .Jfi .08 .46 .42 .46 .11 .19 .23 .37 .55 .72 ~27 1.0 

* ** ** zn .:39 .46 .24 .06 .25 .65 .02 .21 .14 .09 ··-;05 .18 -; 18 1.0 
** * * ** ** * * Cd • •19 .38 .31 .17 .41 .53 .33 .19 .17 .. 12 .19 .06 .16 .39 1.0 

* • 24 I * * * * * Cr .JH .28 .17 .36 .34 .15 .12 -; 03 .14 .29 .39 .38 .12 .36 1.0 

.02···-;04 ** Cu .11 .02 .12 .29 .01 .09 -:26-- -:.17· . -::-20 ·.22- -;12 .41 .10 .39 1.0 
** ** * * ** ** ** ** ** * cl- • (it! .59 .37 .23 .41 .48 .31-- -;01 .07 .20 .17 .44 .07 .60 .51 .34 .15 1.0 

* * ** ** ** ** ** ** pH • '2. ., .29 • 4 9 .54 .62 .19 .22 .42 .53 .32 .20 .27 .04 .14 -; 05 .17 -; 15 .18 1.0 

+ + +l + II I 
+ + + 0 <:!' <:!' M I 

l1l 0'1 .-i <lJ c: l1l + +l ::c 0 0 'M ..a c: '0 1--1 ::l .-i ::c 
u :z .:<: rx.. :z :z ;:.::: ~ :z (J) :z :z ~ N u u u u 0.. 
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Table 10. Correlation matrices of major. ions and trace metals for precipitation· collected at 
Coefficients were computed from logarithms of concentration. Asterisks denote significance level; 

·HOVLAND 

Ca 
++ 

1.0 

Mg++ ** . 6'2 1.0 
** ** A1 .59 .61 1.0 

+.· ** ** Fe .42 .so .87 1.0 
** ** ** **• 

Mn .52 ~52 . 72 .77 .1. 0 

Na+ ** ** * .6G .49 .25 .17 • 41 1.0 

K+ *'~ ** * * 
.3:3 .41 • 3 5 .30 .32 .24 1.0 

* * ** ** ** 
Ptot .11 .29 .38 .58 .54 ·-~12 .60 1.0 

+ ** ** NH4 .09 .22 .21 • 31. .27 .01 .39 .53 1.0 
= * ** * * * ** ** ** 

804 2 r· .33 .32 .36 .41 .24 .32 .39 .64 1.0 . .} 

* * ** ** ** N03 .211 .17 .32 .35 .38 .37 .20 .20 .58 .68 1.0 
* Ni .07 .12 .21 .31 .38- ~11 .08 .32 .09 .06 .05 1.0 

** * * * ** ** ** Pb .32 .18 .44 .37 .39 :35 .24 .17 .53 .72 .71 .05 1.0 
** * ;j ** Zn .80 .38 (. 20 .09 .26 .72 .11 ~o6 -.12 .09 . 07 ..... 05 .14 1.0 .. 
*'~ ** ** ** ** ** * ** ** 

Cd .67 .60 .57 .44 . so . 72 . .35 .14 .04 .32 .28 .05 .48 .52 1.0 
* *• ** * ** 

; Cr .2:l .17 .33 .27 .17 .40 .09 .09 .11 .14 .50 ~10 .42 .... 04 .47 1.0 
* ** * * 

Cu .16 .18 .27 .26 .43 .24 .31 .46 .06 .06 .05 .39 .04 .19 .39 .19 1.0 
*'~ ** * ** ** ** C1- .6"1 .54 .19 .09 .39 .85 .16- ~09 ~ 06 .12 .19 ~04 .15 .79 .61 .13 .28 1.0 

* ** ** * * ** * 

each site. 
*p<.Q_S 

**p<.Ol 

pH .00 .15 .07 .23 .22·-· ~25 .. 32 .46 .28 -.27·· ~37 • 26· ~4l· ~12 --~29 ~36 .27 .·~19 1.0 

+ + .jJ + II I 
+ + + 0 <::11 ""' M I 

n:l 0"1 .-i QJ ~ n:l· + .jJ ~: 0 ~- ,,-l c: '0 "-' ~ .-i :;!:! r ~ r 
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Table 11. Correlation matrix of major ions total phosphorus and particulates 

in snow core samples collected during the winter of 1978-79. Coefficients were 
computed from logarithms of concentrations, except for particulates w·hich were 
arithmetic values. Asterisks denote significance level; *p< .05 

**p< .01 

SNOW CORES 

Part. 1.0 
++ ** 

ca .58 1.0 

Mg++ ** ** 
.59 .85 1.0 

Na+ ** ** ** 
• 45 .75 • 75. 1.0 

K+ ** ** ** ** 
.46 .69 .75 .81 1.0 

* ** ** ** ** C1- .38 .53 .59 .79 . 73 1.0 
** ** ** ·** ** ** 

Ptot .61 .79 .69 .67 .76 .61 1.0 
** ** ** ** ** ** * 

HC03 • 79 .54 • 71 .63 • 72 .60 .37 1.0 
** ** ** ** ** ** ** * 

804 .46 ·• 72 .57 .76 .56 .66 .62 .37 1.0 
** **. ** 

N03 .22 .42 .10 .29 • 26 .05 .39 -. 08 .47 .1. 0 
** ** ** ** ** ** ** ** ** 

pH .63 .88 .88 .77 • 77 .55 • 75 .84 .59 .29 1.0 

I 
+J + + +J M II 
1-1 +. + + I 0 0 '<:!' M 
tU tU Ol tU + ...-1 +J {) 0 0 ::Il 
p., {) ::;:: z ~ {) p., ::Il U) z p. 

----------------- - ____ ___: _________________________ _ 
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Table f2. Concentrations of major ions and phosphorus in precipitati·)n at selected sites in North /{' 
America and Scandinavia. All values are volume-weighted mean concentratio:ls over periods of one or more •:1 

years except the Norwegian values, which are a range of annual volume weig~1ted means. from 33 sites. ·~.· 
Concentrations are in lleq £-1 except phosphorus which isin llg £-1 Superscripts indicate which phosphorus 
fraction··was measured; T = total P, R = dissolved .reactive P. · 

- indicates data not available. · · 

LOCATION 

Pasadena, CA 87 25 

Muskoka-Haliburton, 100 16.9 
Ontario 

ELA, Ontario 10.9 8.3 

Upstate New York 

Hubbard Brook 

New York, NY 

Chester, NJ 

Cowee.ta, SC 

Walker Branch,.TN 

Southern Norway1 

Hovland 

Itasca· 

I 
I 

103.3 8.3 

72.4 5.2 

119 35.8 

79.6 17.8 

2.7 
55 

7.4 

10.9 

21.5 6.1 

2.1 

4 

3.3 

3.3 

1.8 

2.4 

2.0 

2.1 

5.1 

2 
6 

3.3 

4.4 

Tewaukon 5.4 11.7 5.9 

33 

31. 

20.9 

32 

12.2 

11.2 

13.5 

1.4 

9.3 

ll 
30 

37.1 

33.6 

47.9 

2.4 

36 

2.2. 5 

57.7 

8.(1 

16.1 

6.4 

11.5 

51.5 

5 
14 

20.0 

34.5 

52.5 

Mg++ 

1.6 

10 

9.5 

15.8 

3.3 

12.8 

5.1 

4.2 

15.8 

4 
40 

10.8 

19.2 

22.5 

29 

9 

9.9 

33. 

13.3 

43.4 

16.5 

20.7 

5 
169 

26.2 

46.$ 

49.9 

NO:; 

75 

30 

18.5 

51.6 

23.7 

39.1 

33.4 

8.6 

17.3 

11 
32 

20.7 

20.0 

25.7 

= 

30 

67 

89.9 

p TYPE 

wet
only 

wet
only 

bulk 

113.2 61.7R bulk 

60.3 

125.2 

72.7 

35 
70 

39.4 

31.9 

28.9 

14.2 

36.3 . 32.9 

bulk 

wet
only 

wet
only 

bulk 

bulk 

bulk 

wet
only 

11 
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