












































































































































































5. Other agricultural practices.

Zinc deficiencies in trees are sometimes corrected by

driving galvanized nails into their trunks. Researchers

have found that plants grown in the vicinity of galvanized

iron may suffer from zinc toxicity (Chapman, 1966). Mil­

backer (1974) reports zinc toxicity in corn grown on an

artificial substrate of sphagnum. peat and ground rubber

tires. In this case, the growth of corn was severely

retarded by excessive amounts ,of zinc leached from the

rubber.

5.6'-15.3. Biological availability of zinc.

a. Soil solid phase:

Zinc is a very widespread metal. It is present in nearly

all igneous rocks, and, because of human activities, is also present in

trace amounts in the atmosphere. The national 24-hour average atmos­

pheric concentration of zinc was 0.67 ug during 1960-64. The peak

during that period occurred in 1963 in East St. Louis, Illinois, when a

24-hour average concentration of 58.00 ug/m3 was recorded (Athanassiadis,

1969) .

Total zinc in soils varies from 10 to 300 ppm, with values of 60-100

ppm being most cornmon. Zinc is usually more concentrated in the surface

than in the subsurface horizons (Chapman, 1966a).

The soil chemistry of zinc is relatively straightforward. In soils,

zinc may be a component of resistant ilmenite, magnetite, etc., or more

soluble sulfides or silicates (Norrish, 1975). Once released from the

parent minerals, zinc will be in solution as Zn++ or Zn(OH)+ (Quirk and



tiona

Posner, 1975). Zinc is readily adsorbed by clay minerals and this

mechanism accounts for the generally small concentration.of Zn++ solu-

2- '
Secondary minerals, such asZn (OH)2' Zn (OH)4 ' ZnO (zincite),

ZnC03 (smithsonite), Zn4(OH2)Si207.H20 (hemimorphite), Zn2Si04 (wille-

mite), and sphalerite, are quite soluble at normal pH values and hence

are inaffective at binding the available Zn++. To the extent that secon-

dary zinc minerals are formed in the soil, the process occurring only at

unusually high zinc concentrations, the most ,likely Zn sources are

smithsonite, hemimorphite, and the clay mineral sauconite (Krauskopf,

1972) 0

In an extensive study of New York and Colorado soils, zinc was

found to be complexed 28% to 99% with only 0.03 - 3 uM remaining in

solution (Loneragan, 1975).. ~incl is comple~ed by clay minerals or

by fine-grained constitutent adsorption, or 'by organic complexing or

chelation. Analysis of a Tennessee soil showed that 30% to 60% of the

zinc was associated with fine grained Fe20 3 minerals and 20% to 45%

was associated with clay minerals (Krauskopf, 1972). Norrish (1975)

reports a similar study where 45% of the zinc was associated with the

free iron oxides, and 35% with clay minerals. In a third study, 15%

of the zinc was associated with manganese oxide particles. According

to Norrish (1975) the' zinc fraction associated with iron and manganese

oxides may be the soil component most available to plants.

Zinc holds its double ionic charge up to pH values higher than that

exhibited by cu++, but the covalent bonding of zinc to clay minerals is

weaker than the covalent bonding of ~opper. Together, these two factors

result in zinc being slightly less strongly adsorbed by clay minerals



than copper (Krauskopf, 1972). Using 'the isotope zn65 , -the relative'

adsorption capacity of three common clay minerals was found to be the

following: vermiculate,. montmorillonite >kaolinite (Lagerwerff, 1974).

Zinc can also enter the lattice structure of clay minerals, thus

becoming relatively unavailable to plants. For example, sauconite is

a montmorillonitic clay in which zinc is the primary constituent (approxi­

mately 30% ZnO) (Norrish, 1975). In other montmorillonites, zinc re­

places aluminum. In magnesium-containing- clay minerals, zinc often re­

places magnesium and in Ca-montmorillonite zinc can replace calcium

(Ellis ~nd Knezek, 1972).

Soil organic matter forms very stable complexes and che1ates with

Zn++ (Loneragan, 1975; Ellis and Knezek, 1972). At high pH values-,

this process of making zinc unavailable may result in zinc deficiencies

(Lagerwerff, 1967; Yopp et a1., ~974).

b. Soil solution:

The predominant zinc ion in the soil solution is Zn++,

though under certain circumstances ZnOH+ and ZnCl~ may also be present

(Bidwell, 1974). The total zinc in solution usually ranges from 0.1 to

0.3 ppm where the exchange complex harbors 3 to 20 ppm (Bidwell, 1974).

Total soil zinc may range from 10 to 250 ppm (Brady, 1974).

c. Transition of zinc between-solid phase and soil solution:

The transition of zinc between the soil solution and the

various solid states is primarily dependent on the pH. Like copper and

manganese, zinc is most available under acidic conditions, becoming

relatively unavailable at pH values above 7.5 to 8 (Brady, 1974; Bid­

well, 1974). This positive correlation in bonding strength with pH is



true not only with clay minerals and fine-grained oxide particles,

but also with organic complexes and chelates (Loneragan, 1975). The

relationship between soil pH and zinc availability as indicated by

plant tissue analysis values is shown in Figure 5.6.15.3-1. In this

study it was found that the availability of Zn depended primarily on

the effect of pH on soil colloids (Loneragan, 1975).

As with iron, manganese, and other essential elements, biological

activity of soil microorganisms as well as plant roots enhances the

availability of zinc in localized area~. Dilute acids, chelates,

pectin, and other organic compounds present in the mucilaginous slime

and other secretions from young plant roots reduce or otherwise release

zinc from the surrounding soil. In addition, some of these excretions

have been shown to stimulate the activity of microorganisms, which in

turn affect the supply of zinc and other trace elements. Some of these

microorganisms can even accelerate the release of zinc from otherwise

insoluble silicates (Loneragan, 1975).

5.6.15.4. Role of zinc in plant nutrition.

The absorption of zinc by plant roots is metabolically con­

trolled, i.e., zinc is actively absorbed (Loneragan, 1975). The chemi­

cal species absorbed is Zn++ (Brady, 1974). Once within the roots, zinc

is readily moved throughout the plant. Once fixed at a site Zn has only

.limited mobility, being controlled by the zinc status of the plant. For

example, subterranean clover plants growing under conditions of luxurious

Zn levels, may trans locate up to 25% of the 'zinc in old leaves and petioles

to deve1~ping fruit, while plants growing under moderate or deficient zinc

conditions may trans locate very little or no zinc to the fruit. Oats be­

have similarly (Loneragan, 1975).



Figure 5.6.15.3-1. Relationship between zinc concentration

in sorghum tops and pH of Norfolk sandy loam soil.

From Loneragan (1975).
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Once within the plant, zinc plays many important functions. Zinc

is an essential element of several key enzymes. For .~xample, in car­

bonic anhydrase, zinc constitutes approximately 0.2-0.3% (Nicholas,

1975). This en~yme is present in animal erythrocytes, anq in plants

it catalyzes the reversible reaction of CO2 and water (Boardman, 1975).

Carbonic anhydrase may also be important in certain of the dark phase

reactions in photosynthesis, such as facilitating the ·diffusion of CO2

to the chloroplasts, and catalyzing the dehydration of carbonic acid

at the site of carboxylation (Boardman, 1975; Dwivedi and Randhawa, 1973).

Zinc is also an essential cons~ituent of NAD-linked alcohol dehydrogenase

and glutamic dehydrogenase. Lactic dehydrogenase is anoth~r enzyme in

which zinc is an essential component (Nicholas, 1975).

Zinc appears to be important in the synthesis of DNA in plants,

since it is a constituent of.the.enzyme deoxyribonucleic acid polymerase I

(Nicholas, 1975). Zinc~ is also somehow involved in RNA synthesis and is

a constituent of the enzymes carbonic anhydrolase and carboxypeptidase

(Owivedi and Takkar, 1974; Yopp et al., 1974; Nicholas, 1975).

5.6.15.5. Zinc deficiency.

Zinc deficiencies are most likely in the following soils

(Chapman, 1966a):

a. Acid, leached, sandy soils where total zinc is low.

b. Alkaline soils where zinc availability is decreased.

c. Soils derived from granites, gneisses, etc.

d. Old corral sites and Indian burial grounds.

e. Some organic 'soils where zinc is tied up in forms that

are not easily available to plants.



f. Soils containing clays with low Si/Mg ratios. In these

soils, zinc may be fixed in unavailable forms.

g. High-phosphate soils caused by excessive use of phosphate

fertilizers.

h. Other soils subjected to farming practices which enhance

the adsorption or complexing of zinc, such as liming,

prolonged nitrogen fertilization, and excessive addi-

tions or build-ups of organic matter.

Zinc deficiency may also be caused by high nematode populations' in

the soil, and by the concentrations of certain other metals (Sharma et

al., 1971). For example, when zinc concentrations in solution are low,

additions of phosphorus may greatly reduce zinc uptake, causing defi-

ciencies, while phosphorus additions to zinc-rich soils may greatly in-

crease zinc uptake causing toxicity (Wallace at al., 1974; Yopp, et al.,

1974). Some of this zinc-phosphorus interaction may be explained by

changes in the soil chemistry, but it is thought at high zinc levels.

the antagonism is mainly due to physiological processes within the plant

(Smilde et al., 1974; Loneragan, 1974).

Copper in the soil can also markedly suppress zinc absorption and

•cause a deficiency, but the mechanism of this interaction is unknown

(Yopp et al., 1974; Loneragan, 1974; Petit, 1974). Cadmium is still

another metal which affects zinc metabolism. As mentioned earlier, cad-

mium is frequently associated with zinc ore deposits and with zinc emis-

sions from various sources. Cadmium is known to readily replace zinc

in many important animal and plant enzymes, causing zinc deficiency or

cadmium toxicity, depending on how it is viewed (Lagerwerff and Specht,

1971) •
, ~"



The zinc content in tissue from' healthy plants varies greatly,

from less than 20 ppm to 10,200 ppm. In-general, however, deficiency

is usually exhibited by tissues with zinc concentrations lower than

20 to 25 ppm on a dry weight basis. Ample tissue zinc levels are

characterized by ranges from 25 to 150 ppm. The meager data on excess

Zn levels suggest that tissue concentrations greater than 400 ppm may

cause toxicity symptoms (Chapman, 1966a). Table 5.6.~5.5-l presents

more specific pata on tissue analysis values for zinc.

In the early states, zinc deficiency is often expressed as "leaf

mottle" "frenching" and other types 0:5 interveinal symptoms (Bidwell,

1974; Chapman, 1966a). In most plants, terminal growth is affected

first. In corn chlorosis is expressed as white striping or banding on

the lower half of the'leaves. In cases of moderate or acute zinc defi­

ciency,the characteristic symptoms are s~~ll leaves and rosette-type

growth (Chapman 1966a). These symptoms are especially cornmon in citrus

trees and other tropical fruits (Chapman, 1966a; Lefebvre, 1973). Pre­

mature fruit drop may also occur under zinc defic~ent conditions (Hoda

et al., 1969). The specific symptomatology of zinc deficiency in several

crops is presented in Table 5.6.15.5-2.

Fruit trees, especially citrus and peaches, and other plant species

such as corn, bean, cotton, onion, sorghum, and tomato are particularly

sensitive to zinc deficiency. Barley, oats, rye, and wheat are rela­

.tively insensitive to zinc supply (Chapman, 1966a).

5.6.15.6. Zinc toxicity.

Zinc toxicity is.relatively uncommon, but is most likely to

occur in the following soils (Chapman, 1966a):



TABLE 5.6.15.5-1. Typical plant tissue analysis values for zinc.

!

~

Range in dry matter (ppm. )

Age, stage, Showing
condition defi- Inter- Showing

Type of Tissue or date of ciency LoW' mediate High toxicity
Plant culture sampled sample symptoms range range range symptoms

Alfalfa Field Top In Bloom 3.00 ·. ., 13.80 ·.. .. ....
(Medicago half of
sativa) shoots

Control Tops 12 wks.old 13.00 · ... 39.00- ·.. ·....
48.00

Apple Field Leaves Apical 6-3 1•• 00- · ... 4.00- ·.. · ...
(Malus spp.)' inches 5l•• 00 80.00

(Sept.-Oct.
,

Fie Id Stems Ap ica 1 .6-~8 1•• 00- · ... 16.00- ·.. ·..
inches 28.00 30.00
(Sept.-Oct. \

Field Leaves ·.. 5.00- ·.. ·.. ·.. ·..
10.00

Field Leaves ·... 1.20- ·.. 9.00 ·.. ·..
2.30 10.30

Field Leaves August <14.00 · .. · .. ·.. · ...
Field Leaves · ... 3.00- ,.- _, 0 • ,b.OO- ·.. ·...

22.00

.
Apricot Field . Leaves Apical 6-8 24.00- 19.00-• c' e · .. · ...

(Prunus inches 30.00 31 .00
armeniaca) (Sept.-Oct.\

Field Stems Apical 6-8 7.00- ·.. 11 . 00- · ... .. ..
.. inches 9.0,0 ·34.00

(Sept.-Oct.~

Avocado Field Leaves Ma ture 4.00- pO.oo ..·.. ·.... .. ....
(Persea 15.00
amer i canal

Clove r, sub- Solution Tops 12 weeks old 21L 00- ·... [76.00- ·.... ·..
terrariean 25.00 90.00
,(Trifolium Field Leaves Blooming <15.00 ·.. ·.. .... ·..
subterraneum)

Corn Field Lower Tasseling 9.00- ·.. 31 . 10- ·.. ·..
(Zea mays) leaves 9.30 36.60

Field Leaves 6th node ]1.~. 00- · .. >15.00 · .. · ..
from base, 15.10
at s ilk i ng



TABLE 5.6.15.5-1. Typical plant tissue analys!s values for zinc.
(cont'd)

-
Range in dry matter (ppm. )

Age, stage, Showing
condition defi- Inter...;, Showing

Type of Tissue or date of ciency LoW' mediate High toxicity
Plant culture sampled sample symptoms range range range symptoms.

- -

T'ops 18.00Flax pots 71 days old ·... 32.00- .... ·..
(Linum 83.00
us i ta t issimum)

Oats Sand Leaves Mature ... . · ... · ... ·.. 1 ,700.00-
(Avena sativa) 7,500.00

-- -. ~ --'--,---- Sand Whole Before <20.00' ·.. ·.. ·.. ·..
plant inflores-

.. ,.

cence
• • e Plant 6-8 weeks ... ·.. 20.00 ·.. ·...

,- (1) old -----"'.-- -- --.-

Orange Field Leaves .. .. 3.80-. e •• 7.80- ·... .. .... ---~ -

(Citrus 11 .70 47.30
sinensis) Field Leaves 3-12 months 4.00- ·.. 20.00- ·.. ·..

old 15.00 80.00
Field Leaves ·.. 4.00- · .. B.oo- ·.. ·.. .,

'",""
-- - -- - -- .'--'~ 6.00 .. 10.00
Field Leaves • • e 10.00- ·.. 14.00- ·.. ·..

26.00- 34.00
......... -----,-'.----,.-., --- --"--~ Field Leaves 4-] months <15.00 16.00- 25.00- 110.00- 300.00(1)

, old .- - 24.00 100.00 200.00
(1) (1)

,- Field Leaves 4-7 months, 15.00 20.00- ·.. ·..
-- spring --~._-

_ ......_0-.•__._ .... .80.00 . -~.----.--<", ---
-

cycle from ,- ..

fruiting
terminals

-.- - _. Field Leaves 4-JO months 4.00- 15.00- 25.00- 110.00 >200.00
from 15.00 24.00 100.00 200.0C (7)
fruiting
terminals

Field Leaves ·.. 7.10 ·.. ·.. e •• • • e

-- -

Peach, Field Leaves Apical 6-8 6.00- ·.. 6.00- · .. • • e

(Prunus inches 15.00 43.00
persica) (Sept. -Dc t .)

Field Stems Apical 6-8 5.00- · .. 11 .00- ·.. ·..
- -(Sept. -Oct.) 12.00- 50.00

Field Leaves From median 3.50- ·.. 6.00- · .. ·..
shoot 25. L.O 140.00
position
(Aug.-Sept)

·~I



TABLE 5.6.l5.~-I. Typical plant tissue analysis values for zin~.

(cont'd)

Range in dry matter (ppm. )

---.-."'-----~ '- .. -' - -.- .- -~_. ---_._- '-"--. -_.--- Age, stage, Showing
condition defi- Inter-- Showing

Type of Tissue or date of ciency Low mediate High toxicity
Plant culture sampled sample symptoms range range range s)::lptoms

Pear- _.-= Field Leaves Lower; -. ·9.90.- .. - o. 0-- _. , ". 16.00 • .. e - -~ -'- .. a_ 0

(Pyrus current
communis) season

Pecan Fie 1d. Leaves Top of tree Trace- ·.. ~6.00- ·.. ·."
(Carya 7.00 202.00
'i1linoensis) Field Leaf- August 3.70 ·.. 3.90- ·.. ·..

lets 16.70
Field Petioles August Trace ·.. Trace- . ... ·.. -.

10.00
Field Shoots Augus.t Trace ·.. rJ·90- ·.. ·..

15.30

Pineapple Field Leaves Base 4.00- ·.. 16.00- ·.. ·..
(Ananas 26.00 41 .00
comosus) Field Leaves Distal end 1LOO- ·.. lJ .OQ- ·.. ·..

26.00 22.00
Field Stems Growing 6.00- ·.. ]l.4.00- ·.. ·..

point 96.00 158.00

Potato Field Leaves Mature; ... <30.0'0 30:00- ·.. ·..
(Solanum from mid- 87.00
tuberosum) section

Tomato Field Leaves Mid-season 6.00- ·.. 13.00 ·.. ·..
(Lycopersicon 8.70
esculentum) Sand Leaves From middle 14.40 · .. 26.90 ·.. ·..

third of
plant

)0 Iut ion Leaves Basal and 9.·00- ·.. 65.00- ·.. 526.00-
median, at 15.00 198.00 1,480.00
fruit-
setting
stage

- - - ._-

Tung Field Leaves . .. 3.60 ·.. 15.70- ·.. ·..
(Aleurites 6.20 35.30
ford i) Field Petioles . .. 3.70- · .. 9.10- ·.. ·..

4.00 28.1.0
Field Leaves Mid-shoot 10.00- ·.. 30.00- ·.. ·..

25.00 229.00



TABLE 5.6.15.5-1. Typical plant tissue analysis values for zinc.

(cant' d)

Inter- Showing
Low mediate High toxicity
range range range symptoms

Field Leaves Apical 6-8 11 .00-
inches 22.00

Field Stems Apical 6-8 3.00-
inches ll·00

-_.~ -_.-.

--- --.. ~ -: .~

"(/3

16.00­
30.00

485.00

24.00­
34.00

,~

in dry" matter (ppm.)Range
Showing
defi­
ciency
symptoms

Leaves Mid-shoot
(August)

Age, stage,
condition

Type of Tissue or date of
culture sampled sample

Walnut
(Juglans
regia)

~u~g (cont'd) Sand

Plant

.' -

Source: Chapman (1966a)
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Table 5.6.15.5-2. Specific symptomatology of zinc exceSs in several
crop species.

Plant Visual Symptoms

Apple
(Malus spp.)

Barley
(Hordeum vulgare)

Bean
(Phaseolus spp.)

Broad bean
(Vicia faba)

CITRUS FRUITS

Grapefruit
(Citrus paradisi)

Lemon
(Citrus limon)

Mandarin
(Citrus reticulata)

Orange
(Citrus sinensis)

Coffee
(Coffea spp.)

Corn
(Zea mays)

Leaves developing in spring are characterized by
whorls _of small, stiff,-and. sometimes mottled
leaves near the tips of current season's growth;
except for terminal roset~s, twigs are bare for
for some 'time; later, branches may arise below
twigs and produce almost normal leaves early;

~---.- --- --- 'which later become mottled and misshapen ; fruit
bud formation is reduced; many of the develop­
ing fruits are small and malformed; __ twigs may
die back after the first year.

Leaves show uniform chlorosis and drying up;
-~-tip gr0\o!th ceases.

Leaves and flower buds shed.

Leaves and flower buds shed; seed pods fail to
develop.

Leaves become chlorotic; this is known as
"mottle-leaf ft in California and "frenching"
in 'Florida.. Irregular green bands develop
along midribs and lateral veins; leaves be­
come small and narrowed; small green dots
often appear in chlorotic areas; twigs tend
to die back; frui~ quality and quantity vary
with severity of deficiency.

One or more branches have short internodes;
there is reduction in leaf and fruit size,
along with chlorosis; the latter may resemble
the pattern of citrus "mottle-leaf"; dieback
occurs.

Older leaves have light-yellow streaks of
chlorotic striping between veins, this may
show as a broad band of white or yellow tissue
between the midrib and edge of the leaf, occur­
ring mainly in the lower half of the leaf, and
is visible when the young leaf is corning out of
the whorl. Silking and tasseling are delayed.
Severely deficient plants are also stunted, and
have short internodes.
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Table 5.6.15.5-2 (continued)

Plant

Cotton
(Gossyf>ium spp.)

Flax
(Linum usitatissimum)

Oats
(Avena sativa)

Pea -"
(Pisum sativum)

Peach
(Prunus persica)

Pecan
(Carya illinoensis)

Potato
(Solanum tuberosum)

Visual Symptoms

There is general bronzing of the first true
leaves, and often a pronounced interveinal
chlorosis. The leaves become thick and brittle,
with their margins turned upward. Elongation
practically ceases; the shortened internodes
tend to give the plant a small, bushy appear­
ance. Growth and fruiting are delayed.

Grayish-br~wn collapsed spots appear on the
younger leaves, followed by drying and color
changes to brown or white. Internodes be­
tween leaves'are shortened, with rosetted
appearance. Later, the top of the main stem
becomes necrotic.

Leaves become pale green; older leaves show,
collapsed areas at margins and tips, and are
grayish in color; necrosis extends down leaf;
remainder of leaf is gray to bronze-green.

tower leaves become necrotic at margins and
tip?; stems 'are stiff and erect; flowers are
absent.'

Leaves become chlorotic, the mottling progress­
ing'upward from lowermost leaves. Leaves are
narrow and more o~ less crinkled; twigs are
short, the internodes near tips producing
rosettes of leaves; defoliation progresses ·up­
ward; formation of fruit buds is drastically
curtailed; peaches are few, misshapen, and
worthless.

Leaves become chlorotic, with a yellow mottling
between veins; regions along margins and veins
may remain green; sometimes only one or two
branches are affected; later the leaves may
show bunching owing to shortened axes at twig
ends, producing "pecan rosette."

Leaves show grayish brown to bronze irregular
spots, usually on leaves halfway up plant, but
sometimes on older or younger leaves and finally
on almost all leaves; with severe deficiency,
the stems and leaf petioles develop brown spots,
plants are short.



Table 5.6.15.5-2 (continued)

Plant

Squash
(Cucurbita spp.)

Sugar beet
(Beta saccharifera)

Tobacco
(Nicotiana tabacum)

Tomato
(Lycopersicon esculentum)

Tung
(Aleurites fordi)

Source: Chapman (l966a)

Visual Symptoms

Leaves become mottled, with ne~rotic areas.

Leaves become necrotic, and develop brown to
grayish spots; tops of the leaves wither; only
the petioles retain green color.

Lower leaves show slight chlorosis at tips and
margins, follow~d by necrosis of chlorotic
tissue; small areas are affected at first,
sometimes surrounded by a halo; these areas
enlarge ra~idly and become·water-soaked in
appearance; small veins are. at first involved
in breakdo\m, but later . veins as well as
interveinal tissue dry up;. internodes are
short; leaves are apparently thickened.

Early growth is very slow; leaves become very
thick, soon developing a faint interveinal
'chlqr()sis; they'. also have a tendency to curl
downward. In ·transplants, there is extreme
re;I.axing of le'aflets, followed by downward
curling of petioles; in severe cases, these
curl like a corkscrew. This is followed by
a brownish-orange chlorosis of the older leaves,
which. often show necrotic spots.

Leaf bronzing,. necrosis, and spotting produce a
ragged appearance, followed by defoliation and
rosetting (bunching) of new leaves.



a. Some kinds of acid peats.

b. Soils in the vicinity of lead and other mine dumps where

the soils have been contaminated by seepage.

c. Soils contaminated by zinc from other mining ?perations.

d. Soils derived from rocks and materials which are high

in zinc.

e. Soils acidified by agricultural activities.

f. Soils subjected to excessive'accumulations of zinc

fertilizers. _

, Another influencing factor,. as discussed previously, is the pre­

sence of other elements such as phosphorus (Smilde et al., 1974).

The mechanisms of zinc toxicity are largely unkno~~. The most

co~on symptom of zinc toxicity is an iron chlorosis. This may indi­

cate that excess zinc inhib~ts iron metabol~sm, and zinc's antagonistic

interactions with phosphorus may indicate that excess zinc can inhibit

the metabolism of other essential nutrients (Chapman, 1966a)

As mentioned earlier, field cases of zinc toxicity are rare.

Tissue values in excess of 400 ppm on a dry weight basis, are generally

required for toxicity to occur, but this number is highly variable be­

tween species (Jones, 1972). A number of plant species have been described

as zinc tolerant or z~nc loving, including ragweed, false Solomon's seal,

horsetail, and several marine phytoplankton (Chapman, 1966a; Jensen and

Rystad, 1974) 0 Intra-specific differences in zinc tolerance have also

been noted for some species (Walley et al., 1974; Gartside and McNeilly,

1974b). A number of mechanisms for the evolution of this tolerance have

been proposed, and the tolerance itself appears to be related to changes

in enzyme activity which channel among other t~ings, a greater concentra-

7



tion of zinc to the cell walls and vacuoles in zinc-tolerant plants

(Turner and Marshall, 1972; Mathys, 1975; Antonovics et al., 1972).

Table 5.6.15:5-1 includes tissue analysis values for a few crops

growing under conditions of zinc toxicity. It should be recalled that

leaf tissue values from plants growing in the vicinity'of sources of

airborne pollutants should be corrected for surface accumulations of

zinc (or other metals) which have not entered the leaf and hence may

not have affected the plant (Little, 1973). Table 5.6.15.6-1 gives

additional tissue analysis values and symptorna~ology for excess zinc

in six crops, and Table 5.6.l5.6~2 gives symptomatology for five addi-

tiona1 crop specles.

Soil analyses which may cause toxicity are hard to generalize

for zinc. Available Zn at 400 pp~ is toxic to corn. In pot culture·

tests with corn, 0.688 to 1.'376 me·q. of ~i~~'·per ioa g.' of soil was

found toxic in Norfolk sandi 0.758 to 1~137 meq. in Orangeburg fine

sandy loami and 1.615 to 2°.°153 meq. i~ Gree~ville clay loam. In Nor-

folk sand, 0.275 to 0.482 meq was found to be toxic' to cowpeas. New

York peat soils toxic to ,spinach, lettuce, and carrots were found to

contain 0.43 to 10.16% zinc, mostly in available forms. Soil toxicity

due to zinc availability or absorption. Molybdenum salts have also been

shown to correct zinc toxicity, but this is generally an unacceptable

remedial procedure because of molybenum toxicity to animals (Chapman,

1966a).



Table 5.6.15.6-1. Symptomatology and threshold toxicity levels of zinc in several crop species.

Plants

Corn, var ..
Whatley's
Prolific

Cowpeas, var
Suwannee

Corn, var.
Ida Hybrid 330

Barley, var.
Trail

Wheat, var.
Gaines

Growth
Medium

sandy
loam

clay
loam

soil­
pH 7"

soil
'pH 7

soil',
pH 7

Minimum Phyto­
toxic Cone.

13.7 ppm
internal

43 ppm
external

484 ppm.
internal
300 ppm
external

530 ppm
,internal
200 ppm
external

522,' ppm
,internal
300 ppm
external

Plant Part
Affected

tops

n

II

II

"I

'fl

•e

Symptom

reduced
yield
chlorosis

II

reduced
yield

II

••

Developmental
Stage

seedling

1&

..

II

..

Oats, var ..
Victory

Source: Yopp et al., (1974)

solu­
tion

'25 pm
external

n reduced
yie~d

chlorosis

u

~
'"'{)



Table 5.6.15.6-2. Symptomatology of zinc toxicity in some crops.

Plant

Barley and various grasses

Citrus fruits
(Ci trus spp.)

Oats
(Avena sativa)

Sugar beet
(Beta saccharifera)

Source: Chapman (1966a)

Visual Symptoms

Rusty-brown flecks on leaves,
followed by death.

Leaves show iron chlorosis.

.Leaves show iron chlorosis ..

Leaves show iron chlorosis.

-.
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2.7.f Procedure for Foliar Chemical Analyses

All plant tissue are dried under forced air at ~SoC for 24 - 48

~ours and ground in a stainless steel Wiley Mill through a 20-mesh sieve.

In quantification of all metals except Pb and Ni, samples of plant

tissue (500 mg) are ashed in 20 ml fused quartz crucibles with covers

for eight hours at 485°C. The ashed material is dissolved in 5 ml of

t-\ c. \
LiHCl (0.5 per cent Li; l~per cent Hen). This solution is analyzed

on a Jarrell~Ash Emission Spectrograph.

In quantification of Pb and Ni, samples of plant tissue (500 mg)'

are ashed at 4S0oC and dissolved in 2.5 ml of 1.2 per cent HCI. This

is analyzed on a Perkin-Elmer Model 303 Atomic Absorption Spectrophoto-

meter against standards prepared in the same solution. A deuterium arc

background corrector is used in all analyses. Pb is analyzed at 283.5

nm and Ni at 232.5 nm.

In quantification of total sulfur, samples of plant tissue (250 mg)

are digested in Folin - Wu tubes with 3 ml of nitric acid and 2 ml of

perchloric acid for two hours at 235°C on a block digester. After add-

ing 1 ml of 4N HCI and diluting to 50 ml with deionized double glass dis-

tilled water, the digest i~ allowed to stand overnight to clear. Sulfur

analysis is done turbidimetrically on a Klett-Summerson Colorimeter using
Q
~

BjC12 ·

In quantification of flouride, samples of plant'tissue (500 mg) are

weighed into 50 ml polyethylene tubes and one drop of Brij-30 wetting

solution and 20 ml of 0.05 N H2S04 added. Tubes are then shaken for

15 minutes and centrifuged, 'and then 20 ml of 0.01 N NaOH are added

YlZ.



and tubes shaken for an additional 15 minutes. The liquid is then

neutralized by.the addition of 20 ml of 0.05 N H2S04 and buffered

with 5 ml of 3 M sodium acetate (pH 7.0)0 Finally, a lO-ml aliquot

of 0.5 M sodium citrate, previously adjusted to pH 7.0 with 0.5 M

c~tric acid, is added.

Fluoride concentration is then measured using a fluoride specific-
I

J/on electrode with the help of a standard curveo

- - -~. .;--



2.7.g Procedure for the Chemical Analysis of the Soil

All the soil samples are dried under forced air at 360
- 380 C

for at least 48 hours and then passed through a 2-mm sieve.

In quantific~tion of available Ca, Mg, Na, and K, weig~ed air­

dried soil samples (3 g) are dispersed into SO-ml polyethylene centri­

fuge tubes and 30 ml of neutral IN ammonium acetate are added. The

tubes are shaken for 30 minutes and centrifuged. The extracts are

analyzed on 'a Perkin-Elmer Model 303 Atomic Absorption Spectrophoto­

meter against standards prepared in IN ammonium acetate. Lanthanum.

is added in the analysis of Ca ~nd Mg to prevent interference from

phosphate. Ca~cium is analyzed at 212.1 nmi Mg at 285.5 nID; Na at

294.8 nmi and K at 383.2 nm. Lithium is added in the analysis of K

as an ionization buffer.

In quantification of avai~ab~e Mn, Fe, ,eu, Zn, Pb, and Ni, 30 ml

of DTPA extracting solution is added to 15 g of air dried soil samples

in "SO-ml polyethylene centrifuge tubes. The tubes are shaken for two

hours and centrifuged. The extracts are analyzeo on an Atomic Absorp­

.tion Spectrophotometer against standards 'prepared in DTPA solution. A

deuterium arc background corrector is used in the analysis of Zn, Pb,

'and Ni. The metals are analyzed at the following wave lengths: Mn­

280.3 nm, Fe - 302.3 nm, Cu - 324.9 nm, Zn - 214.5 nm, Pb - 283.5 nm,

and Ni - 232.2 nm.

In quantification of extractable sulfate, air-dried soil samples

(12 g) are weighed into l80-ml Dispo bottles and 30 ml of 0.008 M cal­

cium phosphate added. The samples are shaken for 30 minutes and the



suspension filtered through Whatman No. 40 filter paper. The filtrates

are analyzed turbidimetrically using BaCl2•

In quantification of extractable fluoride, air-dried soil samples

(500 mg) are dispersed into SO-ml polyethylene tubes and 25·ml of 0.01

N Hel added. The tubes are shaken for 30 minutes. To these tubes 2S ml

of citric acid-phosphate buffer (8.47 gil sodium phosphate diabasic

heptahydrate) is added and the fluoride concentration measured using a

fluoride specific-ion electrode with the help of a standard curve.

-.:,.. ... . ~ '....... :..

•~- ---~. >-



2.7.io Open-top chambers - model developed by

Boyce Thompson Institute for Plant Research.

(After Mandl et al., 1973).
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2.7~ie A brief description of the" open-top

chambers - Boyce Thompson model.

".'



EVALUATION OF AIR POLLUTANT EFFECTS ON PLANTS UNDER FIELD CONDITIONS:

OPEN - TOP EXPOSURE CHAMBER.

( Exhibitors: Dr. Sagar V. Krupa and Dr. F. A. Wood, Department of

Plant Pathology, University of Minnesota, St. Paul, Minnesota

55101, U.S.A.)

In the recent years extensive effort has been directed towards

investigating t~e effects of air pollutants on 'p1ant life. Much

of the knowledge we have in this area relates to. studies performed

under controlled-environment or greenhouse conditions. These

studies, however, do not simulate the ambient atmosphere. Portable and

fixed fumigation chambers have been developed in the past. Though

these come closest to providing the,amb~ent environment, the usual

closed designs alter the normal field- conditions.

Very recently Heagle et al.(l) and Mandl et a1.(2) developed

chambers with open tops for the exposure of plants to air pollutants

in the field. The model on exhibition has been slightly modified

from the design of Mandl et al.

The chamber is 8' in height and 9' in diameter. The walls are

fabricated from corrugated fiberglass panels (Type 550 Filon panels,

Filon Corporation, Division of Vistron, U.S.A.) fastened to aluminum

hoops. The base of the chamber in addition to a hinged door,

posesses an orifice through which the stem portion (10" OD) of a

galvanized metal tee has been inserted for the introduction of air

into the chamber. The ends of the metal tee top (8" OD) are connected

to a plenum (approx. 28' long) forming a ring around the inner wall of
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3.1.2 Automatic, seqUential precipitation sampler

for studies on acidic rain. (After Krupa and Coscio,

Ann. Amer. Phytopath .. Soc. 1976).
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(See announced deadline for submission data)
ANNUAL PROCEEDINGS of LI

THE AMERICAN PHYTOPATHOLOGICAL SOCIETY
3340. Pilot Knob Road

St. Paul, Minnesota 55121

I. GENERAL INFORMATION (see reverse side Section I for instructions for completion).

A- SUBJECT MAnER AREA: 1.A i r Po 11 uti on Damage to'p 1an t s 2.
(select from listing on reverse side I·A)

Pollution Damage to Plants

s. V. Krupa and M. R. Coscia, Jr.

.B-.TITLEOFPAPER: Automatic, sequential, precipitation sampler for studies on acidic
rain.

C- AUTHORS (underline name of speaker):

0- COMPLETE BUSINESS MAIL ADDRESS:
Department of Plant Pathology
University of Minnesota
St. Paul, MN 55113

E- WORK DONE AT: U· . f M· S P InaversltY.?J Innesota, t. au, MN

F- ABSTRACT REVIEWED BY:' 1.....~ bu...~
Thor Kommedah 1

II. ABSTRACT (see reverse side instructions within "SAM\LE" and Section II for completion.

AUTOMATIC, SEQUENTIAL, PRECIPITATION SAMPLER FOR
. STUDIES ON ACIDIC RAIN. S. V. Krupa and M. R. Cosciq
: Jr. p Department of Plant Pathology, Uhiv .. of Minnes-;
; ota, St.. Pau I, MN 55108. j

Acidic rain (pH 2.1-6.18) .may be a th'reat to the en­
; vironment regionally and around point sources. Much
: of the current information on precipitation chemistry

is based on poor sampl ing techniques: bulk samples,
questionable collection surfaces etc. Many rain
samples, in addition to being contaminated with dry
fallout, are subject to physico-chemical and biologi-

. cal changes in the field, when left standing for pro­
I longed periods. We have designed a batte.ry operated,
: a~t~mat!c, electronically ~ontrol}ed, sequential ~rei

clpltatlon sampler. The unIt remaIns openonlydurtng:
.. rain. The rain-sensing mechanism involves a balanced

. thermistor bridge that can be adjusted to collect
drizzles and downpours. The sampler lid is operated.
by a pneumatic piston. Rain is collected in Teflon ~

containers attached to an 8-position rotating turret I

controlled by another pneumatic piston. Sam~les can'
be collected as whole rain events or as sequential
fractions during the same rain. The turret will ro-:
tate only with either the onset of each new rainfall t

or when the individual sample container is full dur-;
ing sequential sampling. When a sample container is
rotated out of the c6llection position, it is sealed'
against the turret. Turret rotation is also contro-:
lIed by a balanced thermistor bridge. A quartz cry­
stal clock with a memory bank records all events for'
subsequent retrieval. No service is req~ired up to
90 days.
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IX. Internstionsl Conference on Air Pollution
and Forestry J October 15.• - 18. 1974

Marianske Lazn~, Czechoslovekia

A~_~GRATED APPRQACH_TO THE~T~LQF RAIN_WATER

CHEMISTRY WITH EMPHASIS ON ACID~TY

s. KRUPA l(Speaker), M.R. COSCIO, Jr. 2 and F.A.wOOn1

lAssistent Professor end Professor respectively, Department of
Plant Pathology, University of Minnesota, st. Paul, Minnesota,'CEA.
2Scientist. Department of Geology & Geophysics, University of
Minnesota, Minneapolis, Minnesota, U.S.A.

INTRODtJ:TION

Fall out o~ acid rain is a threat to
the regional environment. Rainfall with
a pH as low as 2.8 end 2.1 hes been re­
ported from Sweden (ODEN, 1968) and the
United states (LIKENS end BORMANN, 1974)
respectively. Effects of acid rain on .
vegetation and ecosystems have been

classified 8S : 1) Direct inju~J to the foliage, 2) deleterious
effects on the soil, ;) deleterious effects on aquatic systems,
and 4) indirect injury to the foliage through deposition of
other harmful substances. According to reports (see ENGSTROM,
1971), 10 %'of the raw materiel base for Sweden's forest and pulp
industrY would disappear by the year 2000.

BARRETT and BBODIN (1955) stated that since 502 ~ 8 major con­
sti tuent of Atmospheric pol1lJtlon~ H,.,SO.q is th2 most 1 ikel y
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cause for the acidity of ra~n water. Since then, almo~t all of
the pUblished reports are based on correlations between total
$04 and pE. ~easurement of total sulrates does not differentiate
the levels and extent to which $04 is present in the particulate
fraction, soluble fractior., as salts and as acid ~.~. Similar­
ly, pH ~easurements do not indicate the parent species for the
hydrogen ion.

The objective of the present investi~ationwas to develop a com­
prehensive analytical aystem to understand the origin of acidity
in rain water as a prelude to the stucy and interpretation o~

acid rain effects on vegetation.

MATERI!&AND METHODS

Approxima~ely 250 ml of rain water was collected each time, from
the same rain fa:l at several locations in the Minneapolis -
St. Paul area in the U.S.A. Sampling was performed manually at
approximately 5-6 ft. from the ground, away from trees, buildfqgs
etc.

Sampling was atarted from the time the first rain droplets fell
on the ground and was teru:.inated after approXimately :30 minutes.
Saltples were collected in FEP-TEP (DuPont Co. U.S.A.) trays and

was immediately transferred to screw.ca~ped bottlea made of TEP

teflon. PrecBution was taken to prevent any deed space between
the Ba~ple and the cap of the bottle. Samples were frozen imme­
diately at -20 C. At the time of analysis, samples were allowed

. to thew and equilibrate to the room temperature (20 C) without
opening the bottle. Samples were processed according to· the
scheme shown in Figure 1.

The er.slytical techniques used, along with their application,
ere sUlm1arized in Table 1. For deteM11ning the lIlOrphology and
gross composition of the inorganic particulate matter in each
sample, 10 m1 o~ the rain water was filteres through 0,22 u
M1llipore (Millipore Corp. U.S.A.) or NuclePore (General Elect­
ric, U.S.A.) filter. After dr.1i~ the filter in a vacuum, diaca
were punched at ran.c1om, mounted on acenning electron microacope
{SEll) stUbs, carbon coated and Viewed ur~er a Cambridge SEM at

!

I
#
i -

I
~

l.{J7

-267-

different magnifications. Whenever the gross inorganic composi­
tion was to be determined, the particle was bombarded fOr appro­
Ximately 2 min with an energy beam from the internal electron
source and the qualitative relative composition was identified
by a precalibrated, non-dispersive x-ray anslyzer.

The coulometric procedure used was a modified from that of
LIBERTI .ll~. (1972). The unit (~-L~) consists of a constant
current source (A), a measuring cell located on a magnetic stir­
rer .(B) and a potentiameter (modified pH meter) with a four digit
visual read out (C). Based on the relationship.between 1p (a
function of the electromotive force) and time in seconds (t) in
two portions of the same rain sample, with and without volstiles,
the 1OO1arities of non-volatile strong, and non-volatile and 'Vo­
latile weak acids were calculated (KRUPA et. al. 1974). When a
sample was to be freed of volatiles, the S)lution was .bubbled vi­
gorously wit.h N2 for '0 miputes with simultaneous atirring and
kept under a blanket of N2 throughout the analysis.

+Quantification of the cations and NH4 6 anions were perfromed
according to the conventional procedures using a Perkin-Elmer
(U.S.A.) model ''0 atomic absorption unit and Technikon (U.S.~.)

IOOdel II Butoanalyzer respectively.

RESULTS AND DISCU:SSION

In the analysis of randomly selected particles from variOUS rain
water saltples (ref. Table 2.~, the following elements were
found, bssed on the frequency of their occurrence:

AI, Si> Fe > K > Ca;> Ti > S > P::> F > CI.

Gross morphology end element~l composition of some representa­
tive anorganic pa::::'ticles are shown in Figure ~.:. Based on :frequen­
cy of occurrence x relative amount (comparative peak height),
ele~enta~ composition of the partiCUlate matter in the rain sam­
ples was as follows:

5i;> AI> Fe> K.> S,> Ca ~ Ti,,> P >Cl, F

Coulometric dsta on the rain saffiplea are presented in Table 2.
There was en increase in the atrong acid component with a

I .........:-'~ -,~---.-:~--,.~--.~-e.~'--·:-~:_~-7"-
.... '-

~·P'/;:
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Concentration 1cr5w
Location ..E!L SA TWA NWA VWA

Golden Valley 4.45 5.89 8.01 1.85 6.16

Mound 4.52 3.62 3.38 1.16 2.22

Delaware Avenue 4.70 3.39 1.73 1.64 0.09

N.E. University Avenue 4.80 2.64 1.78 1.40 0.38

Jonathan 5.65 0.00 0.22 0.00 0.22

SA =Strong Acid
TWA =Total Weak Acid
NWA =Non-volatile Weak Acid
VWA =Volatile Weak Acid

TABLE 2

Quantification in molarities (M) of: 1) non­
volatile strong acid, 2) non-volatile weak
acid, and 3) volatile weak acid.

Morphology and gross qualitative inorganic
composition of particulate matter

Quantification of metallic components
Eg: Ca, Mg, Na, K. Fe. In. Cu. Mn. Pb. Cd
ett.

Quantification of 504. Cl. ~. N02• ""4'
ro4• F. ett.

Description of its Use

Some Techniques and Their Application in

Rai~ter Analysis

-269-

TABLE 1

Colorimetry +.
Specific ion
electrode

SCanning E.M. +
x-ray analysis

Atomic Absorption

Coulometry

Technique

Date of Collection: June 6. 1974

ACID COMPONENTS IN THE SAME RAIN

COLLECTHD AT DIFFERENT LOCAnONS IN THE TWIN c:::ITIES AREA

-268-

Thus the acidity of rain water down to a pH of 4.0 may be contri­
buted to by at least five different hydrogen donors:.H2S04 ,
H]O" HCl, weak acids such as H2CO J and HF, etc. and ~'droIyaab­

Ie salta. This is particularly meaningful, since the average pH
values of rain water reported for the United States during 1972
range between 6.59 and 4.39 {MILLER, 1974). It should be pointed
out that. the extent of contribution by the individual bj·drcgen
donors will vary between different rain falls, end between the
same rainfall at differer. locations, depending on the physico­
che~icel parameters of the environment. The proportions between

The aforementioned results indicate the complexity of rain water
chemistry end questions concerning the parent sources o~ hydro-

?- -gan ion. If it ia assumed that the total available 504- , NOJ
and Cl- contribute the hydrogen ions found in the strong acid
component, then the coulometric data for atrong acid ccncentra­
tions in the different rain samples uSed in this stucy may be
aatisfied by the measured values for the three aforementioned
anions. Howerer, the simultaneous presence of weak acid compo-.

.nents, NH4+ and cations (metels) should be consicered in this
context. Furthermore, common ion effects can not be ignored.

decrease in pH. At the seme time, there wss also en inoreace in
the concentration of the totel weak acid cemponent. No direct
correlation exiated between the magnitude of changes in the con­
centration of the strong Bcid and differences in pH between the
various rain samples. The ccncentretion of total weak acid, as
we:l as the volatile weak aCi3, exceeded the strong acid compo­
nent in the rain water-collected at "Golden Valley". This sample
had the .lowest pH value - 4.45 (Table 2). Similarly, the sample
collected at wJonethan" contained the second largest concentra­
tion of 504-S (Table ;). However, 1t wes completely devoid of e
strong acid component. The quantity of alkali-alkaline earth me­
tals found in that particular sa~ple may account for tee absence
of a strong acid component. (Table 4). The concentration of vo­
latile weak acids p~esent (Table 2) can satisfy the pH value.
(5.65) observed in that case. On the contrary, in the other sam~

pIes, no clear relationship was found between pH, 804-5, and
. levels of alkali-alkaline earth metals.

""'liI~.__
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TABLE 4

Metallic componentl in the same rain collected at

different locations in the Twin CiUes area·

Date of collection: June 8. 1974

Concentration in ppm

SampUnll loin In Cd Cr
Location Cu Fe

Pb Mg Ca Na K I
IV

Golden Valley <0.01 <0.1 <0.01 0.02 <0.02 <0.02 <0.2 0.018 0.055 0.03 0.03 t:I
•

Mound <0.01 <0.1 <0.01 <0.02 <0.02 <0.02 <0.2 0.053 0.529 0.04 0.11

Delaware Ave. <0.01 <0.1 <0.01 0.02 <0.02 <0.02 <0.2 0.011 0.115 0.10 0.06

N.B. University <0.01 <0.02 <0.02
Ave. <0.01 <0.1 <0.02 <0.2 0.012 0.020 0.05 0.07

Jonathan <0.01 <0.1 <0.01 <0.02 <0.02 <0.02 <0.2 0.203 1.23 0.38 0.23

• Quantitative elemental differences between the filtered and unfiltered
samples were not significant.
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Scanning electron micrographs of inorganic particulate matter
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Legend for Figure 2

Coulometric unit for determining the strong and weak acid

components in rain water.

(A) = Constant current 8OW'C8

Legend for Figura 1

.Flow chart showing the procedure for the integrated analysis

of rain .water •

(B) =Titration ceIl

(C) = Converted pH meter aDd four digit readout.
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. these variables may largely dictate the Desis for the pH in a
given rein water sample.
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ABSTRACT

An integrated analytical system to study the chemistry of rain
water is reported. The procedure consists of the following tech­
niques: Scenning electron microscopy & x-ray analysis, coulo­
metrJ, atomic absorption and colorimetry. Preliminary date ob­
tained using the aforementioned methode, shew that rain water
samples collected from the same rainfall at different 8ampli~

sites within a metropolitan area vary in their pH, molarities of
strong non-volatile, weak non-volatile and volatile acids and to-­
tel salts. In addition, the results indicate the coexistance of
roughly comparable concentrations of stro~ and weak acids down
to a pH of 4.0.
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3~l.2. A coulometric procedure for the determina­

tion in molarities of strong, non-volatile and

volatile weak acids in -rain andacqueolls solutions.



Evaluation of a Coulometric Procedure

For the Detection of Strong and Weak

Acid Components in Rainwater

Sagar Krupa, M. R. Coscio, Jr., and F. A. YJood
University of Minnesota

A rapid coulometric procedure is described for the determination of non-volatile strong and

non-volatile and volatile weak acids in rain samples. A constant current with known amper­

age is passed into a measured volume of the sample: with and without volatiles, and the

changes in the electromotive force monitored with a potentiometer. Molarities of the differ­

en~ acids are calculated by plotting the function of the electromotive force against time in

seconds according to Gran's theory. The method is useful at acid concentrations of 10-6 to

10-4 M.

Fall out of acidic rain with a pH rang­
ing from 2.1 to 6.82 has been reported
from the U. S.l,2 and with a pH as low
as 2.8 from other parts of the world.3

Barrett and Brodin4 concluded that,
because S02 is one of the major con­
stituents of pollution, it is likely that
sulfuric acid is the contributing factor
of acidic pH. Since then, almost all
studies on the origin of acidity in rain­
water have been based on correlations
between pH maps and sulfur deposi­
tions.

Measurement of pH does not differ­
entiate the individual contrihutions of
strong acids (e.g., H:2S0.d, weak acids
(e.g., RCOOH), hydrolysable salts
(e.g., Fe(H:20g):l+), etc. Similarly the
sulfur content in rainwater is general­
ly measured as sulfate sulfur. This
does not identify the extent to which

sulfur is present as acid per se in a
given sample and as other constitu­
ents. Sulfur in the atmosphere can be
present as (NH4hS04, acids, metallic
salts, S205, dithionate, mercaptan,
and thionyl derivatives, etc.

Liberti et at. 5 reported on the spe­
cific determination of the non-volatile
strong acid component in rainwater by
a coulometric procedure.

Dr. Krupa is Assistant Professor
and Environmental Patholog-ist and
Dr. Wood is Professor and Head,
Department of Plant Pathology,
University of Minnesota, SC Paul,
MN 55108. Mr. Coscio i.s a scientist
at the Department of Ceo\ogy and
Geophysics, UJ1ivel'sity of Minneso­
ta, Minneapolis, MN 55455.

This report concerns an expanded
study of the coulometric procedure for
the determination in M of not only the
strong but also the non-volatile and
volatile weak acid components in rain­
water.

Materials and Methods

The cou'lometry unit, which is es­
sentially the same as that of Liberti et
al. 5 (Figure 1), consists of a titration
cell (B), a constant current source (A)

and a potentiometer with an accuracy
to the third decimal (C). The titratioll
unit consists of an anode and a cat h­
ode generator, a calomel and a glass
electrode and one glass inlet for bub­
bli.ng nitrogen. The constant current
source is capable of delivering 0-7 rnA.

Reprinted from APCA JOURNAL, Vol. 26, No.3, March 1976
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bubbling. By extrapolating the slope
of I/; vs. t in this figure, the strength of
the strong acid component is calculat­
ed to be 1.9 X 10-5 M. The difference
between the t e 1 and te in Figure 3 is
due to the presence of non-volatile
weak acids. In the absence of a weak
acid component te and te 1 would in­
tersect at the same point. Value of the
volatile weak acid derived by subtract­
ing t e 1 in Figure 3 from te 1 in Figure 2
is 1.9 X 10-5 M.

Figure 2. Graphic representation of the coulome­
tric data on a H2S04 standard with volatiles. if =
function of the electromotive force, t = time in
seconds, SA = Strong acids, and WA = Weak
acids.

Figure 3. Graphic representation of the coulome­
tric data on a H2S04 standard freed of volatiles. J./;

. = function of the electromotive force. t = time in
seconds, SA = Strong acids, and NWA = Non­
volatile weak acids.

is plotted versus t.
F = Faraday's constant
T = Temperature in Kelvin
R = Gas constant
By extrapolating the slope, a
straight lined intercept is obtained
on the abscissa at a value t e (Figure
2).

4. The hydrogen ion concentration for
the strong acid is then calculated as
follows: .

[H]=~
FVo'

i = Current used in rnA
Va = Volume of sample used in ml

5. Continued OH- ion generation be­
yond this point will yield a new in­
tercept te' (Figure 2) if the function

F
1/;'= 10E--

2.3RT

is plotted versus generation time.
From this, the non-volatile and vol­
atile weak acid components are cal­
culated.

3. The function

1/;= 10-E _
F_

2.3RT

Results and Discussion

Extensive t.esting of the coulometric
method showed its usefulness for
strong (H2S04, HCI, and HNO:;) as
well as weak (HF and CH3COOH)
aCids, but only at molarities ranging
from 10-4 t.o lO-G (Krupa et ai. 6).

Figure 2 shows the relationships be­
tween1/; and 1/;1 and time (t) for lO-l)

M H 2S04• The curved portion of the
graph is due to the presence of weak
acids. The t(' 1 intersect represents the
generation of excess hydroxyl ions.

Figure 3 shows coulometric data on
the same concentration of H2SO.1, but
after the removal of volatiles by N'2

Figure 1. Coulometric unit for determining the strong and
weak acid components in rainwater. (A) Constant current
source. (8) Titration cell. (C) Converted pH meter and four
digit readout (Potentiometer).

• StrlHl~ acid is directly dt·tt·rmined from I,. in~.

b Non.volatile weak acid is also determint·d from 2, by
sllbtrlll'lin~ I,. from 1,_ '.
• Total acid component is t'ulclliated from I,.' in a Kiven
sllmple.

Theory of Coulometry

1. At the cathode (platinum elec­
trode)

H20 + e- -- lf2H2 + OH-

At the anode (silver - silver bro­
mide electrode)

o ..
Ag + Br --.. AgBr + e-

~. Tlw elect wmot i"e forC() F; is deter­
mined with a potentiometer against
time in seconds (t).

The procedure is as follows: One
hundred ml of the rainwater sample is
transferred to the titration cell and
0.02' M KBr is added as a constant
current carrier. The solution is contin­
uously stirred by a magnetic stirrer
and a constant current of 0.89 to 4.9
rnA is applied. The electromotive
force (emf) is measured with the po­
tentiometer every 5-10 sec up to a
point beyond the generation of excess
hydroxyl ions. When a sample is to be
freed of volatiles, it is bubbled with a
fast stream of N2 for 30 min with si­
multaneous vigorous stirring and sub­
sequently maintained in an atmo­
sphere of N2. Using data obtained
froIl) parallel samples with and with­
out volatiles, one can calculate all
three types of acid components in a
rainwater sample as follows:

Rainwater with volatiles = Total
acids (strong acidsu + non-volatile
and volatile weak acids).
Rainwater without volatiles
Strong acids + non-volatile weak
acids.h (Total acid component* in 1)
- (Total acid component* in 2) =
Volatile weak acid.

222 Journal of the Air Pollution Control Association
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Concentration 10 -5 M

TWA NWA VWA

8.01 1.85 6.16
3.38 1.16 2.22
1.73 1.64 0.09
1.78 lAO 0.38
0.22 0.00 0.22

RAIN WATER WITHOUT VOLATILES
(C0

2
)

GOLDEN VALLEY
-5

[H]SA=5.89 x 10 M
-5

[H]NWA=1.85xl0 M

120

Figure 6. Graphic representation of th~ coulome­
tric data on a rain sample freed of volatiles. Col­
lection site: Golden Valley, Minn. This rain water
was one half of the same sample represented in
Figure 5. if; = function of the electromotive force,
t = time in seconds, SA = Strong acids, NWA =
Non-volatile weak acids.
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case is 5 times in excess of the value
obtained for the corresponding con­
centration of a strong acid. The cor­
rect strength of CH3COOH in this
case is 9.0 X 10-5 M.

Figure 5 illustrates the results ob­
tained from a rainwater sample col­
lected in the Twin Cities area. The pH
of this sample is 4.45. Both strong and
weak acid components are present in
this rainwater. Total acid concentra­
tion (te 1) is 13.90 X 10-5 M.

Figure 6 shows the analytical results
of a parallel sample of the same rain
freed of volatiles. Based on the data
obtained from this and Figure 5, the
strengths of the strong and non-vola­
tile and volative weak acid compo­
nents are 5.89 X 10-5 M, 1.85 X 10-5

M, and 6.16 X 10-5 M, respectively.
Data on rain samples collect~d ap­

proximately during the same time in
different localities of the Twin Cities
area are presented in Table 1. In these
samples, strength of the strong acid
generally increases with decreasing
pH. However, a similar pattern is also
observed with the volatile weak acid
component.

Sulfuric1,s and nitric8 acids have
been implicated in acidic rain. For ex­
ample, to obtain a pH of 2.80, if
H2S04 is the sole cause of acidity, a
S04= concentration of 70 ppm is re­
quired. Similarly, if HNOs is the sole
H+ donor, 100 ppm NOs- is required.
To our knowledge, values of this mag­
nitude are far in excess of the reported
levels of S04= and NOs- in rain.9 Ac­
cording to Frohliger and KanelO rain
is a weak acid.

The coulometric procedure de­
scribed in this paper can be used to
quantify acids per se in rain collected
around point sources or on a regional
basis. This information coupled with
the measurements of pH, electrical
conductivity, anion and cation con­
centrations, etc., may help to resolve
some of the existing controversies on
acidic rain.

Table 1. Acid components in the same rain collected at different locations in the
Twin Cities area. Date of collection: June 6, 1974.
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......,/

300100

300

".
240

t/J

180

120

60

0

RAIN WATER WITH VOLATILES (C0
2

)

GOLDEN VALLEY

[H]SA=5.89 x 10-
5
M

-5
[H]WA =8.01 x 10 M

160 VOLATILES [H]

[C02]=6.16 x 10-
5
M

300 600 900 1200
t

-5
8.5 x 10 M CH3COOH -VOLATILES

(C02)

[H]NWA=9.0x 10-
5
M

120

80

40

Figure 4 represents the coulometric
data for a weak acid, 8.5 X 10-5 M
CH3COOH. Removal of any volatile
components by N2 bubbling results in
the intersection of te 'and te 1 at the
same point. In this case, as opposed to
a strong acid, there is no slope per se.
According to the original coulometric
theory of Gran,7 in instances where
there is no slope, the intersect of a
true curve, as illustrated here, should
be accepted as real. The te 1 in this

Figure 5. Graphic illustration of the coulometrlc
data on a rain sample with volatiles. Collection
site: Golden Valley, Minn. if, = function of the
electromotive force, t = time in seconds, SA =
Strong acids, and WA = Weak acids.

Figure 4. Graphic illustration of the coulometric
data on a CH3COOH standard freed of volatiles. if;
= function of the electromotive force, t = time in
seconds; NWA = Non-volatile weak acids.
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3.1.3. Scanning electron micrographs of inorganic

particulate matter collected at different sampling

sites during an individual rain event. Golden Valley,

Mound, etc., are sampling locations.
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3.1.3.e. Relationsh~p between pH and (S04)-S

in aqueous systems'. This· is based on the kinetics

of the two step dissociation of H2S04 -
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3~1_3oe. Relationship between pH 'and N03 in aqueous

systems_ This is based on the kinetics of the dis-

sociation of HN03 -
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3 ..1.3.e. Relationship between pH and Cl in aqueous

systems. This is based on the kinetics of the dis-

sociiation of HCl.
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.3.1.3.e. Evidence f9r multiple hydrogen-ion

donor systems in rain.
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EVIDENCE FOR MULTIPLE HYDROGEN-ION DONOR SYSTEMS IN RAIN
l

SAGAR V.' KRUPA, M. R. COSCIO, JR., AND F. A. WOOD, Assistant
Professor, Scientist and Head respectively, Department of Plant
Pathology, University of Minnesota, St. Paul, Minnesota 55108.

ABSTRACT

An integrated analytical system consisting of combined scan­
ning electron microscopy and x-ray' analysis, atomic absorp~

tion, colorimetry and cou10metry was used to study rain water
chemistry. The coulometry fa~i1itated the determination in
molarities of strong and non-volatile and volatile weak acids.
The pH of individual rains ip St. Paul·;" Mi..nneapolis, Minneso­
ta ranged from 4.0 to 5.65 during the summer of 1974. Samples
of a given rain from different sites had different qualitative
and quantitative bases for the measured pH. Increase in
strong acid concentrations with a decrease in pH was not an
exclusive phenomenon. 'Molarities of weak acids (volatile and/
or non-volatile) also in~reased with an increase in the acid­
ity. Studies conducted on Twin Cities rain samples indicated
that the total salt content expressed from the electrical con­
ductivity could not be accounted for by the total concentra­
tions of individual metals quantified (Fe, Pb, Zn, Mn, Cu, Cr,
Cd, Ca, Mg, Na, and K). In addition, no correlation could be
shown between the contents of 504' N03~ C12 & P04 and the ob­
served changes in pH.

INTRODUCTION

Fallout of acidic rain may be a threat to the regional environ­
ment. Rainfall with a pH as low as 2.8 and 2.1 has been reported from
Sweden (Oden, 1968) and the United States (Likens and Bormann, 1974)
respectively.

lThis investigation was supported by grants, in part from the
National Park Service, U.S. Department of Interior and in part from the
Northern States Power Company, Minneapolis, Minnesota. Paper No. 1570
of the University of Minnesota Agricultural Experiment Station .

. . ~:. .
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Barrett and Brodin (1955) stated that since S02 is a major consti­
tuent of atmospheric pollution, H2S04 is the most likely cause for the
acidity of rain water. Since then, almost all of the published reports
are based on correlations between total sulfate and pH (Pearson and
Fisher, 1971). Measurements of total sulfates do not differentiate the
levels and extent to which sulfate is present in the particulate frac­
tion, soluble fraction, as salts and as acid per sea Similar consider­
ations are also important in the case of nitrate (Pearson and Fisher,
1971) and chloride (ref. Junge, 1963) and their status as HN03 and HCl
respectively. Furthermore, pH measurements do not indicate the parent
species for the hydrogen ions. In general, our current knowledge
of the chemistry of rain water is inadequate.

In this ,paper we report the results of some of our efforts to un­
derstand the chemistry of rain water in the St. Paul - Minneapolis,
Minnesota area and the origin of its acidity" as a prelude to the study
and interpretation of acidic rain effects on Minnesota vegetation.

MATERIALS AND METHODS

Approximately 250 ml of rain water were sampled from individual
rainfalls at several locations i~ the St~ Paul-Minneapolis area in the
U.S.A. Sampling was performed ma~ually at approximately 5-6 ft. from
the ground, away from trees; huildings, etc., Sampling was started from
the time the first rain droplets fell on the ground and was terminated
after approximately 30 minutes. Samples were collected in FEP-TEP tef-

. lon" (DuPont Co. U.S.A.) trays and were immediately transferred to screw
cap bottles made of TEP teflon. Precaution was taken to prevent any
dead space between the sample and the cap of the bottle. Samples were
frozen as quickly as possible in a conventional freezer. At the time
of analysis, samples were allowed to thaw and equilibrate to the room
temperature (20 C) without opening the bottle.

The analytical techniques used, along with their application, are
summarized in Table I. For determining the morphology and gross com­
position of the inorganic particulate matter in each sample, 10 ml of
the rain water were filtered through 0.22~ Millipore (Millipore Corp.
U.S.A.) or Nuclepore (Sargent Welch & Co., U.S.A.) filter. After dry­
ing the filter in a vacuum, discs were punched at random, mounted on
scanning electron microscope (SEM) stubs, carbon coated and viewed un­
der a Cambridge SEM at different magnifications. Whenever the gross
inorganic composition was to be determined, the particle was bombarded
for approximately 2 min with an energy beam from the internal electron
source and the qualitative, relative composition w~s identified by a
precalibrated x-ray analyzer.
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TABLE 1

Some Techniques and Their Application' in

Rainwater Analysis

Technique Description pf its use

Coulometry

Scanning E.M. +
x-ray analysis

Atomic Absorption

Colorimetry +
Specific ion
electrode

Quantification in molarities (M) of: 1) non­
volatile strong acid. 2) non-volatile weak acid.
and 3) volatile weak acid.

Morphology and gross qualitative inorganic
composition of particulate matter.

Quantification of metallic components
Eg: Ca. Mg. Na. K. Fe. Zn. Cu. Mo. Pb. Cd
etc. .

. Quantification of S04. el. N03. N02. NH4'
P04' F. etc. ,

Concentrations in molarities of different acids in the rain sam­
ples were determineq by coulometry. '"The coulometric unit consists of a
constant current source, a measuring cell located on a magnetic stirrer
and a potentiometer (modified pH meter) with a four digit visual read
~out. Based on the relationship between ~ (a function of the electro­
motive force) and time in seconds (t) in two portions of the same rain
sample, with and without volatiles, the molarities of non-volatile
strong, and non-volatile and volatile weak acids were calculated (Krupa
et ale 1974). When a sample was to be freed of volatiles, the solution
was bubbled vigorously with N2 for' 30 minutes with simultaneous stir- .
ring and kept under a blanket of N2 throughout the analysis.

Quantification of the cations and NH! & anions were performed
according to the conventional procedures using a Perkin-Elmer (U.S.A.)
Model 330 atomic absorption unit and Technicon (U.S.A.) model II Auto­
analyzer respeqtively.

RESULTS AND DISCUSSION

The pH of individual rains varied from 4.00 to 5.65 during the
summer of 1974. Inorganic and organic particulate matter ranged in the
samples at approximate ratios of 8 : 2 to 5 : S. In the analysis of
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randomly selected inorganic particles from various samples, ,the follow­
ing elements were found, based on the order of frequency of their occur­
rence:

AI, si > Fe > K > Ca > Ti > S > P > F > Cl

Gross morphology and elemental composition of some representative in­
organic particles a+e shown in Figure 1. Based on frequency of

Figure 1. Scanning electron micro­
graphs of inorganic particulate
matter collected at different samp­
ling sites during an individual
rain event. Golden Valley, Mound,
etc. are locations of sampling.

occurrence X relative amount (comparative peak height), elemental com­
position of these particles in the rain samples -was as follows:
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Si > Al > Fe > K > S, Ca > Ti > P > Cl , F

Coulometric data on samples collected at five' different sites dur­
ing a representative rain event are ~hown in Figure 2. Strong acid(s)

o STRONG ACIDS

II TOTAL WEAK ACIDS
'Figure 2. Relationships between
p~ and strong and weak acids in
rain. Acid concentrations ex­

pressed as molarities.

4.45 4.52 4.70 4.80 5.65

pH

concentration in·the rain samples ranged from 0.0 to 5.89 x IO-5M•
There was an increase in the concentration of the strong acid component
with a decrease in pH. 'However, this was not an exclusive phenomenon.
Molarities of weak ac~ds (volatile and/or non-volatile) also increased
(0~22 to 8.01 x lO-5M) with an increase in the acidity.

The strong acid component may consist of different combinations of
H2S04 , liN03, HCl and possibly dithionate. Figures 3, 4, and 5 illus­
trate the relationships between pH and S04S, N03 and Cl when they exist
as their corresponding acids and when each'acts as the sole hydrogen
ion donor. These values are .based on known dissociation rates in
aqueous systems. Barium chloride precipitable sulfur content (ex­
pressed as sulfate units) ranged in the rain samples from 1.2 mg/l to
2.4 mg/l. There was no correlation between the changes in the strong
acid concentration and so~ levels (F~gure 6). Patterns of change in
N03 concentration paralleled the S04 change in relation to pH.
One of the most effective methods of S02 oxidation and neutralization
is considered to be the "S02-NH3-H20" system (Scott and Hobbs, 1967;
ref. Krupa and Wood, 1974). NH4-N content in Qur samples ranged from
0.7 mg/l to 0.82 mg/l. No definite correlations could be found when
ratios between (S04 + NO) + Cl-) and NH! or ratios between S04 and
NH: were plotted against pH (Figure 7). pH of rain samples varied
irrespective of the calculated le~els ofNH3 neutralization. Inorganic
acid forming groups other than S04 varied in their concentration as
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Figure 4. Relationship be­
tween pH ~nd N03 based on
the single step dissocia-

tion of HN03 •

follows: N03-N - 0.063 mg/l to 0.450 mg/l; Cl - 0.10 mg/l to 0.60
mg/l; and P04-P - 0.002 mg/l to 0.009 mg/l.

Approximate total salt concentration expressed .from electrical
conductivity measurements (3.47 mg/l to 11.10 mg/l) could not be ac­
counted by the total concentration of the individual cations quantified
by atomic absorption (Table 2).

As mentioned previously the weak acid component also increased
with a decrease in pH. Figure'S illustrates the relationship between
non-volatile and volatile weak acids and pH of our rain samples. It is
not clear at this time as to what extent the volatile acid component is
constituted by C02-H20-H2C03-HC03 system. The C02-H20 system can be
influenced by the 502 dissolved species, HS03.

The aforementioned results demonstrate a multiple hydrogen-ion
donor system in rain. These includes: 1) a strong acid component
(H2S04' HN03, HCl, and possibly dithionate); 2, a non-volatile weak
acid component (HF, organic acids, hydrolysable salts etc.); and 3) a
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Figure 5. Relationship be­
tween pH and Cl based on
the single step dissocia-

tion of HC1.
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volatile weak acid component (C02-H20 system and unknowns). Sulfur in
the atmosphere may exist in several different forms: S02' S03' S04,
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2) S04 concentrations, and 3) NOJ
concentrations in rain samples.
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components in rain.

Metallic components in the same rain ,collected at

different locations 'in the Twin Citi'es area

Date of collection: June 6. 1974

Concentration in ppm

Sampling
Locaion Cu Fe MN Zn Cd Cr Pb Mg Ca Na K

Golden Valley <0.01 <0.1 <0.01 0.02 ---<0.02 -<0.02 <0.2' 0.016 0.055 0.03 0.03

Mound <0.01 <0.1 <0.01 <0.02 . <0.02" <0.02 <0.2 0.053 0.529 0.04 0.11

Delaware Ave. <0.01 <0.1 <0.01 0.02 <0.02 <0.02 <0.2 0.011 0.115 0.10 0.06

H.E. University
Ave•• <0.01 <0.1 <0.01 <0.02 <0.02 <0.02 <0.2 0.012 0.020 0.05 0.07

Jonathan <0.01 <0.1 <0.01 <0.02 <0.02 <0.02 <0.2 0.203 1.23 0.38 0.23

t"'-\

S20 S' S206' H2S, dithionates, mercaptanS, thionyls, (NH4 )2 S04' me-
tallic salts, H2S04 etc. Components such as organic acids form weak
acids and may be part of the non-volatile weak acid component. Our
results also show that samples of a given rain from different sites
have different qualitative and quantitative bases for the measured pH.
Semonin (1973) was unable to find correlations between point sources
and pH of rain in the st. Louis, Missouri area and found that pH
varied widely during the same rain at different sampling sites.

These considerations are important with reference to any direct
vegetational effects. Shriner (1974) was able to demonstrate adverse
effects on terrestrial vegetation by subjecting plants to pH 3.2 H2S04
simulated to fall as rain. While acidity can have influence on plants
through nutrient leaching etc., more recent evidence by Wood and
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Pennypacker (1975) indicates that anions may play an important role in
direct effects on foliage. The chemistry of rain in a given geographic
region should be evaluated on per rain basis as a prelude to vegeta­
tional studies.
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e~~~E ~or t~e &cldlty o~ ra~n water. ~1nce then, el~o~t elIot
tt~ f~~llg~e~ reports ere be~ed on correlations between totel

~D4 E~ rE. Y.ep.surc~er.t of total sulfates does not d1f~erentiete

t~e )?v~ls q~ extent to which $04 Is present in the partlcUlnte

rrectio~. soluble fractior., as s81ts and as acid ~ ~Q. Similar­
ly. ~~ cea~ure=ents do not indicate the ~arent species for the
~j'~:!'C;;e=: Ion.

:'he o~je'Ztiva o~ th~ present Invest1::etion W88 to develop 8 com­

r:-e~.~:lS i ve er.s'!.:- tica!. system to understand the orl1!ln of eeidl ty
in r~:n ,at~r as D prelude to the etu~y end interpretation of

ecl~ ~ain e~fects on vegetation.

r:,:;::R ;~~_~~~:mODS

L~~~~1=9tely 250 ~l of rein WAter waa collected each time, ~rom

tt.~ 5,=e rain ~a:l at severnl lOcations In the ~innoapolls-

St. FI~1 ~ree In the U.S.A. Serrpling was performed manually at

~~r-~:i~tely 5-6 ft. fro~ the g~und, a~ay trom trees, bulldL1g8
~tc.

~~=~l~~ ~n9 sterted rrom the tl~e the ~lrst rein droplets fell

00 th· ~rounc end W88 te:nr:ir...,ted 9~ter erproximately '0 minutes.
E~~pl :s were collected 1n FEP-TEP (DuPont Co. U.S.A.) treys and
wSs 1 re1iet~!y trena!erred to scre~ ce~ped bottles made of TEP

te~~o I. ?r€C~uti0n ~es tcken to prevent eny deod space betw~co

th~ s ~~le ar.1 the cap of the bottle. S~mples were frozen Immc­

elate y st -2) C. A.t the time of enelyoia. st:\:Ilples ware ollowod
to th 71 end eqLlilibr9te to the room telllpi.?rnture (20 C) w1 thout
c;Fnl:g the bottl~. S~~plcs were proces8p.d according to the
~~t~~ 6~C~~ In F!cu~e l~

=te al elytlcel techniques uee~, 81o~ with their appllcetion,

e~e BI~~rlze~ 1n loble 1. For deter~ining the morphology end
~cs~ cc=~o81tio~ of the Inor~8nlc particulate matter 1n oneh

~~=~l', Ie ~ o~ the rain weter _ae fl1tercs throUgh 0,22 u
L!11i) ora (~1111~~re Corp. U.S.A.) or Nuclepore (General Eloct­

ric, t .S.A.) filter. After drying the filter in a VaCuum, discs

aere Jllr.cted at random, mounted on scnnnlng electron microscope
~~~) Gtu~s, car~on coated snd vle~cd ur-dor a C~~ridge SEM at

_;~("~J_

dl:rr~rent m!l:~nl1."lcnt1on..,. ~llcnevcr the groen lror.-:"::!.,= c:c-:-;,·:si­
tlon WOI!! to be detcr:nincd, the portlele ...1.t3 bo!!'~~:-~I'~ :.~:- ~;;~­

xlmstcly 2 ~ln with an cnp-rRY bes~ from th~ Int~rn~l g~~~t~~

source cnd the Qt.1~l1tnt1vl) relntlve co~roelt1on ~~ lcc1t1.r~e~

by 0 precallbrotcd, r~n-dlDreralve x-my s~~ly=~~.

The cculometr1e proceduro ueed ~as I!I mod1fte1 ~ro~ thst o!

LIm~RTI ~! al. (912). The unit (Fi&-..~~_V con~isb of I! ccnstsnt
current source (A), e Incoeuring c~ll located on 11 :L~~-:~: t~c stir­

rer (8) ~nd 0 IX)t~nt1ometcr (t:'o~H!led r:1 In'?ter) '>f.1~h a fot:.::' .~!.&lt

"iclln). reod out (C). B1.>od. on the ~letlcr.lhi? t>:t·... ':":m 1p (e

runction of the el£'ctror'Jtlvc 1'of'ce) E'nr:! timQ in 9,,=;r.~3 rt~ ~n

b70 porttono of t.he flo~e 1'81n Bn:nr1e, ;with fl:lJ 1'!~tl:;,ut ~O!9t1.!~3,

the nolerl tieD of non-volntll(' !ltrof'.J:;. pnd lY)O-m111 t t Ii" ~r.j '70­

Intlle wC!lk ocidg were calcu'!etC'd (KfOl'A ~~. ~!~ 197~). :I":.=>:) s

6s~ple W~$ to he froed of volntl1cs, thp ~1~t1on ~~3 b~-~~oj vi­
gorou~ly rt1 th N2 tor )0 u:lnutc9 -1 th 9h:.ul tf)n'''::!l~ ~:t1:-d!'.';: !':-j

kept wlder 0 blllnlcot of N~ throughout thl? S1:0 lye 1~.

...
Qunntificatlon or the cottons ond 1:!{-4 ! t\."11on:l yO!:'e p~r~~~d

.accordil".g to the eonvnntloTl!)l rrocccure3 u:!lf'~ e !'~.:'~ln-::~=o.:

(U.8.A.) mOdel J30 oto~lc cbsorptlon ~"1it Bnd Tectnikon (U.S.~.)

model II AutoanAlyzcr re~pectively.

RE§~!-~2...N~);Ly';r.2ill!;'§JoN

In the .analysis of randomly selected ~ortlclc~ tro~ varlcc3 r8~

w~ter sn~ples (ref. !~hlp-_?~), the followl~ el~~e~te ~~~

found, hased on the frequency of their occurrcr.ce:

AI, S1> Fe > K > Co > Ti > S > P;- F > ::1.

Gross ~)rt-holo~y ~n~ e)e~entel co~r~~itlcn of SOr.e r~~~~~e~t8­

tlve onor~Bnlc po.:-ticlea nrc ehown in Ll[,~~_~~ Eased O~ ~~c~a~

cy of occurrence x relntlve e~ount (comp3r~tlve rep.L hetEht1.
eIe~entB~ com~oslt:on o~ the ~9rtlculete ~~tter i~ tr.e :c1~ e~=­

pIes wes as follows:

Sl~ AI> Fe> Ie> S.>. Ce>- 1'1> P >Cl, F

Coulometric data 00 the rain sD~ples ere presented in I~l~ Z~

There W6S en increase in the strong nc!d ccopc~r.t with e
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TADLB 1

Some Technfques lind Thef,. Appl1eat1on 1"

Raf~ater AnalysIs

~~:~I~e in p~. At the 8e~e time, thore wee sloo en IncreAce in
~~~ ccncer.t~et1on or the tote] wonk acid eomr~n~nt. ~o dIrect
~c~~eJ~t1cn existed ~et~een the Magnitude or chs~~ee in the con­
Cf'l ..';r€ tion of thp. atront; llcld nnd difrt>rencee 1n pH betwet"n the

~:~~:~3 rs~ ~n~~les. Tte ccncentrnt!on of totol w~sk Bcld, Os

~~:l S3 t~e volatile .eak ~cij, exceeded the strong acId compo­
r.~!jt 1:1 the rain ~ter collected at "~lden Volloy". This sllmple
h~ the loweet ~H value - 4.45 CTobl~). Slml1orly, the somple
ccllE:cted 8~ "Jonathan" contolned the (leconc lSI'J:.':est concentre­
tiC"l or 804-~ (!§jlle-1.). P.olVcver, It ...al3 completely devoid of 8

6~:-C·~.g ~cld cCt::por.ent. TI:e quantity of elk-!lli-olkal1ne esrth m€l­

te1s ~ nu:d 1n the t r:ortlcu] ar s,c;~ple may ecccunt for tte absence
0: ~ s ::-cr..g: acid cOtrponcmt. (Tf)~~4). The cC·lJcentrllt!on of vo­
lstile ... e(!~ ll~tcs ~:-e;'.:lnt (Tnhl~_~) Clln sat:1sfy the pI! value

(;.~5) o~·se~~d In ttot eDse.Gn t.'1e contr!lry, 1n the other sem­

.rl~?, :0 cleF..!' relAticr.~hip \'.':)8 found between rH, 8)4-5, l'nd

le.e15 of l"lkall-ell:<llioo earth In'!tals.

Technique

Coulometry

Scann1ng E.M. +
x-ray analysfs

Atomic Absorption

Colorimetry +
Specific ion
electrode

Description of fts Use

Quantiffcation 1n rolarftles (!f} of: r.on-
volatile stron~ ~cfd, 2) rcn-v~lJtfle ~~ak

acid. and 3) volatile wr~k add.

Morphology and gr0ss Q~alftatfve 1r.crgJnic
ccnposHion of partfcu!-1te r.~tt£:r

O'JantHkation of 1l:'~~1l1c c(:-xr.~ts

[g: Ca. l'g, ~13, K. Fe, In. Cu. ,.~. Fh. Cd
etc •

Quant ffkation of S04, Cl, fi03 • U)2" l'CH<4'
P04 " f. etc.

TABLE 2

ACID COMPONENTS IN TIIH SA!-fR nAJN

Date of CoUoctlon: Juno 8. 1914

COLLECTED AT DIFFRnRUT LOChTIONS IN TUE TW1N CtTrrS Ml5A

I

t
I
t

Co~cc~t!'aUon 100-~'H
SA'l'.'I:\ r,;'l,\ _niA

5.89 8.01 1.85 Lts

3.62 3.~5 1. IS L21

3.39 1.73 1.84 COg

2.64 1.7! 1.40 C.33

0.00 0.22 O.CO C.22

SA = Strong Acid
TVIA = Total Weak Add
NWA = NOIl-vo!atile Weak Acid
VWA =Vollitilo Weak Acid

LccC\tfon ~

Golden Valloy 4.'15

Mound 4.52

De1nware Avenue 4.70

N.H. University Avenue 4.80

Jonathnn 5.65

~'1e e-f :re~nt!or;:?~ rl"st.:.l ts in(~1 cote the complexity of rein water
cr,e=~s:ry a."1~ ~t:e3tions cor.c€ ming the parent eources o'f hydro-

2- -
€,~!j 10.1. If' 1 t 1s !lseur.x:d thet the totnl 8valloble SO4 ' 1:0J
n:-:d Cl- contribute the hydroGen ions found in the stro~ ecid

coq'On !nt, then too cQulcmetrlc date for strong aci~ ccnccntra­
t:c:'-s_n tte di:,!'erer.t rein saT-pIes U8ed in thl3 S tu~y may be
eet~s~ .ec !::y tbe ce<:lsure1 vallles fo::, the three ef'crerrRntloned

e:1~o!".s E:aert>r, th~ sil:lul tsncous ;re~ence of weAk acid compo­

r.-=r:ts, !;'P.
4

... ar.d cetior.s Cc:ete18) should be conGi~ered in this
cc~tex • Furthermore, cotL"1Cn ion ef'f'ects cen not he ignored.

':1:'..:5 t~ e seiei ty of rein w&ter (loY.'n to 8 pH of 4.0 m.ey be ccntri­

tutea ·0 hy ~t leost five different hydro~en donors: H2S04,

~r:J t 1CI. '\1I'e9k Elaies such sa H?CQ) and }iF, etc. and h.ydrolyseb­

!e ~~l-s: This ir ~8~tlculAr]y ~eeniI~fu1t oince th~ evcra~e pH

~~:~~3 of rain ~8ter reported fo~ the United ~tste~ during 1972

~E~~e l€t~een €.59 en~ (.39 ~~~L~R, 1974). It 8houl~ be pointed

out thl~ the e~tent of ccntrlbution by the In~ivldual hvdrcGen

~~r-~"9 ~ill very berReen dif~erent rain falla, and between the
eC:'::B rt 11'~611 at di.!'ferer. locetions, depending on the physlco­

c~e~iel~ p9=a~ter8 of the envlror~ent. The proportions between
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TABU 3

Non-metallic components In the same rain cotleeted

at different locations in the Twin cmos area-

Date of colloctlon: June 8. 1974

Concentration In ppm

St..!::p l!Jg
Total ealts--Inc~ton NHe-N NOJ-N PO.-p CI 8°4-8 (Approx.)--

(';j!~e, Va!ley 0.21 0.129 <0.002 <0.10 0.5 9.35
~~~'..:.n,~ 0.82 0.e50 0.005 <0.10 0.11 11.10
D~,,~ lIe Ave. 0.10 0.147 <0.002 <0.10 0.4 7.48
J:.L Jn1ver-
si~r \'..e. 0.07 0.083 <0.005 <0.10 0.4 3.-17

.iC~1:l a.'"1 0.48 0.292 0.009 0.60 0.7 . 9.63

- Qu•.ntitatlve elemental d1Herences between the fUtered and untUtered samples

WeI e not a.lgnlficant.

•• Pp:::J total salts were calculated on an approximate basis 88 follows: IDectrical

Corductiv1ty In ~moh8/cm at 25 C z 0.55.

I
I
I

e
a.
a.
.s

..
~

~ ..,.....
CD..~
..;
G
~

='
~

i:
S
~

::t
0
0

....
0

~
aJ

Q

::2o

be
;§g
o.1j

9~

... ... ... ~ .c;:0 0 0

9 V V V V

• .e-
t- D> ...
~ < Cl.. >> Cl c: C
C ."

; ::> 5.,
Cl • ••." g ~ ttl> ~-0 .'4!.

."
Cl

~
~

d
:3

~
;;

'5...
.3

-5
-:
o
Q

~

'0
..a..
::l
U

~.:
..~ ;
:::~
-:.J~

... r:.
~~ ~

~g
.:; e

:;l ~
.~ ~

! Ie
.::~

:::0.

1 5
O'~



•• '••• 't ••~.;.~ i'S

~tlnd for Figure 1

FlOT c1'.art !loowJng the procedure fi)r the lntegra~ analyst.
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anr.pcz:.enta In r:rln 1Ir.lter.
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(B) z: Titriltbn C"'.Jl

(el z: Can~erted pH mder and i>ur dlgU readout.
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e Y~r1~ble8 ~ay 1ergely d~et8t8 the ~e8i8 ~or the pH in a
glvln reIn ~eter 8s~r-le.

J.~;Q !?!k~~-;

~-e ~ :k!lC1ll'!edge the U.S. Nationsl Psrk ~erv1ce ~o!" providing us
wi ~~ e research gra:1t tor this study.VIl) expresEJ our grst1 tude
to ~:. R.C. ~~~t~r, L~lversltJ o~ ~innosot9, St. Paul, for gene­
reus help end advice during the course ot this study.

Ke~T ;JeT

J.n 1.::t'?g-:'f:lt('~ a~olytlclll ey~tem to etucy the chea:letry ot roln

~te:' is reported. The procedure consists ot the followine tech­
rj~~, B: ~c~~~!ng cleetron microscopy b x-ray er.nly61s, coulo­

=et~·, atc=~c ~bsorption nnd 'colorImetry. Preliminary dats ob­
teinf~ U~lr~ the efore~entlon~d a:et~o~e, shew that rein woter
~~=?:e8 co:lected rro~ the ~ll~e rainfall at different sompling
e1 ~':( wi ~~;in 8 ::etropol1tan a:-ea VlJry In their pH, a:oleritiee o~

~~:-:::I;: nC!n-Yclct~le, 'J/'cek non-volatile and volatile ao'ida and to­
tal (elts. Ir. eddit!on, the results indicate the coexistence ot
~u~rly co~pa~~ble ccncentrat1or~ or strong end weak scide down
to 9 r:R o~ ~.C.
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