




































































































































































































































































Posner, 1975). 2inc is readily adsorbeé by clay minerals and this
mechanism accounts for the generally small éoncentratiog.of zn*t solu-
tion. Secondary minerals, such as Zn (OH),, 2Zn (OH)z—, Zno (zincite),
ZnCO3 (smithsonite), Zn4(OHé)Si207.H20 (hemimorphite), Zn28i04 (wille-
mite), and sphalerite, are quite soluble aﬁ 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 atr
ﬁnusually higﬁ zinc concentrations, the most likely Zn sources are
smithsonite, hemimorphite, and the clay minefal sauconite (Krauskopf,
1972).

In an extensive study of New York and Colorado soils, zinc was
found to be complexed 28% to 99% with only00.03 - 3 uM remaining in
solution (Loneragan, 1975). zincg is complexed by clay minerals or
by fine-grained constitutent adsorption, oriby organic complexing or

chelation. 2Analysis of a Tennessee soil showed that 30% to 60% of the

zinc was associated with fine grained Fe203 minerals and 20% to 45%

was associated with clay minerals (Krauskopf, 1972). Norrish (1975)
reports a similar study where 45% af 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 wifh 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 ihe covalent bonding of zinc to clay minerals is

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

result in zinc being slightly less strongly adsorbed by clay minerals
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than copper (Krauskopf, 1972). Using the isotope Znss, 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% Zn0O) (Norrish, 1975). In other montmorillonites, zinc re-

places aluminum. In magnesium-containing.clay ﬁinerals, zinc often re-
places magneéium and in Ca-montmorillonite‘zinc can replace calcium
(Ellis and Knezek, 1972).

Soil organic matter forms very stable complexes and chelates with
znt* (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 al., 1974).
b. So0il solution:
The predominant zinc ion in the soil solution is 2zn'tt,
though under certain circumstances znoH* and Znle 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
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true not only with clay minerals and fine-grained oxide particles,
but also with organic complexes and chelates (Loneragan, 1975). The
felationship 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 egsential elements, biological
activity of soil microorganisms as well as ?lant'roots enhances the
availability of zinc in localized areas. Dilute acids, chelates,
pectin, and other organic compgunds present in the mucilaginous slime
and other secretions from youﬁg plant roots reduce or otherwise release
zinc from the surrounding soil. 1In addition, some of these excretions
have been shown to stimulate the activity qﬁ microorganisms, which in
turn affect the supply of éiﬂc agd other trace elements. Some of these
mic¢roorganisms can even accelerate the releage 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-

+ (Brady, 1974). Once within the roots, zinc

cal species absorbed is 2Zn
is readily moved throughout the plant. Once fixed at a site 2n 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 translocate up to 25% of the "zinc in old leaves and petioles

to developing fruit, while plants growing under moderate or deficient zinc

conditions may translocate very little or no zinc to the fruit. Oats be-

have similarly (Loneragan, 1975).
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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 mény importaht functions. Zinc
is an essential element of several key enzymes. Fér-gxample, in car-
bonic anhydrase, zinc constitutes approximately 0.2-0.3% (Nicholas,
1975). This enzyme is present in animal erythrocytes,vand in plants
it catalyzes the reversible reaction of'CO2 and water (Boardman, 1975).
Carbonic anhydrase may also be importaﬁf in certain of the dark phase
reactions in photosynthesis, such as facilitating the ‘diffusion of Co,
to the chloroplasts, and catalyzing the dehydrétion of carbonic acid
at the site of carboxylation (Boardman, 1975; Dwivedi and Randhawa, 1973).
Zinc is also an essential conspituen£ of NAD;linked aléohol dehydrogenase
and glutamic dehydrogenase. iactic dehydrogenase is another enzyme in
which zinc i1s an essential component (Nicholas, 1975).

Zinc appears to Ee important in the synthesis of DNA in plants,
since it is a constituent pf‘thé‘enzyme deoxyribonucleic acid polymerase I
(Nicholas, 1975). Zincé is also somehow iﬁvolved in RNA synthesis and is
a constituent of the enzymes carbonic anhydrolase and carboxypeptidase
(Dwivedi and Takkar,.l974; Yopp 95_213, 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. 0l1d corral sites and Indian burial grounds.

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

are not easily available to plants.
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f. Soils containing clays with low Si/Mg rﬁtiéé. In these
soils, zinc may be fixed in unavailablé forms.
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 concegtrations in solution are low,
additions of phosphorus may greatly reduce zinc uptake, causing defi-
ciencies, while phosphorus addit;ons to zinc-rich soils may greatly in-
crease zinc uptake causing toxicity (Walléce 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 pfocesses 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). ' T e
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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 concentratiéns 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 concentréfions greater than 400 ppm may
 cause toxicity symptoms (Chapman, 1966a). Table 5.6.15.5-1 presents
more specific data on tissue analysis values for zinc.

In the early states, zinc deficiency is often expressed as "leaf
mottle" "frenching" and other types of intefveinal'SYmbtoms (Bidwell,
1974; Chapman, 1966a). In moét plants, terminal growth is affected
first. In corn chlorosis is expressed as thte striping ér banding on
the lower half of the'leaves.. In cases of moderate or acute zinc defi-
ciency, the characteristic éymptpmsvare smail leaves and rosette~type
growth (Chapman 1966a). fhese sfﬁptdms éfe especially common in citrus
trees and o;her tropical fruits (Chapman, 1966a; Lefebvre, 1973). Pre-
mature fruit drop may élso occur under zinc deficient conditions (Hoda
et al., 1969). The specific symptomatology 6f zincAdeficiency in several
crops is presented in Table 5.6.15.5-2.

Fruit trees, especiaily 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 .o cen
(Medicago half of
sativa) shoots
Control|Tops 12 wks.old {13.00 ces 39.00- |... oo
48.00
" Apple Field |Leaves |Apical 6-8 [4.00- .. (h.00- | .
(Malus spp.) inches 54.00 - 80.00
o (Sept.-0Oct.
Field |[Stems [Apical 6-8 [4.00- 16.00- . R
' inches 28.00 30.00
(Sept.-0Oct.)
Field |Leaves . 5.00- .o e . oo
10.00
Field |Leaves 1.20- ... [9.060 . ..
2.30 10.30
Field |Leaves |August <th.00 |... e .
Field |Leaves . 3.00- . |... |6.00- ... ..
22.00
Apricot Field *|Leaves [Apical 6-8 |24.00- |... }19.00- . ..
- (Prunus inches 30.00 31.00
armeniaca) (Sept.-0Oct.) .
Field |[Stems |Apical 6-8 [7.00- ve. 11.00- | .
inches 9.00 -34.00
| (Sept.-0ct.)
‘Avocado Field |Leaves |Mature 5.00- |... [50.00 ... -
(Persea 15.00
americana) »
Clover, sub- |{Solution Tops 12 weeks old|24.00- 76.00- | .
terranean 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 14.00- >15.00
from base, 15.10
at silking ‘

g |




TABLE 5.6.15.5-

1.

Typical plant tissue analysis 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.
Flax pots Tops 71 days old|18.00 e..  32.00- |... ..
(Linum 1 83.00
usitatissimum)
Oats Sand Leaves [Mature cuse cee ces o T 1,700.00-
(Avena sativa) 7,500.00
- — -~ {Sand Whole |[Before <20.00- .o .ee e
plant inflores-
cence
. Plant |6-8 weeks . (20.00 . ..
(2) old — o -
Orange Field |Leaves e 3.80- [.... [7.80- |... cee T
- (Citrus ' 11.70 47.30
sinensis) Field [Leaves |3-12 months |Lk.00- 20.00- ... .
‘ old 15.00 80.00
Field |Leaves 4,00~ ... [6.00- .
- ’ - -1 6.00 | - 10.00
Field |Leaves 10.00- |... 14.00- |... ..
26.00 34.00
- ———{Field |Leaves |4-7 months {<15.00 {16.00425.00- [110.00~{ 300.00(7) -
. old R 2#.00 100.00 {200.00
(?) (?)
Field |Leaves |4-7 months,|[15.00 ... |20.00- |... .
SR B spring -t~ | 80.00 e
cycle from AR
fruiting
: jterminals
- - {Field |Leaves [4-10 months{4.00- 15.00425.00~- {110.00{ >200.00 ;
" from 15.00 24.00] 100.00 |200.04 (?) i
fruiting ‘ 7
terminals |
Field |Leaves 7.10 . . |
Peach - Field |Leaves [Apical 6-8 [6.00- 6.00- .
(Prunus inches 15.00 43.00
persica) (Sept.-0Oct.)
Field |[Stems |[Apical 6-3 [5.00- 11.00-
- o {Sept.-0ct.)] 12.00- 50.00
Field |Leaves |From median |3.50- 6.00- .
shoot 25.40 140.00
position
(Aug.-Sept)




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

Yra

(cont'd)
Range in dry matter (ppm.)
ey | Age, stage,|Showing :
. condition [defi- |Inter- Showing
Type of|Tissue |or date of |ciency |Low [mediate|High |[texicity
Plant culture|sampled|sample symptoms |range|range range | synptoms
Pear- —- - Field |Leaves |Lower; - - |9.90-. - | ... f16.00 |..__}...  __
(Pyrus current '
communis) season
Pecan Field |Leaves |Top of tree|Trace- -|... [66.00- .o
~ (carya L 7.00 202.00
“illinoensis)|Field |Leaf- [August 3.70 ... PB.go- [... .
lets ‘ 16.70
Field [Petioles{August Trace Trace- ..
) 10.00
Field |Shoots {August Trace .o |7.90- .. .
o : 15.30
Pineapple Field |Leaves |Base 4.00- . 16.00- |.. ces
(Ananas 26.00 . 41.00
comosus) Field |Leaves [Distal end [4.00- li.00- een R
1 26.00 22.00
Field |Stems |Growing 6.00- 1h4.00-|... ..
point 96.00 158.00
Potato Field |Leaves |Mature; oo <30.00{30.00- .
(Solanum from mid- 1 87.00
tuberosum) section
Tomato Field |Leaves |Mid-season |6.00- cee 13.00 ces cee
(Lycopersicon 8.70
esculentum) | Sand Leaves |[From middle|14.40 ... [26.90 |... cen
' third of
plant
Bolution| 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
fordi) Field Petioles 3.70- 9.10-
L.00 28.40
Field | Lleaves |Mid-shoot 10.00~- 30.00-
25.00 229.00




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

773

(cont'd)
B 1 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
Tung (cont'd) | Sand Leaves |Mid-shoot |... een “eo “1... | 485.00
: (August) '
Walnut Field |Leaves |Apical 6-8 [11.00- |... [16.00- |... cee
(Juglans ' inches 22.00 B 30.00 | o
regia) Field |Stems |Apical 6-8 [3.00- .|... |24.00- |...
inches 17.00 . 34.00
- R IR -

Source: Chapman (1966a)
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Table 5.6.15.5-2.

Yy

Specific symptomatology of zinc excess in several -
crop species. '

Plant

Visual Symptoms

_Apple

Barley

(Malus spp.) -

(Hordeum vulgafe)

Bean

(Phaseolus spp.)

Broad bean
(Vicia faba)

CITRUS FRUITS

Grapefruit

{(Citrus

paradisi)

Lemon
(Citrus

limon)

Mandarin
(Citrus

reticulata)

Orange
(Citrus

sinensis)

Coffee

(Coffea

Corn

spp-)

(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 rosetts, twigs are bare for

~tip growth cedses.

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;

Leaves and flower buds shed.

' Leaves and flower buds shed; seed pbds fail to A

develop.

Leaves become chlorotic; this is known as
"mottle-leaf” 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; fruit 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 coming out of
the whorl. Silking and tasseling are delayed.
Severely deficient plants are also stunted, and
have short internodes.




Table 5.6.15.5-2 (continued)

‘C’,z:/ é bl

éignt

Viéual Symptoms

Cotton
(Gossypium spp.)

Flax _
(Linum usitatissimum)

Oats o .
(Avena sativa)

Pea
(Pisum satiwvum)

Peach
(Prunus persica)

Pec;;N
(Carya illinoensis)

Potato
(Solanum tuberosum)

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-brown 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.

Lower leaves become necrotic at margins and
tips; stems are stiff and erect; flowers are
absent. - R ‘ :

- Leaves become chlorotic, the mottling progress-

ing upward from lowermost leaves. Leaves are
narrow and more or 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 dlder or younger leaves and finally
on almost all leaves; with severe deficiency,
the stems and leaf petioles develop brown spots,
plants are short.
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Table 5.6.15.5-2 (continued)

Plant : Visual Symptoms

Squash ' Leaves become mottled, with necrotic areas.
{Cucurbita spp.)

Sugar beet Leaves become necrotic, and develop brown to
(Beta saccharifera) grayish spots; tops of the leaves wither; only
the petioles retain green color.

e R8T

Tobacco , : Lower leaves show slight chlorosis at tips and
(Nicotiana tabacum) , margins, followed by necrosis of chlorotic
_ tissue; small areas are affected at first,
sometimes surrounded by a halo; these areas
enlarge rapidly and become -water-soaked in
appearance; small veins are. at first involved
in breakdown, but later . veins as well as
, interveinal tissue dry up; internodes are
ST short; leaves are apparently thickened.

Tomato : ' Eérly érowth is &ery slow; leaves become very

i
¢
i

i

(Lycopersicon eschlentum) thick, soon developing a faint interveinal L
- ‘chlorosis; they also have a tendency to curl .’”%

downward. In transplants, there is extreme
relaxing of leaflets, followed by downward
- . . curling of petioles; in severe cases, these
FoooL. v " curl like a corkscrew. This is followed by
: ' a brownish-orange chlorosis of the older leaves,
which often show necrotic spots.

‘Tung ‘ . - Leéf'btoﬁiing( necrosis, and spotting produce a
(Aleurites fordi) ragged appearance, followed by defoliation and
: rosetting (bunching) of new leaves.

Source: Chapman (1966a)



common symptom of zinc toxicity is an iron chlorosis. This may indi-

e

a. Some kinds of acid peats;
- b. Soils in the vicinity of lead and other mine dumps where
the soils have been qpntaminated by seep;ge.
c. Soils contaminated by zinc from other miﬁing operations.
E. Soils derived from rocks and materials which are high
in zinc.
e. Soils acidifiedrby agricultural activities.
f. Soils subjected to excessive'aqcumﬁlations of zinc
fertilizers. A. S o | S
" Another influencing factéf;mgs>diséusséd'éreviOUSii,'is the pre-
sence ofvothér elements such és éhéééh&rus (Smil&e SE_El:; 1974).'; <

The mechanisms of zinc toxicity are largely unknown. The most

cate that excess zinc inhibits iron metabolism, 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 6n”ébdiy wéight basis; are éénérall&v

required for toxicity to occur, but this number is highly variable be- .
tween species (Jones,A1972), A number of plant species have been described
as zinc tolerant or zinc loving, including ragweed, false Solomon's seal,

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

‘Rystad, 1974). 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 things, a greater concentra-




tion of zinc to the cell walls and vacuoles in zinc—toléraﬁé plants
(Turner and Maréhall, 1972; Mathys, 1975; Antonovics gﬁ_gi}, 1972).
Table 5.6.15.5-1 includes tissue analysis values for a few crops
growing undér c&ndifions of zinc toxicity. It should be recalled that
leaf tissue values from plants gro@ing in Fhe vicinity of sources of
airborne pollutgﬁts'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 tiss;e analysis values and symptom;;ologf for excess zinc -

in six crops, and Table 5.6.15.6-2 gives symptomatology for five addi-

tional crop spedies. ' . 17’ ‘ S
sbii anal?éés whiéh ﬁay c&use toxicifguafé hgrd'ibigénéralize
féfﬂziné.r'Avaiiablé Zn éfk400 ppm is tokic £9”¢orn;' In'pot culture
tests with corn, 0.688vto 1.376 meg. oﬁ'éihéﬂéer idb.gﬁ of soil was
found toxic inAﬁorfoIk séﬂd{iOafSSAtdliQIBf’ﬁeq;$iﬁ Orangeburg fine
sandy ioém; and 1.615 to 2.153 meq. ié Giééhviiie clay loam. In Nor-
folk sand, 0.275 to 0.482 meq was found to bé‘toéic‘torcowpéas. New
éork peat soilgﬂtoxié tofééinach,;blettﬁdé; and carrots were found to>>
contain 0.43 to 10.16% zinc, mostly in available‘fbrms. Soil toxicity
due to zinc availability‘or absorption. Molybdenum éalts have also been
shown tokcorrect zinc toxicity, but this is generally an unacceptable

remedial procedure because of molybenum toxicity to animals (Chapman,

1966a).

2o




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

Growth = Minimum Phyto- Plant Part Symptom Developmental

Plants Medium toxic Conc. Affected Stage
Corn, var. sandy 13.7 ppm Y tops reduced seedling
Whatley's loam internal ‘ yielid
Prolific » o o : _ chlorosis
Cowpeas, var | ; ‘ clay 43 ppm L " v "
Suwannee : : o loam - external ‘ ~ ‘ ) )
Corn, var. - . soil - 484 ppm s . ;:‘ v " reduced "
Ida Hybrid 330 S pH 7.. internal - Do - yield
. ; 300 ppm A , :
external v .
Barley, var. ‘ o  vsoi1‘ 530 ppm "?' -  7f W . "
Trail ‘ .. "pH 7 ‘internal ;  Con
: ‘ . . 200 ppm B S
‘ . external = .
O ‘ N . - )
Wheat, var. ' . ‘3:'5011‘{, 522 ppm e " ' "
Gaines : " pH 7.. .internal A a
‘ - 300 ppm j
N ) .- external
Oats, var. ' o f solu- 25 pm j "o reduced 4 ”
Victory o ~- tion .  external = | : yield ‘
o : R ‘ chlorosis

Source: Yopp et al., (1974)
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Table 5.6.15.6-2. Symptomatology

of zinc toxicity in some crops.

Lo

‘Plant

Visual Symptoms -

Barley and various grasses

" Citrus fruits

(Citrus spp.)

Oats
(Avena sativa)

_ Sugar beet

_ (Beta saccharifera)

Rusty-brown flecks on leaves,
followed by death.

Leaves show iron chlorosis.

¢

" "Leaves show iron chlorosis.

Leaves show iron chlorosis.

Source: Chapman (1966a)
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2.7.f Procedure for Foliar Chemical Analyses

All plant tissue are dried under férced air ;t.as°c for 24 - 48
hours 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 mat;riﬁl is dissolved in 5 ml of
LiHC1 (0.5 per cent Li; lkgaper cent gg%%.' Thié solution is analyzed‘

on a Jarrell-Ash Emission Spectrograph.

In quantification of Pb and‘Ni, sampleé’of plant tissue'(SOO mé)
| are ashéd at 450°¢ and dissolved in Z.g ml of 1.2 pei cent HCl. This
is analyzed on a Perkin—Elmeg'Model 303 AtQmic Absbrption Spectrophoto-
meter against standards prepared in the same solution. A deuterium arc
- backéround corrector i% used in all analysesfl vais analyzed at 283.5
nm and Ni at 232.5 nm. ‘

In quantification of total sulfﬁi, samples of plant.tissue (250 mg)
are digested in Folin - Wu tubes with 3 ml of nitric acid and 2 ml éf
perchloric acid for two hours at 23506 on a block Aigester, After add-
'ing 1 ml of 4N HCl and diluting toi50 ml Qith deioﬁized éouble glass dis-
tilled water, the digestAis allowed to stand overnight to clear. Sulfur
analysis is done turbidimetrically on a Klett-Summerson Colorimeter using
B§§C1 .

In quantification of flouride, samples of plant'tissue‘(SOO mg) are
weighed into 50 ml polyethylene tubes and one drop of Brij-30 wetting
solution and 20 ml of 0.05 N H,SO, added. Tubes are then shaken for

4

15 minutes and centrifuged, and then 20 ml of 0.01 N NaOH are added
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and tubes-shaken for an additional lS‘minutes. The liqﬁid is then
neutralized by the addition of 20 ml of 0.05 N stoé and buffered
with 5 ml of 3 M sodium acetate (pH 7.0). Finally, a 10-ml aliquot
of 0.5 M sodium citrate, previously adjusted to pH 7.0 with 0.5 M
citric acid, is added. ‘ . - .

Fluoride concentration is then meas;red using a fluoride specific-

i .
iﬂbn electrode with the help of a standard curve.
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2.7.g Procedure for the Chemical Analysis of the Soil =

All the soil samples are dried under forced air at 36° - 38°¢
for at least 48 hours and then passed through a 2-mm sieve.

In quantification of available Ca, Mg, Na, and K, weighed air-
dried soil samples (3 g) are dispersed into 50-ml polyethylene centri-
fuge tubes and 30 ml of neutral 1N ammoﬁium acetate are added. The
‘tubes are shaken for 30 minutes and centrifuged. The extracts are
analyzed on a Perkin-Elmer Model 303 Atomic.Absérption Spectrophoto-
meter against standards prepared in 1N ammonium acetate. Lanthanum.
is added in thé analysiskof Ca and Mg to pre;entvintefférence from
‘phosphatec Calcium is analyzeé at 212.1 nm; Mg at.285,5 nm; Na at
294.8 nm; and K at 383.2 nm. Lithiﬁm is added in the analysis of K
as an ionization buffer.

In quantification of ayailaﬁlé Mh; Fe;lea; Zn, Pb, and Ni,~30 ml
of DTPA extracting solution is addedvﬁo 15.g of air.dried soil samples
in 50-ml polyethylene centrifuge tubes. ihe tubés are shaken for two
hours and centrifuged. The éxtracts Qre éhalyzed‘on an Atomic Absorp-
.tién épectrophotometer against standards:prepared in DTPA’solution. A
deuterium arc backgroundlcorrector is used in the analysis of Zn, Pb,
and Ni. The metals are aﬁalyzed 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 180-ml Dispo bottles and 30 ml of 0.008 M cal-

cium phosphate added. The samples are shaken for 30 minutes and the
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suspension filtered through Whatman No. 40 filter paper. The filtrates

are analyzed turbidimetrically using BaCl,.

In quantification of extractable fluoride, air-dried soil samples
(500 mg) are dispersed into 50-ml polyethylene tubes and 25 ml of 0.01 E

N HC1l added. The tubes are shaken for 30 minutes. To these tubes 25 ml

of citric acid-phosphate buffer (8.47 g/1 sodium phosphate diabasic
heptahydrate) is added and the fluoride concentrgtion measured using a

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




2.7.i. Open~-top chambers - model developed by
Boyce Thompson Institute for Plant Research.

 (After Mandl et al., 1973).
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© 2.7.i. A brief description of the open-top

kchambers - 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, ﬂniversity of Minnesota, St. Paul, Minnesota

55101, U.S.A.)

In the recent years extensive effort has been directed towards
investigating the effects of air pollutants ;niplant 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 atﬁosphere. Portable an@
fixed fumigation chambers have been developed in the past. Though
these come closest to providing the ambient environment, the usual
closed designs altér the normal fiela’conditio;s.

Very recently Heagle et al.(1l) and Mandl et al.(2) developed
chambers with open tops for the exposure of piants to air pollutants
in the field. The model on exhibition has been sliéhfly 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,

posésses 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

YL7
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the chamber. The plenum is composed of 8" diameter lay-flat. poly-

ethylene tubing with 1" diameter holes through one layer, at 3" intervals,

The holes are oriented so that the air stream is directed horizontally

towards the center of the well.

A non-overloading blower (Type BI 12 of Cincinatti Fan and Ventilator

" Co,.U.S.A.) circulates the air (1000 scfm of air at 1.5" swg). A

sheet metal housing is connected to the blower inlet and air from the
blower passes through two pre-filters and a standard 1000 scfm charcoal
filter. The companion unit does not have filteis and ambient air is

moved into the chamber from the blower. The blower is connected to

the plenum tee by a 10" ID flexible duct.

- The top of the cﬁamber is covered with a mesh netting which reduces

the effect of wind on air movement within the chamber, but does not

impede the entrance of precipitatiog, insects etc.

- This chamber can be used to étﬁdy;" -

1) The effects of aif pollutants in ambfent air on plant life.
é) The effect of controlled levels of air pollutant/s on plant
-7 .1ife under field conditions. R ,“,,:‘

3) The interactions between plant diseases and pollutants either

in ambient air or artifically»introduced;'under field conditions.

,Refereﬁcéé
1) Heagle, A.S., D.E. Body, and W.W, Heék. An open~top field
Achamber to assess the impact of air pollution on plants.
In press.
2) R.H. Mandl., L.H. Weinstein., D.E. McCune, and Monic Keveny.
A cylindrical, open-top, ch§mber for the exposure of plants

to air pollutants in the field. 1In press.
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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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ANNUALPROCEEMNGSOf7Tj
THE AMERICAN PHYTOPATHOLOGICAL SOCIETY

3340 Pilot Knob Road

St. Paul, Minnesota 55121

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

A— SUBJECT MATTER AREA: 1 Air Pollution Damage to Plants Pollution
(select from listing on reverse side |-A)

B— TITLE OF PAPER:
C— AUTHORS (underli

D— COMPLETE BUSIN

Damage to Plants

Automatic, sequential, precipitation sampler for stud
rain. :

ne name of speaker):

S. V. Krupa and M. R. Coscio,‘Jr.
ESS MAIL ADDRESS:

Department of Plant Pathology
University of Minnesota

St. Paul, M
E— WORK DONE AT:

F— ABSTRACT REVIEWED BY: 1.

N 55113

Untversnt‘*eth»nnesota, St. Paul, MN 55108.

‘ /57

ies on acidic

(ﬂc[a

Thor Kommedahl CarlyJ.

Il. ABSTRACT (see reverse side instructions within ':SAMPLE" and Section Il for compleiion.

AUTOMATIC, SEQUENTIAL, PRECIPITATION SAMPLER FOR
~STUDIES ON ACIDIC RAIN. S. V. Krupa and M. R. Coscig
"Jr., Department of Plant Pathology, Univ. of Minnes-
‘ota, St. Paul, MN 55108. !

Acidic rain (pH 2.176.18)ﬂmay be a threat to the en-

;vironment regionally and around point sources. Much
.of the current information on precipitation chemistry

is based on poor sampling 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-

longed periods. We have designed a battery operated,

‘automatic, electronically controlled, sequential pre-
. cipitation sampler. The unit remains openonlyduring:
.. rain. The rain-sensing mechanism involves a balanced
" thermistor bridge that can be adjusted to collect

. by a pneumatic piston. Rain is collected in Teflon

drizzles and downpours. The sampler lid is operated

- containers attached to an 8-position rotating turret’

controlled by another pneumatic piston. Samples 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,

. or when the individual sample container is full dur-!

ing sequential sampling. When a sample container is!

" rotated out of the collection position, it is sealed’

against the turret. Turret rotation is also contro-:
lled by a balanced thermistor bridge. A quartz cry-
stal clock with a memory bank records all events for’
subsequent retrieval. No service is required up to '

90 days.

Eide
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3.1.2. An integrated approaéh for the stddy of

rain water chemistry with emphasis on acidity.
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IX. Internstionsl Conference on Air Pollution
end Forestry, October 15. - 18. 1974
Maridriské LAzn&, Czechoslovskie

AN_INTEGRATED APPROACE_TO THE_STUDY OF RAIN WATER
CHEVISTRY WITH EMPHASIS ON ACITITY

S. KRUPA (Spesker), M.R. COSCIO, Jr.2 end F.A.WOOD!

1Assistent Professor end Professor respectively, Lepsriment of
Plant Psthology, University of Minnesota, St. Pahl, Minnesots,USA.
2scientist. Department of Geology & Geophysics, University of
Minnesote, Minneapolis, Minnesota, U.S.A.

INTRODUCTION

Fall out of scid rain is a threst to
the regionsl environment. Reinfsll with
8 pH gs low 83 2.8 end 2.1 hes been re-
ported from Sweden (ODEN, 1968) and the
United States (LIKENS ,nd BOR¥ANN, 1974)
respectively. Effects of acid rsin on
; vegetation and ecosystems have been
classified as : 1) Direct injury to the folisge, 2) deleterious
effects on the soil, 3) deleterious effects on aquatic systems,
end 4) indirect injury to the foliage through deposition of
_other hermful substances. According to reports (see ZNGSTRCE,
1971), 10 % of the raw materisl base for Sweden’s forest end pulp
industry would diseppear by the yesr 2000.

BARRETT snd BRODIN (1955) steted that since 502 s 8 msjor con-
stituent of stmospheric pollution, H.SO, 4s the most likely
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cause for the scidity of rsin weter. Since then, almost 8ll of
the published reports are besed on correlsticns between total

504 and pE. Measurement of total sulfates does not diffefentiste
the levels snd extent to which SO4 is present in the particulste
fraction, solubie fraction, ss sslts and es acid per se. Similer-
ly, rH measurements do not indicate the parent species for the
hyarogen ion. A

The objective of the present investirstion wss to develop a com-
prehensive enalyticel system to undersisnd the origin of ascidity
in rain water as a prelude to the study and interpretstion of
acid rain effects on vegetation.

MATERTIALS AND METHODS

Approximately 250 ml of rein wgter wes collected each time, from
the seme rain fall at several locations in the Winneapolis -~

St. Paul sres in the U.S.A. Sempling was performed manuslly st
spproximately 5-6 ft. from the ground, eway from trees, buildirgs
etc.

Sarpling wes sterted from the time the first rain droplets fell
on the ground and wss tercinated efter epproximstely 30 minutes.
Sazples were collected in FEP-TEP (DuFont Co. U.S.A.) trays and
wes immediately trensferred to screw.capped bottles made of TEP
teflon. Precesution wss tsken to prevent asny deed spsce between
the sample snd the cap of the bottle. Ssmples were frozen imme-
diately et -20 C. At the time of anslysis, semples were allowed
" to thew snd equilibrate to the room temperature (20 C) without
opening the bottle. Semples were processed according to- the
echeme shown in Figure 1.

The anélytical techniques used, slong with their application,
sre summarized in Teble 1. For determining the morphology snd
gross composition of the inorgsnic psrticulete matter in esch
sample, 10 ml of the rein water wes filteres through 0,22 u
Hillipore (Millipore Corp. U.S.A.) or Nuclepore (Genersl Elect-
ric, U.S.A.) filter. After drying the filter in a vecuum, discs
were punched at random, mounted on scanning electron microscope
{SEM) stubs, carbon costed end viewed under a Cesmbridge SEM at

S aE N S - 7 T
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different magnifications. Whenever the gross inorgsnic composi-
tion was to be determined; the particle was bombarded for apprc-
ximately 2 min with an energy besm from the internal electron
source and the quslitative relstive composition was identified
by & precalibrsted, non-dispersive x-rey analyzer.

The coulometric procedure used was a modified from that of
LIBERTI et al. (1972). The unit (Figure 2) consists of s constant
current source (A), a messuring cell located on s msgnetic stir-
rer (B) snd a potentismeter (modified pH meter) with & four digit
visusl read out (C). Bssed on the reletionship between Y (s
function of the electromotive force) snd time in seconds (t) in
two portions of the ssme rain semplé, with end without volstiles,
the molsrities of non-volatile strong, and non-volatile and vo-
letile week acids were calculested (KRUPA et. al. 1974). When a
sample was to be freed of volstiles, the slution wss bubbled wi-
gorously with N, for 30 minutes with simultsneous stirring and
kept under a blanket of N2 throughout the anslysis.

Quantificstion of the cations and NH4+ § anions were perfromsd
according to the conventionsl procedures using s Perkin-Elmer
(U.S.A.) model 330 stomic ebsorption unit snd Technikon (U.S.4.)
model II sutosnalyzer respectively.

RESULTS AND DISCUSSION

In the enslysis of rendomly selected particles from various rain
water semples (ref. Tsble 2.), the following elements were
found, based on the frequency of their occurrence:

41, 81> Fe> K> Ca> Ti> S> P> F > Cl.

Gross morphology end elementsl composition of some represents-
tive snorgenic particles sre shown ir Figure 3. Bssed on frequen-
¢y of cccurrence x relative smount (compsrative peak height),
elementsl composition of the perticulate mstter in the rsin sam-
ples was sas follows:

Si> A1 > Fe> K> S$,> CaP» Ti>P>Cl, F

Coulometric data on the rain ssmples sre presented in Tsgbhle 2.
There wes en increase in the strong acid compcenent with e
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decresse in pH. At the ssme time, there was also an increace in
the concentration of the total wesk acid cemponent. Ko direct
correletion existed between the megnitude of chsnges in the con~
centration of the strong scid and differences in pH between the
various rsin ssmples. The ccncentration of total wesk acid, sas
well as the volatile wesk acii, exceeded the strong ascid compo-
nent in the rain water collected at "Golden Vslley". This ssmple
had the lowest pH value - 4.45 (Isble 2). Similarly, the sample
collected gt "Jonathan™ conteined the second lergest concentra-
tion of SO4-S {(Table 3). However, 1t was completely devoid of a
strong scid component. The quantity of alksli-slkeline earth me-~
tels found in thet particulsr ssazple may scccunt for tke ebsence
of a strong scid component. (Isble 4). The concentration of vo-
lstile wesk scids present (Table 2) cen sgstisfy the pH value -
(5.65) observed in that csse. On the contrsry, in the other sem-
ples, no clear relationship was found between pH, 804-5, end
" levels of slkali-alkeline earth metsls.

The aforementioned results indicaete the complexity of rain water
chemistry end queations concerning the parent sources of hydro-
gen jon. If it is assumed thst the total svailable SO 42‘, NOB.'
and C1~ contribute the hydrogen ions found in the strong scid
component,; then the coulometric date for strong acid ccncentrs-
tions in the different rein samples used in this stucy may be
sstisfied by the messured values for the three sfcrementioned
anions. Howerer, the simultaneous presence of wesk acid compo-
nents, NH * and cstions (metels) should be considered in this

4
context. Furthermore, common ion effects cen not be ignored.

Thus the gcicdity of rein weter down to a pH of 4.0 mey be contri-
buted to by st leasf five different hydrogen donorsi'HZSO4,

IDDB, HC1, weak gcids such as H2003 and HF, etc. and hydrolysab-
le sglts. This is particularly mesningful, since the aversge pH
values of rain weter reported for the United Ststes during 1972
renge between €.59 andé 4.29 (MILLER, 1974). It should be pointed
out that. the extent of contribution by the individual hydrcgen
donors will very between different rsin fslls, sné between the
ssme reinfsll at differer locstions, depending on the physico-
chericel psrameters of the environment. The proportions between
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TABLE 1

Some Techniques and Their Application in

Raimwater Analysis

Technique

Description of 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, ¥n, Pb, Cd
etc.

Quantification of S04, C1 K0,, NH
P04. F, etc. 4 ' N03. 2 T

TABLE 2

ACID COMPONENTS IN THE SAME RAIN

COLLECTED AT DIFFERENT LOCATIONS IN THE TWIN CITIES AREA

¥Y3%

Date of Collection: June 8, 1974
Concentration 10”54

Location pH SA TWA NWA VWA
Golden Valley 4.45 5.88 8.01 1.85  §6.18
Mound 4.52 3.82 3.38 1.18 2.22
Delaware Avenue 4.70 3.38 1.73 1.84 0.08
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

i MR WA e e S SRR
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TABLRE 4
Metallic components in the same rain collscted at
different locations in the Twin Cities area®
Date of collection: June 6, 1974
Concentration in ppm
Sampling
Location Cu Fe. Mn In Ccd Cr Pb Mg Ca Na K
Golden Valley <0.01 .1 .01 0.02 .02 <«0.02 0.2 0.016 0.055 0.03 0.03
Mound ©.01 0.1 ©.01  ©.02  <«©.02 <©.02 <0.2 0.05 " o0.528  0.04 0.11
Delaware Ave. <0.01 Q.1 <,01 0.02 .02 .02 <0.2 0.011 0.115 0.10 0.08
N.E. University
Ave. «0,01 .1 .01 .02 <,02 .02 .2 0.012‘ 0,020 0.05 0.07
Jonathan <0,01 Q.1 <.01 .02 Q.02 - .02 <,2 0.203 1.23 0.38 0.23

s Quantitative elemental differences betwean the filtered and unfiltered
gamples were not significant.

=0lZ-

R - - . . .
S R i ARARCLR AL i A

A

R




{5

A e T T bbb s

RAIN WATER ANALYSIS

FRESH Rl‘\'f SAMPLE s PH
FROZEM 4T - 70°C

THAUED SAMPLE ameemms PH, CONDUCT{VITY

1

0.22v MUCLEPORE
FILTRATION

ATOUIC COULOMETRY K NSOLUBLE SOLUBLE
ABSORPT 108 . {PART ICULATE )

SCANNING E.M.
+

COLOR IMETRY
ETC. X-RAY ANALYSES
ATOMIC COULOMETRY
ABSORPT ION
COLOR IMETRY
ETC.

Legend for Figure 1

Flow chart showing the procedure for the integrated amalysis

of rain water.

o, & QMN“?:

b
Legend for Figure 2
Coulometric unit for determining the strong and weak acid
components in rain water.
(A) = Constant current source :
(B) = Titration cell
(C) = Converted pH meter and four digit readout.

TN

ML PP

DELAWARE 4 /E.
Al,Si> Fe

JONATHAN
AL SI>K>F

x 5,000

Legend for Figure 3

tem=1u

Scanning electron micrographs of inorganic particulate matter
in different rain samples. Golden Valley, Mound, etc. are

locations of sampling.
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" these varisbles mey lsrgely dictste the bssis for the pH in a
given rein water samrle.

ACKXNOWLEDGENENT

e acknowledge the U.S. Netional Park Service for providing us
with a resesrch grant for this study.We eXpress our gratitude

to ¥r. R.C. Munter, University of Minnesots, St. Peul, for gene-
rcus help snd advice during the course of this study.

ABSTRACT

An integrated anslytical system to study the chemistry of rsin
weter is reported. The procedure consists of the following tech-
niques: Scenning eleectron microscopy § x-ray snalysis, coulo-
metry, stomic sbsorption snd colorimetry. Preliminery dets ob-
tained uéing the sforementioned methods, shcw that rain water
sarples collected from the same rainfall at different sesmpling
sites within s metropolitan ares very in their pH, molerities of

strong non-volatile, weak non-volstile and volatile acids and toe

tel salts. In addition, the results indicate the coexistance of

roughly comparable concentrations of strong and wesk scids down
to s pH of 4.C.
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3.1.2. A cpulometric procedure for the determina-
tion in molarities of strong, non-volatile and

volatile weak acids in rain and acqueous 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. Wood

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-

ent 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 107° to

1074 M.

Fall out of acidic rain with a pH rang-
ing from 2.1 to 6.82 has been reported
from the U. S.12 and with a pH as low
as 2.8 from other parts of the world.?
Barrett and Brodin' concluded that,
because SO» 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 contributions of
strong acids (e.g., HaS0y), weak acids
(e.g., RCOOH), hydrolysable salts
(e.g., Fe(Hs04)3%), ete. 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 (NH4)»SO,, acids, metallic
salts, S20;, dithionate, mercaptan,
and thionyl derivatives, etc.

Liberti et al.® 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 Pathologist and
Dr. Wood is Professor and Head,
Department of Plant Pathology,
University of Minnesota, St. Paul, .
MN 55108. Mr. Coscio is a scientist
at the Department of Geology and
Geophysics, University 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 coulometry unit, which is es-
sentially the same as that of Liberti et
al.® (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 titration
unit consists of an anode and a cath-
ode generator, a calomel and a glass
electrode and one glass inlet for bub-
bling nitrogen. The constant current
source is capable of delivering 0-7 mA.

Reprinted from APCA JOURNAL, Vol. 26, No. 3, March 1976
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Figure 1. Coulometric unit for determining the strong and
weak acid components in rainwater. (A) Constant current
source. (B) Titration cell. (C) Converted pH meter and four

digit readout (Potentiometer).

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
mA 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 No for 30 min with si-
multaneous vigorous stirring and sub-
sequently maintained in an atmo-
sphere of Na. Using data obtained
from 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 acids® + non-volatile
and volatile weak acids).
Rainwater without volatiles =
Strong acids + non-volatile weak
acids.b (Total acid component® in 1)
— (Total acid component* in 2) =
Volatile weak acid.

Theory of Coulometry

1. At the cathode (platinum elec-
trode)
Hgo +em — l/_gHg + OH~

At the anode (silver — silver bro-
mide electrode)

Ago-’r Br — AgBr + e~

2. The electromotive force F is deter-
mined with a potentiometer against
time in seconds (¢).

@ Strong acid is directly determined from ¢, in 2.

b Non-volatile weak acid is also determined from 2, by
subtracting t, from ¢,

* Total acid component is calculated from ,” in a given
sample.
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3. The function
F
2.3RT

¢

Y =10"E

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 ¢, (Figure
2).

4. The hydrogen ion concentration for

the strong acid is then calculated as
follows: -
it
H] ==
[H] Ve
{ = Current used in mA
Vo = Volume of sample used in ml
5. Continued OH™ ion generation be-
yond this point will yield a new in-
tercept t.” (Figure 2) if the function

V' =108

2.3RT

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

Results and Discussion

Extensive testing of the coulometric
method showed its usefulness for
strong (HySO0y4, HCl, and HNOy) as
well as weak (HF and CH3;COOH)
acids, but only at molarities ranging
from 10~ to 1078 (Krupa et al.5).

Figure 2 shows the relationships be-
tween J and ¢! and time (¢) for 1077
M H.,S04. The curved portion of the
graph is due to the presence of weak
acids. The ¢,! intersect represents the
generation of excess hydroxyl ions.

Figure 3 shows coulometric data on
the same concentration of HoSOy, but
after the removal of volatiles by Ny

~5
10 ‘M'H,S04 4 VOLATILES (CO,)

[H]gy=2.1x10"°M
[Hlwa=21x107°M
VOLATILES [H]

[COz]=1.9x107°M

200 400 600
t

Figure 2. Graphic representation of the coulome-
tric data on a H,SO4 standard with volatiles. ¢ =
function of the electromotive force, t = time in
seconds, SA = Strong acids, and WA = Weak
acids.

bubbling. By extrapolating the slope.

of ¥ vs. t in this figure, the strength of
the strong acid component is calculat-
ed to be 1.9 X 1075 M. The difference
between the ¢,! and ¢, in Figure 3 is
due to the presence of non-volatile
weak acids. In the absence of a weak
acid component t, and ¢! would in-
tersect at the same point. Value of the
volatile weak acid derived by subtract-
ing t,! in Figure 3 from ¢! in Figure 2
is 1.9 X 1075 M.

-5
10 M H,S0, — VOLATILES (COZ)

[H]g4=1.9x10°M
180 [Hlywa=0.2x107%m T

150
120
90
60

30

0 100 200 360
t

Figure 3. Graphic representation of the coulome-
tric data on a H,SO, standard freed of volatiles. ¢

- = function of the electromotive force, t = time in

seconds, SA = Strong acids, and NWA = Non-
volatile weak acids.
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—5
8.5x10 M CH3COOH ~VOLATILES
(co,)
[Hlywa=9.0x10"M
300 t
R b
4" -
240 F
4 .¢
- -
180 i
120 r
T
60 [
. .

300 600 900 1200

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

Figure 4 represents the coulometric
data for a weak acid, 8.5 X 1075 M
CH3COOH. Removal of any volatile
components by Ny bubbling results in
the intersection of ¢, and t,! 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,” in instances where
there is no slope, the intersect of a
true curve, as illustrated here, should
be accepted as real. The t.! in this

RAIN WATER WITH VOLATILES (CO,)
GOLDEN VALLEY
[H](,=5.89x 10"°M
[Hlwa=8.01x10 M

160 VOLATILES [H]

[CO,)=6.16x10""M|

T

120 :
v by’
80 1
40 s

]
L
100 300

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

March 1976 Volume 26, No. 3

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 107> 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 (t.1!) is 13.90 X 10~ 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~> M, 1.85 X 1075
M, and 6.16 X 10~> M, respectively.

Data on rain samples collected ap-
proximately during the same time in
different localities of the Twin Cities
area are presented in Table I. 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.

Sulfuric!® and nitric® acids have
been implicated in acidic rain. For ex-
ample, to obtain a pH of 2.80, if
H,SO0, is the sole cause of acidity, a
S04= concentration of 70 ppm is re-
quired. Similarly, if HNOj is the sole
H* donor, 100 ppm NO3™ is required.
To our knowledge, values of this mag-
nitude are far in excess of the reported
levels of S04~ and NOg3™ in rain.? Ac-
cording to Frohliger and Kanel® 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.

RAIN WATER WITHOUT VOLATILES
(C0,)

GOLDEN VALLEY
[H]s,=589x10 M

[H]ywa=1.85X10 M

120 I
go |\ !
¢ A o
40 .
e\ Jt*

0 100 200

t

Figure 6. Graphic representation of the 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. Y = function of the electromotive force,
t = time in seconds, SA = Strong acids, NWA =
Non-volatile weak acids.
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Table L. Acid components in the same rain collected at different locations in the
Twin Cities area. Date of collection: June 6, 1974.

Concentration 105 M

Location pH 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 7 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.
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3.1.3. Scanning electron micfographs of inorganic
particulate matter collected at different sampling
sites during an individual rain event. Golden vValley,

Mound, etc., are sampling locations.
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3.1.3.e. Relationship between pH and (SOy)-S
in aqueous systems. This is based on the kinetics

of the two step dissociation of H,S0,.
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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-
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vEVIDENCE FOR MULTIPLE HYDROGEN-ION DONOR SYSTEMS IN RAINl

- 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 coulometry was used to study rain water
chemistry. The coulometry facilitated the determination in
molarities of strong and non-volatile and volatile weak acids.
The pH of individual rains in St. Paul - Minneapolis, 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 increased 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 X). In addition, no correlation could be
shown between the contents of SO4, NO3, C12 & PO4 and the ob-
served changes in pH.

INTRODUCTION

Fall out 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 (0dén, 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 50, is a major consti-
tuent of atmospheric pollution, H,SO4 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 se. Similar consider-
ations are also important in the case of nitrate (Pearson and Fisher,
1971) and chloride (ref. Junge, 1963) and their status as HNO4 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 in the St. Paul-Minneapolis area in the
U.S.A. Sampling was performed manually at approximately 5-6 ft. from
the ground, away from trees, buildings, 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 analy51s, 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 0.22u 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 was identified by a
precalibrated x-ray analyzer.
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TABLE 1

Some Techniques and Their Application in

Rajnwater Analysis

Technique

Description of 1ts use

Céulometry

Scanning E.M. +
x-ray analysis

Atomic Absorption

Colorimetry +
Specific fon
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, Mn, Pb, Cd
etc. , ’ ’

*Quantification of S04, C1, NO3, NO2, NHy,

P04, F, etc.

Concentrations in molarities of different acids in the rain sam-
ples were determined 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 al. 1974). When a sample was to be freed of volatiles, the solution
was bubbled vigorously with Ny for 30 minutes with simultaneous stir-
ring and kept under a blanket of N, throughout the analysis.

Quantification of the cations and NHZ & 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 respectively. ‘

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 : 5. In the analysis of

e

RESULTS AND DISCUSSION
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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:

Al, Si > Fe > K > Ca >'Ti >S>P>F>C1

Gross morphology and elemental composition of some representative in-
organic particles are shown in Figure 1. Based on frequency of

GOLDEN VALLEY.
S5i,5>Al>Ca>Fe

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 shown in Figure 2. Strong acid(s)

0O STRONG ACIDS
B 7TOTAL WEAK ACIDS
Figure 2. Relationships between
« pH and strong and weak acids in
rain. Acid concentrations ex-
pressed as molarities.

ACIDS X10°M

445 452 470 4,80 565
pH

concentration in ‘the rain samples ranged from 0.0 to 5.89 x 1075Mm,

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 acids (volatile and/or non-volatile) also increased
(0.22 to 8.01 x 10™°M) with an increase in the acidity.

The strong acid component may consist of different combinations of
HZSO4, HNO3, HC1l and possibly dithionate. Figures 3, 4, and 5 illus-
trate the relationships between pH and SO£S, NO3 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/1l. There was no correlation between the changes in the strong
acid concentration and SO, levels (Figure 6). Patterns of change in
NO3 concentration paralleled the SOZ change in relation to pH.

One of the most effective methods of SO, oxidation and neutralization
is considered to be the "SOZ-NH3~H20" system (Scott and Hobbs, 1967;
ref. Krupa and Wood, 1974). NHyg-N content in aur samples ranged from
0.7 mg/l to 0.82 mg/l. No definite correlations could be found when
ratlos between (SO5 + NO§ + Cl17) and NHZ or ratios between SO4 and
NH4 were plotted against pH (Figure 7). pH of rain samples varied
irrespective of the calculated levels of NHj neutralization. Inorganic
acid forming groups other than SOZ varied in their concentration as
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Figure 3. Relationship be- Figure 4. Relationship be-

tween pH and SO4—S based tween pH and NO3 based on
on the values for the two the single step dissocia-
step dissociation of _ - tion of HNO5.
HpSO4. S04-S should be : o
multiplied by 3 to obtain

S04 values. S

follows: N03-N - 0.063 mg/l to 0.450 mg/l, cl - 0 10 mg/l to 0.60
mg/l; and PO4-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 8 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 COp-Hy0-HpCO3-HCO3 system. The COy-Hy0 system can be
influenced by the SO, dissolved species, HSO3.

The aforementioned results demonstrate a multiple hydrogen-ion
donor system in rain. These includes: 1) a strong acid component
(HySO4, HNO3, 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-
10 4 tween pH and Cl based on

3 the single step dissocia-
a ¥ tion of HCl.
o

1.0 1

0.1 1
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volatile weak acid component (CO,-H,0 system and unknowns). Sulfur in
the atmosphere may exist in several different forms: S05, SO3, SO4,

SA = STRONG ACIDS
3 . 5 =507 .
- ‘o N = N03‘ g
> .01 . 3.0
(7]
=
‘<’ 401 2.0 "oq’
. [72]
© .
- z -
& 201 1.0 S
5 g€
0 0
40 60

Figure 6. Relationship between pH
and 1) molarities of strong acids,
2) soz concentrations, and 3) NOB
concentrations in rain samples.
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bq NH’ -
§ 4
" ‘S'o‘ . . ) 1]
Z Figure 7. Relationship between
. pH and ratigs of (sOz + NO3 +
§’np- Cl7) and NH, or ratios of SOZ
N and NHy. Ratios calculated on
ot the basis of mg/l of different
8 : ;
6.07 components in rain.
&l ‘
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0 T ——
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pH )
TABLE 2
Metallic components in the same rain collected e;t
different locations in the Twin Cities area
Date of collection: June 6, 1974 - : o o T
Concentration in ppm
Samp11ing
Locafon Cu fe MN In 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 o.M
Delaware Ave, <0.01 <0.1 <0.01 0.02 <0.02 <0.62 7 <0.2 0.011 0.115 0.10 0.06
N.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

S20s, S50, HyS, dithionates, mercaptans, thio;§ls, (NHy) 5, SOy, me-
tallic salts, HpSO4 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 H;S0,
simulated to fall as rain. While acidity can have influence on plants
through nutrient leaching etc., more recent eyidence by Wood and
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Figure 8. Relationship between pH and
molarities of non—volatile and vola-
tile weak acids ip rain.

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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cnuse for the scidity of rein water, Cince then, slmoct »ll of
the yuablished reports sre bssed on correlstions between totsl

504 e2d pE. Yeesurcrent of total sulfates does not differentiste
the l2vels sand extent to which SO4 18 present in the psrticulate
frection, soiuble fractior, 89 sslts and es scid per se. Similer-
ly, ¢4 cesszurezents do not indicate the parent species for the
hyiregen fon.

The obJjeztive of the present investi.:stion wes to develop a com-
frehensive enaliticel system to understsnd the orisin of scidity
in rein water 8s a prelude to the study and interpretstion of
ecid rain effects on vegetation.

\TERIALS AND WETHODS

cozizstely 25C 1 of rein water was collected each time, from
size rain f£a21 st seversl locstions in the ¥inneapolis -
St. Fiol eres In the U.S.A. Sexpling was performed msnually et
gppro iicetely 5-6 ft. fron the ground, eway from trees, buildings
tc

1 nz %65 started from the time the first rsin droplets fell
th: zrouné snd was tercinated efter spproximstely 30 minutes.
Sexzpl :s were collected in FEP-TEP (DuPont Co. U.S.A.) trays end
wss 1 wadietely trenaferred to screw cspped bottles mede of TEP
teflo . Precouticn wes teken to prevent eny dend spece between
the 3 zfle 8nd the cap of the bottle. Samples were frozen imme-
diste y 8t -20 C. At the time of enslysis, ssrples ware mllowed
to th x and equilibrate to the room tempernture (20 C) without
cpenir gz the bottle. Scrples were processsd accerding to the
echexy ghowz In Fisure 1.

Tre srelyticel techniques used, along with thelr application,
mce stroesrized in Toble 1. For deteramining the morphology snd
£rcss cc=position of the inorrsspic psrticulete matter in each
gezzle, 1T 21 02 the rain weter was filtercs through 0,22 n
t1lijcre {(¥il1llipore Corp. U.S.A.) or Nuclepore (General Elcct-
ric, 1.S.4.) filter. After drying the filter in a vscuum, disce
were junched at rsndom, mounted on scanning electron microscope
{ZZ1) studbs, csrbon coated snd viewed under & Cacbridge SEM at

rd

-0
different onnificntions. ¥henever the grocs irorcanlc cesgosis
tion wos to be determined, the porticle was berhoerded
ximately 2 win with an energy besn from the internsl elezt
scurce end the qualitative relative coxposeltion was {dentt
by & precallibrated, ron-dispersive x-rny gnalyzer.

The cculometric procedure used was 8 modified from that of
LIBRRTT et el. (1972). The unit (Figure 2) cornsists of 8 ccostant
current source (A), s mensuring cell located on a zesnctic stir-
rar (B) end s potentinzeter (codifled pX moter) with s four 21git
vicusl read cut (C). Bszoed on the releticenship botwoen Y (e
function of the electreorotive torce) end time 4n sczaris {t) &n
two portionp of the sgre raln sample, »ith and witisut solstiles,
the molerities of nen-volatile strong, end Mmn-voletilse ani vo-
lotile weok acids were celculated (XRUTA et. nl. 1374). 32a s
sample waa to be froeed of volntlles, the mlution way hu-hled vis
gorounaly with N2 for 30 minutes with aimultianenne stisrirg e-d
kept under a blanket of Nz throughout the sralyets.

Quantificetion of the cecantions end }34* § anions xere pirZwcmed
sccording to the conventionsl procedures uzing e Porkin-Tlmer
(U.S.A.) model 330 atomle ebsorption unit snd Technikon (U.S.4.)
model II sutoanalyzer respectively.

RESULTS AND DISCUCSION
In the anslysis of rendomly selected pesrticles fro=m vericrs raln

wnter snmples (ref. Toble 2.), the followins elezents aware
found, bssed on the frequency of their cccurrerce:

Al, 81> Fe> K> Cs > Ti> £> P> F > 2.

Gross moryhnlosy eni elementsl compositicn of some reprasents-
tive snorganic particles nrec shown in Figure 2. Essed oa Zreguen-
cy of occurrence x relative smount (compsrotive reax height),
elexentsl composition of the psrticulete matter in the ~gin sa2=-
ples wss es follows:

Si> A1 > Fe> K> S,> Ca> T1i>P>Cl, F

Coulometric deta on the rein samples ere presented in Tible 2.
There wes sn increase in the strong acid ccopenent with o
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ascrepze in pH. At the seme time, there was slo0 an incresce in
the cencertration of the totzl wenk mcid componont., No direct
cerreleticn existed bdetween the magnitude of chenges in the con-
cer“rstion of the etrong ecid and differences in pH btetween the
viriivs rsin enmples. The ccncentrotion of totanl wesk acid, as

wel1 83 the volatile wenk »cii, exceeded the strong scid compo-
rent in the rain water collected st "Golden Vslleoy". This sample
hel the lowest [H velue - 4.45 (_’Ilgglg;g). Similarly, the sample
ccllected at "Jonathan® contsined the secondé lsrgest concentre-
tien of £C,-8 {Tzhle_3). However, 1t wes completely devoid of &
trcrng ecid cemporent. The qusntity of elksli-elksline earth me-

0

tels Zhund in thet perticular ssrple may scccunt for the ebsence
of 5 sireng ecid corponent. (Tehle 4). The ccncentration of vo-
letile weak ncics prerent (Table 2) con satisfy the pll value
(5.£5) otserved in thpt ¢sse. On the contrsry, in the other som-
rles, :0 clezr relaticrzhip wns found betwecen pH, 334—3, end
lesels of #lkali-~elkaline eerth metals.

The ef:rementionz2d results inadicote the complexity of rain water
chexisiry enc questions concerning the parent scurces of hydro-
pen dc.t. If 4t is eesumed thet the totnl sveilable 5042—, HOB-
_and C17 contribute the hydrogen ions found in the strong ecid
cocgonint, then the coulcmetric deta for strong acic¢ ccncentra-
ticns n the different reln samples used in this stucy msy be
getisf ed by the mesesured velues for the three efcrementioned
enfons FEoeerer, the simultsneous precence of wesk scid compo-
rents, .u4* erd cetions (metels) should be conslfered in this
centex . Furthermore, commen ion effects cen not be ignored.

Thus tle scidity of rain wster down to a pl of 4.0 mey be contrd-

tuted "o bty at lesst five different hydrojien denors: H2‘304,

V‘C.,, iCl, wesx scids such es H (34')3 snd KF, etc. and hydrolyssb-

le ==1 s. This ir perticulsrly mesnirgful, since ths aversge pH

velrza of reln water reported for the United Ststes during 1972

Tetce tetacen €.59 end 4.29 (ATLLER, 1974). It should be pointed

out thit the extent of ccniribution by the individual hydrcgen

Zorars w111 very between different rain £s8lls, snd between the

er=2 rtinfsll st differer locations, depending on the physico-
crezietl psraxzeters of the envirorment. The proportions between i

TADLE 1

Some Techniques and Their Application in

Ratmvater Analysis

Technique

Description of {its Use

m—

Coulometry

Scanning E.M. +
x-ray analysis

Atomic Absorption

Colorimetry +
Specific fon
electrode

Quantification in rolaritfes (¥} of: ron-
volatile strong acid, 2) ren-velatile u"ak
acid, and 3) volatile weak acid.

Morphzlogy and gress qualitative freraaric
ccaposition of particulate matrer

Quantification of m=tallic co~ncrents
Eg: Ca, Mg, Na, X, Fe, In, Cu, ¥, Fb, Cd
etc.

Quant {ffcation of 504, €1, KOy, NC,, Ny,
P04. F, etc.

TABLE 2

ACID COMPONENTS IN THE SAME RAIN

COLLECTED AT DIFFERENT LOCATIONS IN TIIS TWIN CITIES ARSA

Date of Colloction:

June 6, 1974

Concentration 1075

Lecation pH_ SA_ WA LTA_ VWA
Golden Valley 445 5.89  8.01 1.85  €.18
Mound 4.52 3.62  3.28 1.18 .22
Deloware Avenue 4.70 3.39 1.73 1.64 .09
N.E. University Avenus  4.80 2.6¢  1.78 140 ¢.38
Jonathan 5.65 p.00  0.22 0.co  e.22

SA = Strong Acid

TWA = Total Wcak Acid
NWA = Non-volatile Weak Acid
VWA = Volatile Weak Acid

LT S PN
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Legond for Figure 1

Flow chart showing the precedurs for tha integrated analysis
of rein water.
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Lesend for Pleure 2

Coulamsiric unit for determining the strong and weak acid
compernents {n rain water.,

(A} = Corstant current sourca

(B) = Titration c=<ll

{C} = Canvertsd pH meter and four digit readout.
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tir/ e wariobles nsy largely dictate the bepsis for the pH in a
given rein woter sazple.
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ABSTACT

n L:tegrsted anolyticol eyctem to stucdy the chemistry of rain
wate:: 18 regorted. The procedure consists of the following tech-
rizu e: Scenning eleetron microscopy § x-ray eralysis, coulo-
zetr-, stczic ebsorption snd colorimetry. Preliminery date ob-
tpint @ usirg the eforementioned metholde, shcw that rein woter

cezples collected from the sore rainfsll) st different sompling
giter within s celropoliten ares very in their pH, molerities of
etrcrg nen-veletile, wesk non-velstile and volatile acids and toe
tel gelts. In eddition, the results indicsate the coexistance of
roughly corpersble concentrstions of strong snd wesk scids down
to s tH of 4.C.
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